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Pursuant to 10 CFR 50.90, Energy Harbor Nuclear Corp. is submitting a request to
amend the Renewed Facility Operating License No. NPF-3 for the Davis-Besse Nuclear
Power Station, Unit No. 1.

Energy Harbor Nuclear Corp. proposes a change in the design basis that would accept
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building containment structure as discussed in the updated final safety analysis report.

The enclosure provides a description and assessment of the proposed change. The
enclosure includes a report that establishes the technical justification supporting the
proposed change and a markup of the updated final safety analysis report.
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1.0 SUMMARY DESCRIPTION

In accordance with 10 CFR 50.90, Energy Harbor Nuclear Corp. is providing this
evaluation in support of amending Renewed Facility Operating License No. NPF-3 for
the Davis-Besse Nuclear Power Station, Unit No. 1 (DBNPS). The proposed change in
the design basis would accept laminar concrete cracking of a limited width in the outer
reinforcement layer of the shield building containment structure as discussed in the
updated final safety analysis report (UFSAR). The proposed changes to the DBNPS
UFSAR require prior Nuclear Regulatory Commission (NRC) approval.

2.0 DETAILED DESCRIPTION
2.1 System Design and Operation

As described in Section 1.2.10 of the UFSAR, the containment system consists of two
structures: a steel containment vessel and a reinforced concrete shield building, and
their associated systems. The containment system provides protection for the public
from the radiological consequences of a hypothetical accident discussed in Chapter 15
of the UFSAR.

The containment vessel, including all its penetrations, is a low-leakage steel structure
designed to withstand a postulated loss-of-coolant accident and to confine a postulated
release of radioactive material. It is a cylindrical pressure vessel with hemispherical
dome and ellipsoidal bottom. It houses the reactor vessel, reactor coolant piping,
pressurizer, pressurizer quench tank and coolers, reactor coolant pumps, steam
generators, core flooding tanks, letdown coolers, and containment air cooling and
recirculating systems.

The containment vessel is completely enclosed by a reinforced concrete shield building
having a cylindrical shape with a shallow dome roof. An annular space is provided
between the wall of the containment vessel and the shield building, and clearance is
also provided between the containment vessel and the dome of the shield building. 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.
Above this there is freedom for differential movement between the containment vessel
and the shield building

The shield building is designed to provide biological shielding during normal operation
and from hypothetical accident conditions. The building provides a means for collection
and filtration of fission product leakage from the containment vessel following a
hypothetical accident through the emergency ventilation system, an engineered safety
feature designed for that purpose. In addition, the building provides environmental
protection for the containment vessel from adverse atmospheric conditions and external
missiles. The shield building is a nuclear safety-related, seismic Class 1 structure
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important to safety and designed to remain functional in the event of a maximum
possible earthquake and design basis events.

The reinforced concrete shield building was designed in accordance with American
Concrete Institute (ACI) 307-69, “Specification for the Design and Construction of
Reinforced Concrete Chimneys,” and checked by the ultimate strength design method
in accordance with ACI 318-63, “Building Code Requirements for Reinforced Concrete.
Load combinations specified in ACI 307-69 provide the design basis of the shield
building. Further details of the shield building design and design bases are provided in
Section 3.8.2.2 of the UFSAR.

2.2 Current Requirements

As described above, UFSAR Section 3.8.2.2 specifies that the design of the shield
building structure conforms to ACI 318-63 and ACI 307-69. In accordance with ACI, the
shield building design includes adequate reinforcing in the concrete walls, dome, and
foundation to resist design forces and control cracking due to concrete shrinkage and
temperature gradients. However, the ACI codes do not specify allowable limits or
discuss the acceptability of laminar concrete cracking in regards to structural behavior
or capacity of the shield building.

2.3 Reason for the Proposed Change

Laminar concrete cracking in the plane of the outer reinforcement mat of the shield
building was observed in 2011 while creating a temporary opening for the reactor
pressure vessel head replacement. The Shield Building Monitoring Program described
in Section 18.1.43 of the UFSAR supplements the Structures Monitoring Program and
monitors for extent and width of concrete cracking, as well as visible change of material
properties and loss of material for both concrete and rebar in areas of laminar concrete
cracking.

The intent of Energy Harbor is to repair areas of laminar cracking. However, some
areas where laminar cracking has been observed have limited access for repair.
Laminar cracks in these areas, less than or equal to 0.050 inches, would not be
immediately repaired; however, these areas would continue to be part of the monitoring
program described above. The proposed change would be to the shield building design
basis to specify that cracks less than or equal to 0.050 inches are acceptable and do
not affect the structural behavior or capacity of the shield building.

2.4 Description of the Proposed Change

As indicated above, the shield building design includes adequate reinforcing in the
concrete walls to resist design forces and control cracking due to concrete shrinkage
and temperature gradient. The original structural analysis did not include allowance for
laminar concrete cracking. Recent analysis, discussed below, determined a laminar
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concrete crack width that has a negligible effect on the overall stiffness, dynamic
characteristics and performance of the shield building and is therefore deemed
acceptable.

The proposed change will update the UFSAR with a statement that laminar concrete
cracks with widths less than or equal to 0.050 inches in the outer reinforcement layer of
the shield building are acceptable in the design bases without explicit consideration in
the analysis. Laminar concrete cracks with a width greater than 0.050 inches would be
repaired.

3.0 TECHNICAL EVALUATION

In order to support the proposed change, conservative experimental tests and analyses
have been performed and are presented in Attachment 1, Bechtel Power Corporation
Technical Report, 25884-000-30R-C01R-00002. The report concludes that crack widths
of up to 0.050 inches have no adverse impact on the capacity of the reinforcing bars to
perform their intended function, ensuring shield building structural adequacy. Also,
composite action of the shell, overall structural response, and serviceability and
durability of the shield building are not adversely impacted with laminar concrete
cracking up to 0.050 inches. The monitoring program ensures that any exceedance in
cracking is adequately identified and addressed.

The test results show that the outer circumferential reinforcement bars maintain their full
design capacity with the presence of laminar concrete cracks with widths up to 0.050
inches. Additionally, review of the load-deflection behavior of the specimens in the test
programs does not indicate any significant change in the reloading stiffness of
specimens after introduction of the laminar concrete cracks with widths exceeding 0.050
inches.

The shield building is designed for all applicable loads and load combinations in
accordance with UFSAR Section 3.8.2.2.4, including dead and live loads, wind and
tornado loads, and operating basis and safe shutdown earthquakes. The controlling
load combinations for the design of the shield building involve the design basis safe
shutdown earthquake, for which the shield building will behave like a cantilever where
most of the forces are transferred through in-plane shear and axial membrane forces
and very little through out-of-plane bending of the shell. The laminar concrete cracking
has no impact on in-plane stiffness of the cylindrical shell, which will resist most of the
applicable seismic loads. For thermal and tornado loads that produce hoop tension and
moment, the existence of laminar concrete cracking does not change the concrete
section behavior since the concrete shell is already assumed to be cracked through-
thickness. The applicable tension forces are primarily resisted by the hoop
reinforcement, which were demonstrated in testing to maintain their design function with
crack widths up to 0.050 inches. Therefore, it is concluded that no changes need to be
made to the analytical model in order to account for the effect of the limited laminar
concrete cracking on shield building stiffness.
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Therefore, the effect of laminar concrete cracking on the overall stiffness, dynamic
characteristics, and performance of the shield building is negligible.

Finally, the ability of the shield building to perform its other UFSAR-described design
functions of biological shielding and a boundary for the emergency ventilation system
are not affected by the laminar concrete cracking. Laminar concrete cracking does not
reduce the concrete thickness required for adequate biological shielding. Also, the
laminar concrete cracking in the outer reinforcement mat of the shield building will not
degrade the shield building pressure boundary since it does not penetrate through-wall.

4.0 REGULATORY EVALUATION
4.1 Applicable Regulatory Requirements / Criteria

The following regulatory requirements and guidance are applicable to this license
amendment request.

e Asreflected in Section 3 of the UFSAR, the following General Design Criteria are
applicable to this proposed change. Appendix A to 10 CFR Part 50 - General Design
Criteria for Nuclear Power Plants:

Criterion 1 - Quality Standards and Records. Structures, systems, and components
important to safety shall be designed, fabricated, erected, and tested to quality
standards commensurate with the importance of the safety functions to be
performed. Where generally recognized codes and standards are used, they shall be
identified and evaluated to determine their applicability, adequacy, and sufficiency
and shall be supplemented or modified as necessary to assure a quality product in
keeping with the required safety function. A quality assurance program shall be
established and implemented to provide adequate assurance that these structures,
systems, and components will satisfactorily perform their safety functions.
Appropriate records of the design, fabrication, erection, and testing of structures,
systems, and components important to safety shall be maintained by or under the
control of the nuclear power unit licensee throughout the life of the unit.

Criterion 2 - Design Bases for Protection Against Natural Phenomena.

Structures, systems, and components important to safety shall be designed to
withstand the effects of natural phenomena such as earthquakes, tornadoes,
hurricanes, floods, tsunami, and seiches without loss of capability to perform their
safety functions. The design bases for these structures, systems, and components
shall reflect: (1) appropriate consideration of the most severe of the natural
phenomena that have been historically reported for the site and surrounding area,
with sufficient margin for the limited accuracy, quantity, and period of time in which
the historical data have been accumulated, (2) appropriate combinations of the
effects of normal and accident conditions with the effects of the natural phenomena
and (3) the importance of the safety functions to be performed.




Evaluation of the Proposed Change
Davis-Besse Nuclear Power Station, Unit No. 1
Page 6 of 9

Criterion 4 - Environmental and Dynamic Effects Design Bases. Structures, systems,
and components important to safety shall be designed to accommodate the effects
of and to be compatible with the environmental conditions associated with normal
operation, maintenance, testing, and postulated accidents, including loss-of-coolant
accidents. These structures, systems, and components shall be appropriately
protected against dynamic effects, including the effects of missiles, pipe whipping,
and discharging fluids, that may result from equipment failures and from events and
conditions outside the nuclear power unit. However, dynamic effects associated with
postulated pipe ruptures in nuclear power units may be excluded from the design
basis when analyses reviewed and approved by the Commission demonstrate that
the probability of fluid system piping rupture is extremely low under conditions
consistent with the design basis for the piping.

Criterion 16 - Containment Design. Reactor containment and associated systems
shall be provided to establish an essentially leak-tight barrier against the
uncontrolled release of radioactivity to the environment and to assure that the
containment design conditions important to safety are not exceeded for as long as
postulated accident conditions require.

Criterion 50 - Containment Design Basis. The reactor containment structure,
including access openings, penetrations, and the containment heat removal system
shall be designed so that the containment structure and its internal compartments
can accommodate, without exceeding the design leakage rate and, with sufficient
margin, the calculated pressure and temperature conditions resulting from any loss-
of-coolant accident. This margin shall reflect consideration of (1) the effects of
potential energy sources which have not been included in the determination of the
peak conditions, such as energy in steam generators and energy from metal-water
and other chemical reactions that may result from degradation but not total failure of
emergency core cooling functioning, (2) the limited experience and experimental
data available for defining accident phenomena and containment responses, and (3)
the conservatism of the calculational model and input parameters.

e (Codes and Standards:

American Concrete Institute (ACI) 307-69, “Specification for the Design and
Construction of Reinforced Concrete Chimneys,”

ACI 318-63, “Building Code Requirements for Reinforced Concrete.”

The test results in Attachment 1 show that the outer circumferential rebars maintain
their full design capacity with the presence of laminar concrete cracks with widths up to
0.050 inches. Therefore, laminar concrete cracking up to this width has no effect on the
structural behavior or capacity of the shield building considering reinforcement
engagement, composite action of the shell, overall structural response, and
serviceability/long term durability of the structure. In conclusion, the effect of laminar
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concrete cracking up to this width on the overall stiffness, dynamic characteristics and
performance of the shield building is negligible.

The proposed change does not affect compliance with the specified regulations or
guidance and will ensure that the lowest functional capabilities or performance levels of
equipment required for safe operation are met.

4.2 No Significant Hazards Consideration Analysis

Pursuant to 10 CFR 50.90, Energy Harbor Nuclear Corp. is submitting a request to
amend the Renewed Facility Operating License No. NPF-3 for the Davis-Besse Nuclear
Power Station, Unit No. 1. The proposed change would accept a limited width of laminar
concrete cracking along the outer reinforcement layer in the design basis of the shield
building containment structure as discussed in the updated final safety analysis report.

Energy Harbor Nuclear Corp. has evaluated whether or not a significant hazards
consideration is involved with the proposed amendment by focusing on the three
standards set forth in 10 CFR 50.92, "Issuance of amendment," as discussed below:

1. Does the proposed amendment involve a significant increase in the probability or
consequences of an accident previously evaluated?

Response: No

The shield building functions to protect against and mitigate potential accidents.
The proposed change of laminar concrete cracking in the outer reinforcement
layer up to the width of 0.050 inches has been evaluated with a conclusion that
the effect on the overall stiffness, dynamic characteristics, and performance of
the shield building is negligible. Based on this, the shield building capability to
perform its specified design function is maintained. The proposed change does
not involve a significant increase in the probability of an accident previously
evaluated.

The effect of the proposed change on the overall shield building integrity and
structural capability have been determined to be negligible. Also, the ability of the
shield building to perform its other UFSAR-described design functions of
biological shielding and a boundary for the emergency ventilation system are not
affected. Since the shield building function is maintained, there will not be a
significant increase in the consequences of a previously evaluated accident.

Therefore, the proposed amendment does not involve a significant increase in
the probability or consequences of an accident previously evaluated.
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2. Does the proposed amendment create the possibility of a new or different kind of
accident from any accident previously evaluated?

Response: No

The proposed change of laminar concrete cracking in the outer reinforcement
layer up to the width of 0.050 inches has been evaluated with a conclusion that
the effect on the overall stiffness, dynamic characteristics, and performance of
the shield building is negligible. The proposed change does not affect the design
function or operation of the shield building or any other plant system, structure or
component. Laminar concrete cracks up to 0.050 inches are shown to be
negligible with cracks greater than 0.050 inches requiring repair. Based on this,
there are no new failure mechanisms or accident initiators created by this
proposed change.

Therefore, the proposed amendment does not create the possibility of a new or
different kind of accident from any previously evaluated.

3. Does the proposed amendment involve a significant reduction in a margin of
safety?

Response: No

The proposed amendment is requesting approval of changes to the UFSAR and
shield building design basis to allow a limited width of laminar concrete cracking
along the outer concrete reinforcement layer of the shield building. The current
licensing and design basis does not provide an explicit acceptance value for
laminar concrete cracking, this change specifies a value of 0.050 inches.

Experimental test results have shown that the outer circumferential reinforcement
bars maintain their full design capacity with the presence of laminar concrete
cracks with widths up to 0.050 inches. Conservatisms included in the tests
included concrete strength differences between tested and as-built, not including
the effect of staggering of spliced reinforcement bars in the tests, and not
including the curvature of the shield building in the tests. It is concluded that the
effect of laminar concrete cracking up to this width on the shield building design
is negligible and the margin of safety is maintained.

Therefore, the proposed amendment does not involve a significant reduction in a
margin of safety.

Based on the above, Energy Harbor Nuclear Corp. concludes that the proposed
amendment does not involve a significant hazards consideration under the standards set
forth in 10 CFR 50.92(c), and, accordingly, a finding of "no significant hazards
consideration" is justified.
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4.3 Conclusions

In conclusion, based on the considerations discussed above, (1) there is reasonable
assurance that the health and safety of the public will not be endangered by operation in
the proposed manner, (2) such activities will be conducted in compliance with the
Commission’s regulations, and (3) the issuance of the amendment will not be inimical to
the common defense and security or to the health and safety of the public.

5.0 ENVIRONMENTAL CONSIDERATION

A review has determined that the proposed amendment would change a requirement with
respect to installation or use of a facility component located within the restricted area, as
defined in 10 CFR 20, or would change an inspection or surveillance requirement.
However, the proposed amendment does not involve (i) a significant hazards
consideration, (ii) a significant change in the types or significant increase in the amounts of
any effluents that may be released offsite, or (iii) a significant increase in individual or
cumulative occupational radiation exposure. Accordingly, the proposed amendment
meets the eligibility criterion for categorical exclusion set forth in 10 CFR 51.22(c)(9).
Therefore, pursuant to 10 CFR 51.22(b), no environmental impact statement or
environmental assessment need be prepared in connection with the proposed
amendment.

6.0 REFERENCES

1. American Concrete Institute (ACI) Standard 307-69, “Specification for the Design
and Construction of Reinforced Concrete Chimneys.”

2. American Concrete Institute (ACI) Standard 318-63, “Building Code Requirements
for Reinforced Concrete.”
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1.0 Objective

The objective of this report is to provide a description of the testing and analysis work
performed that establishes the technical justification for including laminar cracks of up to
0.050 inch (unit denoted as ” throughout this report) in the design basis of the Davis-
Besse Shield Building.

This report addresses the impact of laminar cracking on reinforcement capacity,
composite action of the shell, overall structural response, and serviceability and long-term
durability to provide the technical justification that laminar cracking up to 0.050” does not
adversely impact the structural capacity and performance of the Shield Building.

It should be noted that a repair program has been instituted to completely repair shoulders
where laminar cracking exists. This repair program provides general repair to the entire
shoulder using ACI codes and guidelines under safety-related work restrictions to
eliminate the laminar cracking condition. This repair program restores the Shield Building
to the design/licensing basis. However, there are some isolated regions where the
cracking is not greater than 0.050” and repair would be difficult due to significant
interferences. Thus, this Technical Report supports the repair program by providing the
technical justification for incorporation of 0.050” as the acceptance limit for laminar crack
width, where cracking less than 0.050” has no effect on the structural capacity and
performance and would be incorporated into the design/licensing basis.

General references throughout this report include the USAR as the licensing basis (Ref.
4a), the DCM as the design basis (Ref. 4b), and ACI 318-63 and ACI 307-69 as the design
codes of record (Refs. 5a & 5b).

2.0 Background

During the creation of the temporary opening in the cylindrical wall of the Shield Building
for the Reactor Pressure Vessel Head (RPVH) replacement at the Davis-Besse nuclear
power plant, a laminar crack was observed on October 10, 2011 in the architectural flute
shoulder area in the vicinity of the opening. The crack was located in the plane of the
main outer reinforcing bar mat. During the original investigation, crack widths were
determined using core bore samples. The cracks were established to be tight with crack
widths of less than 0.010” in most cases. Since the original investigation, some of these
cracks have propagated and/or widened as observed through the Shield Building
monitoring program.

2.1 Shield Building Description

The Shield Building at the Davis-Besse nuclear power plant is a safety-related
freestanding cylindrical reinforced concrete structure capped with a shallow spherical
dome. The structure configuration can be found in References 3a-3c and is shown in
Figure 1. The cylindrical wall and dome are 30” and 24" thick, respectively, and the inner
radii to the inner surfaces of the wall and dome are 69.5 feet (unit denoted as ' throughout
this report) and ~123.3’, respectively. There are eight (8) architectural flute areas on the
outer periphery of the cylindrical wall, with each area comprised of two built-up or
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thickened shoulders. The original Shield Building design considers the flute shoulders as

purely architectural features providing no structural capacity beyond that provided by the
cylindrical wall.

The Shield Building cylindrical wall is reinforced by meridional (vertical) and
circumferential (hoop) reinforcing bars forming a grid near both faces of the wall, with the
hoop reinforcement located outside the vertical reinforcement. The reinforcing
arrangements for both vertical and hoop rebar varies along the height of the Shield
Building. Reinforcing for the shoulders consists of vertical bars and horizontal ties
conforming to the profile of the shoulder and intersecting the main reinforcing.
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Figure 1: Shield Building Plan and Section
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During the original construction of the Shield Building, a temporary opening was provided
in the cylindrical wall, which was subsequently closed at the end of construction activities.
In 2002, a temporary opening was created and then restored to allow removal and
replacement of the RPVH. Subsequently, a temporary opening was created and then
restored to allow the removal and replacement of the RPVH in 2011 (a temporary opening
with the same profile and location as the 2011 opening was also used for the Steam
Generator (SG) replacement in 2014). The arrangement of the original and subsequent
temporary openings is depicted in Figure 2.

RPVH/SGs

Figure 2: Shield Building Temporary Openings

2.2 History of Laminar Cracking Condition

During the creation of the 2011 temporary opening for the RPVH replacement, a crack
was observed on October 10, 2011 in the architectural flute shoulder area at the edge of
the opening (see Figure 3). The crack was found on the left vertical side of the opening
(looking from the outside) and identified to be in the plane of the outer main reinforcing
bar grid. The crack indication disappeared after some minor manual chipping along the
edges of the opening and the crack was established to be a circumferential laminar crack
with no indication in the radial (through-thickness) direction.
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Figure 3: Cracking in Flute Shoulder Region on Left Edge of Temporary Openings

Further investigations and examinations were carried out, including impulse response (IR)
scanning by Construction Technology Laboratories (CTL) of the accessible areas around
the circumference of the Shield Building. IR scanning could not be performed on
inaccessible areas including the exterior Shield Building wall areas covered by the ladder
and vent stack as well as the interior Shield Building wall areas within the Auxiliary
Building envelope that were covered by a double wall or equipment. The IR scanning
indicated that the laminar cracking was not just limited to the shoulder where the
temporary openings were located, but rather was also present in the other shoulders.
These scans also revealed that similar cracking was present outside the shoulder areas
in the top 20’ of the cylindrical wall (approximately between EIl. 780’ and 801’) and that
local cracking was present near main steam Penetrations 39 and 40. The observations
from IR scanning were corroborated by core bores taken from the areas with laminar
crack indications. Laminar cracking was not identified in the Shield Building dome.

In general, the observations indicated that the laminar cracking is in line with the outer
mat of the main cylindrical reinforcing. The IR maps and core bores in these regions,
along-with the chipping conducted on the left edge of the temporary opening, show that
in general the cracks terminate when approaching the location where the shoulder
reinforcing intercepts the outer mat of the main cylindrical reinforcing.

The widths of the cracks observed in 2011 were measured using a crack comparator from
core bores taken at as many locations as possible. These indications of laminar cracking
were observed to be tight, with most cracks with widths less than 0.010” (one reading of
0.013").

Since the cracks were tight and there was no evidence of carbonation on the cracked
surfaces or of any rebar corrosion, the age of the cracks could not be accurately
established. The root cause analysis of the condition concluded that these cracks had
been present in the Shield Building for a long time with no adverse impact on its structural
integrity and safety function.

During the initial technical acceptance of the Shield Building, industry experts Prof. Mete
Sozen of Purdue University and Prof. David Darwin of the University of Kansas were
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consulted for an independent assessment of the structural integrity of the Shield Building.
As part of their review, they recommended that the potential impact of the laminar crack
on the bond capacity of rebar should be investigated at the splice locations by performing
additional experimental testing. The details of the testing process and results is outlined
in subsequent sections.

Also, as part of initial technical acceptance of the Shield Building, a crack monitoring
program was instituted (Ref. 6a). This periodic monitoring program utilizes the
combination of IR scanning and core bores to evaluate the condition of the building and
to identify any changes in the crack configuration within the building. As committed to in
USAR Section 18.1.43, implementation of this monitoring program is per site procedure
to identify concrete condition, crack width/extents, and rebar condition (if exposed within
the core bores). Inspection is per industry standards and inspectors are qualified as
described in Chapter 7 of ACI 349.3R (Ref. 5c¢). The monitoring program covers the
circumference of the Shield Building using a sampling that provides a representative
sample for the regions with laminar cracking and incorporates the knowledge gained from
previously collected crack data to help track any potential crack growth and/or
propagation. The data from the crack monitoring program is documented in References
3d and 3e.

The data from the crack monitoring program in 2013 and 2014 indicated no significant
change in crack widths and no indications of any crack propagation from the initial
observations.

The data from the crack monitoring program in 2015 indicated that there was an increase
in the crack widths at some core bore locations, with the maximum crack width of
approximately 0.016” at one location; however, there was no indication of any propagation
of cracks beyond the initially identified areas.

The crack monitoring program observations from 2016 indicated that crack widths at most
locations were higher than the corresponding 2015 readings, with the maximum crack
width exceeding 0.050”. The monitoring also observed cracking in previously uncracked
bores. Since these observations were significantly different from those in previous
monitoring programs, an independent verification of the plant crack measuring procedure
was carried out by CTL (Ref. 6b). A comparison of the data collected by plant personnel
with that from CTL for the same crack locations and using similar techniques generally
produced comparable results, with some exceptions where CTL results indicated higher
crack widths at some locations. In summary, the independent review by CTL verified the
plant procedure for crack width measurements and confirmed that cracks exceeded
0.050” at some locations. The 2016 monitoring program also indicated the first evidence
of rebar corrosion in the areas with laminar cracking.

The crack monitoring program observations from 2017 to current indicate a continued
trend of propagation in both crack width and extent of cracking. Each year’s findings are
documented and evaluated to establish continued operability.

As noted in Section 1.0, a repair program has been instituted to perform bulk concrete
repair of the shoulders where laminar cracking exceeds 0.050”. In the subsequent
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sections, this Technical Report provides the basis for incorporation of the 0.050”
acceptance limit into the design/licensing basis.

3.0 Rebar Capacity

The initial technical evaluation identified that the bond strength of the lap splices for the
reinforcement in the region of laminar cracking was the main item that needed further
investigation. Since the laminar cracking is located along the plane of the reinforcement,
the capacity of the reinforcing bars has the greatest potential to be affected by the laminar
cracking. The limiting component of this effect was determined to be at the lap splices,
where the laminar cracking had the potential to cause slippage and prevent the reinforcing
bar from developing its full capacity.

To establish the structural adequacy of the Shield Building with the initially observed
laminar cracking with crack widths of up to 0.013”, an experimental test program (Phase
1) was conducted at Purdue University and the University of Kansas in 2012 with the main
objective of investigating the effect of laminar cracks (with widths approaching those
observed in the Shield Building) on the bond capacity of the reinforcement at the lap splice
locations (Ref. 1a). The observations and conclusions from the Phase | test program were
used to perform the initial structural design evaluation of the Shield Building and
demonstrate compliance with applicable codes of record and regulatory requirements.

Subsequently, a Phase Il test program was conducted at Purdue University in 2016 to
establish the maximum width of laminar cracks that will not affect the load carrying
capacity of the reinforcement at the lap splice locations (Ref. 1b). The main goal of the
Phase Il test program was to help establish the structural adequacy of the Shield Building
for any crack widths observed during the plant periodic monitoring that may not be
covered by the conclusions from the Phase | test program.

As noted earlier, the 2016 crack monitoring program identified significant widening and
propagation of the laminar cracks compared to those observed in previous periodic crack
monitoring. Some of the laminar crack observations exceeded the bounding crack width
limit recommended by the Phase Il test program. Therefore, a Phase Ill test program was
designed and conducted at Purdue University in 2017 to investigate the effectiveness of
post-installed adhesive anchors on the load carrying capacity of reinforcement at the lap
splice locations (Ref. 1c), as a potential repair mechanism for the Shield Building. The
experimental setup for the Phase Il test program was different from that used in the
Phase | and Il test programs, but it did include reference specimens without anchors to
benchmark the results. Although the use of post-installed anchors was not adopted as
the repair mechanism for the Shield Building, the observations from the Phase il
reference specimens without anchors provided additional data that can be used to
supplement and confirm the conclusions on maximum crack widths from the earlier test
programs.

The details of these three test programs are provided below. It is noted that this technical
report is based on the Phase I, Il and Il testing at Purdue University only. Although the
results from the Phase | testing at the University of Kansas were utilized in the initial
structural adequacy evaluation of the Shield Building and produced similar results as the
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testing at Purdue University, they are not included in this report because the testing was
not continued at the University of Kansas beyond Phase | (i.e., did not evaluate the effect
of laminar cracking on the rebar splices for widths in the range relevant to this technical
report).

For all the testing phases, it was not possible to exactly match the concrete properties
given the age of the concrete. Therefore, every effort was made in the test programs to
test at relatively lower (conservative) compressive strength and tensile strength values to
produce conservative bond capacity values. The average 28-day compressive strength
from original construction of the Shield Building was 5,836 psi; the average compressive
strength of in-place concrete obtained from cores taken during the Shield Building
evaluation in 2011 was 7,571 psi, with a corresponding tensile strength of 918 psi. The
material properties used for the Phase I, II, and Il test programs are described in Sections
3.1.2, 3.2.2, and 3.3.2, respectively. All reinforcing bars used in testing conformed to
ASTM A615, which is the same as for the original construction of the Shield Building.

3.1 Phase | Test Program

The objective of the Phase | test program in 2012 was to evaluate the effect of laminar
cracking with crack widths on the order of 0.010”, on the load carrying capacity of
reinforcing bar (Ref. 1a). Based on a review of Shield Building reinforcement details, the
79" lap splices for vertical rebar and hoop rebar below EL 780’ and 120" lap splices for
hoop rebar above EL 780’ were postulated to be within the regions of laminar cracking.
The vertical bars are confined by the hoop bars and concrete cover, so the splices for
vertical bars are less critical than the splices for the hoop bars. The reinforcement is
comprised of both #10 and #11 bars. The #10 reinforcing bar requires less development
length and is therefore less critical than the #11 reinforcing bar.

The Phase | test program was established and conducted at Purdue University, testing
12 specimens of 79” and 120" lap splices for #11 bars. The specimen configuration in the
Phase | test program used 6” spacing between bars (matching the minimum spacing of
rebar for the Shield Building) and was prepared with lap splices placed side by side, as
compared to the actual construction of the Shield Building where the splices are
staggered. These conservatisms maximized the effect of the rebar/splices on each other.
Also, the specimen configuration was conservative in that the splices in the Shield
Building conform to the curvature of the building, which would provide an additional
confinement effect, but this curvature was not included in the straight beam tests.

The test specimens were large-scale girders with rectangular sections, as typically used
for testing splices. The specimens were 4-point girders, simply supported at two points
equidistant to the center and loaded at two points, outside the supports, also equidistant
to the center. A total of 12 specimens were tested under static loading, with six (Series
A) having 120-in splices (nominally 85 bar diameters) and the remaining six (Series B)
having 79-in splices (nominally 56 bar diameters). In both Series A and B, loading was
applied monotonically in two test girders. In the remaining four test girders, an initial load
was applied to or beyond vyield to cause initial cracking, then the specimens were
unloaded then reloaded.
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In addition to load and deflection measurements, crack patterns and widths as well as
longitudinal and transverse deformations of the test girders were recorded. The observed
behavior of the test girders is described in terms of measured load-deflection
relationships, recorded crack-width developments, and calculated reinforcement
stresses. Detailed information on those topics is provided in Appendix A.

3.1.1 Experimental Outline

The test setup for the 120” and 79” splices is shown in Figures 4 and 5, respectively. Each
girder in Series A had a total length of 39", with the ends of the 120" splice at 3’ from the
closer support. The cantilevered portions of the girder were 11’-6” long. Loads were
applied on each cantilever segment at 10’ from the support. Each girder in Series B had
a total length of 34’-4”, with the ends of the 79” splice at 3’ from the closer support. The
cantilevered segments of the girder were 10’-10 %2” long. Loads were applied on each
cantilever segment at 9’-8 ¥2” from the supports.

The test specimen configuration was based on the following considerations:

e Include more than one lap splice to simulate the interaction of adjacent lap splices
(two splices were used).

e Use a minimum cover of 3” that translated to a clear distance of 6” between the two
splices and led to a cross-sectional width of (4x3+4x1.41)". The width of the girder
section was set at 17 5/8” (Figure 6).

e Produce a splitting crack in the horizontal plane that would intersect both splices. To
increase the probability of a splitting crack in the horizontal plane, given that cracking
tends to occur in the direction in which cover is smallest, a side cover of 3” was used
and a top cover of 5” was used.

The loads were generally applied in increments of 6 kips up to 36 kips, and above 36 kips,
load increments were determined by measured displacement. Four of the specimens in
Series A were subjected to loading in increments of 6 kips to yield and then to a mid-span
deflection of 0.9”, unloaded, and reloaded. In Series B, the four specimens were loaded
to 36 kips in 6-kip increments, unloaded, and then reloaded.
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Figure 4: Series A Test Girder (From Appendix A)

Figure 5: Series B Test Girder (From Appendix A)
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Figure 6: Cross-Sectional Dimensions of Series A and B Girders (From Appendix A)

Load and deflection measurements were obtained continuously and crack patterns and
widths were recorded at different load steps in each test.

3.1.2 Materials

The opening of splitting cracks depends on the relationship between the tensile strength
of the concrete and the intensity of bond stress that creates the splitting stresses. Since
the compressive strength of the in-place concrete for the Shield Building exceeded 6,000
psi, the tests were conservatively designed to have a concrete strength at time of tests
not exceeding 6,000 psi.

Concrete used in the specimens was mixed and delivered to the laboratory by Irving
Materials Inc. of West Lafayette, IN. Each girder and its related cylinders were cast using
concrete from a single truck. The mix proportions by weight were:

Component Weight of Component / Weight of Cement
Cement 1

Fine Aggregate 24

Coarse Aggregate 26

(max. size = 1% in.) '

Water 0.55

Target air entrainment was 5%, similar to the in-situ Shield Building. As concrete was
being placed, temperature, air content, and slump of the mix were measured. Air
temperature was also recorded. Target moist curing was 7 days but the curing period was
reduced for some specimens as a result of early cylinder tests that indicated high strength.
Table 1 shows the concrete strength data and detailed information for each casting is
included in Appendix A.
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Table 1: Concrete for Phase | Test Program

Test Girder Cast Tested Concrete Concrete Lap
Designation Compressive | Splitting Length

Strength Cylinder
Strength

[psi] [psi] [in]

Al 17 April 2012 | 4 June 2012 5270 480 120

A2 17 April 2012 | 1 June 2012 6030 500 120

A3 17 April 2012 | 30 May 2012 5890 480 120

A4 24 April 2012 | 8 June 2012 5110 440 120

A5 24 April 2012 | 7 June 2012 5240 440 120

A6 24 April 2012 | 5 June 2012 5490 450 120

Bl 10 April 2012 | 10 May 2012 4460 450 79

B2 10 April 2012 | 23 May 2012 4800 480 79

B3 10 April 2012 | 21 May 2012 4780 420 79

B4 30 April 2012 | 14 May 2012 5460 490 79

B5 30 April 2012 | 17 May 2012 5260 480 79

B6 30 April 2012 | 25 May 2012 5230 450 79
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Table 2: Reinforcement for Phase | Test Program

Bar Designation #11
Nominal Diameter, in. 1.41
Nominal Area, in? 1.56
Nominal Perimeter, in. 4.43
Unit Weight, Ibf/ft 5.31
Yield Stress*, ksi 66
Strength*, ksi 103
Limiting Strain in 8 in., % 14,18,19

*Note: mean from tests of three coupons

3.1.3 Load-Deflection Relationships

Figures 7 and 8 contain the measured load-deflection relationships of the Series A and B
girders, respectively. The reported deflection is the relative movement (deflection up
considered to be positive) of girder mid-span with respect to the supports. The reported
load is the averaged load applied near the end of the cantilever section.

All load-deflection curves measured had two common characteristics: (1) Yield moment
of the section was developed after appearance of laminar cracks at low loads and at zero
load in the case of the reloaded girders, and (2) all girders tested demonstrated a definite
capability to maintain strength with increase in deflection beyond the yield.

It is of interest to note that the overall behavior of test girders Al, A4, A5, and A6 that
were loaded, unloaded, and reloaded differed very little from those of A2 and A3 that were
only loaded once, even though the specimen failures were initiated by the splice bond.
In-fact, all the specimens had similar shapes to the envelope curves. All girders in Series
A had the same yield deflection (approx. 0.5”) and similar maximum mid-span deflections
(ranging from 1.47-1.8"). Similar conclusions can be made for the responses of girders of
Series B. For this series, the yield deflection was approximately 0.3” and the maximum
deflection ranged from a little below 0.5” (Girder B1) to above 0.6” (Girder B6).

The range in concrete strength from 4460 to 5460 psi did not have a significant influence
on the yield deflection. The three test girders with relatively low concrete strengths
(Girders B1, B2, and B3) did have slightly lower maximum deflections; but the maximum
recorded value for B1 (0.47”) with a concrete compressive strength of 4460 psi was not
significantly lower than that of B5S (0.55”) which had a concrete compressive strength of
5260 psi.

Maximum applied loads ranged from 42.0 kips to 44.1 kips for Series A and from 39.7
kips to 40.6 kips for Series B. Based on the maximum applied load alone, it is hard to
differentiate the results for Series B compared to those of Series A. It is also worth noting
that results of both Series A and Series B tests showed repeatability and consistency of
results as shown in Figure 9 which is reassuring in terms of expected performance.
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Figure 7: Force Deflection Behavior of Series A Specimens (From Appendix A)
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Figure 8: Force Deflection Behavior of Series B Specimens (From Appendix A)
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Figure 9: Consistency of Results for Phase | Test Program

3.1.4 Crack Measurements

Changes in crack patterns and widths were recorded in detail and are reported completely
in Appendix A. Observed development of flexural crack patterns and thicknesses were
consistent with what is normally expected in reinforced concrete beams responding
primarily to flexure. Figure 10 shows a typical pattern of observed cracking. The flexural
cracks occurred at a spacing of approximately twice the top cover or ~10”. It is also seen
that the cracks near mid-span did not reach as far towards the compressed edge of the
girder as the ones near the support. This was an indication that the lap splice was
effective, and all four bars resisted the load.
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Figure 10 also shows the typical pattern of the horizontal crack at or near the level of the
reinforcement in the test specimens (highlighted in red and representative of the laminar
crack). A descriptive metaphor for their formation is provided by visualizing the bars as
thin-walled pressurized tubes embedded in concrete. The internal pressure causes
circumferential tensile stresses in the concrete around the tube that decrease with
distance. The crack is initiated in the weakest plane which corresponds to the plane
resulting in the minimum cover. The crack is initiated in the immediate surface of the tube
and progresses out as the pressure in the tube increases. It is also relevant to note that
a splitting crack can exist next to the reinforcement but not be visible on the surface of
the girder.

e T T ———————

Figure 10: Typical Pattern of Cracks — Phase | (From Appendix A)

The projection of this metaphor to the test girders suggests that the splitting crack would
occur on a horizontal plane intersecting the reinforcement and that the surface width of
the crack is likely to be smaller than its width next to the spliced bars. The force transfer
mechanism in the splice is best understood by the following measurements: (1)
longitudinal strain distribution at reinforcement level, (2) vertical deformation of the girder
surface, and (3) distribution of widths of the splitting cracks. These are presented in detail
in Appendix A.

The longitudinal-strain data show that there was a dominant pattern in strain distribution
along the splice. In the first loadings, rapid change in strain occurred primarily in the outer
20" segments of the splice, indicating the region where most of the force transfer from bar
to bar took place. The test results confirm that the regions of relatively large vertical
deformation occurred in the outer 20” of the splices for both the 79” and 120" splices.

The crack-width observations documented that measurable (0.005” or more in thickness)
laminar cracks of limited length (6”-12") occurred at low loads on the order of one fourth
of the maximum load resisted. Cracks reached levels in excess of 0.100” at loads
approaching the maximum load. At such levels of load, laminar cracks meandering along
the level of the reinforcement covered virtually the entire test span. In fact, for specimens
that were loaded, unloaded, and reloaded, the maximum crack widths reached 0.100” for
Series A and 0.030” for Series B specimens during the initial loading.
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Figures 11 and 12 show the magnitude of the recorded maximum crack width and vertical
deformation along the splice lengths of Series A and B, respectively. The results show
good correlation between the crack width and the vertical surface deformation. The
results also show that cracks well exceeded the initial crack widths observed in the Shield
Building, which were generally less than 0.010”, with one crack of 0.013".
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Figure 11: Correlation of Vertical Deformation with Crack Width for Series A
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3.1.5 Maximum Reinforcement Stresses Attained

As documented in detail in Appendix A, maximum tensile stresses achieved at the ends
of the splice were computed based on the moment at the end of the splice and cross-
sectional properties of the test girder. The calculated stresses are shown in Table 3. The
minimum tensile stress attained in the reinforcement at the end of the splice was 69 ksi
(Test Girder B2) and the maximum was 80 ksi (Test Girders A2 and A3).

Table 3: Summary of Results for Phase |

Test Girder | Concrete | Concrete Lap |Maximum |Maximum | Maximum| Calc. | Calc.
Designation| Splitting [Compressive|Length | Applied | Moment | Moment | Reinf. | Reinf.

Strength | Strength Load at at Stress | Stress

(Tensile) Support | Splice at at

End |Support| Splice

End

[psi] [psi] [in] [kip] [kipft] | [kip*ft] | [ksi] | [ksi]

Al 480 5270 120 43.5 481 470 81 79
A2 500 6030 120 44.1 487 476 82 80
A3 480 5890 120 44.1 487 476 82 80
A4 440 5110 120 43.3 479 468 81 79
A5 440 5240 120 43.4 480 469 81 79
A6 450 5490 120 42.0 466 455 78 77
Bl 450 4460 79 39.5 425 417 72 71
B2 480 4800 79 38.9 419 419 71 69
B3 420 4780 79 39.7 427 419 72 70
B4 490 5460 79 39.7 427 419 71 70
B5 480 5260 79 40.6 436 428 73 72
B6 450 5230 79 40.6 436 428 73 72

3.1.6 Key Observations

Based on a review of the Phase | test results and the details presented in Appendix A,
the following important observations can be made:

e Strain measurements and observed distribution of laminar cracks created during the
tests confirmed that most, if not all, of the force transfer from one bar to another
occurred in the end of the splice over a length of approximately 20" (~15 bar
diameters). In the four specimens that were unloaded and reloaded, the measured
maximum widths of these cracks during the initial loading exceeded 0.100” for Series
A and 0.030” for Series B, with the maximum widths of the cracks at zero load before
reloading being 0.080” for Series A and 0.015” for Series B.

¢ In both series, laminar cracks formed at a fraction of the yield load in all test girders.
The difference between the strength and behavior of the girders loaded monotonically
and those unloaded after reaching or exceeding yield and reloaded was negligible.
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The existence of laminar cracks at the beginning of loading did not change the strength
of the splices. The ratio of the limiting deflection to the yield deflection was
approximately 3:1 in Series A with 120" splices and 2 in Series B with 79” splices.

e The yield strength of the rebar was 66 ksi, and for Series A and B test girders, the
tensile stresses of 69 ksi to 80 ksi were attained in the reinforcement at the end of the
splice (i.e., the rebar achieved more than its yield strength). The maximum
reinforcement stresses in the test girders loaded to develop laminar cracks and
reloaded differed negligibly from those in girders loaded monotonically. Each test
specimen included two splices placed next to each other without stagger and with 6”
spacing. This was a conservative test condition compared to that of the Shield building
where splices are staggered and typically have a 12" spacing.

The tests indicated that despite the conservative test conditions, the effect of laminar
cracking with crack widths larger than 0.015” (conservatively considering the minimum
crack widths at zero load before reloading) is inconsequential to the bond or force transfer
capacity of both 79” and 120” lap splices, and full yield capacity could be used for design
basis calculations.

3.2 Phase Il Test Program

A total of 6 specimens were tested as part of the Phase Il test program at Purdue
University in 2016 to estimate the maximum width of laminar cracks that would not affect
the load carrying capacity of the rebar splices (Ref. 1b). Because the first cracks observed
in the Shield Building were narrow, Phase | focused on the effects of laminar cracks on
the strength of lap splices without specific attention to establishing a plausible limit to the
width of those cracks. Therefore, the goal of Phase Il testing was to estimate such a
bounding maximum crack width that can be used to help establish the structural adequacy
of the Shield Building with the crack widths approaching those observed under the plant
monitoring program. Based on the results of the Phase | testing, #11 rebar with 79” lap
splices were used as the bounding configuration in the Phase Il test program (see
Appendix B).

3.2.1 Experimental Outline and Loading Protocol

The Phase Il test program specimens were labeled as Series C to supplement the Series
A and B Phase | specimens at Purdue University. The Series C test girders had the same
geometry and configuration as the Series B test girders shown in Figure 5. Similar to the
approach used for the Series B tests, the specimens were tested by applying an initial
loading and unloading to initiate laminar cracks in the plane of the spliced rebar, and then
reloading, with the loads applied in increments during the loading and reloading cycles.
However, the loading for Series C girders was applied using a different loading protocol
discussed below than that used for Series B girders. Unless noted otherwise, the term
“deflection” below refers to the mid-span deflection for Phase Il tests.

From the Phase | test results for Series B specimens, it was observed that most of the
specimens yielded at a deflection of approximately 0.30” to 0.35". The magnitudes of
crack widths are directly correlated to the applied loads and corresponding deflections.
The unloading for the Series B girders was initiated before or just at yielding (i.e., at a
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deflection less than 0.35” at the maximum applied load during the initial loading and
unloading). To develop cracks wider than those observed for Series B girders, the initial
loading for Series C girders was applied, in stages, to a total deflection of at least 0.4”
before starting to unload the specimen. Four (4) girders (C-1 to C-3 and C-5) were loaded
to a deflection of 0.4” during the initial loading and two (2) girders (C-4 and C-6) were
loaded to a deflection of 0.5” during the initial loading.

Similar to Phase | tests, load and deflection measurements were obtained continuously
and crack patterns and widths were recorded at different load steps in each test.

3.2.2 Materials

The concrete mix design for the Series C tests was kept the same as that used in the
Phase | tests at Purdue University. Concrete used in the specimens was mixed and
delivered to the laboratory by Irving Materials, Inc. of West Lafayette, IN. Each test girder
and its associated cylinders were cast using concrete from a single truck.

Similar to Phase I, target air entrainment for the concrete mix was 5%. As concrete was
being placed, air and concrete temperatures, air content, and slump of the mix were
measured. The specimens were cured for a week in accordance with the approved
Purdue test procedure. The compressive strength of concrete for the Series C specimens
is summarized in Table 4 and shows that the mix used for the test girders was of uniform
quality and strength. Detailed information and records for each casting are included in
Appendix B.

Table 4: Concrete for Phase Il Test Program

Test Cast Test Date Concrete Concrete Age of
Girder Date Compressive | Splitting Cylinder | Specimen
Strength* Strength

[psi] [psi] [days]
C1 3/21/2016 5300 500 48
C2 3/28/2016 5200 450 55
C3 | 2/2/2016 | 4/4/2016 5900 500 62
C4 4/11/2016 5700 500 69
C5 4/12/2016 5600 500 70
C6 4/14/2016 5300 400 72

*mean of six cylinder tests

All reinforcing bars came from the same heat. Stress-strain properties of the bars are
included in Appendix B. The properties of the reinforcing bars are presented in Table 5.
The actual material yield strength of the rebar used for Phase Il tests was 65 ksi.
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Table 5: Reinforcement for Phase Il Test Program

Bar Designation #11
Nominal Diameter, in 1.41
Nominal Area, in? 1.56
Nominal Perimeter, in 4.43
Unit Weight, Ibf/ft 5.31
Yield Stress*, ksi 65

*mean from tests of three coupons

3.2.3 Load-Deflection Relationships

Figure 13 depicts the measured load-deflection relationships separately for each of the
six (6) test girders and Figure 14 shows the results superimposed in one plot. The
reported load is the averaged load applied near the end of the overhang segments and
the reported deflection is the mid-span deflection (deflection upward considered to be
positive). From Figures 13 and 14, the results of Series C tests showed repeatability and
consistency, which provides assurance for the acceptability of the tests (including test
results) and expected performance.

The test girders showed yield deflection of approximately 0.28” and maximum deflection
ranging from 0.70” to 0.92". The ultimate load ranged from 39.7 kips to 40.9 kips for the
Series C girders. All test girders demonstrated a definite capability to maintain strength
with increase in deflection beyond yield, irrespective of the point of unloading.
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Figure 13: Measured Load-Deflection Relationships for Phase Il (Appendix B)
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Figure 14: Consistency of Test Results — Phase Il

3.2.4 Crack Measurements

Figure 15 shows the vertical deformation plot during the initial loading and unloading for
each girder in the middle 80" of the specimen, which approximately corresponds to the
length of the splice. The vertical deformation plot for girder C3 contains the data for the
South end only, due to a sensor malfunction in the North end.



Technical Report - Incorporating Laminar Cracks of Up To 25884-000-30R-C01R-00002, Rev. 000
0.050 Inch in the Design Basis of Davis-Besse Shield Building Page 28 of 45

Figure 15: Vertical Deformations for Series C Test Girders during Initial Loading (from
Appendix B)
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Consistent with the Series B test girders, the results showed that most of the force transfer
occurs at the ends of splice over lengths of approximately 15-bar diameters (i.e.,
approximately 20”). The calculated crack widths at the surface of specimens and the
length of cracks are listed in Table 6.

Table 6: Crack Measurements for Phase Il (from Appendix B)

Max. Mid- Max. Mid-span Max. Max. Max.
span Crack | Deflection Crack Crack Crack
deflection Width at last Width at | Length Length
Test at Inif[ial reac'hed reagiing Ia;t at Squth at Nprth
Girder Loading du_rl_ng during readmg Splice Splice
Initial reload during End End
Loading reload
[in] [10-3in] [in] [102in] [in] [in]
C1 0.42 42 0.70 90 27 23
Cc2 0.40 21 0.41 25 22 27
C3 0.41 39 0.41 42 23 11
C4 0.52 52 0.50 53 28 24
C5 0.43 54 0.42 57 24 18
C6 0.52 30 0.52 33 22 0

3.2.5 Maximum Reinforcement Stresses Achieved

The maximum stresses in reinforcement at the support and splice end were calculated
using the same approach as that in the Phase | test program. The stresses correspond
to the moments at the respective locations that are primarily due to applied load, but also
include contributions from other loads such as self-weight. The rebar stress calculations
are reported in Appendix B and are summarized in Table 7. The tensile stresses attained
in the reinforcement were well beyond the rebar yield strength, ranging from 73 ksi to 75
ksi.
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Table 7: Summary of Test Results for Phase Il (from Appendix B)

Test | Concrete | Concrete | Max. Max. Max. Max. Calc. Calc.
Girder | Comp. | Splitting | Applied | Midspan | Moment | Moment | Rebar | Rebar
Strength | Tensile | Loads | Deflection at at Stress | Stress
Strength Support | Splice at at
End Support | Splice
End
[psi] [psi] [Kips] [in] [ft-Kip] [ft-Kip] [ksi] [ksi]
C1 5300 500 39.7 0.70 427 419 74 73
Cc2 5200 450 40.0 0.85 430 422 75 74
C3 5900 500 40.4 0.79 434 426 76 74
C4 5700 500 40.9 0.83 439 431 76 75
C5 5600 500 40.2 0.82 432 424 75 74
C6 5300 400 40.7 0.92 437 429 76 75

3.2.6 Key Observations

Based on a review of the Phase Il test results and the details presented in Appendix B,
the following important observations can be made:

The strength and ductility response of the test girders did not vary significantly with
the maximum load applied during the initial loading. This means that the strength and
ductility behavior of the test girders are independent of the maximum crack widths
generated in the initial loading and unloading. The ductility ratio for the Series C test
girders was approximately 3.

The maximum crack widths at the surface of the specimens at the maximum load
applied in the initial loading cycle ranged from 0.021” to 0.054".

Laminar cracks parallel to the spliced reinforcing bar opened at low loads. Widths of
the laminar cracks varied along the length of the spliced region, with maximum widths
typically in regions close to the ends of the splice.

Most of the force transfer from one rebar to another occurred in the end of the splice
over a length of approximately 15-bar diameters (approximately 20”).

The yield strength of the rebar was 65 ksi, and for all test girders, the tensile stresses
of 73 ksi to 75 ksi were attained in the reinforcement at the end of the splice (i.e., the
rebar achieved more than its yield strength).

The intent of the Phase Il test program was to estimate the maximum crack width that
would not have an effect on the load carrying capacity of the lap splices. Table 6 shows
that the maximum crack width during initial loading reached 0.054” for Series C test
specimens, demonstrating that the load carrying capacity of the lap splices is not
impacted for crack widths up to 0.054".
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The repeatability and consistency of the test results shows that the results are reliable.
Also, the results are conservative and have a built-in safety margin for the following
reasons, similar to those for the Phase | test program:

e The Series C test girders had an conservative configuration, since the pair of spliced
rebar was placed closely next to each other and without stagger, specimen concrete
compressive strength was lower than the average compressive strength of the in-
place concrete in the Shield Building, and confinement effects due to the curvature of
Shield Building and the extra concrete thickness of the Shield Building shoulders were
neglected. Therefore, the Series C test results are conservative when compared to
the behavior of the spliced rebar in the Shield Building.

e For a deformed rebar embedded in concrete and subjected to pullout force, the
splitting stresses are highest next to the rebar and decrease away from the rebar.
Therefore, the widths of laminar cracks are expected to be higher next to the rebar
compared to those at the surface of the specimen. Therefore, the crack widths
reported in Table 6 that are measured at the surface of the specimen are conservative.

e The maximum deflection limit of 0.50” during the initial loading was chosen based on
considerations of personnel and equipment safety. Irrespective of the maximum load
applied during the initial loading prior to unloading, the Series C test girders had similar
strength and ductility response. If safety during testing was not a consideration, it is
possible that a higher deflection limit could be achievable which would result in larger
crack widths and, thus, potentially showing that crack widths larger than those
reported in Table 6 may have no adverse impact on the load carrying capacity of the
reinforcement.

Phase Il tests showed that crack widths of up to 0.054” did not have an adverse impact
on the load carrying capacity of the reinforcing bar lap splices. Reference 1b
recommended using a safe bounding crack width limit of 0.050” for the purpose of
assessing the acceptance of the observed cracking in the Davis-Besse Shield Building.
Appendix D includes a technical memo from Purdue University concluding that laminar
cracks with widths up to 0.050” have no adverse effect on the load carrying capacity of
the rebar lap splices.

3.3 Phase Ill Test Program

The purpose of the Phase Il test program at Purdue University in 2017 was to investigate
the effect of post-installed anchors on the load carrying capacity of the rebar lap splices
(Ref. 1c). This main intent was to evaluate the adequacy of the anchor system as a
potential repair mechanism for the Shield Building at locations where the laminar crack
width exceeded the recommended threshold limit of 0.050” based on Phase Il test results.
Similar to the Phase Il test program, the Phase Ill investigation focused on the #11 rebar
with 79” lap splices, which is the critical configuration.

It should be noted that the anchor system tested during Phase Il did not ultimately end
up being implemented. However, this testing program did utilize reference samples
without anchors, which provided additional data to supplement the Phase | and Il testing.
Also, as will be discussed below, a different test configuration and protocol were utilized
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for Phase Ill; however, the results were similar to Phase | and IlI, thus providing
confirmation of the conclusions reached during Phase | and 1.

3.3.1 Experimental Outline and Loading Protocol

Because of the large number of specimens for the Phase Ill test program and the potential
necessity of significantly more tests that would need to be conducted, a simpler test
configuration and loading protocol was utilized compared to those used for the Phase |
and Il test programs at Purdue University. As discussed earlier, Phase | and Il test
programs used long test girders subjected to 4-point transverse loading that produced
constant flexure over the test span and subjected the #11 rebar with lap splice to tensile
loading. For the Phase Il test program, a simplified test configuration was used, wherein
shorter (6’-8” long) specimens were used, but having the same cross-section (17-
5/8"x30") as that for the test girders used in the previous test programs (see Figures 16
and 17). The specimen length was dictated by the 79” lap splice length. The test
specimens were subjected to tensile loading applied directly to the spliced #11 rebar to
produce similar effects as in the test girder specimens used in the previous test programs.
The tensile force to the rebar was applied through a “self-reacting” loading frame (see
Figures 16 and 17). Refer to Appendix C for detalils.

Specimens were tested both without any anchors and with different anchor configurations
(depth of embedment, spacing, etc.) as transverse reinforcement. Since the use of
anchors is not the subject of this Technical Report, only the six (6) specimens without
anchors will be discussed.

Figure 16: Series D Test Loading Frame Setup (From Appendix C)
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Figure 17: Series D Test Setup and Loading Arrangement (From Ref. 1c)

Table 8: Phase Ill Test Program Matrix (from Appendix C)

Anchor Details .
Test Test Bearing
Series | Specimen No. of Spacing, s | Embedment depth, de Plate
Anchors (in) (in)

D1
D2
D3

1 D9 0 N/A N/A N/A
D11
D17

The loading scheme for the tests involved (a) initial loading cycle to create laminar cracks
in the specimen, (b) unloading completely, (c) installation of anchors (not covered in this
report), and (d) reloading, with loads applied in small increments during the initial loading
and reloading cycles. Additionally, during the initial loading cycle, loading was applied to
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the specimen to create maximum crack widths exceeding the recommended bounding
limit of 0.050” from the Phase Il program.

During the test, the forces in reinforcing bar, vertical and horizontal deformations, and
crack widths were measured and the crack maps were recorded (see Appendix C).

3.3.2 Materials

The concrete mix design for the Series D tests was kept the same as that used in the
Phase | and Il tests at Purdue University. Concrete used in the specimens was mixed and
delivered to the laboratory by Irving Materials, Inc. of West Lafayette, IN. The first set of
specimens was cast on January 11, 2017 and the second set of specimens was cast on
April 27, 2017.

Similar to Phases | and Il, target air entrainment for the concrete mix was 5%. As concrete
was being placed, air and concrete temperatures, air content, and slump of the mix were
measured. The specimens were cured for a week. The compressive strength of concrete
for the Series D specimens is summarized in Table 9 and shows that the mix used for the
test girders was of uniform quality and strength. Detailed information and records for each
casting are included in Appendix C.

Table 9: Compressive Strength of Concrete — Phase 11l Program

Test Concretg Con.crlete Agg of

Specimen Cast Date | Test Date | Compressive Spl_lttlng Specimen
Strength* Cylinder (days)
D1 1/11/2017 | 2/13/2017 3900 450 33
D2 1/11/2017 | 2/15/2017 3900 450 35
D3 1/11/2017 | 2/15/2017 3900 450 35
D9 1/11/2017 | 3/10/2017 4100 400 58
D11 1/11/2017 | 3/17/2017 4300 400 65
D17 4/27/2017 | 7/5/2017 4400 450 69

*mean of three tests

All reinforcing bars came from the same heat. Stress-strain properties of the bars are
included in Appendix C. The nominal properties of the reinforcing bars are presented in
Table 10. The actual material yield strength of rebar used for Phase Il tests was 67 ksi.
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Table 10: Reinforcement Properties — Phase Il Program

Bar Designation #11
Nominal Diameter, in 1.41
Nominal Area, in? 1.56
Nominal Perimeter, in 4.43
Unit Weight, Ibf/ft 5.31
Yield Stress*, ksi 67

*mean from tests of twelve coupons

3.3.3 Test Results and Key Observations

Figure 18 shows the load vs. crack width plots for the specimens without anchors.
Appendix C also provides the plots of variations of vertical and horizontal deformations
along the length of specimens and the load vs. specimen elongation plots. Table 11 lists
the results, including the maximum crack width and maximum rebar stresses during initial
loading cycle and at failure.

In general, Figure 18, along with the test results for the specimens with anchors (Appendix
C), shows consistency of results and provides assurance for the acceptability of the tests
(including test results) and expected performance. The results for Series D specimens
without anchors confirmed that the rebar lap splices can maintain full load carrying
capacity with laminar cracks of widths exceeding 0.050".
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Figure 18: Load vs Crack Width for Phase Ill Specimens without Anchors (from
Appendix C)
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Table 11: Crack Widths and Rebar Stresses (from Appendix C)

Test Max. Rebar Stres_s at Max. Laminar Crack
Specimen Splice End (ksi) Width (in.)
Initial Loading | Failure | Initial Loading | Failure
D1 72 73 0.07 0.08
D2 71 71 0.06 0.07
D3 80 81 0.11 0.18
D9 76 76 0.09 0.09
D11 71 71 0.06 0.06
D17 77 77 0.13 0.13

The behavior of the specimens without anchors generally shows predictable response
with specimen failure occurring at crack widths exceeding 0.060”.

The conservatisms noted for Phase | and Il test programs are also applicable to Phase
lll. These include the conservative test configuration with lap splices located side by side
in a straight specimen and the measurement of cracks at the surface of the specimen
instead of at the rebar location.

3.4 Summary of Phase |, Il, and Ill Purdue Test Results

A total of 24 specimens were tested at Purdue University during the Phase I, Il, and Il
test programs (excluding the specimens tested with post-installed anchors). The testing
utilized a conservative test configuration to determine the limiting condition.

Phase | was conducted to test lap splices in the presence of existing laminar cracks
without specific attention to initial crack width. In Phase Il, laminar cracks were observed
to have no detrimental effect on splice strength and deformability for cracks widths
reaching up to nearly 0.050” during initial loading. In Phase lll, the threshold of 0.050”
was confirmed by specimens that were able to attain their full strengths after forming
splitting cracks with widths ranging from 0.060” to 0.130" during initial loading. Table 12
provides the maximum reinforcement stress at failure and crack widths for the Phase I,
II, and Ill specimens (without anchors) and Figures 19 and 20 shows the maximum
reinforcement stress at failure.
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Table 12: Compiled Summary of Phase I, I, and Ill Test Results
Test Test Girder Concretg Lap Max. Craql_< Ma>§. Crack Calcu_lated
Program | Designation Compressive | Length | Width at. Initial Width a}t Reinf.
Strength Loading last reading Stress
during
reload
[psi] [in] [in] [in] [ksi]
Al 5270 120 79
A2 6030 120 80
A3 5890 120 80
A4 5110 120 79
A5 5240 120 79
A6 5490 120 77
Phase | B1 4460 79 (@) (@) 71
B2 4800 79 69
B3 4780 79 70
B4 5460 79 70
B5 5260 79 72
B6 5230 79 72
C1 5300 79 0.042 0.090 73
C2 5300 79 0.021 0.025 74
C3 5900 79 0.039 0.042 74
Phase C4 5700 79 0.052 0.053 75
C5 5600 79 0.054 0.057 74
C6 5300 79 0.030 0.033 75
D1 3900 79 0.070 0.080 73
D2 3900 79 0.060 0.070 71
Phase D3 3900 79 0.110 0.180 81
1] D9 4100 79 0.090 0.090 76
D11 4300 79 0.060 0.060 71
D17 4400 79 0.130 0.130 77

(a) Crack widths not reported because Phase | focused on the effects of laminar cracks
on the strength of lap splices without specific attention to establishing a plausible
limit to the width of those cracks. See Appendix A.
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Figure 19: Maximum Reinforcement Stress at Failure for Phase |

90

80

70
60
50
40
30
20
10
0 . . . . . . . . . . .
c1 c2 c3 ca cs5 c6 D1 D2 D3 D9 D11 D17

Test Specimen ID

Maximum Reinforcement Stress at Failure (ksi)

Figure 20: Maximum Reinforcement Stress at Failure for Phases Il and 11l
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From the Phase Il and Il results only, it is evident that the lap splices maintained their full
load carrying capacity, with maximum reinforcement stresses ranging from 73 ksi to 81
ksi, with pre-existing crack widths up to 0.130". The average stress in reinforcement at
failure was 74.5 ksi with coefficient of variation of 3.6%.

As discussed earlier, the Phase | tests were conducted with smaller widths of pre-existing
laminar cracks to establish the structural adequacy of Shield Building with the laminar
crack characteristics prevalent at that time. However, the load-deformation relationships
of the Phase | specimens are similar to those of the Phase Il and Il specimens.
Additionally, as noted for Phase | tests, the load deformation relationships of the
specimens that were loaded, unloaded, and reloaded are almost identical to the response
of specimens that were loaded monotonically. Besides demonstrating the repeatability of
the test performance, this shows that the response of Phase | test specimens would lead
to the same conclusions even if pre-existing cracks with crack widths approaching those
in Phase Il and Il test programs were created. Considering all test results from all Phases,
the maximum reinforcement stress ranged from 69 ksi to 81 ksi with an average stress of
73.2 ksi and a coefficient of variation of 4.0%.

Based on the summary of results presented above, it is concluded that the Shield Building
rebar lap splices will safely maintain its full load carrying capacity with laminar cracks
widths of up to 0.050".

3.5 Quality Assurance

It is noted that the Phase | and Il test programs were deemed equivalent to an “augmented
quality”, with associated QA/QC oversight, the results thereof, are considered appropriate
as input to safety-related design. Although the Phase Il test program was characterized
as “exploratory” and thus, “non-safety”, with an intent to establish a suitable anchor
system layout, a similar degree of engineering and management oversight was also
provided for the Phase lll tests. Additionally, as noted above, the results across the three
phases are reproducible and consistent. Therefore, the conclusions established in
Section 3.4 are considered applicable for safety-related design of the Shield Building.

The QA/QC records from Phase | and Il programs are not repeated here, but are available
in References 1a and 1b, respectively.

4.0 Composite Action of Shell

The composite action of the section for the out-of-plane bending effects can be evaluated
by the magnitude of in-plane shear transfer capacity across cracked concrete.

Shear force can be transmitted across a crack if the crack faces are moving in opposite
directions. This shear transfer capacity can come from three mechanisms: 1) aggregate
interlock; 2) dowel action; and 3) axial steel force (see Figure 21).
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Figure 21: a) Aggregate interlock; b) Dowel action; c) Axial steel force

For a crack without reinforcement across it, shear transfer comes exclusively from the
aggregate interlock. The parameters, which affect the aggregate interlock capacity, t, are
identified by different researchers (Walraven, 1980, 1981 (Refs. 7d-7e); Bazant and
Gambarova, 1980 (Ref. 7a); Gambarova, 1981 (Ref. 7b); Gambarova and Valente, 1990
(Ref. 7c)) as the crack width, w, the shear displacement, A, the concrete crushing
strength, f../, and the maximum aggregate particle diameter, D,,... See Figure 22 for
illustration.

Figure 22: Shear transmission across an un-reinforced crack

Walraven (1980) reported numerous experimental results with the range of D« =
16 ~ 32 mm (0.63” — 1.25") and f,.." = 13.4 ~ 59.1 N/mm? (1944 psi — 8572 psi), covering
different cases of crack width ranging from 0.1 to 1.0 mm (0.004” — 0.039"”). Based on
theoretical analysis and the aforementioned experimental results, Walraven proposed the
following equation for the shear transmission across an un-reinforced crack (Refs. 7d-
7e).

fe'

T= -2+ (L8R 4 (0.234 w077 —0.20)f)4 (1)
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In which:
T : shear transmission across an un-reinforced crack, N/mm?
f..' : concrete crushing strength, N/mm?
w : crack width, mm
A : shear displacement, mm

Using principles of fracture mechanics, alternative solutions of the shear transfer
mechanism across an un-reinforced crack are proposed by Bazant, Gambarova, and
Valente (Refs. 7a-7c).

A comparison of various methodologies mentioned above indicate that significant shear
capacity can develop across the plane to develop a composite action as shown in Figure
23.

Figure 23: Shear transmission capacity across an un-reinforced crack

Furthermore, in Section 2505 of ACI 318-63, which is used for the ultimate strength design
of the Shield Building, the shear transfer along the concrete contact surface without
mechanical anchorage (reinforcement) is permitted to be 40 psi for service loads and 76
psi (1.9 x 40 =76 psi) for ultimate loads. These values are comparable to results
discussed above.

Note that per the design calculations, the magnitude of shear across the laminar crack is
very small compared to the capacity values discussed above, given the relatively nominal
out-of-plane bending effects on the shell due to seismic, wind or tornado effects. It is,
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therefore, concluded that laminar cracking of 0.050” (1.25 mm width) in the outer rebar
mat will not impact the expected composite behavior of the shell for the design loads.

5.0 Overall Structural Response

The test results show that the outer circumferential rebar maintains its full design capacity
with the presence of laminar cracks with widths up to 0.050”. Additionally, review of the
load-deflection behavior of the specimens in all three test programs does not indicate any
significant change in the reloading stiffness of specimens after introduction of the laminar
cracks with widths exceeding 0.050".

The Shield Building is designed for all applicable loads and load combinations in
accordance with USAR Section 3.8.2.2.4 and DCM Section II.G, including dead and live
loads, wind and tornado loads, and operating basis and safe shutdown earthquakes. The
controlling load combinations for the design of the Shield Building involve the design basis
safe shutdown earthquake, for which the Shield Building will behave like a cantilever
where most of the forces are transferred through in-plane shear and axial membrane
forces and very little through out-of-plane bending of the shell. The laminar cracking has
no impact on in-plane stiffness of the cylindrical shell, which will resist most of the
applicable seismic loads. For thermal and tornado loads that produce hoop tension and
moment, the existence of laminar cracking does not change the concrete section behavior
since the concrete shell is already assumed to be cracked through-thickness. The
applicable tension forces are primarily resisted by the hoop reinforcement, which are able
to maintain their design function with crack widths up to 0.050” per the testing. Therefore,
it is concluded that no changes need to be made to the analytical model in order to
account for the effect of laminar cracking on stiffness of the Shield Building.

Based on above discussion, it can be safely concluded that the effect of laminar cracking
on the overall stiffness, dynamic characteristics and performance of the Shield Building
is negligible.

6.0 Serviceability and Long-Term Durability

Per applicable codes of record for the Shield Building (ACI 318-63 and ACI 307-69)
serviceability essentially relates to crack control under service load conditions (not faulted
load conditions). Service life of the structure can be affected by the nature, extent and
width of cracking present on the surface of the structure that may provide a path for
moisture penetration resulting in reinforcement corrosion. For cracking induced by applied
loads such as flexure or hoop tension, the primary objective is to limit the crack width (at
the surface) to 0.010” per the ACI Standard Building Code, as noted in USAR Section
3.8.2.2.5, in order to limit potential moisture paths that could lead to corrosion of
reinforcing steel. The initial detailed condition assessment (supplemented by continued
periodic monitoring) did not indicate any unusual surface cracking due to either shrinkage
or flexure, with observed surface cracks much tighter than 0.010".

The monitoring program has subsequently indicated rebar corrosion at the locations of
maximum laminar crack widths. To address this, a repair program has been implemented
and requires removal and replacement of concrete in areas of cracking exceeding 0.050”
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with/without any signs of corrosion. The repair program involves chipping of concrete and
rebar removal/replacement (as required) to a larger extent than depicted in the latest IR
scans. Additionally, a passive cathodic protection program is implemented to mitigate and
prevent rebar corrosion after the repair is completed. The periodic monitoring program
will continue to verify that the implemented measures are effective in ensuring there is no
further rebar corrosion and there are no pathways for moisture infiltration.

Therefore, it is concluded that the long-term durability of the Shield Building is not
adversely affected with laminar crack widths of up to 0.050” within the thickness of the
cylindrical wall.

7.0 Conclusions

Based on a detailed review of all the relevant technical documents and test reports, it is
concluded that crack widths of up to 0.050” have no adverse impact on capacity of
reinforcing bars to perform their intended function to ensure the structural adequacy of
the Shield Building. Moreover, there are several additional layers of conservatisms that
add margin to the design capacity. These conservatisms include a higher strength of the
in-place concrete versus the strength of test specimens, not including the effect of
staggering of spliced rebars in the test specimens, and not including the curvature of the
Shield Building in the test specimen.

It is also concluded that the composite action of the shell, overall structural response and
serviceability and durability of the Shield Building are not adversely impacted with laminar
cracking of 0.050”. The monitoring program in place will ensure that any exceedance in
cracking or evidence of corrosion are adequately identified and addressed.

Appendix E contains a memorandum from Prof. Santiago Pujol, who was responsible for
the experimental testing at Purdue University, supporting these conclusions.

8.0 References

1. Bechtel Technical Reports
a. 25593-000-G83-GEG-00016, Rev. 0, Effects of Laminar Cracks on Splice
Capacity of No. 11 Bars based on Testing Conducted at Purdue University and
University of Kansas for Davis-Besse Shield Building, 2012
b. 25884-000-30R-C01G-00001, Rev. 0, Effect of Crack Width on the Load Carrying
Capacity of No. 11 Bars with 79-inch Lap Splices based on Phase Il Testing
Conducted at Purdue University for Davis-Besse Shield Building, 2016
c. 25884-000-30R-C01G-00005, Rev. 0, Effect of Post-Installed Anchors on Load
Carrying Capacity of No. 11 Bars with 79-inch Lap Splices for Specimens with Pre-
existing Laminar Cracks based on Phase lll Testing Conducted at Purdue
University, 2018
2. NOT USED.
3. Drawings
a. C-109, Rev. 6, Shield Building Roof Plan and Details, Sh. 1
b. C-110, Rev. 8, Shield Building Roof Plan Wall Section and Details



Technical Report - Incorporating Laminar Cracks of Up To 25884-000-30R-C01R-00002, Rev. 000
0.050 Inch in the Design Basis of Davis-Besse Shield Building Page 45 of 45

C.
d.
e.
Davis Besse Nuclear Power Station Design Basis Documents
a.
b.
Codes and Standards & NRC Regulatory Documents
a.
b.

C.
Plant Procedures and Other Plant Documents
a.
b.
Technical Publications
a.

b.

C.

C-111, Rev. 13, Shield Building Wall Development
C-111A, Rev. 10, Shield Building Exterior Developed Elevation
C-111B, Rev. 6, Shield Building Data for Core Bore Inspections

Chapters 3 and 18, Updated Safety Analysis Report, Rev. 33
Design Criteria Manual, Rev. 45

ACI 318-63, Building Code Requirements for Reinforced Concrete

ACI 307-69, Specification for Design and Construction of Reinforced Concrete
Chimneys

ACI 349.3R-02, Evaluation of Existing Nuclear Safety-Related Concrete Structures

EN-DP-01511, Rev. 11, “Structures Monitoring”, FENOC Procedure
Shield Building Crack Width Validation, CTL Group Report, October 27, 2016

Bazant, Z. P., and Gambarova, P. G., (1980). “Rough Cracks in Reinforced
Concrete”, J. Struct. Div. ASCE 106, pp. 819-842.

Gambarova, P. G., (1981). “On Aggregate Interlock Mechanism in Reinforced
Concrete Plates with Extensive Cracking”, IABSE Colloquium, Delft, pp. 105-134.
Gambarova, P. G., and Valente, G., (1990). “Smeared Crack Analysis for Fracture
and Aggregate Interlock in Concrete”, Engineering Fracture Mechanics, Vol. 35,
No. 4/5, pp. 651-663.

Walraven, J. C., (1980). “Aggregate Interlock: A Theoretical and Experimental
Analysis”, PhD thesis, Delft University.

Walraven, J. C., (1981). “Behavior of Cracks in Plain and Reinforced Concrete
Subjected to Shear”, IABSE Colloquium, Delft, pp. 249-266.



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 1 of 595

25884-000-30R-C01R-00002, Rev. 000

APPENDIX A

“Purdue Phase | Test Report”



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 2 of 595

AN INVESTIGATION OF THE EFFECT OF LAMINAR CRACKS ON
STRENGTH OF UNCONFINED LAP SPLICES OF#11 REINFORCING BARS

A Report Submitted to

First Energy Nuclear Operating Company
Oak Harbor, Ohio

by
Mete A. Sozen

ek (e

and
Santiago Pujol

w@ia*vf( |

12 July 2012
Bowen Laboratory
West Lafayette, IN




APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 3 of 595

TABLE OF CONTENTS

SUMIMARY Lttt ettt e e e e e e et ettt r e e e e e eeeeaaa s eeeeeeaaasaa s aeeeeeeaasaaaeeeeesaeesssaaseaeeesesssanseseeesenssssnnns 6
O oY o Yo (U Tt o VAN 2= s F= T &SR 7
0] oY1=t a1 To [ Yol o =TRSO 7
Y YT T | PPNt 10
4. Observed Relationship between Applied Load and Deflection .........ccccuveeeeeieeicciee e 10
5. Crack DEVEIOPIMENT. ... .viiii ittt ettt e et e e e et e e e e tte e e e eetteeeeeabteeeeebteeeeaasteeesaseaeesaseneeeasseeasanes 11
6. Maximum Reinforcement Stress Attained........occveeiiiiiiii i 14
/2 ®e T ol [V o T 3SR 14




APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 4 of 595

TABLES

LI Lo 1T R e T Vol =Y o <RSPPI 16
B o] (R Y=Y [ o 1= g =T o PSP 17
Table 3. SUMMAIY Of RESUILS....cccueiieiciiie et e e e e e et e e e et e e e e e ab e e e e enbaeesenbeeeeennrenas 18
FIGURES

Figure 1 Overall Properties Of The Test GIrders. ... iiiiiiiiiiieiieee et e e s e e s 19
=V R A WY O [ o LT Y Y T L A RSP 20
=V N N WY L O [ o LT YT A 1= T - TP 20
Figure 4 Cross-Sectional Dimensions of Series A and B GIrders ........ccccveeeeiieeeiiiiieeesiieee e esieee e 21
Figure 5 Photograph of One of The Cantilevered Segments of A Test Girder........cccecveeeeeciieececiieeeeeneen. 21
Figure 6 Flexural Cracks and BUrsting Cracks.........uuiiiciiiiiiiiiiieciiiiesesite s esree e e e sae e e s s ivee e e sre e e s sareeas 22
Figure 7 West Elevation of Test Girder A4. Initial Loading. Applied Load = 36 Kip.......ccccceveveeeincieeeennnen, 23
Figure 8 East Elevation of Test Girder A4. Initial Loading. Applied Load = 36 Kip ......cccceeeeeiieeeeciieeecen. 23
Figure 9 West Elevation of Test Girder A4 Reloaded t0 36 Kip.......coovvuviiiiiiieei i 24
Figure 10 East Elevation of Test Girder A4 Reloaded to 36 Kip ..c.vvveviiiiiiiiiiiieccee e 24
Figure 11 West Elevation of Test Girder A4 Reloaded to 42 Kip.....ccceecveeeecciiie et e 25
Figure 12 East Elevation of Test Girder A4 Reloaded to 42 Kip ..cc.veveeviieiieiiiiee et 25
Figure 13 Load-Deflection Plot for Test GIirder Al..........ceiecuiiieeiiiiieeiiiee e et e st e e s svee e s bee e e s saveeas 26
Figure 14 Load-Deflection PIot fOr TESt GIrder A2.........ueeeecuiieeeciie ettt e e et e e e rrae e e e beee e e eareeas 27
Figure 15 Load-Deflection Plot fOr TEst GIirder A2.........ueeiiiiiieeeiiie et ecee et e e s svre e s ebee e e e eareeas 28
Figure 16 Load-Deflection Plot fOr TEst GIirder Ad..........coiouieeeeiiiee ettt e e e s s svre e s ebee e s e sareeas 29
Figure 17 Load-Deflection PIot fOr TESt GIrder AS..........eiceciiieeeiiie et et e e et e e re e e e e eree e e e beee e e eareeas 30
Figure 18 Load-Deflection Plot fOr TESt GIirder AB..........eiiecuiieeiiiieeeeeiteeeciee et e e e s s sree e s e eree e s e nareeas 31
Figure 19 Load-Deflection Plot for Test Girder BL.........ueiiiciiiieeiiieeccteee e e s e e rae e e 32
Figure 20 Load-Deflection Plot fOr test GIrder B2.......c.uueiieciiieeeciiee ettt e et e e e svee e et e e e e 33
Figure 21 Load-Deflection Plot for Test Girder B3 .........ueiiiiiieeeiiieeectee ettt vre e e e e 34
Figure 22 Load-Deflection Plot for Test GIirder BA..........ceecuiieeeiiiieeeiieee ettt e s e e 35
Figure 23 Load-Deflection Plot for TEst GIirder B5.........ueiieiiieeeeieee ettt et e e e et e e e 36
Figure 24 Load-Deflection Plot for Test GIirder BB .........uuvivcviiieeiiiieeeitee ettt vee e s e e 37
Figure 25 Qualitative lllustration of Internal Stresses Leading to Bursting Cracks.........cccceevveeeecvveeennneen. 38
Figure 26 Optotrak Targets on SEries A GIrdErS .....cci o cciiiiiieee et e e e et r e e e e e e eennreeeeee s 39
Figure 27 Optotrak Targets 0N Series B Girders.......ccucuieiieciiiieiiieee st e st e e esree e e saee s s s saree e e enbaee e enreeas 40
Figure 28 Selected Regions for Maximum Bursting Crack Widths in Series A Girders ........ccccccecvveeeeennenn. 41
Figure 29 Selected Regions for Maximum Bursting Crack Widths in Series B Girders ........cccccceecveeeeennnenn. 41
Figure 30 Longitudinal Strains at Level of Reinforcement, First Loading of Series A Girders..................... 42
Figure 31 Longitudinal Strains at Level of Reinforcement, First Loading of Series B Girders..................... 43
Figure 32 Longitudinal Strains at Level of Reinforcement, Reloading of Series A Girders ...........cccc......... 44

3



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 5 of 595

Figure 33 Longitudinal Strains at Level of Reinforcement, Reloading of Series B Girders ..........ccceeeeunenn. 45
Figure 34 Transverse Deformations, First Loading of Series A Girders........ccceeeeeveeeeeiiieeeeesiiee e e 46
Figure 35 Transverse Deformations, First Loading of Series B Girders........cccceeevieeeeecieeeeeciieeeeciiee e 47
Figure 36 Transverse Deformations, Reloading of Series A Girders .......cccovcveeeiiiieeeeniieee st 48
Figure 37 Transverse Deformations, Reloading of Series B Girders ........ccccccuveeeeiieeeeeiieee e eeieee e 49
Figure 38 Representative Cracks, TESTt SEIES A. .....eiiccuiieieiiieeeeiiee e eeree e ee e e e e s siree e e e sae e e s e saree e s enteeeeenreeas 50
Figure 39 Representative Cracks, TESt SEIES B .....uiiiiiiiiiiiiiiieeciiiieeesee s esree st e s e e s re e e s e e s sareeas 51
Figure 40 Recorded Maximum Surface Widths (in thousands of an inch) (in thousands of an inch) of
Bursting Cracks at Reinforcement Level, Test GIirder A-L........ccoccieieeiiiiiecciiee e et e e 52
Figure 41 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
ReiNforcemMent LEVEI, TEST GINUEI A-2....ooeeeeiiiiieiiiiiiiieeieeeeeeeeeeeeee ettt et ee et eeeeeeeeeeeeeeeeeeeeeeereeeeeeeeeereeereeeeeereees 52
Figure 42 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVel, TSt GIrder A-3.....oo oottt eeerre e e e e e e eesttraeeeeeeessnttrasaeeeeesesnasssasaaeeas 53
Figure 43 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVel, TEST GINdEI A-d........coo ittt eeeecttee e e e e e e e sabraeeeeeeesseaaraaeeeeeesesnatssssaeeens 53
Figure 44 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LEVEI, TEST GINEI A-B.....oooeiiiiiiiiiiiiiiieieieeeeeeeeeeeee ettt eee ettt ettt e eeeeeeeeeeeeeererereeseeseeeeeseseeeeeeeeserenes 54
Figure 45 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVEl, TEST GINUEI A-B.....cocceeeciiiieeee ettt e eeecrree e e e e e eeeetbraeeeeeeessnatrareeeeeessnnassraseaeens 54
Figure 46 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement Level, TSt GIrder B-1L.......ccooiciiiiieeeeeeeeeeciiiieee e e e e eectrree e e e e e eeearraeeeeeeessnanraseeeeeeessnnssrssaaeens 55
Figure 47 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVel, TEST GIrEr B-2.......ouuuiiiiiiiiiiiiiiiiieieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeereeseseeeeereeereeeeeerenes 55
Figure 48 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVel, TESt GINUEI B-3.......uuuiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeeseeereeeeereeeeeeereeerrrereees 56
Figure 49 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVel, TEST GINUEI B .......ouueeeiiieiiiiiiiiiieeiiieeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeeseeereeeeeeeeeeeeeereererereees 56
Figure 50 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVEl, TESt GIrEr B-5.......ouuiiiiiiiiiiiiiiiiiiiiiieeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeereeeereerererereeeeerereerereees 57
Figure 51 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at
Reinforcement LeVEl, TEST GINUEI B=-B........ouuvieieieiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeeeererereeeerrrrereeerrrerrrereees 57
Figure 52 Comparison of crack-width measurements and measured vertical deformations, test series A.
.................................................................................................................................................................... 58
Figure 53 Comparison of crack-width measurements and measured vertical deformations, test series B.
.................................................................................................................................................................... 59
Figure 54 Moment and Shear DIagramsS ........uuiiiiuiieeiiiieeeeiiee e estee e esree e e s e e e e sabe e e e s abee e s sabaeessnseeeeensenas 60
Figure 55 Maximum Unit Stress Reached by Spliced Reinforcement..........ccccoeeciieeeciiee e, 61




APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 6 of 595

APPENDICES

Concrete Strength on Test Day
Casting Data and As-Built Dimensions
Curing

Reinforcement Strength

Maximum Reinf. Stress Series A
Maximum Reinf. Stress Series B
Crack Pattern and Width Data
Approved Test Procedure

©®NOU R WN R

. Direct Deflection Reads
10. Calibration Certificates
11. Additional Photos

12. Instrumentation Logs




APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 7 of 595

SUMMARY

The object of the experimental investigation reported was to study the effect of laminar cracks on the
strength of unconfined lap splices of #11 Grade-60 reinforcing bars embedded in concrete. The study
focused on the influence of pre-existing laminar cracks on the strength of lap splices for #11 bars. The
planned variables for the study were the length of the splice and the loading program. Twelve girders
with lap splices were tested in two series, A and B, of six. Series A had 120-in long splices and series B
had 79-in. splices. Concrete strength was not a planned variable. Concrete mixes were selected to
produce a concrete strength at 28 days not exceeding 6000 psi. Measured concrete strength at time of
test varied from approximately 4500 to 6000 psi. Yield stress of the reinforcing bars was 66 ksi.

In each series, two girders were loaded monotonically to failure. The two series A girders (A-2 and A-3)
reached their yield capacities and then failed in flexure to resist a maximum moment of 487 k-ft. The
two series B girders also reached their yield capacities and had splice failure at maximum moments of
425 k-ft (Girder B1) and 427 k-ft (Girder B4).

In series A, the remaining four girders were loaded to a deflection beyond yield, unloaded, and then
loaded, with pre-existing laminar cracks, to failure. Maximum moments resisted were 481 k-ft(Girder
A1), 479 k-ft (Girder A4), 480 k-ft (Girder A5), and 466 k-ft (Girder A6).

In series B, the four were loaded to yield, unloaded, and then loaded, with pre-existing laminar cracks,
to failure. Maximum moments resisted were 418 k-ft (Girder B2), 426 k-ft (Girder B3), 435 k-ft (Girder
B5), and 435 k-ft (Girder B6).

Load-deflection relationships recorded for the 12 girders are presented in Fig. 13 through 24.
Reinforcement stresses developed at splice ends are listed in Table 3. For girders with 120-in splices
maximum reinforcement stress attained at ends of splice ranged from 77 to 80 ksi. For girders with 79-
in. splices, the range was 69 to 72 ksi.

Differences between the load-deflection responses of initially uncracked and pre-cracked girders were
found to be negligible.

Strain measurements and observed distribution of bursting (laminar) cracks confirmed that most, if not
all, of the force transfer from one bar to another occurred in the end of the splice over a length of
approximately 20 in.(<15 bar diameters). In this region of high bond-stress demand, cracks paralleling
the spliced bars opened at as low as one fourth of the maximum load in all girders tested. In the four
specimens that were unloaded and reloaded, the measured maximum residual widths of these cracks at
zero applied load were 0.08 in for series A and 0.015 for series B.

All load-deflection curves measured had two common characteristics: (1) Yield moment of the section
was developed after appearance of laminar bursting cracks at low loads and at zero load in the case of
the reloaded girders, and (2) all girders tested demonstrated a definite capability to maintain strength
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with increase in deflection beyond yield. The latter characteristic satisfies the traditional demand of
professional consensus documents for cases where the loads may be dynamic and/or not known closely.

1. Introductory Remarks

Since the publication of Abrams’s monumental study of bond between concrete and steel' the
engineering profession has been aware of the fact that, in transferring stress to concrete, deformed bars
tend to cause bursting stresses in the concrete. The cracks caused by bursting stresses reach the surface
of the concrete in which a deformed bar is embedded in a random pattern and tend to parallel the bar
causing the stress. Their appearance on the surface of the concrete is a cause for concern.

What if such cracks develop without the influence of bursting stresses related to bond? How much bond
stress can a reinforcing bar develop in cracked concrete with the cracks approximating the trajectory of
the bar? The experimental investigation described in this report was undertaken to answer this question
within a limited domain of variables: “If lap splices of #11 Grade 60 bars with three-in. cover happen to
be in concrete having laminar cracks along the plane of the splices, what is the limit to the tensile force
that can be transferred from one bar to the other?”

The investigation was carried out at Bowen Laboratory for Large-Scale Civil Engineering Research, West
Lafayette, IN. to address this question.

2. Object and Scope

The object of the investigation reported was to study the effect of cracks on the strength of lapped
splices of #11 Grade-60 reinforcing bars embedded in concrete. The cracks in question are laminar
cracks, or cracks that lie in a plane that coincides with or is parallel and close to the axis of the spliced
bars. The fundamental question for the investigation was to determine what level of tensile stress
spliced #11 bars could develop if the surrounding concrete already has such cracks.

The test specimens were of a type used usually for testing splices (Fig. 1). They were large-scale girders
with rectangular sections. They were simply supported at two points equidistant to the center of the
specimen and loaded at two points, outside the reactions, also equidistant to the center of the
specimen. A total of 12 specimens were tested under static loading, test durations ranging from three to
six hours. Six of these (Series A) had 120-in splices (nominally 85 bar diameters) and the remaining six
(Series B) had 79-in splices (nominally 56 bar diameters)..

In each of series A and B, loading was applied continually to failure in two test girders. In the remaining
four, loading was first carried to or beyond yielding. Then the load was reduced to zero to be increased
again until failure occurred.

! Abrams, Duff A., “Tests of Bond between Concrete and Steel,” Bulletin #71, Engineering Experiment Station,
University of lllinois, Urbana, 1913, 245 pp.
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Concrete strength was not a planned variable in the program. For the test girders with the 120-in splices
concrete strength, determined using standard 6x12-in. cylinders, varied from approximately 5000 to
6000 psi. For those with 79-in. splices, it varied from approximately 4500 to 5500 psi (Table 1).
Appendix 1 includes details about the tests of concrete samples.

Yield stress and strength of the #11 bars were determined to be 66 ksi and 103 ksi, respectively. Limiting
strain, measured over a gage length including the part of the bar that fractured, ranged from 14 to 19 %
(Table 2).

In addition to load and deflection measurements, crack patterns and widths as well as longitudinal and
transverse deformations of the test girders were recorded. Failure characteristics of the test girders
were captured by a high-speed camera operating at 5,000 frames per second.

Following sections contain brief descriptions of the materials, construction and instrumentation of the
test girders. Detailed information on those topics is provided in the appendices of this report. The
observed behavior of the test girders is described in terms of measured load-deflection relationships,
recorded crack-width developments, and calculated reinforcement stresses.

2.1 Experimental Outline

As mentioned in the preceding section, two series of six tests were conducted, one with 120-in. splices
and the other with 79-in. splices. Specimens A were cast in groups of three on 17 April 2012 and on 24
April 2012. Specimens B were also cast in groups of three, the first cast being on 10 April 2012 and the
second on 30 April.

Because of the concern resulting from early cylinder tests that the concrete strength might surpass
6,000 psi at the intended time of test, specimens of Series B were tested first, during the period

10 through 25 May 2012. Specimens of Series A were tested afterwards during the period 30 May
through 8 June 2012. Test dates are listed in Table 1.

The planned variables in the tests were the length of the splice (79 or 120 in.) and the loading program.
Two specimens in each series were subjected to increasing applied loads at each loading stage of 6, 12,
18, 24, 30, and 36 kips. Above 36 kips, load increments were determined by measured displacement.
Four of the specimens in series A were subjected to loading in increments of 6 kips to yield and then to a
mid-span deflection of 0.9 in, unloading, and reloading to failure. In series B, the four specimens were
loaded to 36 kip in 6-kip increments, unloaded, and then loaded to failure.

Load and deflection measurements were obtained continuously in each test. Deflections were also
measured by dial gages whenever loading was stopped. An Optotrak tracking system was used to
measure deformations of the girder after each load increment until there was a threat of failure. Crack
patterns and widths were recorded up to a loading stage which was considered to be safe for those
making the measurements. This limit, stated in terms of applied load, varied from 30 to 41 kip. Still
photographs of the test specimen were taken at all loading stages.

Profile dimensions of the specimen in Series A and B are shown in Fig. 2 and 3
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Properties of the girder cross section were based on four considerations.

The first was to have more than one lap splice to simulate the interaction of adjacent lap splices. Two
splices were used.

The second was to have a minimum cover of 3 in. that translated to a clear distance of 6 in. between the
two splices and led to a cross-sectional width of (4x3+4x1.41) in. The width of the girder section was
made 17 5/8 in.

The third was to produce a bursting crack in the horizontal plane that would intersect both splices. To
increase the probability of a bursting crack in the horizontal plane and given that cracking tends to occur
in the direction in which cover is smaller, the desired minimum side cover of 3 in. was used on the
outside bars of the splices and a cover of 5 in. was used on top.

The fourth condition was to make sure that with four #11 bars the section would have a moderate
reinforcement ratio not exceeding 1.5 %. An overall depth of 30 in. satisfied that requirement.

The resulting cross-section is shown in Fig.4. Girders of Series A and B had the same-cross sectional
dimensions and the same reinforcement. Each girder in series A had a total length of 39 ft .The lap splice
length was 120 in. as indicated in Fig. 2. Ends of the splice were each at three ft from the closer support.
The cantilevered portions of the girder measured 11 ft 6 in. in length. Loads were applied on each
cantilever segment at 10 ft from the support.

Each girder in series B had a total length of 34 ft 4 in. Length of the lap splice was 79 in. and was located
as shown in Fig. 3. The ends of the splice were each at three ft from the closer support. The cantilevered
segments of the girder were 10 ft 10 % in. long. Loads were applied on each cantilever segment

at 9 ft 8 %4 in. from the supports.

To make certain that shear or bond problems did not occur in the cantilevered segments of the girder,
they were equipped with post-tensioned external stirrups comprising pairs of 3-in. channels at each end
and two 5/8in-diameter rods. Figure 4 shows the external stirrups. There were 12 of them on each
cantilevered segment placed at equal spacing. Post-tensioning forces in the external stirrups were not
measured.

Measured dimensions of test specimens and test setup, obtained before testing, are listed in Appendix
2.

Load was applied through the use of two 60-kip hydraulic center-hole rams near each end of the girder.
The rams were supported by a custom-built steel channel. One of the rams on each side was in series
with a load cell. A 10x4-in. tube supported the two rams.
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3. Materials
(a) Concrete

Concrete used in the specimens was mixed and delivered to the laboratory by Irving Materials Inc. of
West Lafayette, IN. Each girder and related cylinders were cast using concrete from a single truck. The
mix proportions by weight were

Component Weight of Component / Weight of Cement
Cement 1

Fine Aggregate 2.4

Coarse Aggregate (max. size = 1% in.) 2.6

Water 0.55

Target air entrainment was 5%. As concrete was being placed, temperature, air content, and slump of
the mix were measured. Air temperature was recorded. Target moist curing was seven days but the
curing period was reduced for some specimens as a result of early cylinder tests that indicated high
strength . Detailed information for each casting is included in Appendix 2. Information about curing is
given in Appendix 3.

(b) Steel

All #11 reinforcing bars came from the same heat. Stress-strain properties of the bars are included in
Appendix 4.

4. Observed Relationships between Applied Load and Deflection

Figures 13 through 24 contain the measured load-deflection relationships of the 12 test girders. The
reported deflection is the relative movement (deflection up considered to be positive) of girder mid-
span with respect to the supports. The reported load is the load applied near the end of the cantilever
section.

It is important to note that a direct comparison of the measured load-deflection curves of girders in
series A and B is not justified because of (1) the difference in middle spans (16 ft for girders A and 12 ft 7
in. for girders B), (2) the slight difference in the lever arms of the applied loads (10 ft for girders A and 9
ft 8 % in. for girders B) and (3) the difference in the initial selfweight moment (45.8 kip-ft for girders A
and 41.7 kip-ft for girders B).

All load-deflection curves measured had two common characteristics: (1) Yield moment of the section
was developed after appearance of laminar bursting cracks at low loads and at zero load in the case of
the reloaded girders, and (2) all girders tested demonstrated a definite capability to maintain strength
with increase in deflection beyond yield. The latter characteristic satisfies the traditional demand of
professional consensus documents for cases where the loads may be dynamic and/or not known closely.
Considering the Series A girders only, the similar behavior of A2 and A3 is not unexpected. These girders

10
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had similar reinforcement, similar concrete strength ( 6030 and 5890 psi), similar spans and they were
loaded to failure similarly. In both cases failure was initiated by failure of concrete in flexural
compression after yielding of reinforcement at the supports. It is of interest to note that the overall
behavior of test girders A1, A4, A5, and A6 that were loaded, unloaded, and reloaded to failure differed
very little from those of A2 and A3 even though the failures of these four girders were initiated by bond.
In fact one could not identify easily the ones that were reloaded by studying the shapes of the envelope
curves. Girders in series A all had the same yield deflection (approx. % in.) and similar maximum mid-
span deflections (ranging from 1.4 to 1.8 in.).

Inspection of Fig. 19 through 24 yields similar conclusions for the responses of girders of series B. For
this series, the yield deflection was approximately 1/3 in. and maximum deflection ranged from a little
below 0.5 in. (Girder B1) to above 0.6 in. (Girder B6). The range in concrete strength from 4460 to 5460
psi would not be expected to have a perceptible influence on the yield deflection. The three test girders
with relatively low concrete strengths (Girders B1, B2, and B3) did have the lower maximum deflections
but the maximum recorded value of ~0.47 in. for B1 with a concrete compressive strength of 4460 psi
was not that much lower than that of B5 that had a concrete compressive strength of 5260 psi (0.55 in.)

Maximum applied loads for series A ranged from 42 to 44.1 kip. This range was from 39.7 to 40.6 for
series B. In fact, on the basis of maximum applied load alone, it is hard to discriminate the results for
series B vis-a-vis those of series A.

The narrow ranges of measured peak loads indicate consistency and that the sample size (6 repetitions)
was proper.

5. Crack Development

Changes in crack patterns and widths were recorded in detail and are reported completely in Appendix
7. Observed development of flexural crack patterns and thicknesses was consistent with what is
normally expected in reinforced concrete beams responding primarily to flexure. As seen in Fig. 6,
flexural cracks occurred at a spacing of approximately twice the top cover or ~10 in. It is also seen that
the cracks near mid-span did not reach as far towards the compressed edge of the girder as the ones
near the support. This was an indication that the lap splice was effective, with most of the force transfer
occurring near its ends as discussed later. All four bars were participating in load resistance. In the
range of linear response to flexure, the neutral axis depth increases with increase in the reinforcement
ratio. Even though the total tensile force in the reinforcement at mid-span was comparable to that at
the support, the amount of reinforcement was twice as much. This was reflected in the relative lengths
of the flexural cracks at mid-span and at the support.

Examples of crack patterns observed are shown in Fig.7 through 12 and Appendix 11.

11
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Cracks of primary interest in this study are those caused by the bursting stresses related to high bond
demand. Appendix 7 contains records of their development in detail for every one of the 12 girders
tested.

Figure 6 that shows typical flexural cracks also shows the bursting cracks that traverse the beam surface
horizontally at or near the level of the reinforcement. A descriptive metaphor for their formation is
provided by visualizing the bars as thin walled pressurized tubes embedded in concrete as illustrated in
Fig. 25 The internal pressure causes circumferential tensile stresses in the concrete around the tube
that decrease with distance as shown ideally in the figure. The crack is initiated in the weakest plane
which corresponds to the plane resulting in the minimum cover. The crack is initiated in the immediate
surface of the tube and progresses out as the pressure in the tube increases. It is also relevant to note
that a bursting crack can exist next to the reinforcement but not be visible on the surface of the girder.

The projection of this metaphor to the test girders suggests that the bursting crack would occur on a
horizontal plane intersecting the reinforcement and that the surface width of the crack is likely to be
smaller than its width next to the spliced bars. It also provides an introduction to develop an
understanding of the bond phenomena observed in the test girders by combining three sets of
measurements: (1) Longitudinal strain distribution at reinforcement level, (2) vertical deformation of the
girder, and (3) distribution of widths of the bursting cracks.

The first two sets of data were obtained from movements of targets attached to the test girder and
monitored using the Optotrak, an optical system for determining the coordinates of the targets in three
dimensions. The locations of the targets in specimens of series A and B are shown in Fig. 26 and 27.

The distributions of measured strain along the splices are shown in Fig. 30 through 33. Figures 30 and 31
contain the data from the initial loadings. Figures 32 and 33 include the data from reloadings of four of
the girders in each of series A and B.

Despite the inherent scatter, the longitudinal-strain data show that there was a dominant pattern in
strain distribution along the splice. In the first loadings, rapid change in strain occurred primarily in the
outer 20-in. segments of the splice as indicated by the slopes of the plotted curves in Fig. 30 and 31.
Recognizing that the bars within the splice remain in the linear range of response, the slope of the strain
distribution becomes a measure of the rate of stress change. Optotrak measurements identify that the
critical segments of the splice where most of the force transfer from bar to bar took place were the
outer 20-in. lengths.

Because four girders in each series were unloaded and reloaded, Fig. 32 and 33 contain four plots. These
sets of data confirm that, in general, the middle 80 in. of the 120-in. splices and the middle ~40 in. of the
79-in. splices were essentially inert.

Measured vertical deformations of the test girders are shown in Fig. 34 and 35. The results included in
these figures confirm that the regions of relatively large vertical deformation occurred in the outer 20 in.
of the splices for both the 79 and 120-in. splices. An aspect of these vertical-deformation measurements
is of special interest. Normalweight-aggregate concrete is expected to have a short-time tensile-strain

12
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capacity not exceeding 0.0002. The vertical deformation measurements were made over a gage length
of 26 in. Any reliable measurement of tensile extension exceeding 0.005 may be interpreted to indicate
the presence of cracks. It is plausible to infer from Fig. 34 and 35 that bursting cracks did exist in the
outer 20-in. segments of the splices. Most of the tensile force transfer between the spliced bars
occurred in splice segments with bursting cracks.

In the following paragraphs, measured widths of bursting cracks are discussed with perspectives
provided by the horizontal strain and vertical deformation measurements made.

Lacking a generally accepted index value such as the intensity scale used for earthquake damage to
organize and define data susceptible to scatter, the main generalization that can be made about crack-
width observations made in this study is that measurable (0.005 in. or more in thickness) bursting cracks
of limited length (six to 12 in.) occurred at low loads on the order of one fourth of the maximum load
resisted. Bursting cracks reached levels in excess of 0.1 in. at loads approaching the maximum load. At
such levels of load, bursting cracks meandering along the level of the reinforcement covered virtually
the entire test span. Representative bursting cracks are shown in Fig. 38 and 39.

To organize the observed bursting-crack widths for discussion, it was decided to divide the middle span
into six regions A through F as shown in Fig. 28 and 29. The selection of the lengths of the regions was
influenced by the arrangement of the Optotrak targets (Fig. 26 & 27). Selected lengths of regions A
through F are shown in Fig. 28 for series A and in Fig. 29 for series B.

Maximum widths of the horizontal cracks in the selected regions at selected values of the applied load
are shown in Fig. 40 through 51. The horizontal-axis legend shows the distance from mid-span to the
center of the region in inches. The legend on the right-hand side of the plot indicates the applied load at
which the readings were recorded. The numbers at the peaks of the “cones” indicate the maximum
crack width in thousandths of an inch.

Given the randomness of the tensile strength of concrete and the tensile-stress demands set up by
bond, one does not expect uniform results in the charts shown in Fig. 40 through 51. Nevertheless,
certain trends may be inferred from the charts. Again, the bursting cracks were wider at the splice ends
and at the supports. These trends are confirmed by the vertical deformations shown in Fig. 34 and 35.
Comparisons of measured vertical deformations and measured cracks widths are shown in Fig. 52 and
53. At the maximum loads shown in Fig. 40 through 51, the maximum crack width reached 0.15 in. (Fig.
40).

Bringing together the observed data from measurements of longitudinal strain, vertical deformation,
and crack-width distribution, it becomes clear that most if not all of the force transfer in the splice took
place in regions with bursting cracks. With that knowledge, the mean unit bond strength evaluation on
the basis of assuming the bond stress to be distributed uniformly along the splice would seem irrelevant.
However, to place the results obtained in the realm of common practice, unit bond stresses were
calculated. The mean unit bond strength obtained from the tests was 3.1\f. for the 120-in splices and

4.4\/fC for the 79-in splices. The decrease in mean bond strength with increase in length of splice is

13
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consistent with the observation that most of the stress transfer through bond occurred within
approximately 15 bar diameters from each splice end. It is of interest to note that the ratio of the
observed mean bond strengths, 0.70, is close to the ratio of the splice lengths, 0.66.

6. Maximum Reinforcement Stresses Attained

As documented in detail in Appendices 5 and 6 maximum tensile stresses achieved at the ends of the
splice were computed based on the moment at the end of the splice and cross-sectional properties of
the test girder. Fig. 54 shows the distribution of bending moments. The calculated stresses are shown
in Table 3.

The minimum tensile stress attained in the reinforcement at the end of the splice was 69 ksi (Test Girder
B2) and the maximum was 80 ksi (Test Girders A2 and A3)

7. Conclusions
Two girders in each of Series A and B were loaded monotonically to failure.

Four girders of series A were loaded to a deflection of 0.9 in. (approximately twice the yield deflection)
and the unloaded to be reloaded to failure. Four girders of series B were loaded to yield, unloaded and
reloaded to failure.

At the start of reloading, lengths of approximately 15 bar diameters at each end of each splice were
populated with bursting cracks along the splices. Most of the force transfer between spliced bars
occurred within these lengths.

The two series of tests conducted were designed to address the question: what is the limit to the tensile
force that can be resisted by lap splices of #11 Grade 60 bars with three-in. cover and in concrete having
laminar cracks near the plane of the splices? In both series, laminar bursting cracks formed at a fraction
of the yield load in all test girders. The difference between the strength and behavior of the girders
loaded directly to failure and those unloaded after reaching or exceeding yield and reloaded was
negligible. The existence of laminar cracks at the beginning of loading did not change the strength of the
splices. The ratio of the limiting deflection to the yield deflection was approximately three in Series A
with 120-in. splices and two in Series B with 79-in. splices.

As listed below and illustrated in Fig. 55, maximum reinforcement stresses in the test girders loaded to
failure after having been loaded to develop bursting (laminar) cracks and reloaded differed negligibly
from those in girders loaded monotonically to failure.

14
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Test Girder Type of Loading Maximum Reinforcement Stress at Splice End
A2 Monotonic 79 ksi
A3 Monotonic 80 ksi
B1 Monotonic 71 ksi
B4 Monotonic 70 ksi
Al Reloaded after Laminar Cracking 79 ksi
Ad Reloaded after Laminar Cracking 79 ksi
A5 Reloaded after Laminar Cracking 79 ksi
A6 Reloaded after Laminar Cracking 77 ksi
B2 Reloaded after Laminar Cracking 69 ksi
B3 Reloaded after Laminar Cracking 70 ksi
B5 Reloaded after Laminar Cracking 72 ksi
B6 Reloaded after Laminar Cracking 72 ksi
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TABLES
Table 1 Concrete
Test Girder Cast Tested Concrete Concrete | Lap Length
Designation Compressive Splitting
Strength Cylinder
Strength
psi psi in.
Al 17 April 2012 | 4 June 2012 5270 480 120
A2 17 April 2012 | 1 June 2012 6030 500 120
A3 17 April 2012 | 30 May 2012 5890 480 120
A4 24 April 2012 | 8 June 2012 5110 440 120
A5 24 April 2012 | 7 June 2012 5240 440 120
A6 24 April 2012 | 5 June 2012 5490 450 120
B1 10 April 2012 | 10 May 21012 4460 450 79
B2 10 April 2012 | 23 May 2012 4800 480 79
B3 10 April 2012 | 21 May 2012 4780 420 79
B4 30 April 2012 | 14 May 2012 5460 490 79
B5 30 April 2012 | 17 May 2012 5260 480 79
B6 30 April 2012 | 25 May 2012 5230 450 79

Table 2 Reinforcement
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Bar Designation #11
Nominal Diameter, in. 1.41
Nominal Area, in 1.56
Nominal Perimeter, in. 4.43
Unit Weight, Ibf/ft 5.31
Yield Stress*, ksi 66
Strength*, ksi 103
Limiting Strain in 8 in., % 14,18,19

*Note: means from tests of three coupons
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Table 3 Summary of Results

Test Girder | Concrete | Concrete Lap |[Maximum|Maximum|Maximum| Calc. | Calc.
Designation| Splitting |[Compressive | Length | Applied | Moment | Moment | Reinf. | Reinf.
Strength | Strength Load at at Stress | Stress

(Tensile) Support | Splice at at
End  |Support| Splice

End

psi psi in. kip kip*ft kip*ft ksi ksi

Al 480 5270 120 43.5 481 470 81 79

A2 500 6030 120 44.1 487 476 82 80

A3 480 5890 120 44.1 487 476 82 80

A4 440 5110 120 43.3 479 468 81 79

A5 440 5240 120 43.4 480 469 81 79

A6 450 5490 120 42.0 466 455 78 77

B1 450 4460 79 39.5 425 417 72 71

B2 480 4800 79 38.9 419 419 71 69

B3 420 4780 79 39.7 427 419 72 70

B4 490 5460 79 39.7 427 419 71 70

B5 480 5260 79 40.6 436 428 73 72

B6 450 5230 79 40.6 436 428 73 72
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FIGURES
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Figure 1 Overall Properties of The Test Girders
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Figure 2 Test Girder, Series A

Figure 3 Test Girder Series B
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Figure 4 Cross-Sectional Dimensions of Series A and B Girders

Figure 5 Photograph of One of The Cantilevered Segments of A Test Girder
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Figure 6 Flexural Cracks and Bursting Cracks
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Figure 7 West Elevation of Test Girder A4. Initial Loading. Applied Load = 36 kip

Figure 8 East Elevation of Test Girder A4. Initial Loading. Applied Load = 36 kip
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Figure 9 West Elevation of Test Girder A4 Reloaded to 36 kip

Figure 10 East Elevation of Test Girder A4 Reloaded to 36 kip
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Figure 11 West Elevation of Test Girder A4 Reloaded to 42 kip

Figure 12 East Elevation of Test Girder A4 Reloaded to 42 kip
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Figure 13 Load-Deflection Plot for Test Girder Al
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Figure 14 Load-Deflection Plot for Test Girder A2
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Figure 15 Load-Deflection Plot for Test Girder A3
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Figure 16 Load-Deflection Plot for Test Girder A4

29



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 31 of 595

Figure 17 Load-Deflection Plot for Test Girder A5
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Figure 18 Load-Deflection Plot for Test Girder A6
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Figure 19 Load-Deflection Plot for Test Girder B1
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Figure 20 Load-Deflection Plot for test Girder B2

33



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 35 of 595

Test Girder B3

45

40 ’_’_,..aa

w
wv

w
o

N
(6]

//

N
o

Applied Load, kip

[uny
(6]

//
//
/4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Deflection at Mid-Span, in.

[y
o

Figure 21 Load-Deflection Plot for Test Girder B3
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Test Girder B4

50

45

U

w
w

w
o

Applied Load, kip
N N
o (6,

A
(2]

[EnY
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Deflection at Mid-span, in.

Figure 22 Load-Deflection Plot for Test Girder B4
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Figure 23 Load-Deflection Plot for Test Girder B5

36



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 38 of 595

Test Girder B6
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Figure 24 Load-Deflection Plot for Test Girder B6
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Figure 25 Qualitative lllustration of Internal Stresses Leading to Bursting Cracks
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Figure 26 Optotrak Targets on Series A Girders
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Figure 27 Optotrak Targets on Series B Girders
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Figure 28 Selected Regions for Maximum Bursting Crack Widths in Series A Girders

Figure 29 Selected Regions for Maximum Bursting Crack Widths in Series B Girders
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Figure 30 Longitudinal Strains at Level of Reinforcement, First Loading of Series A Girders
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Figure 31 Longitudinal Strains at Level of Reinforcement, First Loading of Series B Girders
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Figure 32 Longitudinal Strains at Level of Reinforcement, Reloading of Series A Girders
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Test Girder B-2 (Ld = 79 in.)

4x10° " " "

=20in.]

3x107

2107

Unit Strain x 1076 [Gage Length

v’k
No Reload
ok 4
1 1 1
- 40 -20 0 20 40
Distance to Midspan [in.]
----- O kip
— 12 kip
3¢ 24 kip
— 36 kip
Test Girder B-3 (Ld = 79 in.)
4x10° T T T
<
S
£ 3ad 1
2
g
(<3}
2 2a0] -
2
©
)
T 1ad ]
5 No Reload
&
‘é‘ o <
-]
1 1 1
-40 -20 0 20 40
Distance to Midspan [in.]
0 kip
— 12 kip
¢ 24 kip
= 36 kip
Test Girder B-5 Ld=791in.) Test Girder B-6 (Ld =79 in.)
4x10° T " : 4x10° " " "

20in.]
20in.]

3x10° 3x107

24107

2410°

1x10° 1a10°

Unit Strain x 1076 [Gage Length
Unit Strain x 1076 [Gage Length

~40 - 20 0 20 40 - 40 -20 0 20 40
Distance to Midspan [in.] Distance to Midspan [in.]
0 kip ----- 0 kip
— 12 kip — 12 kip
3¢ 24 kip 3¢ 24 kip
= = 32kip — 36 kip

Figure 33 Longitudinal Strains at Level of Reinforcement, Reloading of Series B Girders
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Figure 34 Transverse Deformations, First Loading of Series A Girders
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Figure 35 Transverse Deformations, First Loading of Series B Girders
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Figure 36 Transverse Deformations, Reloading of Series A Girders
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Figure 37 Transverse Deformations, Reloading of Series B Girders
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Girder A-1, Load = 36 kip (reload). Girder A-2, Load = 36 kip.
Girder A-3, Load = 36 kip. Girder A-4, Load = 40 kip (reload).
Girder A-5, Load = 40 kip. Girder A-6, Load = 46 kip (reload)

Figure 38 Representative Cracks, Test Series A.
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Girder B-1, Load = 36 kip. Girder B-2, Load = 36 kip (reload).

Girder B-3, Load = 36 kip (reload). Girder B-6, Load = 36 kip (reload).
Figure 39 Representative Cracks, Test Series B
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A-1 Maximum Widths of Bursting Cracks
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Distance from Midspan

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 40 Recorded Maximum Surface Widths (in thousands of an inch) (in thousands of an inch) of Bursting Cracks
at Reinforcement Level, Test Girder A-1.

A-2 Maximum Widths of Bursting Cracks
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Distance from Midspan

Crack Width (Thousandths of an Inch)

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 41 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder A-2.
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A-3 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 42 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder A-3.

A-4 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 43 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder A-4
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A-5 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 44 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder A-5.

A-6 Maximum Widths of Bursting Cracks

70

o A

VAN /\

/AN / \ -
0 /// \\ /\\\ o
N N S

/\-—\A /\‘ —0—36 k- Reload
10 Y~
\\//»\/

0

-100in  -80in  -60in  -40in  -20in 0in 20in 40in 60 in 80in 100 in
Distance from Midspan

Crack Width (Thousandths of an Inch)

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 50, 20, and 26 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 45 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder A-6.
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B-1 Maximum Widths of Bursting Cracks
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Distance from Midspan

Crack Width (Thousandths of an Inch)

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 46 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-1.

B-2 Maximum Widths of Bursting Cracks
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Crack Width (Thousandths of an Inch)

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 47 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-2.
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B-3 Maximum Widths of Bursting Cracks
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Crack Width (Thousandths of an Inch)

Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 48 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-3.

B-4 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 49 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-4.
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B-5 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 50 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-5.

B-6 Maximum Widths of Bursting Cracks
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Horizontal axis of chart indicates distances of strip centers from mid-span

Maximum crack widths measured in each strip at selected applied loads (legend on right) are listed in the chart.
“0 k - Reload” refers to unloaded state of the girder before reloading.

Strip widths are 30, 19, and 26.5 in. on each side of mid-span.

Value 1 indicates existence of a crack not exceeding 0.004 in. in thickness.

Figure 51 Recorded Maximum Surface Widths (in thousands of an inch) of Bursting Cracks at Reinforcement Level,
Test Girder B-6.
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Figure 52 Comparison of crack-width measurements and measured vertical deformations, test series A.
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Figure 53 Comparison of crack-width measurements and measured vertical deformations, test series B.
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[

SHEAR DIAGRAM

MOMENT DIAGRAM

\ Moment Caused by Selfweight

Moment Caused by Applied Load

Figure 54 Moment and Shear Diagrams
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Reinforcement Stress
Developed by Splice, ksi

A2 A3 Al A4 A5 A6 Bl B4 B2 B3 B5 B6
Test Girder ID's

Figure 55 Maximum Unit Stress Reached by Spliced Reinforcement
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER Al

Cast 17 April 2012
Tested 4 June 2012
| 5020 |
: 5500
L 5190 | _
Al = psi mean(Al) = 5.27-ksi
" 5460
- stdev(Al) = 0.17-Kksi
0220 tdev(Al)
stdev
5210 COVl=————— COV1=31%
- mean(Al)

max(Al) = 5.50 x 10°-psi
min(Al) = 5.02 x 103-psi

TEST GIRDER A2

Cast 17 April 2012
Tested 4 June 2012

| 5810 |
: 5620
| 5860 | _
A2 = psi mean(A2) = 6.03-Kksi
- 6460
- stdev(A2) = 0.3-ksi
| 6330
stdev(A2)
6120 COV2.=—— COV2=49-%
- mean(A2)

max(A2) = 6.46 x 103-psi
min(A2) = 5.62 x 103-psi

Sheet 1 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER A3

Cast
Tested 30 May 2012

| 6000 |
: 6010
| 5820 | . _
A3 = psi mean(A3) = 5.89-ksi
- 5840
- stdev(A3) = 0.08-ksi
| 5830
stdev(A3)
5850 | COV3 = —————

mean(A3) COV3 =1.4-%
max(A3) = 6.01 x 103-psi
min(A3) = 5.82 x 103-psi

TEST GIRDER A4

Cast 30 April 2012
Tested 22 May 2012

| 5120 |
: 5240
| 5270 | _
A4 = psi mean(A4) = 5.11-ksi
4950
- stdev(A4) = 0.15-ksi
| 4870
stdev(A4)
5240 COV4.=— COV4=3-%
- mean(A4)

max(Ad) = 5.27 x 10°-psi

min(A4) = 4.87 x 10°. psi

Sheet 2 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER A5

Cast 30 April 2012
Tested 17 May 2012

| 5320 |
: 5430
| 5110 | | _
A5 = psi mean(A5) = 5.24-ksi
- 5360 _
g stdev(A5) = 0.25-ksi
| 4750
stdev(A5)
5470 COV5 =

. "~ mean(A5) COV5 = 4.7-%
max(A5) = 5.47 x 10°-psi
min(A5) = 4.75 x 10°-psi

TEST GIRDER A6

Cast 24 April 2012
Tested 25 May 2012

| 5170 |
:5640
| 5370 | _
A6 = psi mean(A6) = 5.49-ksi
" 5690 g ‘
- t AB) = 0.18-Ksi
5530 stdev(A6) = 0.18-ksi
cove = VIS e 500
5570 ] " mean(A6) - e

max(A6) = 5.69 x 103-psi
Min(A6) = 5.17 x 10°-psi

Sheet 3 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

CONCRETE COMPRESSIVE STRENGTH SUMMARY

\mean(Al) ] \1 ] \5267 ]
: mean(A2) [ 2 [ 6033
. L mean(A3) 3 f 5892 _
= X 1= = -PSI
¢ I mean(A4) " 4 ¢~ ts11s | P
| mean(A5) | 5 | 5240
mean(A6) | 6 5495 |

Mean Concrete Strength

X
Test Girders B

Sheet 4 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER B1

Cast 10 April 2012
Tested 10 May 2012

4250
4520
4720 _
Bl := 4400 sl mean(B1) = 4.46-ksi
4300 stdev(B1) = 0.17-ksi
4600
Bl
covi = S9VBD 65v1 ~ 004
mean(B1)
max(B1l) = 4.72 x 103 psi
min(B1) = 4.25x 103 psi
TEST GIRDER B2
Cast 10 April 2012
Tested 23 May 2012
5080
4730
4970 _
B2 := -psi
4660 mean(B2) = 4.80-ksi
4710 .
stdev(B2) = 0.16-ksi
4680
covz = V(B 003
mean(B2)

max(B2) = 5.08 x 103 psi
min(B2) = 4.66 x 103 psi

Sheet 1 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER B3

Cast 10 April 2012
Tested 21 May 2012

4540
4910
4760

B3 = 4960 ‘Psi mean(B3) = 4.78-ksi
4860 stdev(B3) = 0.14-ksi
4670 stdev(B3)

COV3 = COV3 = 0.03

mean(B3)

max(B3) = 4.96 x 10°psi
min(B3) = 4.54 x 10°psi

TEST GIRDER B5

Cast 30 April 2012
Tested 14 May 2012

5470
5160
5710
B4 = -psi
5540 mean(B4) = 5.46-ksi
5230 stdev(B4) = 0.20-Ksi
5650 g
cova = VB ova 004
mean(B4)

max(B4) = 5.71x 10°psi
min(B4) = 5.16 x 10°psi

Sheet 2 of 4
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FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

TEST GIRDER B5
Cast 30 April 2012
Tested 17 May 2012

5120
5340
5350 |

BS= | g0 P mean(B5) = 5.26-ksi
5370 stdev(B5) = 0.10-ksi
5230 stdev (B5)

COV5 = ———=
mean(B5) COV5 = 002

max(B5) = 5.37 x 10° psi
min(B5) = 5.12 x 10° psi

TEST GIRDER B6
Cast 30 April 2012

Tested 25 May 2012

5130
5460
5130

BE =1 o [P mean(B6) = 5.23-ksi
5320 stdev(B6) = 0.12-ksi
5120 stdev(B6)

COV6 :=
mean(B6)

COV6 = 0.02

max(B6) = 5.46 x 10° psi
min(B6) = 5.12 x 10° psi

Sheet 3 of 4



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 70 of 595

FENOC PROJECT 2012 SUMMARY 25 May 2012
CONCRETE STRENGTH

CONCRETE COMPRESSIVE STRENGTH SUMMARY

3
mean(B1) 1 4.46 x 10
mean(B2) 2 4.80 x 103
_— mean(B3) . 3 ' 478 % 10° .
¢ | mean(B4) 4 fe= 5 [P°
5.46 x 10
mean(B5) 5
3
mean(BG) 6 5.26 x 10
5.23x 10°
Mean Concrete Strength
6000 ‘
5500 B i
5000 0 ]
4500
4000
p 3500
C
— 3000
B m 250
2000
1500
1000
500
0
1 2 3 4 5 6

X
Test Girders B

Sheet 4 of 4
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FENOC PROJECT CONCRETE TENSILE STRENGTH 30-May-12 Mean
Measured Tensile  Tensile
GIRDERB1  ylind Date Diam 1 Diam 2 Diam3 MeanD Lengthl Length2 Meanl Max. Force Strength  Strength
in. in. in. in. in. in. Ibf psi psi
1 10-May-12 6.03 6.03 6.03 12.10 12.00 12.05 44,320 388
2 10-May-12 6.05 6.04 6.05 12.00 12.00 12.00 61,910 543
3 10-May-12 6.04 6.04 6.04 12.00 12.00 12.00 45,350 398
4 10-May-12 6.05 6.05 6.05 12.00 12.10 12.05 50,500 441
5 10-May-12 6.04 6.03 6.04 12.00 12.10 12.05 58,460 512
6 10-May-12 6.01 6.01 6.01 12.00 12.10 12.05 44,720 393
446
GIRDER B2 1 23-May-12 5.95 5.99 6.04 5.99 12.00 12.00 12.00 49,810 441
2 23-May-12 5.97 6.01 6.05 6.01 12.00 11.90 11.95 48,200 427
3  23-May-12 5.95 5.98 6.04 5.99 12.00 12.00 12.00 52,890 468
4 23-May-12 5.95 5.99 6.05 6.00 12.10 12.10 12.10 60,360 530
5 23-May-12 5.96 6.00 6.03 6.00 11.90 12.00 11.95 62,970 559
6 23-May-12 5.96 6.00 6.05 6.00 12.00 12.00 12.00 49,490 437
477
GIRDER B3 1 21-May-12 6.05 6.00 5.96 6.00 12.00 12.10 12.05 48,840 430
2 21-May-12 6.04 6.04 5.96 6.01 12.00 12.00 12.00 42,010 371
3  21-May-12 6.05 6.05 5.97 6.02 12.00 12.00 12.00 44,800 395
4 21-May-12 6.03 6.03 5.94 6.00 12.00 12.00 12.00 48,410 428
5 21-May-12 6.04 6.04 5.96 6.01 12.00 12.00 12.00 49,470 436
6 21-May-12 6.05 6.05 5.95 6.02 12.00 12.00 12.00 53,510 472
422
GIRDER B4 1 14-May-12 5.93 - 6.04 5.99 12.00 12.00 12.00 52,080 462
2 14-May-12 5.94 6.04 5.99 12.00 12.00 12.00 55,050 488
3  14-May-12 5.94 6.06 6.00 12.00 12.00 12.00 56,490 499
4 14-May-12 5.94 6.06 6.00 12.00 12.00 12.00 52,570 465
5 14-May-12 5.94 6.05 6.00 12.00 12.00 12.00 53,690 475
6 14-May-12 5.93 6.07 6.00 12.00 12.00 12.00 59,530 526
486
GIRDER B5 1 17-May-12 5.96 5.99 6.06 6.00 12.05 12.05 12.05 57,310 504
2 17-May-12 5.95 6.00 6.05 6.00 12.05 12.05 12.05 52,820 465
3 17-May-12 5.95 5.99 6.06 6.00 12.00 12.00 12.00 51,370 454
4 17-May-12 5.96 5.99 6.05 6.00 12.05 12.00 12.03 53,620 473
5 17-May-12 5.96 6.00 6.05 6.00 12.00 12.00 12.00 52,730 466
6 17-May-12 5.95 6.00 6.06 6.00 12.00 12.05 12.03 54,540 481
474
GIRDER B6 1 25-May-12 5.95 5.98 6.04 5.99 12.00 12.00 12.00 49,690 440
2 25-May-12 5.96 6.00 6.05 6.00 12.00 11.90 11.95 53,150 472
3  25-May-12 5.96 6.01 6.03 6.00 12.00 12.00 12.00 49,780 440
4 25-May-12 5.94 5.99 6.04 5.99 12.10 12.00 12.05 45,810 404
5 25-May-12 5.95 5.99 6.04 5.99 12.10 12.10 12.10 46,720 410
6 25-May-12 5.97 6.00 6.02 6.00 12.00 12.10 12.05 65,270 575
457



APPENDIX A, Purdue Phase | Test Report

FENOC PROJECT

Specimen ID

A1

A-2

A-3

A-4

A5

A-6

B-1

B-2

B-3

8-4

B-5

B-6

CONCRETE TENSILE TEST

Cylinder

AUV A wWN e AV A wWN e AU A WN e AU A wWN e AV A wWN e AU A wWN e AV A wWN e AU A WN e AV A WN e AV A WN e AV A wWN e

[S T R NTOR R

Date

14-Jun-12
14-Jun-12
14-Jun-12
14-Jun-12
14-Jun-12
14-Jun-12

1-Jun-12
1-Jun-12
1-Jun-12
1-Jun-12
1-Jun-12
1-Jun-12

30-May-12
30-May-12
30-May-12
30-May-12
30-May-12
30-May-12

8-Jun-12
8-Jun-12
8-Jun-12
8-Jun-12
8-Jun-12
8-Jun-12

7-Jun-12
7-Jun-12
7-Jun-12
7-Jun-12
7-Jun-12
7-Jun-12

5-Jun-12
5-Jun-12
5-Jun-12
5-Jun-12
5-Jun-12
5-Jun-12

10-May-12
10-May-12
10-May-12
10-May-12
10-May-12
10-May-12

23-May-12
23-May-12
23-May-12
23-May-12
23-May-12
23-May-12

21-May-12
21-May-12
21-May-12
21-May-12
21-May-12
21-May-12

14-May-12
14-May-12
14-May-12
14-May-12
14-May-12
14-May-12

17-May-12
17-May-12
17-May-12
17-May-12
17-May-12
17-May-12

25-May-12
25-May-12
25-May-12
25-May-12
25-May-12
25-May-12

Diameter, D Length,L Max Force Strength

in
12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

30-May-12
Measured ~ Tensile

Ibf psi
46820 414
55610 492
65200 576
53470 473
48730 431
57470 508
52370 463
55870 494
49890 441
51740 457
63970 566
63780 564
48060 425
58190 515
59030 522
50900 450
55200 488
55630 492
53900 477
54040 478
47900 424
46800 414
49890 441
48090 425
63340 560
51980 460
44490 393
41500 367
54360 481
45220 400
57870 512
50780 449
45610 403
56820 502
45570 403
46860 414
44320 392
61910 547
45350 401
50500 447
58460 517
44720 395
49810 440
48200 426
52890 468
60360 534
62970 557
49490 438
48840 432
42010 371
44800 396
48410 428
49470 437
53510 473
52080 460
55050 487
56490 499
52570 465
53690 475
59530 526
57310 507
52820 467
51370 454
53620 474
52730 466
54540 482
46960 415
53150 470
49780 440
45810 405
46720 413
65270 577

Mean Tensile

Strength

psi

480

500

480

440

440

450

450

480

420

490

480

450
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SERIES A Reinforcement Stress

Al

TEST GIRDER Al

— ~=—1ft6in.

10 ft ——]

10—

~—1ft6in.

11ft6in. T 16 ft

T 11ft6in.

39 ft

X-Sect. Area for a #11 Bar

Diameter, # 11 Bar

Nominal width of Section

Nominal height of Section

Top cover

Effective depth d:=30in -c¢ - 7

Yield Stress
Concrete Strength

Total Length

Cantilevered Span a:=11ft+ 6in
Interior Span L = 16ft

. . Asb
Reinforcement Ratio p=2- -

Initial moment at support

Sheet 1 of 5

dp

Formatted 27 May 12
Printed 6/17/2012

Agp = 1.56in2
dp = 1.41in
5
b= (17 + —) in
8
h := 30in
Ct = 5in
d=24-in

f,, = 66ksi

y
f'c = 5270psi

Ly = 39ft
a=11.5ft

Ly = 16ft

p=0.73-%

Msupinit = 45.8kip- ft
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SERIES A Reinforcement Stress Formatted 27 May 12
Al Printed 6/17/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 43.5Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

Msupmax = Pmax- (& - 18in) + Mgy pinit
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3ft = “Msupmax + ——3ft-wg ———

Mg = ~470-kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
Al Printed 6/17/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

-M3¢t

- 79ksi
4. 7Ok
0.7-f

f = 79-Kksi

snon3 =
2-Asb.d-(1—o.

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

-M3ft

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 82-ksi

-M3f¢

RCTE

f =4.4x 103psi (Compression)

Sheet 4 of 5



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 294 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
Al Printed 6/17/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 81-ksi fsupmaxlin = 84-Ksi

At splice end

fsnon3 = 79- Ksi fsling = 82-Ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq :=120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

. fsnon3 - dp
Havg = a1y
1!
round[ av_g ,—1}- psi = 230 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 = 79-ks

Sheet 5 0f 5
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SERIES A Reinforcement Stress

A2

TEST GIRDER A2

— ~=—1ft6in.

10 ft ——]

10—

~—1ft6in.

11ft6in. T 16 ft

T 11ft6in.

39 ft

X-Sect. Area for a #11 Bar

Diameter, # 11 Bar

Nominal width of Section

Nominal height of Section

Top cover

Effective depth d:=30in -c¢ - 7

Yield Stress
Concrete Strength

Total Length

Cantilevered Span a:=11ft+ 6in
Interior Span L = 16ft

. . Asb
Reinforcement Ratio p=2- -

Initial moment at support

Sheet 1 of 5

dp

Formatted 27 May 12
Printed 6/17/2012

Agp = 1.56in2
dp = 1.41in
5
b= (17 + —) in
8
h := 30in
Ct = 5in
d=24-in

f,, = 66ksi

y
f'c = 6030psi

Ly = 39ft
a=11.5ft

Ly = 16ft

p=0.73-%

Msupinit = 45.8kip- ft
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SERIES A Reinforcement Stress Formatted 27 May 12
A2 Printed 6/17/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 44.1Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

Msupmax = Pmax- (& - 18in) + Mgy pinit
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3ft = “Msupmax + ——3ft-wg ———

Mg = ~476-kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 298 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A2 Printed 6/17/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

-M3¢t

4. p-80ksi
0.7-f

f = 80-ksi

snon3 =
2-Asb.d-(1—o.

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

-M3ft

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 83-ksi

-M3f¢

RCTE

f =4.5x% 103psi (Compression)

Sheet 4 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A2 Printed 6/17/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 82-ksi fsupmaxlin = 85-Ksi

At splice end

fsnon3 = 80-Ksi fsling = 83-Ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq :=120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

. fsnon3 - dp
Havg = a1y
1!
round[ av_g ,—1}- psi = 230 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 = 80-ks

Sheet 5 0f 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A3 Printed 6/17/2012

TEST GIRDER A3

~—1ft6in. —= 1ft6in.
T 1Oft4>‘ F710ﬁ4—
C |
11 ft6in. T 16 ft T 11ft6in.
39 ft
X-Sect. Area for a #11 Bar Agp = 1.56in2
Diameter, # 11 Bar dp, = 1.41in
. i . 5
Nominal width of Section b - (17 N _)' in
Nominal height of Section h := 30in
Top cover i cq = 5in
Effective depth d:=30in -c¢ - S d=24.in
Yield Stress fy = 66ksi
Concrete Strength f'c = 5890psi
Total Length Li = 39ft
Cantilevered Span a:=11ft+ 6in a=11.5ft
Interior Span L = 16ft L =16ft
Reinforcement Ratio =2 Asb
P= g p=0.73-%

Sheet 1 of 5



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 301 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A3 Printed 6/17/2012
Initial moment at support Msupinit = 45.8kip-ft

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 44.1Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

Msupmax = Pmax- (& - 18in) + Mgy pinit
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3ft = “Msupmax + 5 3ft-wg ———

Msfp = ~476-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 303 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A3 Printed 6/17/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

-M3¢t

snon3 = -
.80k

2. Agp-d|1-04 L5

0.7-F,

f = 80-ksi

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

-M3ft

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 83-ksi

-M3ft

RCEE

f

=4.5x 103psi (Compression)

Sheet 4 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A3 Printed 6/17/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 82-ksi fsupmaxlin = 85-Ksi

At splice end

fsnon3 = 80-Ksi fsling = 83-Ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq :=120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

. fsnon3 - dp
Havg = a1y
1!
round[ av_g ,—1}- psi = 230 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 = 80-ks

Sheet 5 0f 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A4 Printed 6/18/2012

TEST GIRDER A4

~—1ft6in. —= 1ft6in.
T 10 ft ——=] 101t —~
C |
11ft6in. T 16 ft T 11ft6in.
39 ft
X-Sect. Area for a #11 Bar Agp = 1.56in2
Diameter, # 11 Bar dp, = 1.41in
. . . 5
Nominal width of Section b - (17 N _)' in
Nominal height of Section h := 30in
Top cover e = 5in
. _ dp t
Effective depth d:=30in -c¢ - S d=24.in
Yield Stress fy = 66ksi
Concrete Strength f'c = 5110psi
Total Length Li = 39ft
Cantilevered Span a:=11ft+ 6in a=11.5ft
Interior Span L = 16ft L =16ft
Reinforcement Ratio =2 Asb
P= g p=0.73-%
Initial moment at support Msupinit = 45.8kip- ft
Sheet 1 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A4 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
3 ft
ft
Measured Maximum Applied Load Pmax = 43.3Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

Msupmax = Pmax- (& - 18in) + Mgy pinit

Moment at 3 ft toward mid-span from support

Ws'Lm (3ft)2 .
M3t = Msupmax ~ —5—— 3ft + Wg: =—— = 468 Kip-ft

Mz = 468 Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 308 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A4 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

snon3 = — =79. ksi
-80k
2'Asb‘d'(l _ 0_4.p_3'j

f

0.7-f

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 82-ksi

M3t

RCEE

f =4.3x% 103psi (Compression)

Sheet 4 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A4 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 81-ksi fsupmaxlin = 83-ksi

At splice end

fsnon3 = 79- Ksi fsling = 82-Ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq = 120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3' CIb

Havg = a1y

1!
round[ av_g ,—l) psi = 230 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 =79-ks

Sheet 5 0f 5
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25884-000-30R-C01R-00002, Rev. 000, Sheet 310 of 595

SERIES A Reinforcement Stress

A5

TEST GIRDER A5

— ~=—1ft6in.

10 ft ——]

10—

~—1ft6in.

11ft6in. T 16 ft

T 11ft6in.

39 ft

X-Sect. Area for a #11 Bar

Diameter, # 11 Bar

Nominal width of Section

Nominal height of Section

Top cover

Effective depth d:=30in -c¢ - 7

Yield Stress
Concrete Strength

Total Length

Cantilevered Span a:=11ft+ 6in
Interior Span L = 16ft

. . Asb
Reinforcement Ratio p=2- -

Initial moment at support

Sheet 1 of 5

dp

Formatted 27 May 12
Printed 6/18/2012

Agp = 1.56in2
dp = 1.41in
5
b= (17 + —) in
8
h := 30in
Ct = 5in
d=24-in

f,, = 66ksi

y
f'c = 5240psi

Ly = 39ft
a=11.5ft

Ly = 16ft

p=0.73-%

Msupinit = 45.8kip- ft
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SERIES A Reinforcement Stress Formatted 27 May 12
A5 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 43.4Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

Msupmax = Pmax- (& - 18in) + Mgy pinit
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3t = Msupmax - ——5—— 3ft+ Wg: ————

Msfp = 469 Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 313 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A5 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

- 79ksi
4. 7Ok
0.7-f

f = 79-Kksi

snon3 =
2-Asb.d-(1—o.

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 82-ksi

M3t

RCTE

f =4.4x 103psi (Compression)

Sheet 4 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A5 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 81-ksi fsupmaxlin = 84-Ksi

At splice end

fsnon3 = 79- Ksi fsling = 82-Ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq :=120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

. fsnon3 - dp
Havg = a1y
1!
round[ av_g ,—1}- psi = 230 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 = 79-ks

Sheet 5 0f 5
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SERIES A Reinforcement Stress

A6

TEST GIRDER A6

— ~=—1ft6in.

10 ft ——]

10—

~—1ft6in.

11ft6in. T 16 ft

T 11ft6in.

39 ft

X-Sect. Area for a #11 Bar

Diameter, # 11 Bar

Nominal width of Section

Nominal height of Section

Top cover

Effective depth d:=30in -c¢ - 7

Yield Stress
Concrete Strength

Total Length

Cantilevered Span a:=11ft+ 6in
Interior Span L = 16ft

. . Asb
Reinforcement Ratio p=2- -

Initial moment at support

Sheet 1 of 5

dp

Formatted 27 May 12
Printed 6/18/2012

Agp = 1.56in2
dp = 1.41in
5
b= (17 + —) in
8
h := 30in
Ct = 5in
d=24-in

f,, = 66ksi

y
f'c = 5490psi

Ly = 39ft
a=11.5ft

Ly = 16ft

p=0.73-%

Msupinit = 45.8kip- ft
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SERIES A Reinforcement Stress Formatted 27 May 12
A6 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 42.0Kip

Moment at support related to selfweight and loading gear

M 46-Kip- ft

supinit =
Maximum moment at support

M = Prmax (2= 18in) + Mg pinit = 466 kip- ft

supmax °
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3t = Msupmax - ——5—— 3ft+ Wg: ————

Msf; = 455 Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 318 of 595

SERIES A Reinforcement Stress Formatted 27 May 12
A6 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

snon3 = -
77k

2. Agp-d-[1- 0.4, LTTKSE

0.7-f

f =77-Ksi

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 79-Kksi

M3t

RCTE

f =4.3x% 103psi (Compression)

Sheet 4 of 5
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SERIES A Reinforcement Stress Formatted 27 May 12
A6 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 78-ksi fsupmaxlin = 81-Ksi

At splice end

fshon3 = 77 ksi fsling = 79-ksi

NOMINAL UNIT BOND STRESS

Length of splice Lgq :=120in
Bar diameter dp =1.41-in

Average bond stress at maximum load

. fsnon3 - dp
Havg = a1y
1!
round[ av_g ,—1}- psi = 220 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 120-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 =77-Ks

Sheet 5 0f 5
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SERIES B Reinforcement Stress Formatted 27 May 12
Bl Printed 6/18/2012

TEST GIRDER B1

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f'. = 4460psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft + 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft

Sheet 1 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
Bl Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wwgq = b-h: 150E Wg = 0.55-m
3 ft
ft
Measured Maximum Applied Load Pmax = 39-5kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax- (@ = 14in) + Mgypinit
Moment at 3 ft toward mid-span from support

2
Ws'bm (3ft)
M3t = Msupmax ~ -3ft+ wg:

Mzt = 416-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
Bl Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

f =71 -ksi

snon3 =

p- 71Kksi
2~Asb-d-(1—0.4-—j

0.7-f

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

fslin3 = K
A

Check related maximum concrete stress

= 73-ksi

M3t

felin3 = >
k-b-d k
—— - |fj1-=
[xee) 15

=3.8x 103psi (Compression)

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
Bl Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 72 ksi fsupmaxlin = 74-ksi

At splice end

fsnon3 = 71-ksi fsling = 73-ksi

NOMINAL UNIT BOND STRESS

Length of splice Lq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3‘ OIb

Mavg = 4Lg

1
round( av_g ,—1) psi = 310psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 =71-ks

Sheet 5 0f 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B2 Printed 6/18/2012

TEST GIRDER B2

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f' := 4800psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft+ 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft
Sheet 1 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B2 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wwgq = b-h: 150E Wg = 0.55-m
3 ft
ft
Measured Maximum Applied Load Pmax = 38-9Kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax- (@ = 14in) + Mgypinit
Moment at 3 ft toward mid-span from support

2
Ws'bm (3ft)
M3t = Msupmax ~ -3ft+ wg:

Mzt = 410-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B2 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

f = 69-Kksi

snon3 =

p-69ksi
2~Asb-d-(1—0.4-—j

0.7-f

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t
fslinS = =72-ksi

k
2.A.-d-11-—=
sb ( 3j

Check related maximum concrete stress

M3t

felin3 = >
k-b-d k
—— - |fj1-=
[ 2 J ( 3)

=3.8x 103psi (Compression)

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B2 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 71-ksi fsupmaxlin = 73-ksi

At splice end

fsnon3 = 69 ksi fsling = 72-ksi

NOMINAL UNIT BOND STRESS

Length of splice Lq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3 db
Mavg = 414
1
round( av_g ,—1) psi = 310psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fshon3 = 69-ks

Sheet 5 0f 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B3 Printed 6/18/2012

TEST GIRDER B3

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f'. = 4780psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft + 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft

Sheet 1 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B3 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wwgq = b-h: 150E Wg = 0.55-m
3 ft
ft
Measured Maximum Applied Load Pmax = 39-7kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax- (@ = 14in) + Mgypinit

Moment at 3 ft toward mid-span from support
[Ws' L (3fH) 2

M3t = Msupmax ~ 3)“ + Wgr

Mzt = 418-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B3 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

f = 70-ksi

snon3 =

p- 70Kksi
2~Asb-d-(1—0.4-—j

0.7-f

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

fslin3 = K
A

Check related maximum concrete stress

= 73-ksi

M3t

felin3 = >
k-b-d k
—— - |fj1-=
[xee) 15

=3.8x 103psi (Compression)

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B3 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 72 ksi fsupmaxlin = 74-ksi

At splice end

fshon3 = 70-ksi fslin3 = 73-ksi

NOMINAL UNIT BOND STRESS

Length of splice Lq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3‘ OIb

Mavg = 4Lg

1
round( av_g ,—1) psi = 310psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 =70-ks

Sheet 5 0f 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B4 Printed 6/18/2012

TEST GIRDER B4

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f' = 5460psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft+ 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft
Sheet 1 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B4 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wwgq = b-h: 150E Wg = 0.55-m
3 ft
ft
Measured Maximum Applied Load Pmax = 39-7kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax (a—-14in) + Msupinit = 426-kip-ft

Moment at 3 ft toward mid-span from support

2
Ws'bm (3ft)
M3t = Msupmax ~ -3ft+ wg:

Mzt = 418-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B4 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

f = 70-ksi

snon3 =

. 70ksi
2. Agp-d|1-04 255
0.7

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

fslin3 = K
A

Check related maximum concrete stress

= 73-ksi

M3t

RCEI

f =3.9x 103psi (Compression)

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B4 Printed 6/18/2012

SUMMARY

Reinforcement stress based on observed maximum load

At support
NONLINEAR LINEAR
fsupmaxnon = 71-ksi fsupmaxlin = 74-ksi

At splice end

fshon3 = 70-ksi fslin3 = 73-ksi

NOMINAL UNIT BOND STRESS

Length of splice Lq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3 db
Mavg = 414
1
round( av_g ,—1) psi = 310psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 =70-ks

Sheet 5 0f 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B5 Printed 6/18/2012

TEST GIRDER B5

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f'. = 5260psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft+ 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft
Sheet 1 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B5 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wwgq = b-h: 150E Wg = 0.55-m
3 ft
ft
Measured Maximum Applied Load Pmax = 40.6kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax- (@ = 14in) + Mgypinit
Moment at 3 ft toward mid-span from support

2
Ws'bm (3ft)
M3t = Msupmax ~ -3ft+ wg:

Mzt = 427-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B5 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

f =72-ksi

snon3 =

. 70ksi
2. Agp-d|1-04 255
0.7

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

fslin3 = K
A

Check related maximum concrete stress

=74 -Kksi

M3t

RCEI

f =4 x 103 psi (Compression)

SUMMARY

Reinforcement stress based on observed maximum load

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B5 Printed 6/18/2012
At support
NONLINEAR LINEAR
fsupmaxnon = 73-ksi fsupmaxlin = 76-ksi

At splice end

fsnon3 = 72-ksi fsling = 74 ksi

NOMINAL UNIT BOND STRESS

Length of splice Lq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3‘ OIb

Havg = 4Lg

1
round( av_g ,—1) psi = 320 psi
psi

The number listed above for bond stress has relevance to

design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsnon3 = 72-ks
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SERIES B Reinforcement Stress Formatted 27 May 12
B6 Printed 6/18/2012

TEST GIRDER B6

Y \ 4

—= ~—14in. 14 in, — |=—

=—10ft 10 1/2 in. — 12 ft 7in. 4—-‘-—10&101/2m,—-

34 ft 4 in.

X-Sect. Area for a #11 Bar Asb - 1.56in2
Diameter, # 11 Bar

dp = 1.41in
Nominal width of Section bel17+ S in
8
Nominal height of Section h := 30in
Top cover -

- - dp, C¢ = 9in
Effective depth d:=30in - ¢ - - d=24.in
Yield Stress fy — 66ksi
Concrete Strength f'. := 5230psi
Total Length
Lt = 2-14in + 2-9ft + 2.8.5in + 2. 3ft + 6ft + 7in Ly = 34.3ft
Cantilevered Span a:= 10ft+ 10.5in a=10.9ft
Interior Span Ly = 12ft+ 7in L =13ft
Reinforcement Ratio - 2. Asb

P = b-d p=0.73-%
Initial moment at support Msupinit = 40.5kip- ft
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SERIES B Reinforcement Stress Formatted 27 May 12
B6 Printed 6/18/2012

EVALUATION AFTER TEST TO FAILURE

REINFORCEMENT STRESS AT MEASURED MAXIMUM LOAD

Note : Following calculations are made considering
the supports not to have width in the direction of the span.

Unit selfweight Wgq = b-h- 150E Wg = 0.55-ﬂ
ft
ft
Measured Maximum Applied Load Pmax = 40.6Kip

Moment at support related to selfweight and loading gear

Maximum moment at support

Msupmax = Pmax- (@ - 14in) + Mgypinit
Moment at 3 ft toward mid-span from support

2
Wg Lm (3ft)
M3t = Msupmax - Bft+ Wy~

Msfp = 427-Kip- ft

NOTE : Strain distributions over the depth of the section at the
supports and at ends of the spliced bars are not linear once
cracking is initiated. To assume a linear strain distribution and
then to use an "exact" stress-strain relationship for the concrete
is not correct. In the following, stresses in the reinforcement will
be calculated assuming both linear and nonlinear response in the
compressed concrete, and the lower value determined will be
taken as the stress achieved. In both sets of calculations,
contribution of the tensile strength of the concrete will be
considered negligible.

Sheet 2 0of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B6 Printed 6/18/2012

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS
BAR AT END OF SPLICE ASSUMING FULLY NONLINEAR
DISTRIBUTION OF COMPRESSIVE STRESS IN THE
CONCRETE

M3t

-72Kksi
2-Agpd-|1- o_4.p—s'
0.7-f

= 72-Kksi

fsnon3 =

MAXIMUM REINFORCEMENT STRESS IN CONTINUOUS BAR
AT END OF SPLICE ASSUMING LINEAR DISTRIBUTION OF
COMPRESSIVE STRESS IN THE CONCRETE

M3t

slin3 = K
2-Asb-d-(1—§)

Check related maximum concrete stress

f = 74-Ksi

M3t

RCEE

f =4 x 103 psi (Compression)

SUMMARY

Reinforcement stress based on observed maximum load

At support

Sheet 4 of 5
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SERIES B Reinforcement Stress Formatted 27 May 12
B6 Printed 6/18/2012
NONLINEAR LINEAR
fsupmaxnon = 73-ksi fsupmaxlin = 76-ksi

At splice end

fsnonS =72-ksi fslinS =74 ksi

NOMINAL UNIT BOND STRESS

Length of splice Lyq = 79in
Bar diameter dp =1.41-in

Average bond stress at maximum load

fsnon3-dp
Pavg = 414
18
round[ av-g ,—1}- psi = 320 psi
psi

The number listed above for bond stress has relevance to
design but is irrelevant to the actual bond stress at maximum
load.

The hard information from the test is that the 79-in splice for
No. 11 bars has developed a maximum bar stress of at least

fsn0n3 =72-ks

Sheet 5 0f 5
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Slump shall be measured before any other activity related to casting takes place to
make sure that the delivered mix has satisfactory workability. The mixing truck
shall deliver a ticket with the batched mix weights. These weights shall be examined
to corroborate that the delivered mix has the specified proportions. Concrete shall
not be accepted if it arrives more than 45 min. after leaving the batching plant. No
water shall be added to the mix after the truck leaves the plant.

Specimens and cylinders shall be cast and vibrated in two lifts following the
Specifications. The vibrators to be used shall have the following cross-sectional

dimensions:
For cylinders: 3/4"-7/8"
For Larger Specimens: 1-3/4"

Their frequencies shall be between 50 and 200 Hz.

Excess concrete shall be removed off the formwork. The exposed surfaces of the
specimens shall be finished using cast magnesium floats. Lifting inserts shall be
inserted in the fresh concrete as soon as the finishing is completed.

Each test beam shall be cast using concrete from a single mixing truck. A complete
set of concrete samples (cylinders) shall be obtained from each truck. Test beams
and samples shall be marked with a number referring to the truck from which they
were cast and the date of casting. In each casting day, trucks shall be numbered
sequentially starting at 1. The number assigned to a truck shall be written clearly
on the mix ticket describing the mix proportions for the batch. Test beams shall be
cast and tested oriented in the North-South axis of the laboratory. During finishing,
the north end of each beam shall be marked with the letter N.

These activities shall be documented using Form 3

1.4 Curing
As soon as casting is completed all specimens shall be covered with impermeable
sheets. When the concrete surface sets, wet burlap shall be inserted between these
sheets and the exposed concrete. All formwork and molds shall be struck no later

than three days after the cast.

All exposed concrete surfaces shall be covered by wet burlap and impermeable
sheets for a total of at least seven days after casting.

Burlap shall be doused with water at least every other day during the curing period.

Curing activities shall be logged using Form 4.

Revision 2 2
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Test cylinders shall be stored and cured next to the test specimens and under
similar conditions of temperature and humidity.

The variation of concrete strength with time shall be monitored as specified in the
Specifications. The results of cylinder tests shall be recorded using Form 5.

2. Calibration
Three types of measurements will be made: displacement, force, air content.
The apparatuses to be used to calibrate sensors to measure these quantities are:

Displacement Sensors: INSTRON Universal Testing Machine (S.N.: )
Load Sensors: INSTRON Universal Testing Machine (S.N.: )
Air Content: Calibrated Cylinder (S.N.)

Load and displacement sensors will be calibrated following steps listed below:

1) Connect the sensor to the data-acquisition system that is going to be used in
the test

2) Setand record the excitation voltage to the maximum possible value (not
exceeding the maxima specified for the data-acquisition system and the
sensor)

3) Set the data-acquisition equipment to record voltage

4) Set the gain of the data-acquisition system to the first available level lower
than the ratio of the maximum range of the system to the maximum expected
output from the sensor.

5) Mount the sensor on the universal testing machine

6) Apply a series of known displacement or force increments to the sensor
ranging between 10% and 90% of the rated capacity of the sensor

7) Record the voltage read on the data-acquisition system at each known
displacement or force increment

8) Create a plot of change in output voltage vs. change in force or displacement

9) Fita line to the plot from 7) using “least squares”

10)Record the slope of the line from 8) (sensor sensitivity)

11)Label the cable used in the calibration with the serial number of the sensor

Sensors shall be calibrated before the first test and after the final test.

The apparatus used to measure air content of the fresh concrete shall be calibrated
following the procedure described in ASTM standard 231. Form 6B shall be used to
document the calibration.

Revision 2 3
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All calibrations shall be performed by at least two persons: one leading each step
and the other checking the work of the first independently. A log of each calibration
shall be made using Form 6 and it shall include an estimate of the accuracy of the
Sensor.

Sensors for which the sensitivity obtained in 9) above deviates by more than 10%
from the nominal sensitivity (as reported by the manufacturer) shall not be used in
any of the tests.

3. Setup

Each test beam shall be placed on two roller supports as described in the
attached proposal. The final location of the supports shall be measured {to the
nearest 1/16 in.} with maximum deviation of % in and reported using Form 7. As-
built external dimensions of each test beam shall be recorded using the same form.
The maximum deviation from nominal dimensions in the test region shall be % in.

The test beam shall be placed with the reinforcement facing up as shown in the
attached proposal.

The shear spans shall be reinforced with external stirrups (pairs of 5/8-in threaded
rods) installed at a spacing not exceeding 12 in. The locations of the stirrups shall be
measured. The measurements shall be recorded using Form 7.

The loading rigs (consisting of a loading tube, two hydraulic rams, two threaded
rods, plates and nuts, and one load cell per rig) shall be placed on the test specimen
and connected to “the strong floor” of the laboratory (without applying load to the
specimen other than the weight of the rigs) as described in the attached proposal.
The rams in each rig shall be connected to a single manifold and pump using 10,000-
psi hydraulic hoses. All hoses and other hydraulic hardware shall be inspected
visually and replaced -if defective- before testing.

4. Instrumentation

Displacement sensors shall be installed at midspan, at each support, and at each
load point. They shall be secured to the strong floor of the laboratory directly below
the point where displacement is to be measured.

All sensors (displacement and force) shall be connected to the data acquisition
system using the same cables used during calibration. The excitation voltage and
gain shall also be set to the value used in calibration. The data acquisition system
shall be set to record voltage changes caused by loading. Before applying load with
the hydraulic rams, all sensors shall be set to read a voltage value between 10% and
90% of the voltage output of the sensor at its rated capacity. These voltages shall be
referred to as the “zero offsets” of the sensors. If a sensor is set to have an initial
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voltage exceeding 20% of its output at rated capacity, the sign of the initial “zero
offset” shall be opposite to the sign of the expected change in its signal.

Set the data acquisition system to scan all sensors and save at least one record per
sensor every 1 sec.

Record a file of “zero offsets” capturing at least 10 min. of data before any load is
applied with the hydraulic system.

Means of initial voltages for all sensors (mean “zero offsets”), sensor serial numbers,
the most recent sensitivity constants, excitation voltages, and the channels of the
data-acquisition system used for each sensor shall be recorded using Form 8. The
pairing of channels and sensors shall be checked by a second person working
independently from the person making the initial connections.

Infrared targets to be used to measure displacements as described in the attached
proposal shall be glued to one face of the test beam using epoxy adhesive. The
numbering sequence of these targets shall be recorded using Form 9.

Video cameras (one for long-time lapse video and one for high-speed video) will be
positioned to capture the response of the mid third of each specimen. To the extent
possible, the location of the cameras shall be the same in all tests.

5. Testing
The following actions shall take place during each test:
At the end of each loading increment:

Mark Cracks: all visible cracks shall be marked using black permanent
markers. Cracks shall be marked by drawing lines parallel to
them and with an offset of approximately 0.25 in.

Measure Crack Widths: Crack widths shall be measured using crack
comparators or graduated handheld microscopes.

Measure coordinates of infrared coordinates: A set of coordinates shall be
obtained using an OptoTrack System 600 Pro. A set of four
targets shall be attached to the strong floor. They shall be
located at approximately the same distance to the OptoTrack
cameras as targets attached to the test beam. Coordinates for
these reference targets shall be obtained at each loading
increment. They are to be used to monitor the stability of the
Optotrack system by computing the variation in the distances
between reference targets.
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In-Test Data Backup: At every loading increment the data being produced by
the data-acquisition system shall be copied to an external hard
drive.

Photographs: a set of high-resolution photographs shall be obtained after
cracks are marked at each loading increment. The photographs
shall includes views of both elevations of the test beam and the
top concrete surface above lap splices.

The following data shall be recorded throughout each test:

Sensor readings: to be recorded on a hard drive in volts. Conversion to
engineering units shall be done after the test as follows:

-Subtract zero offsets
-Divide the result by the sensitivity obtained in the most recent
calibration

Lapse video photographs: to be obtained every 5 min.

Actions to be taken at failure

Trigger high-speed camera to record breaking away of the concrete cover
and relative movement of the bars.

Actions to be taken after test

Generate a record of sensors that may have malfunctioned or been
accidentally moved during the test

Remove from all files recordings from sensors for which the results of the
after-test calibration differ by more than 5% from the before-test calibration.

6. Reporting and Backup
Produce all the captured data in two ways:

By uploading data, photos, and video to a private project at nees.org.
By recording all data, photos, and video on a magnetic hard drive

Reports shall be produced as described in the Specifications.
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Form 1
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Section A-A
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*For section B-B through F-F see Sheet 3 of 3

Series A

Drawing: | Series A Formwork As-builts Sheet: 1 of 3

Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP

Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 1

| 6 5 4 |

Section A-A
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*For section B-B through F-F see Sheet 3 of 3

Series B

Drawing: | Series B Formwork As-builts Sheet: 2 of 3

Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP

Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 1

Section C-C, D-D, & E-E Section B-B & F-F
*Facing North *Facing North
Drawing: | Formwork As-built Sections Sheet: 3 of 3

Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP

Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 1
Project: Tests to Determine the As-built Dimensions v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/04/2012) Sheet 1 of 2
Formwork As-built Dimensions
Section
1 2 4 5 7 8
A-A
B-B
C-C
D-D
E-E
F-F
Recorded by: Signature Date Time
Checked by: Signature Date Time
Checked by: Signature Date Time
Comments:
*See formwork as-built drawings for dimension locations 8-10
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Form 1

Project: Tests to Determine the As-built Dimensions v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/04/2012) Sheet 2 of 2
Formwork As-built Dimensions Key - Series A
Section
1 2 3 4 5 6 7 8
A-A 14'-6" 10'-0" 14'-6" 14'-6" 10'-0" 14'-6" N/A N/A
B-B 4-3/8" 6" 4-3/8" 23-5/8" 23-5/8" 30" 30" 17-5/8"
C-C 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
D-D 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
E-E 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
F-F 3" 8-3/4" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
Formwork As-built Dimensions Key - Series B
Section
1 2 3 4 5 6 7 8
A-A 13'-10.5" 6'-7" 13'-10.5" 13'-10.5" 6'-7" 13'-10.5" N/A N/A
B-B 4-3/8" 6" 4-3/8" 23-5/8" 23-5/8" 30" 30" 17-5/8"
C-C 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
D-D 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
E-E 3" 6" 3" 23-5/8" 23-5/8" 30" 30" 17-5/8"
F-F 3" 8-3/4" 3" 23—5/2" 23-5/8" 30" 30" 17-5/8"
-11
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Form 2
Wire Ties
NORTH
Bar Marks
NORTH
Specimen:
Project: Behavior of Lap Splices of No. | prawn by: Checked by:
11 Reinforcing Bars
Date:

Re®isién 2




APPENDIX A, Purdue Phase | Test Report

Form3$84-000-30R-C01R-000225 00005 -Shveatatid 6D695Page 13 of 26

Project: Tests to Determine the Casting Documentation v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 03/30/2012) Sheet 1 of 1
General Information
Date Disp Ticket Num Truck No. Time on Ticket Time of Arrival Temp. in Lab

Measurements made upon arrival of concrete

Slump (ASTM C143 - 10a)

Air Content (ASTM C231 - 10)

Time, Result, Time, Result, S/N of Air Meter
Time, Result, Time, Result, S/N of Scale
Unit Weight (ASTM C138 - 10b)
Time, Wt. of Cont.; Total Wt. ; Wt. of Conc. Result; = Wt. of Conc./Vol. of Cont.
Time, Wt. of Cont., Total Wt. , Wt. of Conc., Result2 = Wt. of Conc./Vol. of Cont.
Times of actions during and after casting
Layer 1 vibration Layer 2 vibration | Top surface struck | Truck Departin
Layer 1 placed Y Layer 2 placed Y P P 8
complete complete off Lab
Lifting Inserts Covered with . Covered with Burlap doused Covered with
) Plastic removed ) )
Placed plastic burlap with water plastic
Recorded by Signature Date Time
Checked by Signature Date Time
Checked by Signature Date Time

Comments:

*The following ASTM standards and specifications will be followed during casting: C172-10, C192-07, C470-09

8-13
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Project: Tests to Determine the Curing Documentation v.1 Purdue University - Bowen Laboratory
Behavior of Spliced #11 Bars (Rev. 03/30/2012) Sheet 1 of 1
General Information
Specimen(s) Date Specimen Age

Time Beginning Time Ending

Temperature inside Lab (deg. F)

Description of Work Performed

Recorded by Signature Date Time

Checked by Signature Date Time

Checked by Signature Date Time
Comments:

*Test specimens and associated cylinders are to be cured under wet burlap for seven days

8-14
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Form 5
Project: Tests to Determine the Cylinder Compression Tests Documentation v.2 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet 1 of 2
Diameter [nearest 0.01 in.] Length [nearest 0.05 in.] Fracture T
Specimen Date Time of Test Wet/Dry Prax [1b4] racture type
1 2 1 2 3 (1-6)
1
2
3
4
5
6
Recorded by: Signature Date Time
Checked by: Signature Date Time
Checked by: Signature Date Time
Comments:

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,000lb;/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f'.) calculated on sheet 2 of 2.

8-15

Revision 2



APPENDIX A, Purdue Phase | Test Report

Form 5

25884-000-30R-C01R-000225R00300s Styeat P 6H635 Page 16 of 26

Project: Tests to Determine the Cylinder Compression Tests Documentation v.2 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet 2 of 2
Average Cross- Eracture Tvpe
Specimen Date Age Time of Test Wet/Dry Measured [sectional Area Prax [1b4] f'. [psi] (1-6) P
Dia. [in.] [in2]
1 0-Jan 12:00 AM 0 #DIV/0! #DIV/0! 0 #DIV/0! 0
2 0-Jan 12:00 AM 0 #DIV/0! #DIV/0! 0 #DIV/0! 0
3 0-Jan 12:00 AM 0 #DIV/0! #DIV/0! 0 #DIV/0! 0
4
5
6
S/N of Testing Machine:
Recorded by: Signature Date Time
0 0 0
Checked by: Signature Date Time
0 0 0
Checked by: Signature Date Time

Comments:

8-16

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,000lbf/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Recorded data is shown on sheet 1 of 2.
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Calibration Documentation v.1

Bowen Lab - Purdue University

Behavior of Spliced #11 Bars (Rev. 04/02/2012) Sheet 1 of 1
Calibration Instrument Name and S.N.:
Data Acquisition System:
Gain:
Excitation Voltage:
Channel:
Sensor:
Sensor S.N.:
Measurand Voltage Measurand Voltage Measurand Voltage
Operator Signature Date Time
Checked by Signature Date Time
Checked by Signature Date Time
Sensitivity Accuracy
Notes:
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Behavior of Spliced #11 Bars
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Calibration Documentation v.1
(Rev. 04/06/2012)

Bowen Lab - Purdue University
Sheet 1 of 1

Meter S.N.

Type of Meter

Meter Brand Name

Ambient Temperature

Target Air Content

Measured Air Content

Operator Signature Date Time
Checked by Signature Date Time
Checked by Signature Date Time

Notes:
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Form 7

( m NORTH

( m NORTH
o o
Specimen Sheet: 1 of 4
Behavior of Lap Splices of No. 11 Drawn by: Checked by:
Reinforcing Bars
Date:
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Form 7

SOUTH NORTH

| 2 |
Top Plan

2 Spa. @
3' i i 60" Ea. ' i 3'

’—>B ’—>C ’—>D ’—>E ’—>F

be Le Lo Le Le

Profile
*For section B-B through F-F see Sheet 3 of 3

| 3 |
SOUTH NORTH
| 4 |
Bottom Plan
Drawing: | Series A Concrete As-builts Sheet: 2 of 4

Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP

Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 7
| 1 |
SOUTH NORTH
| 2 |

Top Plan
2 Spa. @

3' 4‘ ‘<— 39.5" Ea. — ’— 3'

’—r B ’—r C ’—r D ’—r E ’—r F

Le Lo Lo Le Ls
Profile

*For section B-B through F-F see Sheet 3 of 3
| 3 |
SOUTH NORTH
| 4 |
Bottom Plan
Drawing: | Series B Concrete As-builts Sheet: 3 of 4
Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP
Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 7

| 3 |
Section B-B, C-C, D-D, E-E & F-F
*Facing North

Drawing: | Concrete As-built Sections Sheet: 4 of 4

Project: | Experimental Investigation of | prawnby: | BPR | Checked by:| SP

Capacity of Lap Splices of No.
11 Reinforcing Bars Date: 04/04/2012
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Form 7
Project: Tests to Determine the Setup and As-built Dimensions v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/04/2012) Sheet 1 of 2
Concrete As-built Dimensions
Section
1 2 4 5 7 8
Plan
B-B
C-C
D-D
E-E
F-F
Recorded by: Signature Date Time
Checked by: Signature Date Time
Checked by: Signature Date Time
Comments:
*See concrete as-built drawings for dimension locations 8-23
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Form 7

Project: Tests to Determine the Setup and As-built Dimensions v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/04/2012) Sheet 2 of 2
Concrete As-built Dimensions Key - Series A
Section
1 2 3 4 5 6 7 8
Plan 39'-0" 39'-0" 39'-0" 39'-0" N/A N/A N/A N/A
B-B 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
C-C 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
D-D 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
E-E 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
F-F 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
Concrete As-built Dimensions Key - Series B
Section
1 2 3 4 5 6 7 8
Plan 34'-4" 34'-4" 34'-4" 34'-4" N/A N/A N/A N/A
B-B 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
C-C 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
D-D 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
E-E 17-5/8" 30" 17-5/8" 30" N/A N/A N/A N/A
F-F 17-5/8" 30" 17-5/8" 30"8 , N/A N/A N/A N/A
-24
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Form 8
Project: Tests to Determine the Instrumentation Documentation v.1 Specimen:
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet of
Data Acquisition System:
Channel # Gain Excitation V. Sensor S.N. Sensitivity Zero Offset Location Comments
Operator Signature Date Time
Checked by Signature Date Time
Checked by Signature Date Time
Notes:
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Form 9

r e oL WNORTH

o o ]
Specimen
Behavior of Lap Splices of No. 11 Drawn by: Checked by:
Reinforcing Bars
Date:
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TAKING ACCURATE THERMOMETER READINGS

COMMON TYPES OF THERMOMETERS AND FACTORS AFFECTING THEIR USE

TOTAL IMMERSION thermometers are designed with scales calibrated to indicate the true temperature when the bulb and the portion of the
thermometer that contains the mercury column are exposed to the temperature to be measured (practically, less than an inch is permitted to extend
above the sutface, to permit the reading to be made). Most total immersion thermometers can also be used in a condition of complete immersion, in
which case the entire thermometer is exposed to the temperature being measured, such as in a freezer.

PARTIAL IMMERSION thermometers are designed with scales calibrated to indicate the true temperature when the thermometers are immersed to
specified depths. The portion that should be immersed is indicated on the back of each thermometer.

COMPUTATION OF EMERGENT STEM CORRECTION

When total immersion thermometers are used only partially immersed, a stem correction may he calculated and applied to the reading for precision
results. To compute an emergent stem correction, the following variables must be defined:

T = the reading of the thermometer in situ. 4

N = the number of degrees on the thermometer scale between the liquid surface and the top of the mercury column.

A =the average temperature of the emergent mercury column. To find value A, suspend alongside the subject thermometer a secondary or auxiliary
thermometer with its bulb centered between the liquid level and the temperature indicated on the subject. thermometer.
The temperature indicated on this auxiliary thermometer will he value A.

Find the stem correction (SC) by computation from the following formula:
SC =0.00016 x (N x (T-A)) for Celsius temperatures, or
SC = 0.00009 x (N x (T-A)) for Fahrenheit temperatures.

Example: A thermometer graduated from -1° to 101°C., immersed to 20°C on its scale, reading 90°C. The auxiliary thermometer reads 42C. Hence,
T=90, N=70 (90.20). A=42

Working the formula, SC =.00016 x (70 x (90 - 42)) yields a value for SC of +.537. This value must he added to the observed indication of the subject
thermometer to determine the true temperature of the liquid. Hence, the true temperature of the liquid is 90° + .54° (rounded result) = 90.54°

GENERAL CONSIDERATIONS FOR MAKING AN ACCURATE READING

The error due to parallax may be eliminated by taking care that the reflection of the scale can be seen in the mercury thread, and by adjusting the
line of sight so that the graduation of the scale nearest the meniscus exactly hides its own image: the line of sight will then be normal to the stem at
that point. In reading thermometers, account must be taken of the fact that the lines are of appreciable w1dth The best practice is to consider the
position of the lines as defined by their middle parts.

PERFORMING A CALIBRATION AT THE ICE POINT (0 DEGREES CELSIUS OR 32 DEGREES FAHRENHEIT)

Select clear pieces of ice, preferably made from relatively pure water. Discard any cloudy or unsound portions. Rinse the ice with distilled water and
shave or crush into small pieces, avoiding direct contact with the hands or any chemically unclean objects. Fill a Dewar or other insulated vessel
with the crushed ice and add sufficient distilled (and preferably precooled) water to form a slush, but not enough to float the ice. Insert the
thermometer, packing the ice gently about the stem, to a depth sufficient to cover the 0°C (32°F) graduation. As the ice melts, drain off some of the
water and add more crushed ice.

Raise the thermometer a few millimeters after at least 3 minutes have elapsed, tap the stem gently and observe the reading. Successive readings
taken at least one minute apart should agree within one tenth of one graduation.

APPLYING THE CORRECTION AT ICE POINT

Record readings and compare with previous readings. If the readings are found to be higher or lower than the reading corresponding to a previous
calibration, readings at all other temperatures will he correspondingly increased or decreased.

Reproduced in part from ASTM E77.

KESSLER THERMOMETER CORP.

Precision and Reliability . . . from a name you can trust.
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CERTIFICATE OF CALIBRATION

ISSUED BY: INSTRON CALIBRATION LABORATORY

DATE OF ISSUE: 12-Apr-12 CERTIFICATE NUMBER: 516041212091759

viAg

Lab code: 200301-0

’ Instron
». 825 University Avenue

» Norwood, MA 02062-2643
INSTRON Telephone: (800) 473-7838
Fax: (781) 575-5750
Email: service_requests@instron.com

Page 1 of 3 pages
APPROVED SIGNATORY
n
J I m m y Digitally signed by Jimmy Warner
DN: cn=Jimmy Warner, c=US,

I=Norwood, st=MA, ou=OVR
Reason: | attest to the accuracy

and integrity of this document
a rl I e r Date: 2012.04.12 09:51:28 -04'00'

Type of Calibration: Strain
Relevant Standard: ASTM E83-10
Date of Calibration: 12-Apr-12 Customer Requested Due Date: 23-Mar-13
Customer
Name: Purdue University
Address: 550 Stadium Mall Drive
Civil Room G151
West Lafayette IN 47907
sarahh@purdue.edu
P.O./Contract No.:
Contact: Kevin Brower
Machine Transducer
Manufacturer: BALDWIN Manufacturer: EPSILON
Serial Number: 120BTEC502040 Transducer ID: 3543-0800-200T-ST/E89895
System ID: 120BTEC502040 Extensometer Type: Type 1
Range Type: Single Travel (Tension): 2 in
Gauge Length: 8in
Mode: Static (Tension)
Classification

The following indicators of the extensometer system were verified and classed:

Indicator Indicator Range Full Scale System
Type Description Units (%) Class
1. Digital Readout strain 100 B-1

Certification Statement

All indicators listed above were verified on-site at customer location by Instron in accordance with ASTM ES§3.

The verification and equipment used conform to a controlled Quality Assurance program which meets the specifications
outlined in ANSI/NCSL Z540-1, ISO 10012, ISO 9001:2008 and ISO/IEC 17025:2005.

The testing machine was verified in the 'as found' condition.

Instron Calpro Version 3.23

The results indicated on this certificate and the following report relate only to the items verified. If there are methods or data included that are not covered by
the NVLAP accreditation it will be identified in the comments. Any limitations of use as a result of this verification will be indicated in the comments. This
report must not be used to claim product endorsement by NVLAP or the United States government. This report shall not be reproduced, except in full, without
the approval of the issuing laboratory.



APPENDIX A, Purdue Phase | Test Report 25884-000-30R-C01R-00002, Rev. 000, Sheet 520 of 595

CERTIFICATE OF CALIBRATION CERTIFICATE NUMBER:

516041212091759

NVLAP ACCREDITED CALIBRATION LABORATORY No. 200301-0
Page 2 of 3 pages

Summary of Results

Indicator 1. - Digital Readout (strain)

Range ASTM E83
Full Scale Tested Range System Resolution Resolution ~ Lower Limit
(%) (in) Mode Class* (strain) Class (in)

100 02to2 Tension B-1 0.000001 A 0.0008

* System Class for a range is the worst of the following classes: gauge length class, resolution class, individual point error
class, repeatability class and is also based on the measurement capability of the laboratory.

Gauge Length Measurement and Classification

Nominal Actual Error in ASTM E83 Uncertainty of
Gauge Length Gauge Length Measurement Gauge Length Gauge Length Measurement™
(in) (in) Type (%) Class (in)

8 7.9897 Direct -0.13 B-1 0.0062

* The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage factor k = 2, providing a
level of confidence of approximately 95%.

Data Summary and Classification

Indicator 1. - Digital Readout (strain)

Run 1 Error Run 2 Error Repeat Uncertainty of
% of Fixed Relative Fixed Relative Error| Worst| Measurement*
Range (strain) (% of strain) (strain) (% of strain) (strain)| Class (strain)

100% Range (Full Scale: 2 in)

10 0.00000 0.012 -0.00001 -0.037 0.00001 A 0.000025
20 -0.00003 -0.054 0.00000 -0.004 0.00003 A 0.000042
40 0.00003 0.028 0.00003 0.034 0.00000 A 0.000079
70 0.00001 0.005 0.00005 0.028 0.00004 A 0.000137
100 -0.00016 -0.064 -0.00019 -0.074 0.00003 A 0.000195

* The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage factor k = 2, providing a
level of confidence of approximately 95%.

Data

Indicator 1. - Digital Readout (strain)

Run 1 Run 2
% of’ Indicated Applied Indicated Applied
Range (strain) (in) (strain) (in)
100% Range (Full Scale: 2 in)
Run Temperature: 73.0 °F Run Temperature: 73.3 °F
0 0.000001 0.000000 0.000006 0.000000
10 0.025004 0.200000 0.024998 0.200010
20 0.049975 0.400010 0.050004 0.400000

Instron Calpro Version 3.23
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CERTIFICATE OF CALIBRATION CERTIFICATE NUMBER:

516041212091759

NVLAP ACCREDITED CALIBRATION LABORATORY No. 200301-0
Page 3 of 3 pages

Data

Indicator 1. - Digital Readout (strain)

Run 1 Run 2
% of Indicated Applied Indicated Applied
Range (strain) (in) (strain) (in)
100% Range (Full Scale: 2 in)
Run Temperature: 73.0 °F Run Temperature: 73.3 °F
40 0.100030 0.800010 0.100040 0.800000
70 0.175010 1.400000 0.175060 1.400040
100 0.249840 2.000000 0.249820 2.000000

Verification Equipment and Usage

Verification Equipment:

Serial Calibration Measurement
Make/Model Number Description Agency Range Cal Date Cal Due
Extech 445580 984437 temp. indicator Tektronix NA 28-Dec-11 28-Dec-13
Boeckeler Micrometer 20641 disp. indicator A.A. Jansson 2.00 in 07-Oct-11 07-Oct-12
1398 (ASTM)
* Fowler Economy SH9J2879982  disp. indicator AA Jansson NA 20-Apr-10  20-Apr-12

Electronic

* Equipment used for gauge length measurements.

Verification Equipment Usage:

Measurement Serial Range
Type Number (% Full Scale) Percent(s) of Range
Displacement 20641 (ASTM) 100 0/10/20/40/70/100

Instron standards are traceable to NIST and/or other National standards.

Comments

none

Verified by: James Warner
Field Service Engineer

NOTE: Clause 9 of ASTM E-83 states; It is recommended that extensometer systems be verified annually or more frequently if
required. In no case shall the time interval between verifications exceed 18 months (unless an extensometer is being used in a
long-time test running beyond the 18 month period). An extensometer system shall not be used after an adjustment or repair
that could affect its accuracy without first verifying its accuracy utilizing the procedure described in this practice.

Instron Calpro Version 3.23
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FIRST LOADING

GIRDER A2 - 41 kip
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FIRST LOADING

GIRDER A3 — 36 kip

GIRDER A4 — 40 kip
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FIRST LOADING

40 kip

" GIRDER A5 —

GIRDER A6

— 40 kip




25884-000-30R-C01R-00002, Rev. 000, Sheet 563 of 595

APPENDIX A, Purdue Phase | Test Report

RELOADING

GIRDER A1—42 kip

No reload

GIRDER A2
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RELOADING
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No reload

GIRDER A3

GIR

4

DER A4 —42 kip
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RELOADING
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)

GIRDER A6 — 41 kip
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FIRST LOADING

GIRDER B1 - 36 kip
¢ BRI

GIRDER B2 — 36 kip
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FIRST LOADING

GIRDER B3 — 36 ki

GIRDER B4 — 36 kip
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FIRST LOADING
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GIRDER B5 - 36 kip

GIRDER B6 - kip
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RELOADING

No reload

GIRDER B1 - kip
=B i

GIRDER B2 - Load = 36 kip.
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RELOADING

25884-000-30R-C01R-00002, Rev. 000, Sheet 570 of 595

GIRDER B3 — Load = 36 kip

No reload

GIRDER B4
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RELOADING

GIRDER B6 — 36 kip.
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Project: Tests to Determine the
Behavior of Spliced #11 Bars

Instrumentation Documentation v.1
(Rev. 04/01/2012)

25884-000-30R-C01R-00002, Rev. 000, Sheet 572 of 595

Specimen: A "~ ‘

Sheet | of |

Data Acquisition System:
Channel # Gain Excitation V. Sensor S.N. Sg;;l'é;:tjy Ze’r:o.\af?set Location %ﬁnﬁ\g\t]g
O Mi-o0 ( 3.333  |PA-20 |300980 |~ 6.19F | -1F. 26 |N. Oweduayg | 2.F3S
| M-I l L : 3008l |~ 6.16F | -1F.02 |5 2.#57
2 Ml-2 I z PA-10 40016986 | 3.1FS 1B [N Slieed| O 312
3 MI-3 \ L " H4ool0q91 | 3.169 037 | Midspan | O. 234
4 M2-0 | X 3 4001033 | 3.173 [.03 S.Splicec | O- 339
S M2-2 olo) 10 Lebows SOK| 443 ~255¢ | 0.20<] | M. G4 |-0.00004q
L Ma-3 |00 |0 “ H42 -25¢3 | 0.2[K]| 5. - 0.000033
F M3-0 | 30 Locas 2 |T72S0 | 0.208 | 0.005 NS, 0.02F
D M- [ 30 o T+251 0.209 | 0.000 S. " 0.000
Operator B Signature Date Time
Bew. o a0 T 6/2 /12 290 PM
Checked by Signature Date Time
AN Tz L — (.2-l 7740 g
Checked by Signature Date Time
Notes:
12-1
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b bhbby bk b & i AN Y YV
North T T T
T O® rRIRH ¥ 4 ® 4 &% f T 7%
| 2@10=20 | 4@5=20 10@10=100 | 4@5-20 _1.2@10=20 |
47 k—i‘*———-‘ 48 | | )
5 Front o 46
16 ft.
Specimen A -|
Behavior of Lap Splices of No. 11 Drawn by: | R¥Y . | Checked by: M“\
Reinforcing Bars Date: ‘ / 2 / 12

12-2
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Project: Tests to Determine the Instrumentation Documentation v.1 specimen: _ A- L
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet | of |
Data Acquisition System: .
Channel # : Gain Excitation V. Sensor S.N. Sgr;‘;i‘ti/v\i’tz/ ZeEo“ a?fset Location %zé‘:r:rigr?'g
O MI-0o| 3.333 | PA-20 [3HO080 | -6.19F |- 1F.04 |N.Overtiang| 2.F90
| M-I | t “ 3HO09BI | —6.16F |- [*+.31 |s. * 2.307F
2 Mi-2 l d PA-I0 |40010986 | 3.1F5S .26 N SheCd | O.F6
3 M1-3 t " " 4001099 | 3.169 0.%2 Muckspon 0. 260
4 M2-0 l g “ 4ol 0983 | 3,133 0.99  |S.SpleeCd | O 311
S M2-2| 100 10 Lebow SOK| 443 | -255¢ 0.30] |N. 64 |-0.0000¢0
6 Ma-3| 100 |10 “ 442 | -2563 | 0.2[K] |s. " |-0.00003¢
+ M3-0 | 30 Locas 2 | T2250 0,203 | 0.004 ). Sepport | O.013
3 M3-1 l 30 N TF+2S| 0.209 |-0.004 |5, -0.025S
Operator Signature Date Time
PR P 00T 5/31/12 S0 PM
Chf.'cked by Signature Date Time
KAm Z. L §-31-12 5" 30
Checked by Signature Date Time
Notes:
12-3
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YT i b o 4 b bhbbi s
TR ¥XARFF X ¥ SR A L Lk
| 2810=20 | 4@5=20 | 10@10=100 ,4@5=20 | 2@10=20
47 k—-&"’k—-‘ 48
5 E&— Front 0 46
161t
‘ Specimen A- 2
 ABORATORY Behavior of Lap Splices of No. 11 Drawn by: | BYI2 | Checked by:| pA
PURDUE UNIVERSITY Reinforcing Bars | Date: s/z1/12

12-4
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O
Project: Tests to Determine the Instrumentation Documentation v.1 Specimen: A- 3
Behavior of Spliced #11 Bars (Rev. 04/01/2012) | Sheet 1 of |
Data Acquisition System: ] ~ B s/a4/i 2
Channel # Gain Excitation V. Sensor S.N. SE:I:It/IV\I;y] Zercoﬁ.\g%et Location .%C:r‘r'lzr’neesng
O Mi-0| | 3.333 | PA-20 [371009%0 |-4.19F | —195 F43|N. Overlng| 2.313
M- ! “ ) 371009%1 |-6.16F | - |13 |s. “ 2.73%F
2 Ml-2 l " PA -10 |400109%¢ | 3.17#S L1910 Splice bl O 376
3 M1-3 | Z ‘ Hoolod9al | 3.169 0.90 | Midspaun | O-233
4 M2-0 ! " : Hool09%% | 3.133 .15 |S.SplveEad| O: 362
5 Ma-2| 100 10 Lelbow SOK| 443 2556 | O.2[K]| N.G.d |-0.000034
(¢ M2-3| oo (O " 442 -2563 | O0.2[k]| s, -0 . 00003
7 M3-0 ! 20 Loces 2 |TF250 | 0.208 |-0.003 | N.Seppert [-0.016
3 M3-1 [ 30 ! J 425 0.209 |(~o.00!l |s, ™ -0.00%
Operator Signature Date Time
BPR e F 7t s/29/ia g:20 pM
Checked by _— Shgtigrdre Date Time
T NLH, ::’:%@ S.29. 112 94-10
Checked by - (_signature” Date Time
Notes:
12-5
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b b bhbbt b b & & i b b bl dhbdsd b
North T T
T B EH F ® A4 4 % sqw %
'_2_@10=20 7!_ 4@5=20 7!_ 10@10=100 !‘4@5=20 !‘2@10=20 !
47 “ Back -9 48
“5é Front - 46
16 ft.

Specimen A —3

BORATORY Behavior of Lap Splices of No. 11 Drawn by: %PVZ Checked by:| A/
PURDUE UNIVERSITY Reinforcing Bars
Date: slaaa

12-6
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» O »
Project: Tests to Determine the Instrumentation Documentation v.1 Specimen: A-4
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet 1 of |
Data Acquisition System:
Channel # Gain Excitation V. Sensor S.N. ge?ﬁtllzgy Zero}g set Location Comn?e{??—
O Mi-0 l 3.333 | pA-20 |2 00970 ~¢.19F | - 1F.03 N.Oveduay| 2. 75F
| M- | L v 2100931 |- 6.16F |-1745 |5 v |2.930
2 Mi-2 1 " PA-I1O 40010936 | 3.1F5 | .22 |M.Slee.|0.333
2 ML-3 l " ‘“ dooloddr | 2.169 | 0.9 Midspan| 0. 27|
4 Mao| | T © laooio9s3] 2.33 | 1.05 |5, S £.|0.332
S M2-2 100 10 |lebowS0K] 943 | -255¢ |0.803%Y M. |-0-00cos¢
6 M2-3| (00 1O z 42 | -2563 | 0.3[K]|S.Ed |-0.0c0ss
F M3-0 ( 30 Locas 2 |[U7250 | 0.203 |0.00F |N. Seppat| 0.035
3 M3-| | 30 ) J32S| | 0.209 |-0.00%+ |5. " |-0.03%Y¢
Operator Signature Date Time
XA a2 6[7/1 10130 PH
Che(‘:ked by Signature Date Time
KA Sl — (-7-1Z 030 g
Checked by Signature Date Time
Notes:
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25884-000-30R-C01 R-OOOOZ; Rev. 000, Sheet 579 of 595

TN z b b 4 b ddihdd b b

North T T
T % wRARHF F ¥ H 4 ¢ 5 wereer 71 %

| 2@10=20 | 4@5=20 ) 10@10=100 |.4@5=20 | 2@10=20 |

47 & Back *® 43 - )

Py Front . -® 46
16 ft.
Specimen A -4
TORY Behavior of Lap Splices of No. 11 Drawn by: \@\DK Checked by:| AN
PURDUE UNIVERSITY Reinforcing Bars Date: 6 /;}' /) 2
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PN
{ 3
|

25884-000-30R-C01TR-00002, Rev. 000,.Sheet 580 0f 595

(f( :

L
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SUMMARY

Six girders containing pairs of 79-inch unconfined lap splices of #11 reinforcing bars were tested by
loading them to a deflection beyond yield load to develop laminar cracks, unloading, and then loading
them to failure. Concrete compressive strength ranged from 5200 to 5900 psi at time of test. Measured
yield stress of the bars was 65 ksi.

The testing showed that crack widths of as a much as 0.05 inches can be achieved while maintaining the
full yield capacity of the #11 reinforcement with 79-inch long splices.

OBJECT AND SCOPE

A series of six reinforced concrete girders with unconfined 79-inch lap splices of Grade-60 #11 bars were
tested to failure to:

- determine the effect of existing laminar cracks (cracks on or near the plane of the splice), on the
capability of the splice to develop the yield stress of the reinforcing bar, and

- to try to establish the maximum crack width that can be reached while maintaining the yield capacity
of the spliced reinforcing bars.

METHOD

Each test girder was initially loaded to beyond yield load to develop laminar cracks, unloaded, and then
reloaded to failure. This report documents the measured load-deflection relationships, the initial and
final widths of the laminar cracks, observed crack patterns, and the reinforcement stresses developed by
the splices. The geometry of the specimens and the test setup were the same as those used in test
Series B documented in our report from 2012 [Sozen and Pujol, 2012] to produce complementary test
results. In the tests done in 2012, longer splices performed better in the presence of existing laminar
cracks. For this reason, the tests described here do not include replicas of specimens in Test Series A
from 2012.

The testing procedure used was similar to the procedure used in 2012. The loading sequences used were
modified (by increasing peak deflection reached before unloading) to create (and measure) laminar
cracks wider than the laminar cracks observed in the initial loading of comparable specimens tested in
2012. Initial loading was stopped at deflections deemed safe for personnel and instrumentation.
Reloading to failure was conducted with reduced instrumentation and from a safe distance.

The profile and cross-sectional dimensions of the 34-foot 4-inch long test girders are shown in Fig. 1.
They measured 17-5/8 inches by 30 inches in cross section. Each test girder contained two contiguous
(i.e. not staggered) splices of length 6 feet 7 inches (56 bar diameters) with a side cover of 3 inches.
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Each test girder was placed on two simple supports at a distance of 12 feet 7 inches from one another
leaving two overhangs beyond each support. Loads were applied on the overhangs at 9 feet 8 ¥4 inches
from the support leading to bending moment distribution shown qualitatively in Fig.2.

The test girders were tested statically with test durations ranging from 3.5 to 5.5 hours and had
measured compressive strengths not exceeding 5900 psi. Yield stress of the reinforcement was
determined to be 65ksi. Unit stresses developed in the reinforcement (at splice end) ranged from 73 to
75 ksi.

MATERIALS

The cross section in Fig.1 shows the arrangement of the spliced bars. Concrete was cast with the bars
near the bottom of the form (and not as shown in the figure that refers to the positon of the bars during
the test) to make certain that the wet concrete would not settle away from the bars. Top cover, as
shown in Fig. 1, was 5 inches and the side cover was 3 inches to have the laminar crack develop in the
horizontal plane affecting the strength of both splices.

All test girders were cast on 2 February 2016 using normal-weight aggregate. Mix proportions by weight
are shown in Table 1. Each girder and associated cylinders were cast using concrete from a single truck.
After casting, the girders were kept under burlap cover for one week. Target air entrainment was 5%.
The age of the concrete and measured concrete strengths at time of test are listed in Table 2.

All reinforcement came from the same heat. As mentioned above the measured yield stress of the
reinforcement was 65 ksi (Table 3).

INSTRUMENTATION
The applied load was measured by load cells with an accuracy of 80 Ibf as listed in Table 4.

Longitudinal and vertical deformations of the concrete surface were measured using OPTOTRAK (a
coordinate tracking system) that had an accuracy of 0.005 inches. The locations of the OPTOTRAK
targets are shown in Fig. 4.

Crack development was recorded by visual inspection. Laminar crack widths were determined using
OPTOTRAK targets at 4 and 8 inches below the top surface of the test girder.

OBSERVED LOAD-DEFLECTION RELATIONSHIPS

The variations of the deflection at mid-span with applied load are shown in Fig. 5 through 10. Initial
loading was continued to a mid-span deflection of 0.4 inches, approximately 4/3 of the deflection at
yield, for test girders C1, C2, C3, and C5 and to 0.5 inches, approximately 5/3 of the deflection at yield,
for test girders C4 and C6. The maximum deflection was observed to be approximately three times that
at yield. Table 5 lists maximum loads and deflections.
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CRACK PATTERNS AT END OF FIRST LOADING

Figures 11 to 16 illustrate the crack patterns observed during the tests. Each figure contains two
photographs. The photograph on top of the page shows the test girder from the south support to mid-
span. The lower one shows the test girder from mid-span to the north support.

HORIZONTAL DEFORMATIONS ALONG LENGTH OF SPLICE

Horizontal deformations along the middle 80 inches at the level of the reinforcement (between
contiguous targets) of the test girders obtained by OPTOTRAK measurements are shown in Fig. 17
through 22. Each figure contains the measurements made during the first loading and to an indicated
load level (not to the maximum load) during reloading. Despite the presence of laminar cracks near
each end of each splice, the increases in deformation indicate that most of the force transfer by bond
developed near the splice ends.

VERTICAL DEFORMATIONS ALONG LENGTH OF SPLICE

Vertical deformations measured over a gage length of 4 inches (using targets above and below the plane
of the bars) and along the central 80 inches of the test girders are shown in Fig. 23 through 28. Figure
25 contains only the data obtained in the south 40 inches because the sensors for the north 40 inches
did not function.

From these plots it is inferred that the stress transfer from bar to bar in the splice took place primarily
over lengths at splice ends of approximately 15-bar diameters. (Once these parts of the splice started
losing their strength and transferring the force towards the remaining portion of the splice, failure
initiated because there was not sufficient remaining length to develop the required force).

Crack widths inferred from the data in Figures 23 to 28 are listed in Table 6. Figure 29 compares the
load-deflection relationships measured for specimens C1 to C6. Whatever the size of the “existing”
crack, all specimens responded in the same manner and developed more than the yield stress.

CONCLUSION

The test results summarized in Table 6 showed that crack widths of as a much as 0.05 inch can be
achieved while maintaining the full yield capacity of the #11 reinforcement with 79” long splices.

REFERENCES

Sozen M., Pujol S., 2012, “An Investigation of the Effect of Laminar Cracks on Strength of Unconfined Lap
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TABLES

Component Weight of Component / Weight of Cement
Cement 1

Fine Aggregate 2.4

Coarse Aggregate (max. size = 1% in.) 2.6

Water 0.55

Table 2 Concrete Strength

Concrete
Concrete Splittin Age of
Test Cast Compressive P . 8 g.
. Test Date Cylinder | Specimen
Girder Date Strength*
(psi) Strength (days)
(psi)
Cl 3/21/2016 5300 500 48
c2 3/28/2016 5200 450 55
Cc3 5900 500
2/2/2016 4/4/2016 62
Cc4 4/11/2016 5700 500 69
C5 4/12/2016 5600 500 70
C6 4/14/2016 5300 400 72
*mean of six cylinder tests
Table 3 Reinforcement

Bar Designation #11

Nominal Diameter, in. 1.41

Nominal Area, in? 1.56

Nominal Perimeter, in. 4.43

Unit Weight, Ibf/ft 5.31

Yield Stress*, ksi 65

*Note: means from tests of three coupons
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Table 4 Sensors

Model Serial
Sensor Type Manufacturer Number Number Location Range | Accuracy
North Load
3175 50K 1176585 Point
Load Cell Lebow oln 50kip | 80 Ibf
South Load
3175 50K 442 Point
North
PA 20 36030715 Overhang 20in. 0.05in.
South
PA 20 45110640 Overhang
String Unimeasure North Splice
Potentiometer PA 10 40010981 End
PA 10 40010984 . * . .
PA 10 40010987 Mid-span 10in. 0.02 in.
South Splice
PA 10 40010979 End
North
LVDT Schaevitz DCEC 250 22439 Support +/-.0.25 0.001 in.
South in.
Schaevitz DCEC 250 22461 Support
Northern Digital PRO Series
Optotrak Inc. 600 - - - 0.005 in.
North
A Overhang
Dial Gage Federal Lin. Dial Mid-span lin. 0.001 in.
Gage
South
Overhang
*Sensor 40010981 was used for C1 and C2, sensor 40010987 was used for C3-C6
Table 5 Summary of Results
Concrete . . Maximum | Maximum Ca.lc. Ca‘Ic.
Concrete o Maximum | Maximum Reinf. Reinf.
. . Splitting . . Moment | Moment
Test Girder | Compressive Applied Midspan . Stress | Stress at
. . Strength . at at Splice .
Designation Strength ; Load Deflection at Splice
(psi) (Tensile) (kip) (in.) Support End Support End
(psi) (kip-ft) (kip-ft) (ksi) (ksi)
C1 5300 500 39.7 0.70 427 419 74 73
Cc2 5200 450 40.0 0.85 430 422 75 74
c3 5900 500 40.4 0.79 434 426 76 74
c4 5700 500 40.9 0.83 439 431 76 75
c5 5600 500 40.2 0.82 432 424 75 74
C6 5300 400 40.7 0.92 437 429 76 75
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Table 6 Summary of Laminar Crack Widths and Lengths

From Optotrak

From Crack Maps

. . Max. Crack
. Max. Mid- Max. Crack Mld-sp.an Width at Maximum Maximum
Test Girder span . Deflection
. . . Width at last Crack Length | Crack Length
Designatio Deflection . at last .
. at Initial Initial readin reading at South at North
. Loading . 8 during Splice End Splice End
Loading N during . .
(in) (107-3in) reload (in.) reload (in.) (in.)
' ' (107-3in)
C1 0.42 42 0.70 90 27 23
c2 0.40 21 0.41 25 22 27
Cc3 0.41 39 0.41 42 23 11
Cc4 0.52 52 0.50 53 28 24
C5 0.43 54 0.42 57 24 18
C6 0.52 30 0.52 33 22 0
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FIGURES
Load Cell
t 2 #11 N\
‘ f Hyd. Ram B
— 2'-6" j Tr. Beam

~——0'-8. - 67" — 3 Li 9-85" —

Figure 1 Test Girder Profile and Cross-Sectional Dimensions
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FREE-BODY DIAGRAM ¢

i

I )

SHEAR DIAGRAM

\
\
\
\
\
MOMENT DIAGRAM }
\
\
\
\
\
\

\ Moment Caused by Selfweight

— Moment Caused by Applied Load

Figure 2 Moment and Shear Diagrams
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Figure 3: Locations of Deflection Measurements

e String Potentiometers were used to measure displacement at N Overhang, N Splice End, Midspan, S Splice End and S Overhang
e Displacement measurements were checked using dial gages at N Overhang, Midspan and S Overhang
e Linear Variable Differential Transformers (LVDTs) were used to measure displacement at N Support and S Support
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Figure 4 Arrangement of Optotrak Targets
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Figure 6 Load-Deflection Plot, C2
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Figure 11 Photo C1
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Figure 12 Photo C2
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Figure 13 Photo C3
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Figure 14 Photo C4
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Figure 15 Photo C5
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Figure 16 Photo C6
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C-1

0.05[7"

Horizontal Deformation [in.]

Distance to Midspan [in.]

----- 0in., 0 kip

— 0.08 in., 14 Kkip

%% 0.16 in., 23.2 Kip

— (0.24 in., 31.5 kip

eee 0.321n., 35.6 kip
«+ 0.40in., 37.5 kip

First Loading

40

Horizontal Deformation [in.]

C-1 Reload

0.05[;

Distance to Midspan [in.]

xxx 0.16 in., 0 kip
- (.24 in., 12.4 Kip
eoe 0.32in., 23 kip
+++ 0.40in, 35.9 kip

Reload

Figure 17 Horizontal Deformations, Load and Reload, C1

Note: Data series are labeled using midspan deflection and average load applied at ends
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Horizontal Deformation [in.]

C-2

0.05)

—-40 -20 0 20 40

Distance to Midspan [in.]

----- 0in., O kip

— 0.08 in., 14.1 Kkip
x> 0.16 in., 22.8 kip
= (.24 in., 31.1 Kip
eee (0.32in., 35.9 kip
«++ 0.401in., 37.1 Kip

First Loading

Horizontal Deformation [in.]

C-2 Reload

0.1

0.05]

— 40

Distance to Midspan [in.]

xxx 0.16 in., 0 kip

- (0.24 in., 14.6 kip
eee (0.321in., 25.8 kip
«++ 0.40in., 36.7 kip

Reload

Figure 18 Horizontal Deformations, Load and Reload, C2

Note: Data series are labeled using midspan deflection and average load applied at ends
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0.1

0.05)

Horizontal Deformation [in.]

Distance to Midspan [in.]

----- 0 in., 0 kip

—— 0.08 in., 15.2 kip
%% 0.16 in., 23.6 kip
= (.24 in., 32.6 Kip
eee 0.32in., 36.6 kip
<+« 0.40in., 37.5kip

First Loading

Horizontal Deformation [in.]

C-3 Reload

0.1 ]

0.05(%

—-40 -20 0 20 40

Distance to Midspan [in.]

xxx 0.16 in., 0 kip
— 0.24 in., 14.1 kip
eee 0.321n., 25.4 kip
+++ 0.40in., 36 kip

Reload

Figure 19 Horizontal Deformations, Load and Reload, C3

Note: Data series are labeled using midspan deflection and average load applied at ends




APPENDIX B: Purdue Phase Il Test Report

25884-000-30R-C01R-00002, Rev. 000, Sheet 28 of 168

Horizontal Deformation [in.]

C-4

Distance to Midspan [in.]

----- 0in., O kip

— 0.08 in., 15.2 kip
»%x¢ 0.16 in., 23.8 kip
= 0.24 in., 32.6 kip
eeo 0.32 in., 36.6 kip
*++ 0.40in., 37.8 kip
g2 0.50 in., 39 kip

First Loading

Horizontal Deformation [in.]

C-4 Reload

0.1

0.05

Distance to Midspan [in.]

= (0.24 in., 0 Kip
eee (0.321in., 14.5 kip
««+ 0.40in., 25 kip
g2 0.50 in., 35.1 kip

Reload

Figure 20 Horizontal Deformations, Load and Reload, C4

Note: Data series are labeled using midspan deflection and average load applied at ends
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Horizontal Deformation [in.]

c-5 C-5 Reload

0.1 .

0.05F* 3 0.05rg

Horizontal Deformation [in.]

—-40 -20 0 20 40

Distance to Midspan [in] Distance to Midspan [in.]

----- 0in., 0 kip

— 0.08 in., 15.5 kip
»xx 0.16 in., 24.4 kip
— 0.24 in., 33.3 kip
eee 0.32 in., 36 kip
«++ 0.40in., 37.2 kip

xxx 0.16 in., 0 kip

= 0.24 in., 13.9 kip
eee (0.321in., 24.8 kip
«++ 0.40in.,, 35.1 kip

First Loading Reload

Figure 21 Horizontal Deformations, Load and Reload, C5

Note: Data series are labeled using midspan deflection and average load applied at ends
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Horizontal Deformation [in.]

0.1

0.05fs

Distance to Midspan [in.]

----- 0in., 0 kip

— 0.08 in., 14.5 kip
%% 0.16 in., 23.7 kip
= (.24 in., 32.6 kip
eee 0.32in., 36.2 kip
*++ 0.40in., 37.3 kip
g2 0.50 in., 38.5 Kip

First Loading

Horizontal Deformation [in.]

0.1

0.05/

C-6 Reload

Distance to Midspan [in.]

- (.24 in., 0 Kip

eee (0.321n., 13.2 kip
<+« 0.40in., 24.6 kip
a2 0.50 in., 36.7 Kip

Reload

Figure 22 Horizontal Deformations, Load and Reload, C6

Note: Data series are labeled using midspan deflection and average load applied at ends
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C-1 C-1 Reload

60, T T T 60 T T T

Vertical Deformation (10”-3in.)

Vertical Deformation (107-3in.)

Distance to Midspan [in.] Distance to Midspan [in.]
----- 0 in.,p kip _ xxx 0.16 in., 0 kip
— 0.08 in., 14 klp_ — 0.24in., 12.4 kip
»%¢¢ 0.16 in., 23.2 k!p eee 0.321in., 23 kip
- (.24 in., 31.5 kip +++ 0.40 in., 35.9 kip

eeo 0.32 in., 35.6 Kip
+++ 0.40in., 37.5 kip

First Loading Reload

Figure 23 Vertical Deformations, Load and Reload, C1

Note: Data series are labeled using midspan deflection and average load applied at ends
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C-2

60 T T T

40r T

Vertical Deformation (107-3 in.)
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Distance to Midspan [in.]

----- 0 in., 0 kip
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»xx 0.16 in., 22.8 kip
— .24 in., 31.1 Kip
eoe (.32 in., 35.9 kip
«++ 0.40in., 37.1 kip

First Loading

Vertical Deformation (107-3in.)
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*xx 0.16 in., 0 Kip

- 0.24 in., 14.6 kip
eee 0.32 in., 25.8 kip
«++ 0.40in., 36.7 kip

Reload

Figure 24 Vertical Deformations, Load and Reload, C2

Note: Data series are labeled using midspan deflection and average load applied at ends
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C-3 C-3 Reload
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|
Vertical Deformation (107-3in.)
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xxx 0.16 in., 0 kip

= (0.24 in., 14.1 Kip

eee 0.32 in., 25.4 kip
+ 0.40in., 36 kip

----- 0in., O kip
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»xx 0.16 in., 23.6 Kip
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First Loading Reload

Figure 25 Vertical Deformations, Load and Reload, C3

Note: Data series are labeled using midspan deflection and average load applied at ends
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Vertical Deformation (10"-3 in.)
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=2 0.50 in., 35.1 kip
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Figure 26 Vertical Deformations, Load and Reload, C4

Note: Data series are labeled using midspan deflection and average load applied at ends
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Vertical Deformation (10°-3 in.)
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Figure 27 Vertical Deformations, Load and Reload, C5

Note: Data series are labeled using midspan deflection and average load applied at ends
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Figure 28 Vertical Deformations, Load and Reload, C6

Note: Data series are labeled using midspan deflection and average load applied at ends
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Figure 29 Comparison of Load-Deflection Relationships
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Appendix 1, Pg 1 of 12

{
Project: Tests to Determine the Cylinder Compression Tests Documentation v.2 Specimen: C/ 7‘65+ dm
Behavior of Spliced #11 Bars (Rev.04/01/2012) Sheet 1 of 2
Diameter [nearest 0.01 in.] Length [nearest 0.05 in.]
Specimen Date Time of Test Wet/Dry Gl P max [104] Fracture Type
1 2 1 2 3 (1-6)
1 3/27//G il:55 Dy 57;‘75 L[0T j>* 00 [2.05 j2.60 /51, Gog £
" . J . il p E . . < 4
2| 3la)ie | 11°57 | Dy 593 (.05 | 2wos | j2oo 1200 |j51425| 4
“2 ' 5o a¢ J - 4 £
3 3(2ifi6 |03 Dy 5% (.45 /2.06 | [2.60 i2.00 | 194778 3
iy J —
4 3 ]lp |i2:07 | Dy %93 (o4 12, 12,00 (Zoo  |J49.38 | 5
Y .
5 3/11//6 12:¢2 Dey 5,93 602 VL) 2,00 i2.90 /56, 020 S
i T ] J . "9
6 21]lc |12:15 Dey 5,93 G.04 12,00 1200 (2.00 /57,955 | &
] J
S/N of Testing Machine: ﬁ‘r,\m{ 99 058
Recorded by: v Signature Date Time
YES N ¢ . R
Linsed  Skilban e 3/2if16 249
Checked by: P Signature Date Time
RN
Jaciar S S 4(@_/ oz 1L 12319
Checked by: yU Signature Date Time
S PuoL —A > el SYEEVIE 9 Am.
Comments: J ’
*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,0001b¢/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f'.) calculated on sheet 2 of 2.
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A

(Rev. 05/14/2012)
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Specimen: C /

Appendix 1, Pg f2 of12

Jes £ doay

%heet 1of2

specimen Date Time of Test Wet/Dry Diameter [nearest 0.01 in.] Length [nearest 0.1in.] b b Fracture
end middle end 1 2 Sketch
v Sfaie | 5T | D | 593 | G5 | 6.9 | [2.00 [12.01 |897¢5 | (D
2 | 3fzfie 1608 | om qsﬁz £,02 | ¢.ot [12.06 |i7.02 [52,335] (P
2 | 3f2ifie |t 04 | B\93 |RAT | 04 [tzei |12.65 |57975| (D
* | Sfufieliotiz | 0w [33) 597 |6oH )220 | nO[ [¢35%¢| @)
5 3Jzifi6 | 8:23 D,_,J] 294 | §98 éj‘?g J1.9% 12.01 |44989 @
i 3 7 . j ; PN 5 e > 45 ; 2 ]
s 1 3fzi/1b is:32 543 152% |G.o4 202 | /206 [|4397¢
S/N of Tésting Machine: %"\'u’\ 7?() 5 %
Recorded by: J Signat%rr,e) Date Time
Konge DEun = 2 /21 i 10:33
J Checked by: ] - _Signaturg Date Time
Wiee powsgss W%@W) 321/ 0L 10 135
Checked by: ‘ Signature - - Date Time
$. Pujeb 0«4—;5%,%9(/ 3/22/ e 9 A M
Comments: ] }
*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,0001Ibs/min at a concrete age of 28 days and on same day that the test of the corresponding specimen
is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength {f,) calculated on sheet 2
of 2.
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Appendix 1, Pg 3.0f 12

Specimen: CZ ‘7[8'5'IL J&:j

Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet 1 of 2
specimen Date Time of Test Wet/Dry Diamiter [nearest O.;)l in.] 1 Length [nea:zfest 0.05in.] 3 P [Ibg] Fract(titz)Type
1 3/28]ip | fo:69 D..u} 593 C.cY 12 .06 IIKE] (2ot | Y5 E]| ¢
2 fzsfic | pisg P 994 ¢-65 | (L9s [ 286 r2.00 |79 7489 S
3 2fz8fiv | W0l l/)m) 593 (.65 | /L1959 2,22 [z.ee  |[48v /2 =
* [3fzsfic | Nw7 | Dy |5.93 (.63 |f2.2c | 12.e¢c | jpee 143739 | &
5 3f28Nc | il Ny S.93 ¢C.es | 1198 (2.00 120c |lM0%73 | 5
6 12/28016 | Htic | Doy 595 | (o5 | /193 | 1zee | 1145 |isoy33| &
S/N of Testing Machine: 7 Lo 795054
Recorded by: * Signat%‘% Date Time
kmyw] gkr[(,t/{ _ - , — = — ,}/Zg/ié’ /746
*/ Checked by: U/ ; Signature Date Time
Henok Shajpe AT 7 3/59/ 5 9
Checked\éy: Signature Date Time

Comments:

compressive stress (f'.) calculated on sheet 2 of 2.

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,000!b,/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
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Project: Tests to Determine the A Cylinder Split Tensile Tests Documentation v.1 Specimen: CZ 7[65% 0/0%/
Behavior of Spliced #11 Bars (Rev. 05/14/2012) ., theet 10f2

(56 day)

Appendix 1, Pg f} of 12

) ) ' Diameter [nearest 0.01 in.] Length [nearest 0.1in.] Fracture
Specimen Date Time of Test Wet/Dry " e " ) " Poax [1b4] Sketch
1| 3/2801 [ 832 D 599 | g0 | Cos | [0 |12.00 |5769¢ | ()
2 329/l |8:37 Dy $73 (.oY C.GS /2 L2 | 5572
> Blesji |82 | P 1593 [Ges [ces | 12 12 |42,137
© [3/zsfie (E4e | Dey 1593 | Cooz | (.08 | 12 12 |5e¢v8 | (T
> |3[28/10 |8:52 Dy 1695 | ces |cos | 12 12 593269 \
s 137016 185¢ | 0D 1593 | 663 | (e | 12 Y5747
S/N of Testing Machine: lEﬂu’A{ ‘7‘“{0;(3*
Recorded by: J Signature /7 Date Time
Kinse Sk, e 3/28/16 707
Che{ked by: ' // — Signature Date Time
*'/rwyft., %ﬁwd\ % i ””“ 3/ '30/ (6 § 47
Checked by: Y Signature Date Time

Comments:

*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,000Ib;/min at a concrete age of 28 days and on same day that the test of the corresponding specimen

is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength (f) calculated on sheet 2
of 2.
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Project: Tests to Determine the
Behavior of Spliced #11 Bars

Cylinder Compression Tests Documentation v.2

25884-000-30F

Specimen:

Appendix 1, Pg /50f 12

Cs

e ;

(Rev. 04/01/2012) Sheet 1 of 2
Specimen Date Time of Test Wet/Dry Diameter [nearest 0.01 in.] Length [nearest 0.05 in.] P llbd] Fracture Type
1 2 1 2 3 (1-6)
1 Yslie | 717 Dy 264 (o2 | i2.08 200 | e 166509 | (¢
7 / i P ] > .
? 7/5//6’ AVAL Dy 593 G.04 [2.00 /35 {2,600 /45’2,.;)7 5
> g/5/16 17:33 Doy 5.99 ¢.05 12.00 ] s\ jrg307 C
S w5k | 737 | by ( Gy (.03 | e s L ins |33 | 5
: = 7 T - T ‘
5 4/5/i¢ 7 Y1 Ny 5,93 (.0 12,05 /2.00 iZos |\WZ2/1272| &
6 Yejpe 1196 | Oy 5.14 Cof | 1200 j2.00 205 | G727/ | 5
S/N of Testing Machine: 7 /;f%&q
Recorded by: / Signature Date Time
Uinser;  Skitlen S *@“z/yf — W5/ e 7250

Checked by: Signature Date Time
Sam_Worriy MJ@% VAL 074

Checked foy: uSignature Date Time

Comments:

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,000lb,/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of

corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f' .} calculated on sheet 2 of 2.




APPENDIX B: Purdue Phase Il Test Report 25884-000-30R-CO1 I%E-OOOOZ, Rev. 000, Sheet 43 of 168

Appendix 1, Pg 6-of 12

Project: Tests to Determine the Cylinder Split Tensile Tests Documentation v.1 Specimen: C 5
Behavior of Spliced #11 Bars (Rev. 05/14/2012) Sheet 1 ofg
Diameter [nearest 0.01 in.] Length [nearest 0.1 in.]
Specimen Date Time of Test Wet/Dry g Prmax L10¢] Fracture
end middle end 1 2 Sketch
t e {7049 | Da |59 | for | Ged | iz | (2 | Fgroé
-5, ! . J ., s - N 5 £
2 v/g//@ 8o | Uy |6.97 | ¢oz | ¢es |12 12 68967
3 ff/>/w g.056 D 559 (.03 [.64 /2 4 A39/¢
e ® ) j - N ;o bd & 7
: Yshe 19%° & D’b; 595 G0 (.05 [ /2 92549
5 sl | i Ibfvu 595 G.0] (.03 /2 A 53347
[P . ) ‘ . e
6 yfshe 1§:1% | Doy | 597 ¢ |coz |1 /7 30127
: ) J
S/N of Testing Machine: gg,
Recorded by: Signature Date Time
L/fw?w NAE% W ‘//5‘//’(? 8%
Cheéked by: Slgnature Date Time
Yy ry
Spn sz Yy A Ser)s E722
Checked by. (/ Signature Date Time
Comments:
*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,0001b;/min at a concrete age of 28 days and on same day that the test of the corresponding specimen
is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength (f,) calculated on sheet 2
of 2.
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Project: Tests to Determine the
Behavior of Spliced #11 Bars

Cylinder Compression Tests Documentation v.2

25884-000-30R-CO1 R-00002, Rev. 000, Sheet 44 of 168

Specimen:

Appendix 1, Pg 7.of 12
}{,

CY

%

(Rev. 04/01/2012) Sheet 1 0f2
Diameter [nearest 0.01 in.] Length [nearest 0.05 in.
Specimen Date Time of Test Wet/Dry g ] P max L1D4] Fracture Type
1 2 1 2 3 (1-6)
1 qlifie | 9:20 Dy 5.4 G0y 1200 1.0 jas | 61357 | 3
: H / - / gt pm o n 9 . - N &l
2 | Yfufie 1927 Dy 594 | s | [z | i2e /95 1659/ | 5
3 Lf/il‘/{é §:39 Doy 5.9% G0k 17 v i7.ic i7.65 /'é 2577 5
— 7 . .
4 L//”/(é (AR Dey, 5.9 (.63 /[ 15 12.60 17.co o799 s
[ J
. . . i . . . . , - i o)
5 Hlfie 19 H¢ Do 59y | f.oz (95 | ite (15 siy7s | 3
P4
6 dinlic 19052 Dy 57y (.6t [1.65 i2.¢0 (96 6o 17 | 3
S/N of Testing Machine: - ‘/.;;,ij G G058
Recorded by: / Signg;;ire Date Time
Kf\ﬂ%’«l Skl\(({ﬁa’] ' ;C/"y'/:%’é L//////é 7-55
bhecked by: =~ Signature Date Time
Checked by: Signature Date Time
Comments:
*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,000Ib;/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f'.) calculated on sheet 2 of 2.
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Project: Tests to Determine the Cylinder Split Tensile Tests Documentation v.1 Specimen: CL/
Behavior of Spliced #11 Bars {(Rev. 05/14/2012) Sheet 1 ofg
Specimen Date Time of Test Wet/Dry Diameter [nearest 0.01 in.] Length [nearest 0.1 in.] b b Fracture
end middle end 1 2 Sketch
1 4/it 14 P~ ¢.0Y G 6i 5.95 {2 /2 59505 | (O
e i
2 1/ifig By  |(¢03 5,99 | 514 Iz 12 46887 >
s |9 Oy [Got | 541 | 505 | 12 1z 2w | (D
R/ T bay | (02 | 595 | 5.4y | 1z 12 |pasa | (D
s | Wl Do lCey | s5¢ 593 |12 i lgzsor | CD
v » 7 ‘ . L . [
6 dfitfie | 1046 Dy (.09 599 | £.9% |Z )2 Y1,/5 | Q,
Recorded by: Slign% Date Time
jlf\f@@l Skil len Q;v"’”@ o // ///' & /05
Checked by: = Signature Date Time
Term SFRAGC T gkl i /e 5o
Checked by: < Signature Date Time
Comments:

of 2.

*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,000lb/min at a concrete age of 28 days and on same day that the test of the corresponding specimen
is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength {f.) calculated on sheet 2
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Appendix 1, Pg 9.of 12

w,
Project: Tests to Determine the Cylinder Compression Tests Documentation v.2 Specimen: Ce
Behavior of Spliced #11 Bars (Rev. 04/01/2012) Sheet 1 ofg
Di t 0.01in. L h 0.05in.
Specimen Date Time of Test Wet/Dry lameter [nearest in ength [nearest in Prax [1b¢] Fracture Type
1 2 1 2 3 (1-6)
1 Yiefie | €95 | Py | Coy 2,93 | J2oo 095 | s 7909 | 5
' j (s : ’/ ¢ o N PRy PEFRE -
2 ufinfig | 8150 by | 6.03 s.95 | g5 | ios | ss |jaxvzz | 5
- — 7

3 fizfie | 856 Dy ¢co2 | 599 12,00 | 2o | 2ec  |los73 | 5
A lifi, | 9309 hay .03 5,493 |25 fr.ec | 1205  |jpZbo iy

i l' IR ’j Y 4 )« .a -
> Hfizfie | 7:ie Dry G.oY 5,99 /195 /2.0 (250 /61 387 =

7 2 /
6 {fidfiy | 9145 Doy C.oz | 5,93 /2.5 (2,1 /205 A8, 7269 | ¢
S/N of Testing Machine: / ?%rﬂ—éfvj 7?4?5(?

Recorded by: - Signatu;y Date Time

Kinsey  SElleq T Y2/ ¢ 922 pm
/ Checked by: Signature Date Tim&e
Checked by: Signature Date Time

Comments:

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,0001b,/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of
corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f'.) calculated on sheet 2 of 2.
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25884-000-30R-C01 R-OOOOZ, Rev. 000, Sheet 47 of 168

Appendix 1, Pg 10-of 12

Project: Tests to Determine the Cylinder Split Tensile Tests Documentation v.1 Specimen: C_,Sﬂ
Behavior of Spliced #11 Bars (Rev. 05/14/2012) Sheet 1 of}
specimen Date Time of Test Wet/Dry Diameter [nearest 0.01 in.] Length [nearest 0.1in.] b (ibd Fracture
end middle end 1 2 Sketch
! Bliafie | 745 | Iny coy £97 | 598 | f2.¢0 | jres |55 7 (Q
2 lf/lz//c 8"’00 Z)fti" é:oz 5‘?8 5/?7 iZ*Ud (ZQ@ 5/’?%0@ @
3 ‘»/’Az//g §:07 | Dy (oY 5.9¢ 5.93 [2.cc (200 | 6YY5y @
‘o \uhefie 18243 | by lz63 | 598 | 5.9Y  |izes |2 |ez7as | QD
s [Yfiefic | 9:0 | by cof | 597 V595 | jzes | izes | syrr | ()
6 Winlie 1 §:26 | D~ G0 §.99 599 j2.00 1766 Yobis )
S/N of 1l'esting Machine: 7 /%-%"7 49658
Recorded by: -/Signature Date Time
Kingey Skiflen g 7172(/ % 30 um
J Checked by: N Signature Date Time
Checked by: Signature Date Time

Comments:

of 2.

*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,000lb,/min at a concrete age of 28 days and on same day that the test of the corresponding specimen
is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength {f,) calculated on sheet 2
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Project: Tests to Determine the
Behavior of Spliced #11 Bars

Cylinder Compression Tests Documentation v.2

(Rev. 04/01/2012)

25884-000-30R-C01R-00002, Rev. 000, Sheet 48 of 168

Specimen:

Appendix 1, Pg 1!,.1 of 12

) /

O SsF sy

/ Sheet 1 of}

Specimen Date Time of Test Wet/Dry Diameter [nearest 0.01 in.] Length [nearest 0.05 in.] b llb] Fracture Type
1 2 1 2 3 (1-6)
! T/ivfic | 242 | O G 07 545 j Jiee (260 2.6 | Jy3979| >
2 /AR NARL g G.t3 5.94 [1.99 [2.¢c (1195 | /52777 “
A+ ~ - -
} iifre | 752 O ¢.03% 5,95 R j2.6¢ j2.0c | /50,079 3
7 -
‘| 9ifie | s Dy G | 5.2 | (260 (2.5 | 1295 |/54850 | =
> Ylifs |77 59 O,/ 603 5949 |1l.95 /95 1:95 | JG7riz | S
s \ufwfic 1005 | D’ leos | 599 |rzeef | izes | szeo /55080 | 5
S/N of Testing Machine: J f—;/m/i’.? 9908 &
Recorded by: ’ Signature/ Date Time
,é/rk%w SE( G S 7/11//¢ 1016 s
’Checked by: - ._,«/P Signature Date Time ’
Checked by: Signature Date Time

Comments:

*Cylinders to be test per ASTM C-39-12 and C-1231-10a with a loading rate of 60,0001b;/min at concrete ages of 3, 7, 14, 28 days, and on same day that test of

corresponding specimen is conducted. Specimens and caps free of defects unless otherwise noted in comments. Average cylinder diameter and area and unit
compressive stress (f'.) calculated on sheet 2 of 2,
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¢ 5
% i

Cylinder Split Tensile Tests Documentation v.1

25884-000-30R-C01R-00002, Rev. 000, Sheet 49 of 168

Specimen:

Appendix 1, Pg 12-of 12

CC

s 4 c/tw

Behavior of Spliced #11 Bars (Rev. 05/14/2012) Sheet 7of3
specimen Date Time of Test Wet/ory endDiameter :::;:t 0.01 in.]end Lenlgth [nearest 0.12in.] b by F;Sc:;e
1 y/;-y// ¢l 970 Doy [ 05 5.99 5,95 1Z iz §3528 (7?}
> \9ifie 145 | oy | ges | gooe | 599 | 12 2 g7 | )
s yfiffe | 778 | e [ Goz |gor |59y | iz 12 \wres | (D
© he 123 | 0w | coy | 598 sy | 1 12 sivws | (D
5 L{va//g f:28 Dy G003 | 5,97 | 5.97 /2 /L |35570
5 |4/ifle {232 D lewr | 595 [s92 /2 )7 yos¢o | (V)
S/N of Testing Machine: 7 /;:f?’Léaf Vi3
Recorded by: /Signature Date Time
Kiser i lfe, =g W/ 9 "0
7" Checked by: ' “ C——Zignature " Date Time
Checked by: Signature Date Time

Comments:

*Cylinders to be test per ASTM C-496-11 with a loading rate of 15,000lb;/min at a concrete age of 28 days and on same day that the test of the corresponding specimen
is conducted. Specimens free of defects unless otherwise noted in comments. Average cylinder diameter and area and splitting tensile strength (f,) calculated on sheet 2

of 2.
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Project: Tests to Determine the

25884-000-30R-C01R-00002, Rev. 000, Sheet 50 of 168

Form 3

Casting Documentation v.1

Appendix 2, Pg 1 of 18 o

Specimen: C’/ '

Behavior of Spliced #11 Bars {Rev. 03/30/2012) Sheet 1 of |
General Information
Date Disp Ticket Num Truck No. Time on Ticket Time of Arrival Temp. in Lab
Feg 02,2016 | 1152207 1987 0947 Jo: 02 59

Measurements made upon arrival of concrete

Slump (ASTM C143 - 10a)

Air Content (ASTM C231 - 10)

Time, Result, Time, Result, S/N of Air Meter
500310 LS256 JIAR2
- 10:13 79, Jo: 2] Lzofy |77 6
¢ Time, Result, Time, Result, S/N of Scale N
oS | 7h" 10239 L1 oo H 2802360
Unit Weight (ASTM C138 - 10b) ]
Time, Wt. of Cont., Total Wt. 1 Wt. of Conc.4 Result; = Wt. of Conc./Vol. of Cont.
~ Tp 2 L
0219 guclb | hsdBn| e |PPF Lo = ub8
Time, Wt. of Cont., Total Wt. , Wt. of Conc., Result2 = Wt. of Conc./Vol. of Coh'g. .
. 7 I Lor]
10238 goclh | 4siool | speclh |25 0asp = b2 57

Times of actions during and after casting

™ Layer 1 placed

Layer 1 vibration

Layer 2 placed

Layer 2 vibration

Top surface struck

Truck Departing

complete complete off Lab
C 10 2& | 020 lo: 46 o4& 0:¢9 10:56
Lifting Inserts Covered with Plastic removed Covered with Burlap doused Covered with
Placed plastic ° burlap with water plastic
— + 5 % !-; 3. % :
10, £9 2!5% H:35 50 5,05 .
Recorded by Signature Date Time
" 2.
JAsAL € SAI) W/}, 02/0 //,4 Ly
Checked by \"'Signature Date Time
A \
Checked by Signature Date Time
Comments:
)
corc wsz@ Wiy = )0 F
& c,ﬁ(,(m&v