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IMPLEMENTATION

The research documented in this reports shows that 0.6-inch diameter prestressing strand can be used in pretensioned
prestressed concrete beams with a strand spacing of 2 inches on center. The tests of normal strength and high
strength concrete beams ( J¢=7200 and 13,340 Psi) showed excellent performance with no splitting in the
transfer length at the four beam ends tested. The fact that the transfer length (Avg. L; = 226 in.) and the
development length (La) = 72 inches) were less than AASHTO equations led to approval of 0.6-inch strands at 2-
inch spacing for the North Concho River Bridge. FHWA, in May 1996, extended this approval to other bridges

Prepared in cooperation with the Texas Department of Transportations and the U.S, Department of Transportation,
Federal Highway Administration.
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the data presented herein, The contents do not necessarily reflect the views of the Texas Department of
Transportation. This report does not constitute a standard, specification, or regulation.
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seven-inch web. A composite slab 7.5 inches thick by 72 inches wide was constructed on top of each
beam. The beams had design strengths of 4300 psi at release of the prestressing force and 7000 psi at 28
days. The composite slab had a design strength of 6000 psi at 28 days.

Transfer length was determined by measuring the concrete strain at the center of gravity of the
prestressing strand at the bottom of the beams. From concrete strain measured at the release of the

prestressing force the transfer length of 0.6-in. strand was 21.0 to 24.0 inches with 22.6 inches average
for the four ends.






CHAPTER ONE

INTRODUCTION

1.1 Background and Problem Definition

The use of 0.5-inch diameter prestressing strands at 2-inch spacing in precast prestressed concrete beams
has been used for many years with good results. In order to take advantage of the new high-strength
concretes (£ > 10000 psi), the use of 0.6-inch diameter prestressing strands at 2-inch spacing has been

® The use of 0.6-inch diameter strand in a pretensioned application shal] not be
allowed.

®* Minimum strand spacing (center to center) will be four times the nominal strand
diameter

® Development length for all strand sizes up to and including 9/16-inch shail be
determined as 1.6 times the AASHTO equation,

determined as two times the AASHTO equation,

lengths of 0.6-inch diameter strands spaced at 2-inches. In order to accomplish this task, two normal-
strength concrete beams were designed with a composite cast-in-[lace deck of the size and strength
needed to reach a strain in the prestressing steel of about 3% to 3.5%. The beams were made Jong
enough to conduct two tests per beam, one at each end. The test beams utilized the I-shaped Texas C
shape which has similar characteristics of the Type IV beams which are utilized for the North Concho
River Bridge Project in San Angelo, Texas. Although the bridge uses high-strength concrete for its



beams, this study will provide more information for transfer and development lengths in normal strength
concrete beams. A study using companion beams with high-strength concrete is reported by Michael
Braun [18].

1.3 Topical Outline of the Presentation

Chapter Two summarizes previous studies conducted on the subject of transfer and development length.
The test program is described in Chapter Three, and the results are presented in Chapter Four. A
discussion of the results and the conclusions are presented in Chapter Five and Chapter Six, respectively.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

2.2 Nature of Bond of Prestressed Reinforcement

There are two types of bond stresses in pretensioned prestressed concrete:  transfer bond stresses and
flexural or development bond stresses. The first one is responsible for transferring the forces from the
strands to the concrete, The second one plays a very important role developing the increase in strand
tension due to applied loads.

strands. This normal force activates a frictional force between the two materials. This friction acts
against any relative movement of the strands with Tespect to the concrete, therefore the force restrains the
pretensioned strand and holds i in tension.

Mechanical Interlock — Seven-wire strands have a center wire larger than the outer six wires which
wrap it firmly in a helica] form. The hardened concrete provides perfect encasement for the strands,
Therefore, they cannot shorten with respect to the concrete without twisting. Movement is resisted by
the narrow, raised parts of the concrete surface in contact with the strands,




2.2.2 BoND STRESSES

Two types of bond stresses occur in prestressed concrete. The first is referred to ag transfer bond
stresses, and the second as flexural bond stresses or development bond stresses.

Flexural bond stresses play an important role after cracking because they are responsible for developing
the increase in strand due to external loads applied to the member. Prior to cracking, any increase in load
does not significantly affect the stresses in the strands. Once a crack forms, the steel stress increases
dramatically at that location. J anney [2] observed that there is little interaction between the transfer bond

Development Length
Transfer Length ’ Flexural Bond Length

IF AF

7 2]

4] fps_fse

i

2 Y

E)' A

3 e
f

Distance from free end of strand
Figure 2. | Steel stress vs. Distance Jrom free end of strand



Hanson and Kaar [3] explain that bond failure is attributed to reduction of the diameter of the strand in
the transfer region. When flexural bond stresses reach the transfer zone, they increase the stress of the
strand, so its diameter is reduced and the strands tends to slip.

Russell and Burns [4] observed that bond failure occurred when cracks propagated across the transfer
zone, reaching the position of the strands,

2.3  Definitions

At this point it is convenient to give some definitions about transfer length, flexural bond length,
development length and embedment length.

Transfer length is the distance needed for the strand to transfer its effective prestressing force to the
concrete. It can also be said that transfer length is the length of bond from the free end of the strand
(where the stress is zero) to the point where the prestressing force is fully effective.

are applied to the member. Development length is taken as the algebraic sum of transfer length and
flexural bond length.

The beginning of bond in fully bonded strands is located at the ends of the beam, while in debonded
strands it is located where the debond ends. In order to prevent bond failure, the embedment length
should be larger than the development length.

2.4 Factors Affecting Transfer and Development Length

There are many factors that affect transfer and development length of prestressing steel. The most
important factors are:

1. Type of steel (e.g. wire, strand, etc.)
Diameter of the steel
Steel stress level

Surface condition of the steel

Type of loading

2

3

4

5. Concrete strength
6

7. Type of release (e. g. flame cut or slow detensioned)
8

Confinement



9. Time-Dependent Effects
10. Consolidation and consistency of concrete around stee]
11. Cover and spacing

A detailed discussion of each point can be found in papers written by Burdette et. a. [5], Cousins et. al.
[6], Hanson [7], Kaar et. al. [8], Mitchell et. al. [9], and Russell et. al. [4].

2.5 Previous Research

There are many experimental programs that have investigated the transfer and development length of
prestressing strands. A brief summary of the most recent research programs is presented below.

pretensioned strands. The project covered the study of transfer and development length for 0.5-inch and
0.6-inch diameter strands. The variables included in the program were: number of strands; size of
strands; debonding; confining reinforcement; and, dimension of the cross section.

beams it was 96 inches. The development length in the rectangular beams was longer than expected due
to strand contamination (with oil) prior to casting. For 0.6-inch strands the development length in
AASHTO-Type beams was 84 inches and in rectangular beams it was less than 78 inches.

Mitchell et al. [9] tested single strand prisms. Concrete strength and diameter of the strands were the
main variables considered in this project. All the results indicated a reduction in the transfer length for
high-strength concretes.

2.5.3  TAWFIQ — FLORIDA STATE UNIVERSITY (1995)

Tawfiq [10] performed field and laboratory tests on full-scale AASHTO Type I prestressed girders. The
diameter of the strands in this test program was 0.5 inches. The transfer length, as well as the shear
capacity of high-performance concrete girders, was investigated. The concrete strength and the amount
of shear reinforcement were the two variables considered in this project. It was found that the transfer
length was inversely proportional to the compressive strength. It seems that the amount of shear
reinforcement did not affect the strength of the beams in this project. Most of the test girders failed in




2.5.4 RUSSELL AND PAULSGROVE — UNIVERSITY OF OKLAHOMA (1995)

Russell et. al. [14] tested rectangular beams in flexure to determine the development length of 0.5-inch
diameter strands. Three different types of failure were distinguished: flexural, bond and hybrid. The
hybrid type of failure was selected for those specimens that reached their ultimate moment but
experienced substantial end slip.

Development length tests were performed in sixteen 6-inch x 12-inch rectangular beams. Because these
tests are just a portion of a large experimental project, only preliminary results are available.

2.6 Equations for Transfer and Development Length

2.6.1 ACI318 AND AASHTO CODE EQUATIONS

The ACI 318-95 [11] and AASHTO [12] codes have very similar requirements for development length of
prestressing strands. In both codes there is a provision for a minimum embedment length, which is

12.9.1 — Three- or seven-wire pretensioning strand shall be bonded beyond the critical section for
a development length, in inches, not less than

prs '"?'fse}'db

where dy is strand diameter in inches, and f,s and ., are expressed in kips/in2,

12.9.2 — Limiting the investigation to cross sections nearest each end of the member that are
required to develop full design strength under specified factored loads shall be permitted.

where the first term represents the transfer length of the strand and the second term represents the
additional flexural length of bond required to develop an increase in strand tension due to external loads
applied to the member.

The ACI and AASHTO codes do not specifically state a transfer length requirement. However, Sections
11.4.4 of the ACI Code and 9.20.4 of the AASHTO Specification suggest that when calculating V., a
transfer length of 50 times the strand diameter can be considered. This assumption is just a
simplification of the transfer length term of the general equation for development length presented above.

The ACI code defines Vew as the nominal shear strength provided by concrete in the web when diagonal
crack results from excessive principal tensile stress.



Researchers have proposed several equations for transfer and development length of prestressing strand.
Table 2.1, which was taken from Gross’ thesis [13], presents some of them. Most of these equations
were developed empirically, based on experimental results. It is very difficult to say which is more
accurate or which is the begt because there are too many variables that affect the transfer and
development length of prestressing steel, and one of the equations take into account a] of them. There is
some indication that there may have been differences in the surface conditions for strands used in these
studies, leading to differing transfer and development lengths.



Author Year Transfer Length Development Length
M
ACI 318/ AASHTO 1963 I =%'db Ly=L, +(fps _fse)'db
L; =50-4,
Martin & Scott® 1976 | L, =80-4, I 135
Jps S———.| == 131]L <80-d
ps = 1/6 e = b
80- db db
135 0.39.L
JIps £ + £ L,>80-4
ps d;/ﬁ d, e b
Zia & Mostafa 1977 L,=1.5-&-db—4.6 Ld=Lt+1-25‘(fpu“fse)'db
ci
Cplés)ins, Johnston & [ 1990 I U;-./ e Astrand
Zia t_hz,B L= +(f iy ) T-d
yIsi Aswrang | 74T T Ups " se AN
- dy Ul f
Russell & Burns® 1993 1 =S J My, >L, -V, Fully Bonded
t =, '4dp
2
Ly +L
2o Ly My Debonded
Span 2 M,
Mitchell et. al.® 1993 fo-d 3 45
L =28""b /*, Ly=L, +(f,s~f cdp - [
t 3 fci t ( ps se) fc,
gltlltr;‘i:latte, Deatherage & | 1994 L= % 4 Ly=L, +150. ( Fps = fse)'db
Buckner (FHWA) 1994 L= 1250 fi; - d,, Ly=1L, +2"(fps ‘fse) -dj,
EC
L=%5ig | /l=(O.6+4O-8Ps)or(0.72+0.102»—ﬂ—lj
3 @p
(L0<2<20)

" Second equation for Transfer Length is from shear provisions of ACI 318, Section 11.4

® Martin & Scott’s Development Length equations limit fys as a function of I,

® B =300 (psi/in) on average; U’,and U 4 are functions of strand surface conditions

® Russell & Burns’ Development Length equations are based on preventing cracking in the transfer zZone
— L= Length of debonding for debonded strands.

® f5 and £/ in kip/in®,
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CHAPTER THREE

TEST PROGRAM

3.1 Introduction and Scope of Tests

Characteristics of the test specimens were:
* 54-foot beam
¢ 0.6-inch diameter prestressing strands
® normal strength concrete (fZ =7000 psi)
* fully bonded strands
® slab cast in place
* minimum cover and strand spacing (two inches)

The dimensions of the Type C beams were maintained but the number of strands and shear reinforcement
were calculated by Carlos Cérdova and Michael Braun in May, 1995. The beams were cagt in July,
1995, at Texas Concrete Company in Victoria, Texas. Both beams were shipped to the Phi] M. Ferguson
Structural Engineering Laboratory at The University of Texas at Austin in November, 199, The
composite slabs were then cast in place prior to testing for development length.

This chapter explains the design and fabrication of the test specimens. It also contains information about
the instrumentation and test setup for the transfer length measurements and development length tests.

3.2 Specimen Design and Designation

3.2.1 SPECIMEN DESIGN
=:4:1__ OPECIMEN DESIGN

The Texas Type C beam has the following dimensions (See Figure 3.1):
® total height = 40 inches

11



*  width of top flange = 14 inches
® average thickness of top flange = 7.75 inches
* width of web = 7 incheg

*  width of bottom flange = 22 inches

row (top flange), as shown in Figure 3.1, Table 3.1
gives the number of Strands per row.

Table 3. 1 Position of the Strands
Row Designation | # of Strands per Row The four top strands in Rows C and D were added in
order to reduce the high tensile stresses that are
A 10 developed at the top of each end during transfer of the

3 I ; prestressing force,
M% The beams were designed to ensure that the strain in the

C prestressing stee] at flexural failure was at least the
D D) guaranteed minimum elongation of the strand (3.5%).

72”

la—

=

7.5”

407

® 0.6” diameter Strands
® No. 4 diameter bars

7.5

row B 3 .l "
7
rowA "= ﬁ?????”’i : _JL
22!9
Figure 3, | Specimen crogss Section (south end)
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Enough shear reinforcement Wwas provided to avoid shear fajlure. Two Grade 60 U-shaped #4 bars at four
inches were used at both ends for a distance of 12 feet. Then one Grade 60 U-shaped #4 bar at four
inches was used for the rest of the beam. Additional reinforcement (confinement steel), as shown in
Figure A.1, was placed in the anchorage zones to resist splitting stresses due to the transfer of the
prestress force. All the strands were fully bonded along the length of each beam. The contractor’s
drawings for the test beams may be found in Appendix A.

Each beam was designed for two tests. A fixed support was placed at midspan. The fixed support
divided the 54-foot beam in two equal spans. The length of the beam was determined based on possible
embedment lengths for each side. The 27-foot span allowed a maximum embedment length to be tested
of 13 feet causing insignificant damage to the other span. These four totally independent tests for

development length were obtained from the two normal strength concrete beams fabricated for thig
project.

322 SPECIMEN AND TEST DESIGNATION

Strength Concrete 2) at casting. Each end was designated based on its orientation in the place they were
cast (for example, NSC-1-NE refers to the north-east side of the first beam). Table 3.2 shows the
experimental test designations.

Table 3. 2 Experimental Test Designations
Test Designation | Test Number | Beam End Embedment Length (in)
1-NSC-1-8-120 1 NSC-1-S 120
2-NSC-1-N-93 2 NSC-1-N 93
3-NSC-2-S-78 3 NSC-2-8 78
4-NSC-2-N-72 4 NSC-2-N 72

3.3 Material Properties

3.3.1 PRETENSIONING STRANDS

The 0.6-inch diameter Grade 270 low-relaxation seven-wire strand was used as pretensioning
reinforcement in the test specimens. The nominal cross-sectional area is 0.217 square inches, which is
41.8% larger than the 0,153 square inches nominal area of the 0.5-inch diameter strand. The nominal
diameter of the 0.6-inch strand is only 20% larger than the nominal diameter of the 0.5-inch strand.
Therefore, the increased load capacity of the 0.6-inch strand results in higher bond stresses per unit

length of strand. These higher bond stresses may produce anchorage slip and/or splitting cracks parallel
to the strand.

13



tests were performed, one by the manufacturer and four by the researchers of this project. The results of
all the tests are summarized in Table 3.3,

3.3.2  CONCRETE

The concrete used for the two beams was batched and mixed on-site at the prestressing plant in Victoria,
Texas. The design concrete strength at release and at 28 days was 4000 pst and 7000 psi, respectively., A

The concrete used for the two slabs was batched and mixed at Capitol Aggregates in Austin, Texas, and
shipped to the Ferguson Laboratory. The design concrete strength at 28 days was 6000 psi. Two sets of
cylinders (4x8-inch and 6x12-inch) were cast from the concrete corresponding to each slab, The
cylinders were cured under the same conditions as the slabs and tested in compression at different ages.

Tables 3.6 and 3.7 give values of concrete strength at different stages for both beams and slabs. Some
values were estimated using a linear interpolation between known (measured) values. Plots of
compressive strength versus time are located in Appendix B (Figures B.5-B.7).

3.4 Fabrication of Beams

The beams were fabricated on July 11 and 12, 1995, at Texas Concrete Company in Victoria, Texas.
During the first day and part of the second day the strands were pretensioned and placement of the mild
reinforcement took place. In the afternoon of the second day, formwork was erected and both beams
were cast in place. The next day the formwork was removed and the strands were released.

Table 3. 3 Tensile Tests on Prestressing Strands
Test Ultimate | Ultimate Load at 1% Strain Stress at 1% Strain | # of wires broken Ultimate Strain
Load Stress (Ib) (ksi) (%)
(1b) (ksi)
1 59800 275.6 53900 248.4 6 8.5
2 59300 273.3 53700 2475 2 8.7
3 59550 274.4 52000 239.6 3 8.1
4 58300 268.7 52750 243.1 3 8.2
Average | 59238 273.0 53088 244.6 35 8.4
SWAI 60600 279.3 56500 260.4 o 9.2

14



Table 3. 4

Concrete Mix Design Jor Beams

Material Quantity/yd3 of Concrete

Type I Cement 452 1b.

Fly Ash (Type F) 122 1b.

Water 203 1b.

Coarse Aggregate (3/4-inch rock) 1885 1b.

Fine Aggregate (sand) 1264 1b.

Retardant 5.7 oz.

Air-entrainment 4.59 oz.

High-Range Water Reducer 69.0 oz.

Pollyheed 344 oz,

Table 3. 5 Concrete Mix Design for Slabs
Material Quantity/yd® of Concrete

Type I Cement 517 1b.

Water 250 Ib.

Coarse Aggregate (3/4-inch rock) 1869 1b.

Fine Aggregate (sand) 1355 1b.

Retardant 20.7 oz.

Table 3. 6 Concrete Strength Jor the Second Specimen
NSC-2-Beam NSC-2-Slab
Specific Time 4-inch cylinder 4-inch cylinder 6-inch cylinder

At Transfer 4360
First Test 7280@ 65179 65329
Second Test 72220 67700 66551

" Measured value
@ Estimated value

Table 3. 7 Concrete Strength for the First Specimen
NSC-1-Beam NSC-1-Slab
Specific Time 4-inch cylinder 4-inch cylinder 6-inch cylinder
At Transfer 43609
First Test 7180 70009 7008
Second Test 7194@ 69759 7045

M Measured value
@ Estimated value
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3.4.1 PRETENSIONING PROCEDURE

Each strand was cut at an approximate length, then
placed in the bed and anchored at the dead end
(north end) using individual chucks. At the live end
(south end) a hydraulic jack was used for
pretensioning the strands (one by one) to an initial
stress of 202.5 ksi (0.75 o).

34.2 Mnp STEEL PLACEMENT
2.7«  WVILD STEEL PLACEMENT

Placement of the stirrups began after the last strand
was pretensioned. All of the pieces of reinforcement
for stirrups and other unstressed bars (Figure 3.3)
were securely tied to prevent movement when
concrete was placed.

3.4.3 FORMWORK

The contractor used steel forms in the fabrication of
the beams. Before the forms were placed in position,
dust was removed from the bed using compressed air
(Figure 3.4). The steel forms and the bottom of the
bed were lubricated with oil (Figure 3.5). transverse
steel pieces were used every few feet to maintain the
separation and increase the rigidity of the forms. For
the ends, the contractor used pieces of plywood as
forms.

3.4.4 PLACEMENT AND CURING OF CONCRETE

Concrete was mixed at the on-site batching plant and
transported in buckets to the prestressing bed. A
crane lifted the bucket over the beam and the concrete
was poured inside the forms (Figure 3.7). Small
vibrators attached to the sides of the forms were able
to move along the forms vibrating the concrete.
Interior vibrators were also used to consolidate the
concrete.

The concrete was cast in the afternoon on July 11,
1995. The weather was hot and dry, with an
approximate temperature of 100°F. Because of the
intensive heat, temporary shelters were held over the
beams by cranes during the casting operation. After
casting was completed, the beams were covered first

16




with burlap and then with heavy cotton blankets
completely soaked with water to aid in curing the
concrete.

3.4.5 RELEASE OF PRESTRESS FORCE

The day after casting (July 12, 1995), concrete
cylinders were tested to ensure that the compressive
strength at transfer was met. Then the formwork was
removed and initial measurements were taken for
transfer length on both ends of the beams, Section
3.5 explains in detail the procedure used - for
measuring transfer length.

iling of the béttom of the bed

After the initia readings for transfer length were taken, the release of the prestress force began. The
contractor slowly decreased the tension in the strands. Once the total force was transmitted, the strands
were flame-cut at a point approximately 18 inches
from the ends of each beam (Figure 3.9)

Fi igur

3.5 Transfer Length Measurements

Transfer length measurements were performed by
measuring strains at the center of gravity of the
bottom strands, on the outside surface of the concrete
along the end region of each beam. The concrete
strains were measured and plotted with respect to
distance from the end of the beam. From the
resulting profile, the transfer length was determined.

Fure 3.6 Formwork

3.5.1 INTRUMENTATION FOR TRANSFER LENGTH MEASUREMENTS

Concrete strains were measured with detachable
mechanical strain gauges (DEMEC gauges). In order
to use these gauges, it is necessary first to install
DEMEC points. The DEMEC points are stainless
steel discs with a machined hole in the center. The
DEMEC points were glued along the side faces of the
end regions of the test beams using epoxy. Points
were placed at two-inch (50 mm) spacing along the
center of gravity of the bottom strands. The DEMEC
gauge was used to precisely measure the distance
between two DEMEC points approximately 8 inches
(20 mm) apart (See Figure 3.10). Initial (before
transfer) and final (after transfer) measurements were

Fi igur 3.7 Placement of concrete
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taken for each set of points. To ensure an accurate
measurement each distance was taken twice. If the
readings were not within two gauge divisions (16
microstrains), a third one was taken. All readings
were recorded manually on a data sheet and then
transferred to a computer. To get the strain profile
for each end of the beams, the difference between the
initial and final readings was plotted with respect to
length along each end side (east and west) of the
beam. East and west plots were averaged to get just
one plot for each end of the beam (See Figures 4.1 -
4.4).

Figure 3. 8 Lifting of forwrk

3.5.2 ENDSLIP MEASUREMENTS

End slip measurements were taken at both ends of the
beams. Small clamps were attached to each strand
and the distance from the clamp to the face of the
beam was recorded using a micrometer with an
accuracy of 0.0004 inch (See Figure 3.11).
Measurements were taken before and after the
prestressing force was released. The difference
between the two lengths gives the end slip.

3.6 Development Length
Measurements

Tests for measuring the development length were Figure 3.9 Cutting of strands afier release
performed in February, 1996, at the Ferguson

Structural Engineering Laboratory at The University of Texas at Austin. The development length cannot
be measured directly. It requires that the embedment length be varied from test to test. An initial
embedment length is chosen for the first test, then based on the results of this test the embedment length
for the second test is selected. The same procedure is
used for subsequent tests. Failure mode is the
parameter that determines where to go for the next
test; for example, if flexural failure occurs in the first
test, then the embedment length is reduced. On the
“contrary, if bond failure occurs in the first test, then
the embedment length is increased. Following this
procedure the development length can be estimated.

3.6.1 TEST SETUP

The test setup for each specimen included a simply-
supported beam with its cantilever. Each beam was
placed first on two reinforced concrete pedestals (one

Figure 3. 10 Reading of DEMEC points
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Table 3. 8

Development Length Test Setup Parameters
Test Designation Supported Span | Cantilever Length | Constant Applied | Embedment Length
(ft) (ft.) Moment Region (in.)
(ft.)

NSC-1-8-120 27 27 4 120
NSC-1-N-93 27 27 4 93
NSC-2-5-78 27 27 4 78
NSC-2-N-72 27 27 4 72

igure 3.11 End sip mesrements at Figure 3. 12

Linear potentiometers under the
transfer

beam

. 4_‘.\ - “

Test setup for development
length measurements

Figure 3. 13
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at each end). A third pedestal was used to divide the 54-foot
long beam in two equal spans. Neoprene pads with steel
reinforcement were placed on each pedestal as bearing pads.
The load was applied on top of a spreader beam which was
placed at the designed position along the 27-foot simple span.
A 1000-kip ram was used to provide a point load on the
spreader beam as shown in Figures 3.14 and 3.15. The ram
was moved for every test to a new position along the spreader
beam to create a constant moment region in the prestressed
concrete beam (between the load points). The only parameter
that varied for each test was the embedment length.

362 IN STRUMENTATION FOR DEVELOPMENT LENGTH
MEASUREMENTS

Each test was instrumented to measure the applied load, the , CeERehe !
beam deflection, strand end slip and concrete strains. An f%8ure 3. 14  Typical development
electronic load cell was placed between the spreader beam and length test

the ram to measure the load. Deflection under the beam (Figure 3.12) and end slip (Figures 3.16 and
3.17) were measured by linear potentiometers. Concrete strains were measured on top of the concrete
slab in the constant moment region of each test, Figure 3.15 shows the location of the electronic
resistance strain gauges on top of the slab. Two pair of DEMEC points were also installed as a back-up
system. During the tests, the concrete strain was checked periodically to be sure that it was below 0.003.

Figures 3.13 and 3.14 show a typical loading condition. The embedment length was varied from test to

est while the span was kept constant for all tests. A distance of 48 inches between the load points of the
spreader beam was selected and it was kept constant for all tests. All of the electronic equipment and
instruments were tested and calibrated in advance.

3.6.3 END SLIP MEASUREMENTS

Linear potentiometers were used for end slip
measurements. A linear potentiometer was attached
to each strand. Because the potentiometers need to
bear on a smooth surface in order to get accurate
measurements, long rectangular plastic plates were
glued to the concrete surface (Figures 3.16 and 3.17).
Each linear potentiometer was connected to the data
acquisition system, Readings were recorded at each
load interval.

Figure 3. 15

Location of strain gagues on top
of the beam
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3.6.4 TEST PROCEDURE

Before any load was applied to the specimen, all the
electronic gauges were calibrated by inserting a block
of known thickness. Following calibration of the
electronic gauges, the computer was reset, so all the
readings were set to zero. Initial readings were also
taken for the dial gauges and DEMEC points.

Load was applied in increments of 40 kips until the
formation of the first flexural or shear crack. After
first cracking, the increment was reduced to 20 kips b
until the loss of the member’s stiffness was evident. ‘
From this point up to failure, the load was applied in i U] B i gl
deflection increments. The load versus displacement Figure 3. 16  End slip instrumentation
was recorded on a plotter (Figure 3.18). (bottom flange)

Readings of all the instruments were taken at every

increment of load. Flexural and shear cracks were also marked at every stage. The test continued until a
flexural or bond failure occurred, Flexural failure was accepted to have taken place when the strand
strain was at least 3.5%. This strain indicates a very ductile behavior. Bond failure would take place
when large end slip of one or more strands happened with a significant loss of the beam capacity. It was

desired not to destroy the beams because of safety reasons and to minimize the damage when testing was
performed for the other span.

After the beam had failed, the load was removed in three or four steps. All readings were taken at each
stage. All the data was stored onto a floppy disk for later reduction,

Figure 3, 17 nd slip
instrumentation

H “

Figure . 18  Load vs. displacement
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CHAPTER FOUR

TEST RESULTS

4.1 Introduction

Results of end slip, transfer length and development length measurements are presented in this chapter.
A brief explanation of the method used for data reduction is also described. The results presented in this
chapter are graphs. All the data is located in Appendices D and E.

4.2  Transfer Length Measurements

4.2.1 METHOD OF DATA REDUCTION

Strain measurements were taken with the DEMEC strain gauge at each face of the four beam ends. The
procedure used was described in Section 3.5.1. All the data was first recorded on paper and then
transferred to a computer spreadsheet. The data was then manipulated using the procedure described in
this section.

lengths.

_ Strain,_; + Strain,, + Strain,,

Strain,,
3

4.2.2 MEASURED STRAINS AT TRANSFER

The smoothed strain profiles at transfer for ajl four beam ends are shown in Figures 4.1, 4.2,4.3, and 4.4
Data for these figures is given in Appendix D. After the force was transferred, two readings were taken
at different times. The first reading was taken immediately after transfer, while the second reading was
taken after six months. It can be seen that in all cases the shape of the curve remained the same;
however, all curves moved upwards due to creep and shrinkage strains in the concrete.
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Figure 4. 1 Smoothed strain profile for south end of NSC-1 beam

1600
1400
1200

1000

Strain x 10°¢
-]
3

600
400
200 ——07/11/95
—-01/08/96 i
0
0 10 20 30 40 50

End Distance (in)

Figure 4. 2 Smoothed strain profile for north end of NSC-1 beam
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All the specimens showed a linear increase I the transfer zone, followed by a smooth plateay. The south
end of the second beam (Figure 4.4) seems to have two plateaus. It was initially thought that
contamination of strands with oil during the fabrication process could have caused this unusual behavior,
This theory was discarded after the development test performed at that end showed insignificant end slip
for most of the strands, Therefore, the second plateau is probably a mistake in the initial transfer length
measurements.

4.2.3 MEASURED END SL1p AT TRANSFER
T == LRD OLIP AT TRANSFER

strength was significant,

The maximum applied load for each test is reported. This load does not include the self-weight of the
beam or the weight of the Spreader beam. The maximum net deflection and the residual net deflection
for each test are also reported. Net deflection is defined as the measured maximum deflection minus the
measured bearing compression. The residual net deflection is the permanent deflection of the beam after
the specimen is completely unloaded. For each test a plot of load versus deflection is presented.
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Figure 4. 3 Smoothed strain profile for south end of NSC-2 beam
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Figure 4. 4 Smoothed strain profile for north end of NSC-2 beam
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Table 4. ]

NSC-1-South

Average End Slips

0.0709

NSC-1-North 0.0685
NSC-2-South 0.0787
NSC-2-North 0.0799

Al A2 A3 A4

Figure4. 5

Al A2 A3 A4

Figure 4. 6

Measured end slips at transfer Jor NSC-1-South end

A5 A6 A7

Measured end slips at transfer Jor NSC-1-North end

A5 A6 A7 A8 A9 Al0 B1

B2 B3 B4

Strand Label

A8 A9 Al0 B1

B2 B3 B4

Strand Label
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Figure 4. 7 Measured end slips at transfer Jor NSC-2-South end
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Figure 4. 8 Measured end slips at transfer Jor NSC-2-North end
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An approximate maximum strand elongation for Row A is reported for each test. The elongation is
calculated assuming that changes in strain in the concrete are the same in the steel and that the strain
distribution is linear over the depth of the beam,

432 TEest 1-NSC-1-Souts - 120
—=e— Dol 1N C-1-S0UTH - 120

Figure 4.9 shows a plot of applied versus net deflection. The first flexural and shear cracks appeared at 3
load of 460 kips with a corresponding net deflection of 0.22 inches. The specimen started losing its
stiffness after a load of 470 kips. The maximum applied load wag 674 kips with a maximum net

deflection of 2.44 inches. The corresponding maximum moment at the critical section was 3680 kip-ft,
The unloaded Specimen displayed a permanent net deflection of .69 inches.

The maximum crack width at ultimate load was 0.13 inches. This crack was located on the west side,
within the constant moment region, at a distance of approximately 11.5 feet from the south end of the
beam.

The electronic resistance strain gauge that measured the maximum compressive strain of 0.00292 was
located midway between the two load points. A maximum average compressive strain of 0.00286 was
recorded for the two gauges located near the north load point.

The first crack in the slab became visible at a load of 645 kips. Several cracks reached the slab at
ultimate load. The average depth of the neutra] axis measured from the top fiber of the slab was 3.81
inches.
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Figure 4. 9 Load vs. deflection Jor Test 1-NSC-] -South-120

depth of the neutral axis, was 3.7%. This elongation was calculated replacing the strands of the bottom
flange with an equivalent strand located at their center of gravity. The equivalent strand is located at
2.75 inches from the bottom face of the beam.

Mmeasured end slip of 0.00626 inches.

row B and stopped just after crossing it. This crack did Not reach the bottom face of the beam and it
seemed to have no significant effect op the development of the prestressing strands,

4.3.3 TESTZ-NSC-I-NORTH—93
2oL £-INSC-1-NORTH-93

Based on the results of the first test, an embedment length of 93 inches was selected for this second test.
The constant moment region and the length of the simple span were not changed. The failure of this
Specimen was also classified as flexural in accordance with the criteria explained in Section 4.3 1.

Figure 4.12 shows a plot of applied load versus net deflection. The first flexural and shear cracks
appeared simultaneously at a load of 545 kips. The corresponding net deflection was (.30 inches. The
specimen started losing its stiffness whep it cracked. The maximum applied load wags 757 kips with a
maximum net deflection of 2.42 inches. The corresponding maximum moment at the critical sectjon was
3690 kip-ft. The unloaded specimen displayed a permanent net deflection of 0,74 inches.
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Figure 4. 10 Cracking pattern Jor Test 1- NSC-1-SE-] 20

Figure4. 1] ¢ racking pattern Jor Test 1-NSC-1-Sw-] 20
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Figure 4. 12 Load vs. deflection for Tes; 2-NSC-1-North-93

The maximum crack width at ultimate load was 0.15 inches. This crack was located on the east side,
within the constant moment region, at a distance of approximately 9.5 feet from the north end of the

The electronic resistance strain gauge that measured the maximum compressive strain of 0.00263 was
located near the south load point. A maximum average compressive strain of 0.00254 was recorded for
the two gauges located near the north load point,

The first crack in the slab became visible at a load of 706 kips. Several of the flexural cracks extended
into the slab at ultimate load. The average depth of the neutra] axis measured from the top fiber of the
slab was 3.63 inches,

The approximate strand elongation, based on the maximum average compressive strain and the average
depth of the neutral axis, was 3.5%. This elongation was calculated replacing the strands of the bottom
flange with an equivalent strand located at their center of gravity. The equivalent strand is located at
2.75 inches from the bottom face of the beam.

Although the measurements indicated an Increase in the end slip of the twenty strands, they were still
insignificant, Top strands in rows D and C registered movements up to 0.00142 and 0.00214 inches,
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434 TEST3—NSC—2—SOU’IH—78
=221 9N -2-SOUTH-78

The embedment length for this third test was reduced to 78 inches. The constant moment region and the

length of the simple span were maintained. The failure of thig specimen was again classified ag flexural
In accordance with the criteria explained in Section 4.3.1.

The maximum applied load was 84] kips with a maximum net deflection of 243 inches. The
corresponding maximum moment at the criticg] section was 3690 kip-ft. Once the beam was completely
unloaded, the Permanent net deflection was 0.73 inches.

The first crack in the slab became visible at a load of 755 kips. As in Previous tests, severa] cracks
extended into the slap a¢ the final load. The average depth of the neutra] axis measured from the top fiber
of the slab was 3.31 inches.

The approximate strand elongation, based on the maximum average compressive strain and the average
depth of the neutral axis, was 3,79, This elongation was calculated replacing the strands of the bottom
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Figure 4. 15 Load vs, deflection Jor Test 3-N§. C-2-Sourh-78
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flange with an €quivalent strand located at thejr center of gravity. The equivalent strand is located at
2.75 inches from the bottom face of the beam.

Larger end slips were recorded in this test. The maximum end slips for rows D,C, Band A were
0.00200, 0.00009, and 0.02781 inches, respectively. Stand Bg had the maximum end slip of 0.004970
inches,

respectively. Once again cracking was we]] distributed in and around the constant applied moment
region. Many shear cracks extended to the bottom face of the beam. Severa] of them crossed the transfer
zone of the strands in Tows A and B. These cracks seemed to have no effect on the development of the
prestressing strands,

4.3.5 TEST4-NSC—2—NORTH—72
==L E=NSC-2-NORTH-72

The maximum crack width at ultimate Joad was 0.11 inches, This crack wag located on the west side,
within the constant moment region, at 5 distance of approximately 6.5 feet from the north end of the

depth of the neutra] axis, was 3.6%. This elongation corresponds to an equivalent strand located at 2,75
inches from the bottom face of the beam.

End slip measurements after fajjure of the beam are not presented becauge they do not have any meaning,
Before failure, the maximum end slip for rows D, C, B and A were 0.00305, 0.00206, 0.05527 and
0.03615 inches. Strand B3 was the strand that experienced the most end slip before failure.
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Figure 4. 18 Load vs. deflection, Jor Test 4-NS C-2-North-72
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Figure 4, 20

Figure 4, 21

Cracking pattern Jor Test 4-NSC-2-NE-72

Cracking pattern for Tegt 4-NSC-2-NW-72
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y. Crac
great concentration of shear cracks occurred near the north end. Many shear cracks reached the bottom
face of the beam and most crossed the transfer zone of the Strands in rows A ang B. Although the width
and distribution of these cracks could have affecteq the development of the Prestressing strands, po
Significant effect was noted.

4.3.6 SUMMARY OF RESULTS
—=—=MMARY OF RESULTS

following the carrying of a flexural failure moment capacity. The top fiber concrete strain was above
0.0025 for ayg tests. The average elongation of the bottom strands was aboyt 3.5%. No significant end
slip was recorded in any of the testg before failure, Only some strands in the Jagt test suffered large end
skips as a consequence of the compression styut failure. The four specimens demonstrated ductile
behavior with cracks wel] distributed both within and outside the Constant moment region,
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Table 4. 2

Summary of Development Length Test Resulss

Section (kip-ft)
Maximum Net
Deflection (in)
Maximum Top Fiber
Strain (in/in)
Maximum End Slip
Before Failure (in)

Approximate Strand
Elongation (%)

Test 1-NSC-1-120 2-NSC-1-93 3-NSC-2-78 4-NSC-2-72
Failure Type Flexural Flexural Flexural Comp. Strut
Maximum Applied 674
Load (kips)
Moment at Critical

0.00292

0.02269 0.04970 m

0.00626
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Figure 4. 22 Compression strut in concrete

Figure 4. 23

Compression strut failyre
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CHAPTER FIVE

DISCUSSION OF TEST RESULTS

5.1 Imtroduction

Results of end slip, transfer length and development length tests are analyzed in this chapter. End slip
measurements are used for predicting the transfer length of the strands. Results of transfer and
development length reported in previous experimental programs are compared to the results obtained in
this project. Also, the accuracy of several proposed equations for transfer and development length is
investigated. Variables that could have negatively affected the results of this experimental program are
briefly discussed.

5.2 Transfer Length Measurements

5.2.1 DETERMINATION OF TRANSFER LENGTH

strain method will give shorter transfer lengths than the 100% maximum strain method. A simple
inspection of the strain profile gives results as good as the other methods, For inspection of the strain
profile, results are as good as the other methods. For this study it was decided to use a simple inspection

for determining the transfer length in all the tests, Figure 5.1 illustrates the transfer length estimated for
the north end of the first beam (NSC-1-N orth).

Table 5.1 presents the estimated transfer length for all the beam ends. The maximum and minimum

transfer lengths of 22.5 and 20.5 inches correspond to the north and south ends of the second beam. The
average for the four transfer tests was 21.6 inches.

5.2.2 TRANSFER LENGTH BASED ON END S11P MEASUREMENTS
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Figure 5. 1 Transfer length

where Slip is the actual end slip, E, is the elastic modulus of the prestressing strand (28000 ksi) and fy is
the stress in the strand after trangfer (202.5), but
before prestregs losses.

The average transfer length based on the average
measured end slip is 59 less than the average
transfer length obtained from the smoothed strain
profiles. This is to be expected since the actual

5.3. Only the transfer lengths of 0.6-inch
diameter strandsg In normal strength concrete were selected, Burdette et. A]. [5] and Cousing et. Al [6]
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Table 5. 2 Transfer Length Based on End Slip Measurements

Beam End Avg. End Slip (in) Transfer Length (in)
NSC-1-South 0.07087 19.6
NSC-1-North 0.06850 18.9
NSC-2-South 0.07874 21.8
NSC-2-North 0.07992 22.1

Average 0.07441 20.6

Table 5. 3 Transfer Lengths from Previous Research

Researchers £ (psi) Transfer Length (in)
Kaar et. al. (1963) [8] 1660 - 5000 28-52
Cousins et. al. (1990) [6] 4740 - 4750 44 - 68 ©
4190 - 4740 22-39@
Lane (1992) [14] 4330 43 M
26 2)
Russell & Burns (1993) [4] 3850 - 4790 32-46
Burdette et. al. (1994) [5] 4100 - 5450 21-30

™ Uncoated strands
@ Epoxy coated strands with grit
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Several equations from Table 2.1 were used for estimating the transfer length of the 0.6-inch diameter
strands. The valueg found are reported in Table 5.4, The minimum calculated transfer length was 34,2
inches and the maximum was 52.8 inches. The ACI 318/AASHTO equation predicted 5 transfer length
of 35.2 inches which is 56% longer than the average transfer length measured in thig study.

5.2.5 PROBILEMS AND SOURCES OF ERROR
) )

The data clearly show the expected form for transfer length; linear strain over the end region of the
beam, and a plateau following which indicates that transfer is complete. The problems listed aboye were

Table 5. 4 Transfer Lengths from Selected Eg Uations
—EM Transfer Length (in)
ACI318/ AASHTO (11,15 N

Martin & Scot [15]

Zia & Mostafa [17] -_
Cousins, Johnston & Zia [16] W
—z-
Mitchell et. al, [9] “
__
_E_
Note: fie = 176.0 ksi £ = 205.0 ksi

0 Assumed U’ =6.7 for clean strand condition
® Assumed E, = 4000 ksi
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5.3 Development Length Tests

53.3.1 DETERMINATION OF DEVELOPMENT LENGTH

td

as flexural failures were observed, to 93, 78 and 72 inches for the second, third and fourth tests,
respectively. Because no bond failure was observed with the 72-inch embedment length, a precise value
for the development length could not be determined. It can only be stated that, for this project, the strand
development is less than 72 inches. A shorter embedment length would have made a test meaningless for

Table 5. 5 Measured and Predicted Moment Capacities

Test M, (kip-ft) M, (kip-ft) M,../M,
1-NSC-1-120 3680 3660 1.005
2-NSC-1-93 3690 3660 1.008
3-NSC-2-78 3690 3660 1.008
4-NSC-2-72 3600 3660 0.984

5.3.2 MOMENT CAPACITIES

ft. A plot of the moment Vversus curvature and the variation of the prestress force in top and bottom
strands are included in Appendix C. The maximum total moment (including the applied load, the self
weight of concrete beam and the weight of the spreader beam and bearing plates) is reported in Table 5.5
for each of the four tests, In Table 5.5 it can be seen that the values obtained from the tests correlate very
well with the ultimate moment estimated using a strain compatibility analysis. A maximum error
between the two values of less than 2% is reported. Thus the analysis with actual material properties
gives approximately the measured ultimate moment for each of these tests.

The moment-curvature plot in Figure C.1 utilizes the actual load versus train curves (Figures B.1 - B.5)
for the 0.6-inch diameter strand. The behavior of the concrete was modeled using the well-known
Hognestad’s model. Only the actual compressive strength of the concrete slab was used in the mode]
(See Figures b.6 and B.7), because at ultimate the compression is entirely in the slab. It is Interesting to
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Table 5. 6 Development Lengths from Previous Research

Researchers . (psi) Development Length (in)
Burdette et. al. (1994) 5130 - 7980 85
Cousins et. al. (1990) 6640 132 @
64 2)
Russell & Burns (1993) 6360 - 7440 84
7020 <78 @

™ Uncoated strands
@ Epoxy coated strands with grit
@ AASHTO-type beams

“ Rectangular beams ]

5.3.3 COMPARISON OF DEVELOPMENT LENGTH wITH PREVIOUS RESEARCH

Results from previous studies on development length of 0.6-in. diameter strands in normal strength
concrete are summarized in Table 5.6. Burdette et al. [5] and Cousins et. Al. [6] have reported
development lengths from 85 to 132 inches for uncoated strands.

concrete.

5.34 COMPARISON WITH EQUATIONS FOR DEVELOPMENT LENGTH

Several equations from Table 2.1 were used for estimating the development length of the 0.6-inch
diameter strands. The values found are reported in Table 5.7. The minimum calculated development

The development length of the 0.6-in. diameter prestressing strands at two-inch spacing in the fully
bonded normal strength concrete composite Texas Type C beams could not be determined precisely. The
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Table 5. 7 Development Lengths from Selected Equations

Equation Development Length (in)
ACI318/AASHTO [11,12] 96.4
Zia & Mostafa [17] 116.3
Cousins, Johnston & Zia [16] 160.8 ©
Mitchell et. al. [9] 83.3
Burdette, Deatherage & Chew [5] 132.8
Buckner (FHWA) [19] 160.8 @
Note: fee = 176.0 ksi fos = 278 ksi

£ =205.0 ksi fou = 280 ksi
D Assumed U’4 = 1.32 for clean strand condition
@ Assumed A = 2.0

shortest embedment length used in this study was 72 inches, which is the limit to avoid “deep beam”
behavior in the girders tested in this study. The type of failure (compression strut) observed in the last
test demonstrated that shorter embedment lengths cannot be tested.

There were no significant problems during the tests. All strain gauges, linear potentiometers and dial
gauges worked well. At the beginning there were some problems with the hydraulic system (e.g. oil
leakage from connections), but leaks were repaired before continuing with the test.

5.4 Effect of Variables

The variables affecting the transfer and development length of prestressing strands were mentioned in
Section 2.4. although the strands used in this study possessed a “bright” surface (no trace of rusting),
they had excellent bond. During the fabrication of the beams an important factor that contributed to the
excellent bond was that none of the strands was contaminated with oil. Other studies have reported

larger transfer and development lengths because they may have had different strand suppliers and/or
surface conditions might have varied.

The fact that the strands were gradually released for the beams used in this study may have lead to
slightly shorter transfer lengths than for studies with flame-cut strands. The development length might
have also been slightly longer with flame cutting of the strands.

From the beginning of this study it was decided to exclude the possibility of a shear failure in the beams,
thus enough shear reinforcement was provided. The ACI 318 Code limits the contribution of the nominal
shear strength provided by shear reinforcement (V) to a value smaller than 8\ fib,,d . the limit in V,is
intended to prevent non-ductile failures (strut compression failure) from occurring. The shear
reinforcement placed in these beams had a V; equal to 20/ f/b,,d . Based on the results obtained in the
fourth test, it seems that the ACT formula contains a factor of safety of more than two.
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

6.1 Summary

This research focused on the transfer and development length of 0.6-inch diameter prestressing strand at
two-inch spacing in normal strength concrete (NSC) beams. Straight, fully bonded strands were used in
the two beams. Four top strands were used, instead of drooping or debonding some of the bottom
strands, for controlling the high tensile concrete stresses that beams with only straight bottom strands
develop at the ends during the transfer of the prestressing force. Two NSC beams were fabricated at
Texas Concrete Company in Victoria, Texas. The beams were standard Texas Type C sections, which
were 40 inches deep with a 7-inch thick web. Both beams were shipped to the Ferguson Structural
Engineering Laboratory (FSEL) at The University of Texas at Austin where a reinforced concrete slab
1.5 inches thick by 72 inches wide was cast on top of each beam. The beams had design strengths of
4300 psi at release of the prestressing force and 7000 psi at 28 days. The concrete slab had a design
strength of 6000 psi at 28 days.

Transfer length was determined by measuring the concrete strain at the center of gravity of the
prestressing strand at the bottom of the beams. Measurements were taken at the prestressing plant using
mechanical strain gauges (DEMEC gauges). Concrete strains were recorded and plotted with respect to
length. The transfer length was determined from the resulting profile.

Because the development length cannot be determined directly by a single test, an iterative approach was
used. The method required that the embedment length, which is the length of bond from the beginning of
bond to the critical section, be varied from test to test. An initial embedment length was chosen for the
first test, then based on the results of the first test the embedment length for the second test was selected.
The same procedure was used for subsequent tests. Failure mode was the parameter that determined the
embedment length for the next test (e.g. if flexural failure had not occurred in the first test, then the
embedment length would have been increased). Following this procedure the development length was
estimated. Development length tests for these two beams resulted in flexural failure for all four tests
having embedment lengths of 120, 93, 78 and 72 inches.

All tests were carried out at the Ferguson Structural Engineering Laboratory at The University of Texas
at Austin. Applied load, deflections, top fiber concrete strains and end slips were recorded for each of
the four tests. Crack patterns were drawn for both faces of each beam, and the maximum crack width for
each test was recorded.

6.2 Conclusions

The following conclusions can be reached based on data from this project, which involved 0.6-inch
diameter strands with bright (no rust) surface conditions:
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The average transfer length for 0.6-inch diameter strands is 21.6 inches, based on the strain profiles.
End slip measurements taken for the four ends of the two normal-strength concrete beams gave an
estimate of 20.6 inches for transfer length for the same beams.

The development length for 0.6-inch diameter strands with clean surface condition in normal strength
concrete is less than 72 inches. The four tests had ultimate moments within 2% of the ultimate
moment predicted using a moment curvature analysis, actual material properties, and with a strain in
the strands of approximately 3.5%.

Significant end slip for the 0.6-inch strands at two-inch spacing was not observed in any of the four
development tests, even when the development length was only 72 inches.

The ACI 318 / AASHTO equations for transfer and development length predicted values higher than
those determined in this research program. The transfer length estimated by these codes is one and a
half times the average transfer length obtained in this study. The upper bound of development length
determined in this study showed the code equation to be conservative.

Crushing of the compression diagonal strut occurred at the end of the last test (NSC-2-N-72)
following large deformations. The web concrete crushed throughout the shear span at failure.
Analysis of the failure load showed that Ve =204/ f7b,,d was actually reached at fajlure, exceeding
the 8y f/b,d limit of the ACI Code. For this test the ACI Code limit is shown to be quite
conservative,
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APPENDIX A

CONTRACTOR DRAWINGS FOR TEST SPECIMEN BEAMS
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APPENDIX B

MATERIAL PROPERTY PLOTS
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Figure B, 1 Tensile test result (Strand Sample 1)
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Figure B. 2 Tensile test result (Strand Sample 2)
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Figure B. 3 Tensile test results (Strand Sample 3)
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Figure B. 4 Tensile test result (Strand Sample 4)
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Figure B. 5 Concrete compressive strength of first slab
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Figure B. 6 Concrete compressive strength of second slab
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APPENDIX C

MOMENT — CURVATURE ANALYSIS
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APPENDIX D
TRANSFER LENGTH MEASUREMENTS
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4.92

Table D.1. Transfer Length Measurements (NSC-1-South)

0 0 212 504 106 504

6.89 32 532 260 664 146 598 155 606

8.86 84 580 340 852 212 716 213 713
10.83 144 752 420 900 282 826 287 829
12.80 256 876 476 1016 366 946 365 937
14.76 352 1012 540 1064 446 1038 438 1035
16.73 400 1076 604 1164 502 1120 502 1107
18.70 480 1128 636 1200 558 1164 550 1154
20.67 508 1144 672 1212 590 1178 584 1188
22.64 524 1168 684 1276 604 1222 609 1234
24.61 576 1304 688 1300 632 1302 611 1263
26.57 520 1208 672 1324 596 1266 611 1285
28.54 540 1232 668 1344 604 1288 597 1281
30.51 524 1248 660 1332 592 1290 590 1273
32.48 512 1228 636 1256 574 1242 587 1257
34.45 548 1252 644 1224 596 1238 582 1239
36.42 512 1220 640 1252 576 1236 577 1221
38.39 508 1172 612 1208 560 1190 565 1211
40.35 504 1184 616 1228 560 1206 556 1190
42.32 496 1096 600 1252 548 1174 548 1185
44.29 484 1168 588 1184 536 1176 537 1169
46.26 472 1160 584 1156 528 1158 527 1153
48.23 452 1084 584 1168 518 1126 524 1147
50.20 472 1136 580 1180 526 1158 528 1135
52.17 480 1112 600 1128 540 1120
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Table D.2. Transfer Length Measurements (NSC-1-North)

6.89 312 676 252 640 282 658 293 679

8.86 392 848 296 704 344 776 341 767
10.83 432 904 364 828 398 866 402 856
12.80 520 1012 408 840 464 926 461 935
14.76 560 1032 484 996 522 1014 525 1026
16.73 628 1188 548 1088 588 1138 587 1130
18.70 712 1244 588 1232 650 1238 643 1211
20.67 728 1264 652 1252 690 1258 682 1267
22.64 736 1312 676 1300 706 1306 693 1299
24.61 712 1344 656 1320 684 1332 690 1299
26.57 720 1276 640 1244 680 1260 685 1292
28.54 736 1240 648 1328 692 1284 679 1264
30.51 688 1216 640 1280 664 1248 667 1254
32.48 672 1232 616 1228 644 1230 651 1237
34.45 676 1212 612 1256 644 1234 641 1223
36.42 696 1244 576 1168 636 1206 629 1202
38.39 660 1172 552 1160 606 1166 620 1179
40.35 644 1132 592 1196 618 1164 612 1168
42.32 640 1160 584 1188 612 1174 608 1158
44.29 616 1096 572 1176 594 1136 604 1152
46.26 644 1124 568 1168 606 1146 597 1150
48.23 648 1176 536 1160 592 1168 598 1156
50.20 640 1156 552 1152 596 1154 591 1159
52.17 628 1152 544 1156 586 1154
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4.92

Table D.3. Transfer Length Measurements (NSC-2-South)

192

356

548

580 740 386

6.89 568 684 256 488 412 586 426 627

8.86 624 812 336 680 480 746 475 730
10.83 656 976 412 740 534 858 527 803
12.80 688 836 448 772 568 804 584 916
14.76 800 1304 500 868 650 1086 645 989
16.73 856 1176 576 980 716 1078 708 1091
18.70 880 1220 636 1000 758 1110 754 1127
20.67 900 1248 676 1136 788 1192 788 1181
22.64 924 1292 712 1188 818 1240 766 1215
24.61 692 1216 692 1208 692 1212 755 1225
26.57 780 1204 732 1240 756 1222 736 1238
28.54 804 1276 716 1284 760 1280 738 1236
30.51 700 1172 696 1240 698 1206 722 1251
32.48 684 1196 732 1336 708 1266 723 1258
34.45 820 1312 708 1292 764 1302 718 1269
36.42 668 1224 696 1256 682 1240 725 1272
38.39 736 1220 720 1328 728 1274 780 1313
40.35 1176 1628 684 1224 930 1426 866 1390
42.32 1204 1680 676 1260 940 1470 907 1417
44.29 1056 1500 648 1208 852 1354 895 1406
46.26 1144 1612 644 1176 894 1394 881 1383
48.23 1148 1608 648 1192 898 1400 895 1393
50.20 1148 1604 640 1164 894 1384 886 1373
52.17 1088 1532 644 1140 866 1336
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4.92

Table D.4. Transfer Length Measurements (NSC-2-North)

636

144 372 240 192 504

6.89 192 364 288 616 240 490 253 549

8.86 312 644 344 664 328 654 319 636
10.83 380 728 400 800 390 764 395 735
12.80 480 676 452 896 466 786 475 833
14,76 612 896 528 1000 570 948 571 941
16.73 724 960 632 1216 678 1088 667 1079
18.70 808 1208 696 1196 752 1202 751 1204
20.67 876 1344 768 1300 822 1322 795 1285
22.64 868 1356 752 1304 810 1330 818 1324
24.61 880 1352 764 1288 822 1320 821 1349
26.57 896 1412 768 1380 832 1396 833 1381
28.54 920 1428 772 1428 846 1428 832 1413
30.51 868 1384 768 1444 818 1414 821 1414
3248 840 1364 756 1436 798 1400 798 1368
34.45 824 1248 732 1332 778 1290 775 1327
3642 788 1248 712 1332 750 1290 755 1282
38.39 744 1156 728 1376 736 1266 729 1275
40.35 680 1172 724 1364 702 1268 704 1259
42.32 632 1112 716 1372 674 1242 680 1245
44.29 632 1116 696 1332 664 1224 661 1226
46.26 628 1140 660 1284 644 1212 655 1210
48.23 636 1100 676 1288 656 1194 658 1197
50.20 652 1024 696 1344 674 1184 662 1181
52.17 636 1056 676 1272 656 1164
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Table D.5. End Slip Measurements at Transfer

A2 0.0775 0.0402 0.0899 0.0794
A3 0.0844 0.0653 0.0923 0.0653
A4 0.0754 0.0579 0.0775 0.0688
A5 0.0581 0.0775 0.0940 0.0659
A6 0.0525 0.0661 0.0710 0.0671
A7 0.0720 0.0608 0.0821 0.0984
A8 0.0811 0.0655 0.0773 0.0624
A9 0.0616 0.0657 0.0704 0.0726
A10 0.0612 0.0502 0.0739 0.0735
Bl 0.0812 0.0652 0.0761 0.0874
B2 0.0635 0.0576 0.0734 0.0713
B3 0.0508 0.0670 0.0852 0.0759
B4 0.0508 0.0593 0.0728 0.0665
B5 0.0662 0.0648 0.0733 0.0695
B6 0.0622 0.0607 0.0763 0.0772
C1 0.0781 0.0981 0.0878 0.1148
c2 0.0904 0.0951 0.0734 0.0981
D1 0.0869 0.0999 0.0846 0.1145
D2 0.0773 0.0890 0.0648 0.0890

Avg. 0.0708 0.0685 0.0789 0.0798
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APPENDIX E

DEVELOPMENT LENGTH MEASUREMENTS
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Table E.1. Deflection Measurements (NSC-1-South-120)

0 0.000 0.000 0.000 0.000
31 0.055 0.002 0.064 0.027
79 0.089 0.005 0.088 0.049

119 0.116 0.008 0.102 0.068
160 0.141 0.011 0.111 0.087
200 0.164 0.015 0.120 0.104
241 0.187 0.018 0.129 0.121
280 0.209 0.022 0.137 0.138
318 0.232 0.025 0.143 0.157
318 0.233 0.025 0.143 0.157
317 0.233 0.025 0.144 0.157
361 0.257 0.028 0.151 0.177
401 0.281 0.032 0.157 0.196
441 0.307 0.035 0.163 0.217
460 0.329 0.036 0.165 0.237
478 0.374 0.037 0.170 0.280
500 0.421 0.038 0.173 0.326
520 0.478 0.040 0.176 0.380
540 0.553 0.041 0.179 0.453
559 0.633 0.043 0.182 0.531
580 0.740 0.044 0.186 0.635
600 0.849 0.044 0.189 0.743
620 0.989 0.045 0.192 0.881
640 1.192 0.046 0.197 1.082
645 1.300 0.046 0.199 1.189
649 1.407 0.046 0.200 1.295
651 1.511 0.046 0.201 1.399
655 1.620 0.046 0.203 1.507
657 1.725 0.046 0.204 1.611
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Table E.1. Deflection Measurements (NSC-1-South-120)

0.205

1716

660 1.831 0.047
663 1.935 0.047 0.206 1.820
665 2.039 0.047 0.208 1.923
667 2.143 0.048 0.209 2.026
669 2.247 0.048 0.210 2.130
672 2.351 0.048 0.211 2.233
673 2.454 0.048 0.212 2.336
674 2.555 0.048 0.213 2.437
400 1.814 0.039 0.182 1.714
201 1.290 0.023 0.151 1.213
8 0.718 0.001 0.061 0.691
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Table E.2. Concrete Strain Measurements (NSC-1-South-120)

119 -82 -84 -81 -107 -86 -91 -91 -89
160 -110 -115 -110 -143 -115 -122 -124 -120
200 -139 -145 -138 -179 -145 -153 -156 -151
241 -166 -175 -166 -216 -175 -183 -188 -182

280 -197 -204 -194 -251 -204 -213 -220 -213
318 -226 -235 -223 -289 -234 -244 -252 -244
318 -225 -235 -224 -289 -235 -242 -253 -244
317 -225 -235 -224 -289 -234 -244 -252 -244
361 -258 -269 -255 -327 -265 -275 -286 -279
401 -288 -301 -285 -366 -297 -308 -320 -311
441 -324 -337 -317 -407 -331 -342 -355 -347
460 -356 -372 -348 -453 -370 -372 -385 -376
478 -414 -431 -405 -541 -444 -434 -453 -442
500 -478 -496 -463 -619 -514 -493 -518 -512
520 -560 -579 -528 -699 -586 -556 -592 -587
540 -658 -676 -599 -790 -663 -631 -683 -682
559 -753 =772 -670 -874 -737 -703 -769 -173
580 -862 -884 =157 -976 -827 -791 -878 -885
600 -984 -1003 -845 -1085 -927 -875 -982 -1000
620 -1137 -1149 -961 -1239 -1062 -994 -1113 -1140
640 -1356 -1363 -1137 -1466)  -1260| -1167 -1296 -1338
645 -1484 -1491 -1244 -1620f  -1386| -1271 -1401 -1451
649 -1600|  -1605 -1344 -1761 -1506 -1368 -1497 -1556
651 -1714 -1716 -1445 -1892)  -1624|  -1465 -1603 -1674
655 -1821 -1816]  -1533 -2005 -1726 -1550 -1702{  -1781
657 -1940 -1929]  -1628 -2125 -1831 -1646 -1803 -1896
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Table E.2. Concrete Strain Measurements (NSC-1-South-120)

-2051

-2038 -1722)  -2236 -1923 -1731 -1903 -2004

663 -2165 -2151 -1813 -2343 -2010[ -1816 -2000 -2111
665 -2279 -2261 -1904 -2447 -2093 -1896 -2094 -2219
667 -2402 -2385 -1999 -25501  -2178 -1982 -2190|  -2327
669 -2516 -2502 -2090(  -2642 -2258 -2064 -2285 -2431
672 -2621 -2604 -21721  -2728 -2332]  -2139 -2369 -2523
673 -2738 -2732 -2265 -2821 -2411 -2223 -2465 -2629
674 -2856 -2867 -2360[  -2915 -2490(  -2307 -2565 -2735
400 -2226 -2267 -1823 -2356]  -1968 -1794 -1978 -2107
201 -1679 -1710[  -1368 -1850|]  -1515 -1361 -1474 -1574
8 -1014 -976 -787 -1152 -055 -167 -856 -900

6/ -1000 -962 -772]  -1138 -942 -754 -843 -887

4 -986 -950 -760  -1127 -932 -746 -833 -878

0 -972 -934 -745 -1107 -016 -730 -818 -863
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Measurements (NSC-1-South-120

0 -11 0 52 -20 14 39 4 -27 14 -4
31 -58 6| -1246 -22 -30]  -137 22 -7 -18 -18
79| -107 0f -2331 -30 -50]  -178 3 -5 -13 -14

119] -123 -8|  -2587 -6 -2|.. -198 3 -9 -31 -86
160[ -127 -20| -2793 -1 902 -200 -26 -8 -83 -98
200 -94 -46| -2862 -2 171  -171 -20 -11} -116 -64
241]  -363| -108| -3842 -16 659 -207 -28 -3 -162 -94

280 -544| -261| -4487 -32 533]  -193 -26 -17)  -180 -72
318} -467| -214 467 -34]  -145) -186 -20 211 -127 -62

318| -752] -130] -624 -18 506| -207 -5 -17 -27 -78
317) 751} -144] -2209 -36 607 -191 -24 -25 -73 -82
361 -728] -197| -254 -11]  -373]  -200 -8 -17)  -116 -45
401] -1156 -184| 4760 -40 145 -182 37 -241  -157 -44
4411 -949/ -111] 2307 -28| 1381 -173 9 -34 -16 14
460 -1172| -255| -3969 -14 669| -126 -8 -40 -39 47

478 947 -297] -5845 10 39 -44 -29 -31 73 343
500] -1055| -380| -8994 -29 -36 -83 -57 -44 10 379
520[ -1080f -479 -8879 -12 156 -70 -48 -27 79 356

540 -923| -424 -9230 -25 399 2 -5 -31 -54 369
559 -701| -473| -5610 =201 -197 21 -17 -23 -44 370
580] -687| -417| -6436 -21 -82 20 50 -27 4 331
600 -585] -493| -7340 -311  -356 33 -36 -611 -134 283
620| -446| -426] -7337 -18| -1552 64 -29 -7 -97 344
640] -391} -418( -7881 -42| -2336 98 -25 -47 118 -221
645 -363| -503| -8041 -16| -2509 92 -7 -57 30| -426
649 -300] -489| -6046 -19| -1991 92 -6 -21 37 -491
651| -311| -468f -7275 -21] -2629 144 -8 -41 36| -621
655 -611| -479| -7433 -23| -2548 118 49 -105 8  -907

657| -469] -565| -6896 -30| -2017 87 -63| -108 -18] -1103
NOTE: All measurements were multiplied by 10°
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Table E.3A. End Slip Measurements (NSC-1-South-120)

660 -4771] -622| -8523] 23] 2166] 89| .59 92| 41| .1351

663| -741| -411| -8131 -37; -2532 67 -54 -98 -66| -1327
665 .. -966|.  -554| -6455 -15{ -2237 -55 -70} - --108}-----141|---1255
667 -1088| -375| -5108 -28| -2642| -180 -90|  -121 -71) -1127)
669 -1640[ -356| -5924 -30| -2433| -213] -107 -54 -70] -1525
672] -1555 -348| -7570 -40f -2419]  -281| -141 -39 -56| -1720
673| -1441| -423| -8211 -33] -2232| -361 -96/ -319 23] -1939
674 -1392| -596; -7563 -20[ -2622) -165| -128| -331 64 -1994
400 -1282| -450| -9356 -79] -1961 44 -95]  -148 16| -1681
201| -1225 -457] -8998 -92 5371 1581 148 91 44| -1580
-40 628 3833 388 1318] 1968 1076 374 2712 -1889
-117 623| 4617 343 970| 2069 1064 4491 2184| -1924
-200 607| 6006 268f 1049 885| 1027 419) 3270| -1945

11 547 4582 199 1653| 1167] 1045 475 3398| -1857
NOTE: All measurements were multiplied by 10°

O[]
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Table E.3B. End Slip Measurements (NSC-1-South-120)

of o 4 1| 30| 13 6| -12] 3 2

31 -6 10 5 -83|  -220 -17 -8 0 -3 4
79 15 40 7f - -104]...-226 87 2 -12 7 18
119] 3107 52 -7|  -150f -255 115 -22 -16 17 16
160| 3060 43 -6 -80] -261 128 -17 -27 -12 5
200 2826 68 1 -55|  -257 199 0 -12 3 6
241] 2864 83 -17 -719] -253 251 18 -18 -19 12
280{ 3073 143 -21 -83]  -267 243 -4 -24 13 14
318] 3361 240 -12 -2l -247 273 10 -4 12 8
318] 3470 304 -29 10| -265 279 18 -28 1 14
317 3526 356 -25 59| -241 264 8 -10 -5 2
361) 3487 246 -7 272 -272 243 33 -19 -10 1
401 3181 322 -6 401 -273 228 -18 -12 14 16
441| 3059 474 1 815 -251 257 21 -10 -6 0
460] 4167 332 -12 762| -261 308 32 -10 8 10
478] 4694 284 21 -321] 271 260 44 4 9 33
500 4638 263 3] -332[ -301 220 23 -30 17 -2
520 4828 282 -2 -317)  -284 209 36 -13 27 19
540| 5330f 1103 -8 357 -275 217 7 -24 20 0
559 5039 467 9 148| -268 240 4 -4 23 1
580 5168| 1816 7 85| -285 258 7 -28 33 -16
600| 5459| 1403 82| 1022 -310 262 4 -27 14 -21
620 5706| 1544 232| 1616} -294 275 24 -29 24 -1
640 5550 1215 331} 2032 -274 261 -7 -52 19 -14
645 5451 1221 305 1170 -294 255 7 -65 1 -24
649 5946] 1195 332 628 -275 267 -1 -62 6 -12
651] 6094| 1228 313 615f -280 288 -20 -99 3 -7
655 4968| 1208 227 888 -284 261 -13]  -117 -5 10
657| 5891] 1229 230 785 -268 210 -4 -128 -8 -13

NOTE: All measurements were multiplied by 10°
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Table E.3B. End Slip Measurements (NSC-1-South-120)

660] 6008 1228 300 939] -284 180 -51  -115 6 -6

663| 5101| 1242 305 713] -244 139 -13|  -147 -8 -9
665] 6109| 1234 284 843/.... -257 6 -17| --157 28 -2
667 5043f 1198 258 1195 -268 -59 -14|  -165 -13 -11
669 5986| 1210 265 028 -248| -148 -6 -172 -29 -27

672 6173] 1180 261 1036 -232| -218 -36] -172 -35 -13
673 6260f 1187 252 1251 -244| -296 -11[ -182 -56 -18
674 5916 1192 268| 1329| -225| -364 -331  -203 -40 -18
400f 5366 361 352 1903] -210| -488 -191  -195 -50 -13
2011 5308 334 843| 3025| 2169 -459 -28| -208 -49 -30

8| 3789 2125 1136 3331 5354 575 -6 -193 -40 -14
6] 3720{ 2128{ 1133| 3392| 5402 543 -131  -199 -48 7
4] 3734] 2141f 1129| 3384 5375 537 -26] -194 -43 -14
0] 3605 2124] 1131| 3292| 5412 550 -9 -196 -51 -7

NOTE: All measurements were multiplied by 10°
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Table E.4. Deflection Measurements (NSC-1 orth-93)

0.000

0 0.000 0.000 0.000
0 0.000 0.000 0.000 0.000
44 0.037 0.033 0.001 0.018
195 0.112 0.072 0.007 0.067
381 0.263 0.120 0.026 0.182
521 0.438 0.153 0.042 0.332
540 0.482 0.155 0.043 0.374
559 0.534 0.157 0.044 0.425
581 0.605 0.159 0.045 0.493
602 0.677 0.161 0.045 0.564
623 0.760 0.163 0.046 0.646
630 0.795 0.164 0.046 0.680
646 0.867 0.166 0.047 0.751
651 0.888 0.166 0.047 0.772
674 1.010 0.169 0.049 0.891
690 1.119 0.170 0.049 0.999
700 1.228 0.173 0.049 1.106
709 1.344 0.175 0.050 1.221
715 1.451 0.176 0.050 1.327
721 1.548 0.177 0.051 1.424
727 1.653 0.177 0.051 1.528
731 1.756 0.178 0.051 1.631
735 1.862 0.178 0.052 1.737
737 1.954 0.179 0.052 1.828
742 2.050 0.179 0.051 1.924
740 2.133 0.180 0.051 2.007
739 2.139 0.180 0.051 2.012
743 2.242 0.180 0.051 2.116
740 2.243 0.180 0.051 2.117
748 2.344 0.182 0.051 2.216
752 2.444 0.182 0.050 2.316
757 2.545 0.183 0.050 2.418
515 2.019 0.167 0.043 1.904
309 1.438 0.133 0.030 1.348
53 0.858 0.075 0.012 0.809
5 0.773 0.050 0.009 0.741
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Table E.5. Concrete Strain Measurements (NSC-1-North-93)

381 -219 -257 -167 -207 -213 -187 -230 -224
521 -432 -505 -370 -453 -455 -357 -480 -448
540 -487 -566 -414 -501 -503 -403 -540 -504
559 -548 -631 -462 -555 -557 -459 -609 -566
581 -626 -719 -519 -627 -621 -525 -701 -643
602 -717 -812 -571 -701 -687 -580 -787 -716
623 -800 -905 -634 -781 -756 -653 -885 -795
630 -842 -950 -659 -818 -789 -679 -923 -825
646 -902 -1017 -705 -875 -847 <729 -992 -884
651 -920 -1037 -720 -894 -865 -745 -1012 -903
674 -1036 -1163 -810 -1003 -974 -830 -1130 -1005
690 -1132 -1269 -892 -1106 -1074 -924 -1236 -1090
700 -1229 -1376 -977 -1227 -1186 -1015 -1347 -1181
709 -1323 -1480 -1063 -1343 -1293 -1118 -1449 -1272
715 -1421 -1582 -1144 -1453 -1391 -1207 -1552 -1358
721 -1516 -1683 -1223 -1560 -1483 -1300 -1657 -1448
727 -1608 -1783 -1300 -1656 -1572 -1385 -1758 -1535
731 -1705 -1884 -1375 -1747 -1658 -1472 -1859 -1620
735 -1808 -1995 -1456 -1848 -1754 -1539 -1974 -1713
737 -1902 -2061 -1528 -1940 -1838 -1642 -2083 -1792
742 -1997 -2147 -1599 -2029 -1920 -1727 -2184 -1867
740 -2111 -2231 -1666 -2109 -1991 -1769 -2275 -1926
739 -2113 -2231 -1667 -2110 -1992 -1771 -2276 -1928
743 -2229 -2338 -1741 -2200 -2072 -1867 -2369 -1989
740 -2229 -2338 -1741 -2199 -2071 -1867 -2370 -1988
748 -2332 -2434 -1812 -2287 -2149 -1947 -2461 -2049
752 -2420 -2520 -1882 -2371 -2223 -2061 -2549 -2108
757 -2507 -2569 -1945 -2445 -2286 -2133 -2627 -2163
515 -2091 -2043 -1594 -2090 -1946 -1723 -2231 -1732
309 -1502 -1449 -1132 -1566 -1468 -1235 -1639 -1222
53 -859 -941 -670 -1017 971 -734 -1044 -744
5 -761 -885 -600 -935 -898 -658 -967 -680
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Table E.6A. End Slip Measurements (NSC-1-North-93)

0 0 0 0 0 0 0 0 0 0 0

0 -46 3 -1 -5 -164 292 78 -337 -13 -215
44 -76 -14 -174 -5 -216 -11 39 -284 100 -295
195 -95 -57 529 -12 1223 875 20 -228 92 -251
381 137 -630 -1549 2 519 1116 33 -46 -30 -404
521 2202 1216 -2008 207 -808 1493 486 -495 12 -1222
540 -1984 1145 -3325 178 -558 3211 504 -489 -60 -1159
559 -1922 1060 -638 174 -614 3871 583 -490 -108 -838
581 -1989 1051 -2346 243 -287 3310 666 -496 -81 -784
602 -2168 1082 -206 258 302 3574 694 -540 -99 =721
623 -995 1053 -1786 311 277 4839 650 -554 99 -846
630 -1328 1805 2457 218 359 5162 716 -504 492 156
646 -1242 1819 1773 152 358 5344 791 -515 501 29
651 -1195 1773 1808 111 274 5639 930 -493 493 12
674 -1159 1284 273 98 213 4690 934 -572 360 -869
690 -1052 1156 355 373 -7 8499 1010 -565 317 -1139
700 -919 1381 1574 593 985 11774 765 -387 231 -137
709 -790 1390 643 642 1214] 12209 817 -376 211 -121
715 =750 1349 -4295 634 1054] 11656 807 -401 61 -90
721 -657 1326 -5992 379 1649 11627 961 -601 12 -530
727 -717 1265 -4415 521 1434] 11092 928 -596 30 -579
731 -768 1277 -5786 526 1170] 11449 890 -570 35 -624
735 -760 1267 -2498 158 1312 11733 920 -596 67 -633
737 -882 1246 -6310 480 1097) 11632 891 -581 102 -678
742 -709 1262 -8770 291 1011 12288 1028 -581 40 -659
740 -1492 1345 -1639 356 -935| 12903 1104 -629 -230 -971
739 -1446 1349 -586 373 -953| 12864 1092 -600 -230 -903
743 -874 1191 1986 479 -541 12966 1100 -606 -216 -1166
740 -869 1213 1304 483 -584( 12960 1086 -586 -228 -1154
748 -747 1222 4009 502 -177) 13032 1085 -611 -217 -1407
752 -622 1225 3248 501 1875{ 13299 1076 -608 -244 -1523
757 -579 1217 1813 499 867| 13138 1059 -614 -246 -1512
515 -229 1192 2684 396 1554 12185 950 -575 -225 -1773
309 -219 1159 2208 355 7121 14164 1134 -530 -225 -1896
53 -867 1944 -2858 2798 5242 13985 4346 2620 2569 653
5 -285 2202 1721 3087 5028] 13411 4305 2678 3085 1766

NOTE: All measurements were multiplied by 10°
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Table E.6B. End Slip Measurements (NSC-1-North-93)

0 0 0 0 0 0 0 0 0 0 0

0 -24 34 -3 50 -2 -34 -74 -931 17 20
44 -29 1 -4 94 4 -39 -7 -818 101 35
195 2 -1 -1 112 8 16 18 -729 155 33
381 75 -34 -29 94 -18 241 96 -842 238 93
521 -430 106 -598 1091 -973 -390 205 1715 907 82
540 -417 80 -595 1152 -995 -447 174 1733 937 81
559 -506 32 344 422 -982 -185 178 1750 956 85
581 -174 -33 4136 540 -966 -318 179 1764 962 79
602 -551 -17 6058 680 -715 209 199 1759 984 86
623 -207 -36 8198 1495 -823 -63 199 1755 972 80
630 620 68 11826 1345 -247 187 169 1896 1007 95
646 659 48 12503 2637 -202 112 176 1893 980 78
651 675 49 12901 2854 -176 104 202 1908 1015 98
674 882 90| 15248 3576 1006 2342 177 1886 959 81
690 958 354 17764 5355 1872 2405 166 1761 944 94
700 3630 310 19005 16217 - 2018 5966 99 1722 907 101
709 3648 332 19058 15580 2034 6007 114 1581 895 101
715 3675 343 19156] 15751 2040 5993 92 1596 918 97
721 3655 278 19265 17068 2086 6073 -51 1935 943 163
727 3652 246 20570 17157 2095 6014 0 1924 931 144
731 3685 1600| 20581 15113 2141 5987 -39 2036 971 161
735 3717 1550f 20651 15569 2149 5986 -33 2144 996 166
737 3714 1537 20762 15917 2164 5889 -26 2039 1001 175
742 3202 1937] 20827 15878 2097 6074 -40 1536 985 158
740 3271 1774 20888] 17302 3987 5879 51 1772 1400 464
739 3276 1790  20900] 17290 3993 5875 61 1779 1396 460
743 3308 1774]  21174] 18861 4029 5875 57 1785 1420 440
740 3308 1789 21200f 18883 4019 5868 71 1787 1413 461
748 3325 1757  21220] 18930 4032 5866 54 1757 1411 435
752 3324 1770 21261 19224 4053 5869 61 1769 1396 454
757 3347 17491  21287| 19140 4049 5883 44 1764 1385 456
515 3364 2167| 22118 19403 4277 5689 83 1737 1371 446
309 3403 2349| 22158} 18829 4763 5177 37 1721 1381 452
53 3886 5266; 22595 19679 6750 6938 39 1728 1366 444
5 4934 6419 22686 19839 7101 6968 47 1725 1368 444

NOTE: All measurements were multiplied by 10°
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Table E.7. Deflection Measurements (NSC-2-South-7 8)

40 0.043 0.000 0.049 0.025

8 0.067 0.001 0.063 0.043
120 0.086 0.003 0.073 0.057
160 0.105 0.005 0.083 0.072
199 0.125 0.006 0.092 0.087
239 0.143 0.008 0.099 0.101
279 0.163 0.011 0.107 0.117
320 0.185 0.013 0.115 0.135
359 0.204 0.015 0.122 0.149
398 0.223 0.017 0.128 0.165
420 0.237 0.019 0.133 0.176
438 0.245 0.020 0.136 0.183
458 0.258 0.022 0.139 0.193
478 0.269 0.023 0.143 0.201
498 0.280 0.024 0.145 0.211
518 0.291 0.025 0.149 0.220
539 0.307 0.026 0.152 0.234
558 0.323 0.028 0.155 0.248
579 0.350 0.028 0.158 0.273
599 0.383 0.029 0.161 0.305
618 0.421 0.030 0.164 0.342
638 0.477 0.031 0.167 0.396
657 0.522 0.031 0.169 0.440
666 0.542 0.032 0.171 0.459
676 0.579 0.033 0.172 0.494
686 0.607 0.033 0.173 0.522
698 0.653 0.034 0.175 0.567
717 0.738 0.035 0.178 0.650
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Table E.7. Deflection Measurements (NSC-2-South-78)

725 0.772 0.035 0.179 0.684
738 0.826 0.035 0.180 0.737
758 0.950 0.036 0.183 0.860
776 1.042 0.035 0.185 0.951
780 1.087 0.036 0.185 0.996
793 1.215 0.036 0.187 1.123
799 1.280 0.036 0.189 1.188
801 1.324 0.036 0.189 1.232
807 1.422 0.035 0.190 1.329
812 1.522 0.035 0.190 1.429
813 1.578 0.035 0.190 1.485
817 1.617 0.035 0.191 1.524
818 1.685 0.035 0.191 1.592
819 1.709 0.035 0.191 1.616
820 1.810 0.035 0.192 1.717
827 2.014 0.035 0.193 1.920
829 2.117 0.035 0.194 2.023
833 2.179 0.035 0.194 2.085
832 2.218 0.035 0.195 2.124
838 2.316 0.035 0.195 2222
842 2.406 0.035 0.196 2.312
841 2.521 0.035 0.196 2.427
807 2.526 0.034 0.195 2.433
599 2.041 0.028 0.175 1.959
397 1.611 0.019 0.148 1.544
201 1.230 0.010 0.114 1.182

0 0.738 -0.004 0.028 0.731
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Table E.8. Concrete Strain Measurements (NSC-2-South-78)

120 -64 -49 -57 -58 -60 -24 -73 -63
160 -84 -66 -74 -78 -81 -42 -98 -83
199 -106 -81 -93 -96 -101 -63 -123 -104
239 -127 -99 -110 -114 -122 -79 -146 -123
279 -148 -116 -127 -133 -144 -100 -171 -145

320 -170 -134 -147 -155 -166 -116 -197 -167
359 -193 -153 -164 -174 -188 -137 -220 -187
398 -215 -172 -184 -194 -209 -156 -246 -207
420 -232 -189 -197 -207 -223 -170 -261 -219
438 -246 -200 -207 -219 -235 -182 -272 -230
458 -260 -213 -219 -229 -247 -194 -284 -239
478 -278 -226 -234 -244 -262 -242 -301 -254
498 -292 -238 -246 -254 -274 -247 -313 -265
518 -310 -252 -260 -268 -288 -262 -329 -277
539 -327 -268 -272 -282 -305 -262 -345 -289
558 -342 -284 -286 -297 -322 -296 -361 -303
579 -375 -318 -316 -337 -366 -332 -405 -337
599 -419 -361 -357 -396 -430 -377 -454 -378
618 -468 -406 -398 -450 -490 -421 -513 -426
638 -520 -459 -447 -509 -554 -472 -592 -493
657 -565 -506 -487 -562 -613 -512 -656 -545
666 -587 -531 -507 -599 -648 -530 -689 -574
676 -608 -572 -530 -652 -681 -549 -733 -606
686 -638 -602 -557 -678 -718 -573 -783 -641
698 -687 -654 -591 -711 -753 -603 -822 -674
717 -763 -725 -653 -767 -823 -664 -906 =737
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Table E.8. Concrete Strain Measurements (NSC-2-South-78)

-047]

725 -794 -755 -681 -799 -860 -695 -768
738 -839 -805 -718 -836 902 -735 =990 -804
758 -971 -919 -832 -942|  -1058 -848 -1141 -922
776 -1054 -1007 -801 -1014|  -1138 -909 -1218 -987
780 -1104 -1046 -926 -1056] -1165 -943 -1271 -1087
793 -1220 -1191 -1025 -1188 -1283 -1039 -1400 -1211
799 -1295 -1279 -1085 -1266 -1348 -1098 -1484 -1292
801 -1335 -1328 -1114 -1301 -1383 -1125 -1519 -1322
807 -1446 -1463 -1199 -1397 -1483 -1207 -1624 -1412
812 -1545 -1595 -1280 -1481 -1579 -1286 -1727 -1497
813 -1612 -1683 -1334 -1532|  -1643 -1340|  -1802 -1548
817 -1643 -1723 -1360 -1560|  -1673 -1367 -1835 -1577
818 -1710 -1812 -1420 -1616]  -1741 -1429 -1920 -1641
819 -1728 -1835 -1436 -1632|  -1759 -1445 -1937 -1659
820 -1821 -1950]  -1521 -1733 -1848 -1531 -2045 -1745
827 -1986 -2137 -1660 -1902|  -2000] -1698 -2208 -1876
829 -2047 2220 -1750]  -2032| -2080| -1832 -2321 -1930
833 -2097 -2287 -1805 -2101 -2134]  -1900] -2383 -1971
832 -2122 -2315 -1822 -2129 -2142|  -1931 -2415 -2005
838 -2185 -2419 -1899 -2243 -2233 -2035 -2508 -2073
842 -2248 -2519]  -1973 -2351 -2307 -2135 -2582 -2125
841 -2331 -2645 -2063 -2482)  -2380| -2292| -2668 -2183
807 -2305 -2640[  -2100] -2583 -2381 -2457 -2729 -2169
599 -1873 -2173 -1741 -2221 -2014 -2070{  -2341 -1799
397 -1479 -1718 -1401 -1848 -1648 -1696|  -1947 -1441
201 -1112]  -1293 -1080]  -1459] -1296 -1334|  -1550 -1092

0 -689 -892 -668 -953 -865 -852|  -1010 -695
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Table E.9A. End Slip Measurements (NSC-2-South-78)

0 25 -231 1500 -17 50 739 -25 -37 -21 -87

40 15 26 24 25| -1480 635 -10 -74 13 249

83 81 11| 1008 -13]  -814 430 20 -105 13 335
120 79 143 3711 24| -123 -4 7| -100 -60 358
160 52 7| 2905 -54  -400 431 7| -125 -16 255

199 126 129] 2964 -78 391 445 451 -107 12 204
239 79| -164| 2883 -74) 431 424 491  -111 40 180
279 99 170 2786 297| -563 211 64| -192 37 663
320 135 105 913 128 -1243 118 80| -234 122 192
359 116 582 3719 109 -1158| -147 75 -193 -49 833
398 -98 625 3537 -196] -367 29 100] -299 149 838
420 -62 541 3221] -520 205 229 104] -280 -80] 559
438 57 516 3993 -272 91 223 112 -290 56 416
458 -19 455| 2569 -2551 -272 -88 113] -287 -57 -47
478 111 -274| 3640] -593 411 87 103| -308| -134| 2473
498 204 28| 2090, -328 354 331 132| -284 -26| 1371
518 216] -127| 2788 -645 669 221 109 -250 -6| 1205
539 260{ -346| -687| -530| 1696 163 136 -244 -40] 1240
558 -50| -128| -868| -172] 1591] -1318 146 -262 -16| 1595
579 -248 398 423]  -199| 2009{ -367 141] -287 -61| 1287
599 -97 45] -1639 22| 2383 -372 135 -275] -218 309
618 -90 53| -180| -426] -529| -299 150 -366{ -180] 400
638 517 902| -2609 -619f 1215 -479 215| -355 119 921
657 129 362| -2337{ -357| 2391| 1037 196 -393| -116 886
666 -250 258| -2551] -691| 5017 467| -255| -379| -417 846
676] -189] 1110 -2752| -332| 4876 92| -276] -462| -418] 1205
686| -492| 1040| -1769 304 5871 999 -304| -355] -368 702
698 -234| 1032| -1467 54 6418 543| -288f -362| -104 736
717 -305 985 -496{ 2254| 9368{ 3937 -293| -362| 414] 1939
NOTE: All measurements were multiplied by 10°
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Table E.9A. End Slip Measurements (NSC-2-South-78)

725 588 11211
738 -75 653 -1179] 3558| 12679| 4996 -329] -305 699 2042
758 -859| 1060| -506| 6959| 18768| 13096 62| -378 -34] 6076
776| 1550f 1294| -1161| 9689| 19832 13697 198 364 193] 9175
780| 1226 400 1366] 9711 21414| 10208 190 418 119 9418
793 1246 1276/ 2056| 12501| 21465| 13545 368 342 215 9525
799 1327 689 2503| 12529| 22330| 14035 578 902 78] 9524
801} 1320 597| 3309| 12528} 22570| 13959 551 891 146] 9765
807) 5470 700| 1632| 12511} 23379] 15010 647] 1059 47) 11799
812 5704 627 100| 12467| 24156 14979 802 1111 17] 12042
813| 5977 464| 2501| 12430f 24269| 17784 984| 1014| -186| 12188
817] 5977 518| 1456] 12427| 23888| 17657/ 1013} 1009 -181} 12099
818| 6022 927| -593] 12432 24413} 17603] 1351| 1111f -140{ 12073
819] 6564 963| -936| 12428] 24492| 17639, 1192} 1106] -110} 12125
820 7016] 1018| -3343] 12430f 25042} 16501| 1431 1127{ -161| 14277
827! 7309| 1381} 2749| 14833 25794| 19522 1731} 1552 1672} 14170
829| 6840| 1040| 2656 14521 27182| 19230| 1834| 3631| 1588| 14407
833| 7256 927| 3523] 14707| 27811} 20549 2176| 3625/ 1602| 14284
832} 7238 913 2842| 14688| 27762| 20689| 2192| 3639 1615 14349
838 7296 886 1059 14712} 27501] 20613| 2539 3635] 1629| 15454
842y 7372 900| 1255| 14708| 27099| 20879 2577| 3624| 1345| 14652
841 7548 787 2021{ 14717| 27162} 21763 2600| 3571f 3919| 14792
807| 7692 700| 1092| 14561| 27268| 21319 3097| 3521 4119| 15915
599 7454 1012| 1421 15086| 27370| 21828| 4179| 3520{ 6631 17387
397| 7647 969 2590| 15277| 27168 21769 4302| 3582| 6308] 16785
201| 8276 1288 733 15707 27216] 21795 4328| 3694] 6322| 17514
0| 9042| 6590 5881| 16465| 27058 20420{ 8690| 9988] 12138 19570

NOTE: All measurements were multiplied by 10°
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Table E.9B. End Slip Measurements (NSC-2-South-78)

0 -100 -83 -4 6 -45 -73 -30| -423 -75 -5
40 32 4 -14 -7 38 -16 -25 -12 4 -1
83 93 19 -11 28 -32 154 -30 87 -54 -10

120 228| -144 0 99 -43 330 -17] -1357 -27 3
160 50| -471 -11 94| -114 320 -97| -1443 427

199 672| -583 -231 7074 -90 482 -121} -1414 385 5
239 690 =77 -411 7099 -111 501 -135| -1430 382 -9
279 671 -301 -19] 7087 -94 661| -144| -1376 399 -14
320 415 -468 -7 7079 -79 636| -106| -1371 454 10
359 318] -463 -35) 7057 -128 619| -121| -1442 405 -7
398 618| -475 -7 7075 -98 465 -128| -1435 397 32
420 682 -231 -31} 7049 -88 441)  -172] -1443 439 24
438 576 -144 -38| 7095 -98 566| -184] -1426 436 3
458 575| -517 -52| 7092 -73 333]  -199{ -1427 393 -2
478 880 280 -23| 7234 3 951| -202| -1416 482 12
498 924| -463 -16] 7290 51y 2417| -200{ -1362 603 14
518 991 -47 3] 7484 168 2512 -200; -1416 496 18
539 334] 1087 39| 8667 550 2923 -232| -1407 432 5
558| 1086 447 289 9172 905| 3228| -234{ -1390 520 21
579 -216f 1069 668| 9952| 1360| 4312 -266 -1373 558 17
599| -686| 3914 1005| 11524 2150f 7630| -648| -1223 739 27
618 -828| 4766| 1532 11209 3126/ 8585| -665| -1204 755 36
638 -383] 5800] 2916| 13945| 4682| 10650{ -638| -1277 709 35
657 11] 7209 6668| 15578] 5332| 13054 -689| -1289 541 40
666 919] 7142| 8349| 16582 6131 13638] -647| -1351 811 36
676] 1240 7347 9035| 17432| 6308| 14029| -596| -1281 636 33
686 2416] 7687| 11310] 19355| 6871| 15183 -562| -1313} 1107 26
698 3563| 10109| 12568 19737| 7513| 16219{ -584] -1307| 1005 35
717| 5447 12985 16290 9170| 10276 19054 -664| -1355| 1933 50

NOTE: All measurements were multiplied by 10°
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Table E.9B. End Slip Measurements (NSC-2-South-78)

13716

10734

11152

20557]

682

725| 7166 17716 -1442 1523 46
738 8241| 14465 19082| 11512 11997 21798 -675| -1447 1494 40
758 11676] 18310f 23996] 17529| 18741| 26841 901 -1721 2002 54
776] 12696] 19069 24559| 17606 20872] 28541 -918| -1188 1635 47
780{ 13181| 20325] 25537| 18832 22146| 29834 -846[ -1551 1356 63
793| 14370| 22280| 26665{ 19434| 22352 33722 -930f -1115 1260 69
799] 15034| 22496 27406| 22454 23005 34727 -909] -1198 1293 68
801| 15399} 22791| 27652 22886| 23299 34785 -925| -1275 1463 65
807| 15770 22823| 28484 25801} 23953 37079 -935) -1536 1678 66
812] 16121| 23957 28940 26725 25980 37475 -929| -1754 1537 62
813 16124 24108] 29306{ 27410] 25654 37830 -908| -1675 1253 47
817| 16549 24767 29544| 27505| 25800{ 38029 -919] -1648 1316 58
818| 16889 23965| 29982 27512§ 25624| 38467 -949| -1692 1472 57
819| 17032 24444| 30159| 27502| 25550| 38738 -949;  -1711 1496 55
820| 17363 25187| 30846 26291| 25350] 40531} -1042| -1893 946 35
827| 18105 25221 31836| 24980] 27722| 43213 -948] -1341 525 50
829] 18204| 25605| 32321| 25717| 28457 44855 -1049| -1275 514 37
833] 18284 26037| 32984| 26062| 28810] 46200 -980| -1335 189 23
832 18312 25816/ 33085| 26303 29179| 46382 -9741  -1359 207 22
838] 18342| 26356 33369] 26641| 29482 47079 -1175| -1455 135 40
842 18515| 26762 33530| 27176| 29506| 47761f -1081] -1467 226 22
841| 18514| 26463| 33784| 27639| 29901| 49007{ -1086| -1380 453 17
807, 19230 26380 34289| 28169 31604 49703] -1038| -2391 918 -1
599 19603 26329] 34316] 30412| 31579 49600| -1073} -2316 1035 12
397) 19259 26369| 34288| 30415| 31632 49578 -1108| -2411 501 8
201| 18901} 26595| 34329 30673 32198| 49555| -1098] -2357 481 26

0] 19471 26911| 34721 31341 32800f 49641 -960| -2150 560 11

NOTE: All measurements were multiplied by 10°
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Table E.10. Deflection Measurements (NSC-2-North-72)

0 0.000 -0.001 0.000 0.001

42 0.044 0.037 0.000 0.020

81 0.068 0.051 0.001 0.034
120 0.092 0.061 0.004 0.051
160 0.113 0.070 0.006 0.066
200 0.131 0.078 0.007 0.078
241 0.154 0.085 0.010 0.095
280 0.168 0.092 0.012 0.104
320 0.181 0.099 0.015 0.111
360 0.203 0.106 0.017 0.128
400 0.224 0.112 0.020 0.144
440 0.242 0.118 0.022 0.157
460 0.253 0.124 0.025 0.164
480 0.263 0.126 0.026 0.173
500 0.276 0.129 0.027 0.183
521 0.289 0.132 0.028 0.194
540 0.300 0.131 0.029 0.205
560 0.312 0.134 0.031 0.214
579 0.328 0.139 0.032 0.227
599 0.349 0.142 0.034 0.245
638 0.425 0.149 0.036 0.315
658 0.469 0.149 0.038 0.359
680 0.525 0.153 0.039 0412
699 0.575 0.156 0.040 0.459
719 0.639 0.159 0.042 0.521
739 0.704 0.162 0.043 0.584
760 0.782 0.166 0.044 0.659
780 0.859 0.168 0.045 0.734
798 0.948 0.174 0.046 0.819
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Table E.10. Deflection Measurements (NSC-2-North-72)

820 1.074 0.177 0.047 0.943
830 1.144 0.179 0.047 1.011
835 1.187 0.179 0.047 1.054
843 1.302 0.181 0.048 1.167
846 1.403 0.183 0.048 1.267
854 1.503 0.184 0.048 1.367
857 1.574 0.184 0.048 1.438
859 1.608 0.184 0.049 1.471
862 1.706 0.185 0.049 1.568
865 1.801 0.188 0.049 1.662
871 1.899 0.189 0.049 1.759
871 1.971 0.189 0.049 1.831
215 1.913 -0.030 0.019 1.926

0 0.918 -0.145 0.008 1.009
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Table E.11. Concrete Strain Measurements (NSC-2-North-72)

120 <72 -64 -52 -54 -52 -70 -66 -58
160 -95 -86 -68 -73 -70 -86 -89 -76
200 -119 -111 -86 -91 -89 -110 -111 -96
241 -144 -132 -103 -110 -106 -112 -135 -114
280 -168 -156 -119 -128 -125 -142 -155 -132
320 -193 -180 -137 -147 -142 -161 -179 -153
360 -218 -203 -154 -165 -161 -189 -201 -171
400 -252 -236 -174 -186 -183 -187 -224 -192
440 -285 -268 -198 -207 -204 -231 -248 -213
460 -303 -281 -211 -220 -215 -226 -260 -224

480 -319 -297 -221 -230 -227 -256 -272 -237
500 -337 -313 -234 -243 -238 -189 -285 -246
521 -352 -329 -244 -255 -250 -251 -297 -259
540 -367 -343 -256 -266 -262 -303 -310 -270
560 -386 -360 -267 -278 -273 -289 -323 -281
579 -407 -381 =277 -296 -290 -337 -339 -292
599 -444 -415 -303 -329 -321 -350 -363 -312
638 -536 -497 -379 -433 -420 -460 -471 -411
658 -594 -552 -420 -482 -469 -492 -531 -460
680 -662 -620 -468 -541 -523 -529 -596 -517
699 -712 -672 -501 -594 -568 -568 -653 -566
719 -855 =740 -538 -664 -620 -555 -730 -630
739 -986 -806 -582 -727 -670 -651 -791 -690
760 -1118 -893 -641 -797 =729 -700 -871 -756
780 -1248 -975 -699 -872 -792 -802 -952 -826
798 -1326]  -1069 -765 -959 -864 -884 -1040 -907
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Table E.11. Concrete Strain Measurements (NSC-2-North-72)

813 -1392 -1154 -820 -1038 -926 -919 -1110 -972

820 -1428 -1206 -851 -1080 -963 -957 -1148 -1006

830 -1473 -1290 -900| -1i61 -1025 1027 -1208 -1062
835 -1504 -1339 -028 -1204|  -1061 1059 -1239 -1091
843 -1618 -1494 1006 -1333 -1160 1158 -1319 -1165
846 -1728 -1648 -1083 -1443 -1260 -1250{ -1390f -1233
854 -1803 -1795 1161 -1540]  -1359 1311 -1480 -1317
857 -1861 -1932 1203 -1594 -1481 1342  -1550 -1373
859 -1889 -2016 1219 -1618 -1524 1361 -1580 -1398
862 -1982 -2246 1285 -1704]  -1652 -1448 -1679 -1451
865 -2059 -2445 1357 -1785 -1766 1523 -1769 -1514
871 -2132 1422 -1857 -1842 1573 -1843 -1577
871 -2113 -2724 1450 -1896] -1889 1645 -1874 -1597
215 -1730 -1846 -926 =717 -737 -828 -560 -478
0 -901 -993 -424 -408 -438 -405 -326 -312

'
[ )
(o))

[

(=)}
]
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Table E.12A. End Slip Measurements (NSC-2-North-72)

-303

237

-1534

0 15 -100 -161 -1 -6 75

42 -14 182 92 41 2841  -659 7 -40 38 -45
81 -282 2171  -959 10 927 144 -19] -144 -86 -67
120 -118 439| -835 -71) -2041] -224 -70 -82 -83] -136
160 376 363| -926 -41| -2312 47| -128| -122| -160] -625
200 81 136 -377 =791 715 310) -146] -122| -213] -633
241 128 179| -1329| -120| -712{ -1184] -237] -136] -268] -310
280 578 81| -1320; -160 158 2331  -246| -155| -137| -293
320 171 1921 -1182 =77 411 856 -166] -204| -137] -217
360 292 71] -1462 -91 616 935| -172| -182] -191 -94
400 463 99| -1578] -242 819 759| -262] -208] -223 123
440 182| -179f -2292| -426] 1451 600| -283] -154 -75 204
460 -12|  -694] -5801] -928] 1298| -981} -224 -57 =72 117
480 .17} -767| -8089| -973} 1509| -1226] -202 -26 -18 19
500 471 -195| -3631| -1099 1318 848| -122 -83 -55|  -106
521 73| -171| -4153] -981] -1215| -530| -130 =72 26 -81
540 182| -491| -3847| -1047| -1621| -1324] -150{ -148 13| -121
560 168| -247| -2651} -1004| -1303 751 -185] -166 69| -148
579 1373 87] -3905| -364] -1253] 3829 50 43 14 232
599| 1611 327| -3850| -495| -593| 3604| -188 32 -632 66
638| 1602] 1144| -3662] -246] 1265| 3266/ -386] -105 200 1274
658 319 573 -5445| -326] 2657| 4617] -490 -80 -55| 1177
680| 3305 652 -2747) -231| 1141| 7425] -454 -20 125 998
699 3149 496| -3394| -232; 3271| 10568] -823 30 190] 1843
719| 8272 383 597{ 1025| 5555| 11237] -610 243 -44| 1951
739 9018 211 1628| 1328] 6350| 13358 -793 295 -132f 1762
760| 11236 166 -2246| 1703 10976| 18346, -673 288| -103] 2511
780| 11192 31| -1658| 9866| 11182 22083| -681 12 -6| 3793
798| 11928 37| -405| 9956| 16402| 23641| -548 -39 -186] 4880

NOTE: All measurements were multiplied by 10°
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Table E.12A. End Slip Measurements (NSC-2-North-72)

813} 14471 360 2210] 9936| 16983] 25304 445
820}..14420 2093|1921 9948 17088] 24625 4471  -166| -233| 5872
830} 19842 186 2839 9819 19980] 27655 2737 -76 -10| 8824
835} 19925 127| 3265) 9953 20003| 28479 2505 -41 -51| 8893
843} 19800 -72| 2838] 9834| 28146| 32348] 3647 50| -171} 10743
846] 19651| -141| 4785] 9910| 27403| 31677| 3644 37| -238] 10595
854| 19714| -156| 5427| 10050] 28357| 31658 3671 4| -213] 12203
8571 20444 76| 3177} 10221f 27620| 32062 5342 9|  -519] 12026
859] 20430 59] 3441 10254| 27777| 30549] 5271 23| -469] 12140
862| 20001| -131| 4296| 10084| 27837| 32336f 5370{ -140{ -666| 14016
865| 20862| -112| 5101} 10294 27507 35784 8450 212} -637] 14900
871 20474 46| 5955| 10376{ 28096| 36154| 8367 262 -664] 14310
871| 20012| -384| 3692| 21787| 32387| 35265| 10048{ 2817 -599| 17306
215173768 138230| 145594 161705| 171771|178938| 168786| 121789| 99896| 134888
0| 154233| 113206| 116067| 131696| 139627] 146995(134174| 97901| 98486|129927

NOTE: All measurements were multiplied by 10°
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Table E.12B. End Slip Measurements (NSC-2-North-72)

0 475

42 39 -8 2 857 -6 13 8 530 -4 4
81 89 17 -1 1096 22 20 -5 1024 -62 -2
120 151 29 7| 1341 2 39 -10 935 -32 24
160 -53 16 11 339 16 34 -19] 1066 -20 14
200 95 38 -6 867 3 39 -8 1100 3 10
241 -49 39 11} 1282 -41 46 -7 1094 -14 18
280 -22 -5 11 1626 -26 54 -1 1148 9 17
320 79 4 6] 2219 -56 49 -391 1207 45 22
360 105 22 -41 2730 -63 44 -44| 1229 24 36
400 60 44 -2| 4551 -79 65 -60| 1398 18 32
440 24 7 -4 7736 -50 59 -7 1523 27 32
460 467 31 -37| -2897 115 140 -46| 1832 30 9
480 492 100 -21] -2809 89 8 -671 1772 55 29

500 227 181 -61| -2520 89 56| -105| 1791 54 13
521 296 271 -85| -3431 86 73 -76] 1854 71 27
540 361 323 -91| -2481 146 36| -110[ 2058 24 41
560 676 335 306| -1521 157 33| -107| 1976 25 24

579 -581 380 2906] -206 163 0] -160j 1143 263 142
599 -623 410| 4511} 1487 -11 -33 -32 896] 1340 64
638 0 261 8978| -5699 333 427 38| -16437} 2152 -112
658 558 285 11029| -3928 540 749 68| -16345| 2257] -148
680 2611 333| 12858 -1152} 1532 1505 -7 -14031 2224] -198

699| 3180 275| 14600 1576 2309 2693 -39] -17164| 2097 -203

719f 4919 338| 17450] 4388| 4230f 5574 -46( -17058] 2084 -263

7391 7701 316| 20041| 7965| 6453] 7578 -12| -17014| 2115} -249

760| 9705 7745] 24178 11902| 9578 9128 -36| -16261| 2371 -287

780| 14203| 7448| 28673] 15601| 10714 12280 -139|-16572| 2305 -271

798| 16093} 7183| 33062 20082| 18317| 15863 98| -16674| 2368] -276
NOTE: All measurements were multiplied by 10°

96



Table E.12B. (Cont) End Slip Measurements (NSC-2-North-72)

813| 20351 7328| 36137| 23326| 18965| 18241 -15552
820| 20336| 7345| 36177| 24003| 18946| 19191| -166| -15563| 2374] -289
830| 23501| 8155| 38106| 25198| 18820| 21064 -137{-16628| 2471 -281
835| 23322| 8260{ 39431| 26025| 18828| 21655 -150| -16629| 2490| -266
843| 26381| 8074| 40651| 28889| 20067| 23534| -129| -16570] 2654| -262
846| 27711} 82221 42994| 30276| 20152 25210 -120| -16467] 2753] -256
854| 29856| 8309| 43248| 31696| 20155| 26021f -141|-16539| 2770| -282
857| 33716| 17050| 46130| 33497| 27348 27406 -158|-15645| 3047 -283
859| 33634| 17051| 46191} 33568 27347| 27422 -166| -15660| 3035] -326
8621 35505| 17065| 47815| 34604| 27336| 28339 -154|-15675| 2577| -265
865 36479| 17348| 49338] 34905| 27434| 29296 -132|-15705| 2952| -210
871| 39388| 17094 50210 36703] 27408| 29455| -129|-15723] 2680} -177
871] 44337| 17209 55275| 40645| 27559| 32139 -123|-15383] 2539| -257
215{331480| ------ 550146567584 |774911|838588| 1151| -19034] 9410 2092
0{309418 ------ 562273| 604559] 799067 838530 6300[ -17407| 11505] 3291

NOTE: All measurements were multiplied by 10°
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APPENDIX F

NOTATION
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Area of prestressing strand

Bond stress factor used in transfer length equation [6]
Diameter of prestressing strand

Modulus of elasticity of concrete

Modulus of elasticity of concrete at transfer

Modulus of elasticity of prestressing strand

Stress in concrete

Stress in strands at failure

Ultimate tensile strength of strands

Stress in strands after losses

Stress in strands immediately before transfer

Concrete compressive strength at 28 days

Concrete compressive strength at transfer

Length of debonding for debonded strands

Development length of prestressing strands

Embedment length of prestressing strands

Transfer length of prestressing strands

Cracking moment for cross section

Maximum total moment acting on cross-section during testing
Moment capacity of cross-section

Strand surface coefficient used in development length equation [6]
Strand surface coefficient used in transfer length equation [6]
Depth of equivalent rectangular stress block / Depth of neutral axis
Strain in strands after losses (due to prestressing only)

Strain in strands immediately before transfer

Multiplying factor applied to flexural bond length
Reinforcement index
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