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Abstract

This report presents the results of the second phase of an ongoing study at the
Univerisity of Nevada, Reno. This phase invol~ laboratory and analytical evaluation
of one-way reinforced concrete pier hinges subjected to a combination of uniaxial
moment transfer, shear, and axial compression. Four one-sixth scale hinge models were
built and tested in the strong direction. There were hID primary variables in the testing
sequence: shear-span to depth ratio (aspect ratio), and monotonic versus cyclic loading.

Analysis of the hinged specimens involvOO determining flexural and shear
strengths, concentrated hinge rotations, and displacement of the column elements. A
comparison between the m~ured and the calculated yield and failure loads is presented
for each specimen. Various shear capacity equations and their accuracies are also
examined relative to the m~ured data.

Hinge rotation and column deftec:ion consisted of two components: reinforcement
bond slippage and plastic deformation. Flexural displacements were determined from the
curvature distribution along the column and included elastic deformation of the column
and plastic deformation of the hinge. Empirical formulas used to estimate t.he rotations
and displacements are discussed.

Results of the testing indicate that cyclic loading reduces the stiffness of the
connection substantially and reduces the energy absorbing capabilities of the hint;e.
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If., Area of tensile steel.

a Depth of rectangular stress distribution from compression face.

a,. Stiffness reduction at yielding.

b Width of compression face of member.

d Distance from the extreme compression fiber to the centroid of tension
reinforcement. Also called effective depth of the section.

d" Distance from the centroid of compression steel to centroid of tension
reinforcement.

e Steel elongation due to bar slippage.

Ec Modulus of elasticity of concrete.
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•

kl , ~,kJ Factors for Baker's equation (Ref. 18).

1«1 Distance from extreme compressive fiber to the neutral axis.

L Span length measured from the center of the support to the hinge face.

14 Reinforcing steel development length.

I, Equivalent plastic hinge length.

M~ Yield moment.

p~ Ax.ial strength of member under pure compression.

xiii



PM Axial compressive force applied to member.

z Distance from critical section to point of contraflexure.

6, Displacement due to steel reinforcement bond slip.

Ec Concrete strain at the extreme compression fiber.

4Jy Curvature at yielding.

6. Rotation due to bond slip.

8y Rotation at yielding.

xiv



Chapter I

Introduction

1.1 Background

Reinforced concrete hinges have been elttensively used in structures for the past
70 years. In many reinforced concrete highway bridges, hinge details arc used to connect
foundations to columns and columns to decks. Column hinges fall into two categories,
one-way and ~way hinges, as illustrated in Figure 1-1.21 A ene-way hinge will prevent
moment transfer in the weak direction, Le., intended direction of rotation, while resisting
bending moments in the strong din:ction. 1b induce hinge action in one-way pins, the
column dimension is decreased in the direction of rotation and the reinforcing steel is
aligned in a single row. In a nw-way hinge connection, the column section is reduced
in both directions and the reinforcing steel is grouped at the center. 1\\u-way hinges are
usually used in circular columns; one-way hinges are used in both rectangular and
circular columns.21

In the actual construction of a bridge, concrete is placed separately for the
foundation and the columns, resulting in a construction joint between the column and the
footing. A shear key is incorporated at the joint to transfer horizontal forces from the
column to the foundation. 1b allow the column to rotate with respect to the footing, the
hinge "throat" typically has a depth of I to 4 inches.

One-way hinges in bridge columns may be subjected to a combination of loads,
such as axial compressive fon:e due to the dead load of the bridge superstructure, shear
forces in the hinge in the two principal directions, and bending mllments in the strong
direction. The latter two loads may be due to lateral loading caused by either ground
motion or wind.

One-way hinge connections are designed to cany axial compressive forces
according to sec. 10.3.S of the American Concrete Institute (ACI) building code,'
commonly relertcd to as ACI-318. Sec. 11.7, which describa the shear friction method
(SFM), is used to design for shear. I

Many modem highway bridges in areas of high seismic risk: are supported by
bents consisting of one or~ columns. Seismic design of highway bridge columns is
Usually based on building codes for columns in frame buildings. However, the basis for
designing bridge columns using building codes may not be valid. <Sue to several important
differences which eltist between bridge and building colunms:s

I. Building columns usually have smaller cross-se-.;tions than bridge columns.



2. Because of their smaller dimensions and more complex beam to column joint
details. the use of reinforcing steel greater than No. 11 bars is not a common
practice in building columns; however, No. 14 and No. 18 bars are frequently
used in bridge columns. The differences in bonding characteristics between the
smaller and the larger bars may also contribute to performance differences.

3. Building columns typically carry higher axial stresses than bridge columns.

4. The general design approach for building frames is based on developing plastic
hinges in beams and not in columns. In contrast, deYelopment of plastic hinges
in bridge columns is necessary for energy dissipation under lateral loads.

5. The reinforcement ratio in bridge columns is smaller than in building columns.
Bridge columns typically have a reinforcement ratio of less than 2 percent.

Because of the devastating effects on highway bridges of the 1971 San Fernando
earthquake, seismic design procedures for bridges in the United States have changed
significantly. Damage to highway bridges from the earthquake included five collapsed
bridges and 42 which suffered major damage. II The primary causes of pier damage were
identified as:

1. Insufficient ductility of bridge columns to absorb the inelastic displacements
experienced.

2. Shear dominated failures in shorter columns.

3. Anchorage failures of longitudinal reinforcement in the plastic hinge locations
formed at the base of columns.

1.2 Previous Work

\try little research has been done on bridge column-to-foundation one-way hinge
connections subject to a combination of axial, shear, and flexural loadings in the
moment-resisting direction. However, there has been extensive research and testing to
determine the bearing, shear, and flexural capacity under monotonic and cyclic loading
induced in the weak direction.

In 1965, G. D. Base conducted research on four prototype reinf~ concrete
hinges with the loading applied in the rotation direction (about the weak axis).' He IeSted
thme different types of hinges: a Freyssinet hinge, which has very little reinfon:ement
through the hinge section; a Messanger hinge; and a saddle bearing hinge. Base induced
a series ofdifferent loadings on the reinforced concrete hinges: axial load only, combined
axial and shear loadings. and axial loading with cyclic flexural loadings.

2



The results of these tests indicate that the specimens were able to carry design
loads with substantial factors of safety and allow for rotations greatly in excess of the
design requirements. Concrete compressive stresses in the hinge throats reached values
several times the compressive strength of the concrete without causing crushing. Base
also diSCO'Jered that the reinforcing steel through the hinge throat appeared to be
unnecessary. The static shear resistance 0( the hinge section appeared sufficiently
adequate, and only the consideration of impact shear would create a need for diagonal
reinforcement to assist in shear resistance.

A preliminary study \WS conducted on one-eighth scale reinforced concrete bridge
piers at the University of New.da in 1988; four model bridge piers 'Were built and tested.
Three of the specimens with shear-span to depth ratio (aspect ratio), Ilh, varying from
I to 3 were loaded monotonically to failure. The fourth specimen had an aspect ratio of
3 and \WS tested ~lically. The scope of the research was to subject a typical ORe--.wy
bridge pier hinge to lateral loads and determine if the shear friction theory was indeed
valid for this type of application. The results of these tests indicated that the shear
friction method can overestimate the shear capacity of a typical one-way hinge by as
much as 100 percent.21

The pilot study showed that the mechanism for shear resistance in a one-way
hinge is different than what the shear friction theory has indicated. The shear friction
method assumes that aggregate interlock takes place over the entire length of the crack
in the hinge region. According to this method, when an initially cracked reinforced
concrete specimen is loadej monotonically in shear, slippage will occur along the crack
interface.2.13.14.n As the two concrete segments on opposite sides of the crack slide
relative to each other, tension is introduced into the reinforcement bars, as shown in
Figure 1-2.21 To maintain equilibrium, the reaction from this ter.sile force is a net
compressive force normal to the crack. This net compressive force is multiplied by a
friction factor; the product is the shear resistance of the section.

The sliding mechanism along the crack face subjects the reinforcing steel to a
shearing action, commonly referred to as "dowel action... Dowel action can be developed
by three mechanisms: flexure of the reinforcement, shear stress across the steel bars, an<'
kinking of the reinforcing steel. II

Initially-eracked reinforced concrete members beIuNe differently under cyclic
loading. After one ~Ie, the specimen builds up residual tensile strain in the ranforcing
steel which prevents the crack along the shear plane from closing immediatdy after the
load has reversed.6•17,22 This results in shear transfer by dowel action as well as agpegate
interlock. After the initial cycle is completed, the shear stiffness of the specimen is much
lower than the stiffness during the previous loading cycle. The specimen e1tperiences slip
equal to the p~ous maximum slip until the contact sections again come into bearing.
The resistance of the contact areas to deformation results in an increase in shear
resistance. Further cyclic motion results in similar behavior until the two surfaces in
contact are worn smooth, thus reducing the portion of shear resistance normally provided
by aggregate interlock.
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The mechanical behavior of a one-way hinge, shown in Figure 1-3, is
considerably different than that discussed in the shear friction method.21 Usually, a large
tlexural crack forms in the concrete, limiting the contact area for aggregate interlock to
the compression zone of the section. The net compressive force is the summation of the
reinforcing steel force and the concrete force crossing this compression region. Thus, the
resultant compressive force may be very different from that obtained when all bars are
acting in tension as indicated by the shear friction method.21

Researchers at \\tihington State University in Pullman are dC\'eloping a modified
hinge detail to reduce the size of the foundation for economic reasons. IS Their objective
is to build forty, one-twentieth scale and six one-sixth scale specimens and subject them
to cyclic loadings that will produce lateral deflections of up to 14 times the yield
displacement. Preliminary findings of the small-scale study indicate that the modified
hinge detail appears to be better than the unmodified hinge delail in absorbing the energy
induced by lateral forces. This improvement is a result of the confinement provided
around the hinge throat by the addition of an outer segment of the architectural column.
At the time of this writing, ..wrk is being conducted on the one-sixth scale models to
substantiate the findings of the small scale specimen tests.

1.3 Object and Scope

A continuation of the research which started at the University of Nevada in 1985,
the pre.~t study inYOlves testing hinge details for bridge column-to-fOundation
connections subjected in lateral loading in the strong direction. The objective of this part
of the study was to determine the effects of pier aspect ratio and cyclic loads on the
lateral response of one-way hinges in the presence of a constant·axialload.

The major differences between the current study (Standard Detail specimens) and
the pilot study21 (Concrete Hinge specimens) are the following: the scale of SD specimens
is one-sixth compared to one-eighth scale for the eH series; deformed No. 3 reinforcing
bars were used in the SD specimens, whereas plain No. 2 bars were used in the original
study; and a constant axial load was applied to the SD specimens, whereas there was no
axial load for the eH series.

In the current study, two test variables were considered: rnonoIDnic \'efSUS cyclic
loading and shear-span to depth ratio (aspect ratio). The shear-span to depth ratio is
defined as the distance from the point of zero moment to the point eX maximum moment,
I, divided by the total depth of the section in the strong direction, h. The first t'M>
specimens, with aspect ratios of 1 and 2, were loaded monotonically to failure. The last
t'M> test specimens, also with aspect ratios of I and 2, were subjected to cyclic lateral
deformations with increasing amplitude levels until failure. The shear-span to depth ratio
was varied to determine its effects on shear and flexural capacity eX the hinge and to
determine a limiting shear span to induce a shear failure. By decreasing the shear span
of the column, the shearing effect in the hinge region will become more dominant.20
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Previous research has shown that the strength of columns having a shear-span to depth
ratio less than 2.5 is controlled by shear related failures.I2,2.~.27

During testing, specimens subjected to cyclic lateral loading experienced ultimate
displacements of up to four times the yield displacement. It should be noted, however,
that very slow static lateral displacements were applied to each test specimen. This was
done to monitor the cracking pattern and the overall response of each specimen. The
C)'IClic testing was performed to obtain a general insight into the effects that load reversals
have on shear and flexural strengths and to give an indication of energy dissipation in the
hinge section.

The long-term goal of this project is to de\'elop a method for estimating the shear
behavior of common reinforced concrete hinge details subjected to lateral loads, and to
de\'elop details that will improve the energy dissipation capacity of one-way hinges.



Chapter 2

Experimental Study of Hinged Specimens

2.1 Introduction

Four one-sixth scale model foundation-to-eolumn hinge connections were tested.
These models were designed 10 represent piers 2 and 3 of the Rose Creek Interchange
(1-862) located on Interstate-SO in Winnemucca, Nevada, shown in Figure 2-1. The test
specimens, shown in Figure 2-2, consist of two elements: a lower portion, representing
the foundation, and an upper portion, representing the column. All specimens were tested
in the upright position with an axial load applied at the top of the column to simulate the
dead load of the bridge deck. Specimens were laterally loaded (combined shear and
tlClture) in the strong direction.

This chapter describes the test specimens, equipment, and procedure used in the
testing program.

2.2 Test Specimens

Four standard detail (SD) specimens were tested: SDIM, 8D2M, SDIC and
SD2C. The first two specimens were loaded monotonically; the last two specimens were
loaded ~lically. The first and third specimens had a shear span to depth ratio (aspect
ratio), Ilh, of 1; the ratio for the second and founh specimens was 2.

All specimens had a 14.S-inch by IS-inch by 24-inch footing section. The column
sectica malSured 6.5 inches by 16 inches by 22 inches for specimens SDIM and SDIC
and 6.S inches by 16 inches by 38 inches for SD2M and SD2C. Six No.3 deformed
Grade 60 reinforcing bars were used to connect the footing to the column. Concrete
cc:wer was 1 inch for the outer two dowels. Inner dowels were spaced at approximately
2.7S inches, en center.

The six reinforcing dowels had 90 degree, 6-inch slandard hooks on either end
with a straight segment of 8 inches in the footing section. 'lest specimens SDIM and
SD2M had No. 3 Grade 60 deformed ban for U-stirrups and no horizontal ties located
in the column section. In specimens SDle and SD2C. both U-stimlps and horimntal ties
were used, to enhance concrete confinement in the column section. Horizontal lies were
plain No. 2 bars, spaced at 6.S inches, on center, with 1 inch of concrete cover both top
and bottom. The connection between the footing and the column was formed with a 2.S­
inch by 16-inch by Ih-inch keyway. The hinge throat was fabricated by placing a Va-inch
thick piece of styrofoam in the base section prior to concrete placement. 1\\0 %-inch
thick styrofoam inserts were placed on either side of the keyway to ensure no bonding
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occurred between the outer portions of the column and the footing. After the footing
section was poured, the throat area was scraped to achieve a roughness amplitude of
approximately In-inch before the upper section was poured. Figure 2-3 is a photograph
of the base segment after curing. The reinforcing bars, the upper strain gage location,
the keyway, and the styrofoam used to keep the column and the footing from adhering
to each other can be seen. The cross-sectional area of concrete at the keyway was 40
square inches. The reinforcement ratio at the hinge throat was 1.65 percent; the steel
ratio in piers 2 and 3 of the Rose Creek Interchange is 1.30 percent.

2.3 Materials and Fabrication

Fine and coarse aggregates for the concrete were obtained from a local pit in the
Reno area. The coarse aggregate was sieved to remove material larger than In-inch. The
coarse aggregate failed to meet the requirements of American Society for Testing and
Materials (ASfM) Specification C33 on the No. 8 sieve; the fine aggregate did meet all
requirements for ASTM C33. Further information concerning the aggregates is contained
in Appendix A. The concrete mixture used type I-II low-alkali portland cement;
proponions for the four specimens are listed in Appendix B.

The concrete was batched in a 4-eubic foot revolving drum mixer with a mixing
time of approximately 10 minutes. Three 6-inch diameter by 12-inch high cylinders were
cast during both footing and column pours. Compressive strength testing was performed
after 7 days, after 28 days, and on the day the corresponding specimens were tested.
Appendix C lists the results of the compressive strength testing.

Reinforcing dowels for the four test specimens consisted of No. 3 Grade 60
deformed bars. The yield stress was 58,000 psi for the bars used in SDIM and S02M
and 57,000 psi for the bars in SOIC and S02C. Detailed information about the steel
properties is contained in Appendix D. The horizontal ties used in specimens SOIC and
SD2C were plain, i.e., non-deformed, No. 2 Grade 40 bars.

Forms were constructed using 2x4 lumber and ~-inch plywood. 10 allow easy
removal of the forms after concrete placement, screws were used in the side panels. The
forms were cleaned and coated with polyurethane to reduce water absorption and ease
form stripping.

The t\\O ponions of the model bridge pier were poured separately to simulate
field construction. The footing section was first poured and moist-cured for 24 hours.
The styrofoam used to form the keyway was then rellKMJd and a chisel used to roughen
the concrete until the byway had an amplitude of approximately In-inch. to ensure good
bonding between the foundation and the column. After an additional 48 hours of moist­
curing, the column was cast onto the footing. The ~tire specimen was then moist-cured
for an additional four days. After the moist-curing period, the forms were removed and
the specimens were allowed to cure at room temperature until testing.
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2.4 Instrumentation

A Hewlett-Packard 9000 Series microcomputer inter13ced with a 3054 data
acquisition system was used to record electrical stnlin gage and linear variable differential
ttansformcr (LVIJf) measurements for the test specimens. A computer sofuw'e program
named PIERHINGE, listed in Appendix E, was developed to convert, collect, and store
the test data (strains, displacements, and loads). A flow chart for the computer program
is shown in Figure 2-4. The user's manual for PIERHINGE is presented in Appendix F.

An MTS structural testing system was used to laterally load the test specimens.
The MTS system has a 55,OOO-pound load cell and an actuator arm with a stroke of
±3 inches. The h)(1raulic arm is displacement controlled from a 458.20 microconsole.
An axial load of 26,000 pounds was applied by means of a JOO,OOO-pound Riehle
machine. The test specimens were thus loaded with a combination of flexure, shear, and
axial force.

Instrumentation for the different specimens varied slightly: specimens SDIM and
SD2M had 24 electrical resisrancc strain gages while SDIC and SD2C had 18 strain
gages. The strain gages were mounted on the reinforcing bars, within each specimen.
1Welve gages were located in the hinge region; the remaining gages were located above
the hinge throat, at 3-inch intervals (See Figures 2-5 and 2-6). The bars in the columns
of specimens SDIM and SD2M had one gage on both front and back filce to compensate
for out-of-plane bending. Fewer gages were used in SDIC and SD2C because out-of­
plane bending was found to be negligible. The deformed bars were ground smooth and
thoroughly cleaned at the strain gage locations. The strain gages were bonded to the
reinforcing steel using an epoxy adhesive.

Specimens SOIM and SD2M used two 2-inch LVDIS to measure the rotation of
the column section relative to the foundation and one I-inch LVor to measure the
horizontal slippage of the column with respect to the base. In addition to the LVD1S, two
I-inch dial gages were used to observe torsional eft'ects from !he lateral loading. Figure
2-7 shows this instrumentation.

1b achieve better sensitivity for specimens SDIC and S02e, two I-inch LVD1S
were used to measure the rotation of the column and one lh-inch LVDr was used to
measure horizontal slip of the column relative to the footing. In addition to the dial gages
described above, two I-inch dial gages were used to monitor foundation m<JYemel\t
relative to the column, to check whether the footing was rocking under load, and
contributing to the lateral displacement of the column. The additional dial P8CS were
placed as shown in Figure 2-8.

The test specimens Vr'e.e connected to the load frame by eight 1- 1,4 inch diameter,
125,000 psi (tensile strength) threaded rods. 1b create a passageway for the threaded
rods in base section of the test specimen, eight 24-inch long segments of 1-~ inch
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Schedule 40 PVC pipe were included in the foundation form'Wrk. A I-inch thick steel
bearing plate was used at the end of the test specimens to distribute the load across the
face of the foundation. Figure 2-9 illustrates the test frame setup.

A steel collar, designed to carry a load of 55,000 pounds, was built to connect
the h}draulic ram to the column section of the specimen. The collar was built from th­
inch thick by S-inch wide steel plates, with four I-inch A325 bolts on each side. 1'M>
1.87S-inch diameter pins were attached to allow for rotation as the ram pushed and
pulled the specimen. 1Wo sections of C6x 13 channel were used to connect the collar to
the h)draulic ram. Figure 2-10 illustrates the details of the collar.

2.S Test Procedure

The test procedure was essentially the same for all four specimens; nowever, the
loading was monotonic for SDIM and SD2M and cyclic for SDIC and SD2C. The
specimens were laterally displaced a predetermined amount, the displacement halted, and
the computer triggered to record electrical strain gage measurements, center span
deflection, lateral load, and LVor displacements. A pen plotter was used to
simultaneously plot lateral load versus center span deflection. Dial gage readings were
also taken and recorded on data sheets. The applied venicalload was 26,000 ± 1000
pounds, representing the same stress in the hinge throat as the Rose Creek Interchange.
An outline for the loading procedure and failure modes for each specimen follows.

The first step in the testing procedure was to apply the axial load of 26,000
pounds in incremmts of approximately 5000 pounds. Once the total axial load was
applied, the threaded rods were tightened to prevent rDO't'ement during loading. The
h}draulic ram was then bolted to the column collar and the actual test was ready to
proceed.
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Chapter 3

Results of ffinged-Specimen Testing

3.1 Introduction

1be results presented in this chapter describe the experimental data recorded
during each of the model tests.. ~ he following are discussed:

1. Lateral load versus deflection.

2. Lateral load versus strain.

3. Lateral load versus rotation.

4. Lateral load versus slip.

5. Axial load versus deformation.

6. Column twist and base rotation contributing to total lateral deflection.

These data give an indication 0( the stiffness characteristics and strength decay
for each test specimen.

Before testing, each specimen was inspected for unusual or dominant cracking
patterns. There were no major visible cracks in any of the test specimens; however, there
were some minor shrinkage cracks.

Specimens SO1M and 8D2M were monotonically loaded to fililure, where failure
is defined as the point where the latcralload Ins decreased to 85 percent of the maximum
load. Points at which individual bars yielded are indicated on the measured response
curves for specimens SDIM and S02M. The number indicates which layer of steel
yielded in tension during loading.

The cyclically-loaded specimens, SD1C and SD2c. were subjected to several
cycles of increasing lateral displacement amplitudes and ductility levels. No particular
earthquake response history was simulated during the testing phase. Figure 3-1 shows the
numbering system used for the reinforcing steel located within each specimen: bar I
being on the front face (right side 0( the diagram) of the column; bar 6 on the back face
of the column (m left side).

11



3.2 Spedmen SD1M

3.2.1 Load-De8ectioD Response

Figure 3-2 shows the load-deflection curYe for specimen SDIM, which had an
ultimate lateral load of 25,300 pounds. The specimen cracked at a load of 3600 pounds
as indicated by the change in the slope of the load-deftection diagram. Yielding of bar
I in tension occurred at a load of 18,240 pounds, corresponding to a lateral displacement
of 0.20 inches. Failure of the specimen occurred at 21,500 pounds and a lateral
displacement of 1.54 inches; this displacement corresponds to an apparent displacement
ductility factor of 7.70. Displacement ductility is defined as the maximum lateral
deflection divided by the yield deflection.

Figure 3-3 shows the actual cracking pattern of the specimen near the failure
point. The photograph \\as taken at a load of 25,300 pounds and a lateral deflection of
1.29 inches. The photograph shows that there was major cracking on the compression
side of the hinge just aboYe the intemee between the column a.'K1 the foundation. The
cracks propagate up the column face, indicating severe stresses in the upper part of the
column. The severity of cracking is partly due 10 the absence of horizontal ties in the
column region which would have prcwided some confinement.

3.2.2 Load-Strain Response

Figures 3-4 through 3-15 illustrate the relationships between lateral load and strain
distribution in the reinforcing steel.

Af1er the initial axial loading of the model with the 26,OOO-pound axial load, all
of the bars in the hinge throat were in compteSSion. As the lateral load was applied, the
strain distribution changed from compression to tension in bars 1 through 5. Because of
its location, bar 6 remained in compression.

10 explain the load-strain curves, the CUrYeS for bars 4, 5, and 6 can be
ewnined. Figure 3-10 shows the relationship for bar 4, and is composed of three
distinctly different segments. 1bc first segment, from point A to B, indicates that the
lateral load creates negligible strain in the bar; the strain is mainly a result of the applied
axial load. Between points B and C, the Iataal load becomes sufficiently large 10
OYerCOme the compressive stress from the axial load, causing tensile strains to develop
in the bar. The last segment, from point C to point D, shows large strains due to the
rotation of the column section and separation of the column from the footing; there is no
concrete contact between the foundation and the column except in the compression lOne
at the far Idt end of the specimen. The reinforcing bar eventually yields. and large
strains develop with little inetease in section load capacity.
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Figure 3-12, representing bar 5, also has three distinct regions. The first region,
from point A to point B. shows the response from the initial axial loading. As the lateral
load is increased, compressive strain increases to a maximum at point B, where the
applied lateral load is approximately 11,000 pounds. The second region, from point B
to C, shows that the lateral load is large enough to cause tension and a decrease in the
compressive strain in the bar. At a lateral load of approximately 20,000 pounds, the ~r
undergoes a stress reversal to tension. The final region, from point C to D, shows that
the bar is undergoing laJge strains with little increase in lateral load. The bar eventually
yields in tension. This is a result of the large relative rotations present, which limit the
contact area between the column and the foundation.

Figures 3-13 through 3-15 show that bar 6 remains in compression. This bar is
located on the left end of the column, where the large rotations cause the concrete
column and footing to bear against each other.

The extent of yielding penetration can be observed in Figure 3-4, for tension, and
in Figure 3-13, for compression. The bars yielded at a distance up to 6 inches from the
hinge throat, as the lower sections undeNent strain-hardening.

3.1.3 Load-Rotation Response

Figure 3-16 shows the load-rotation curve for specimen SDIM. Up to yielding
of bars 1 through 4, the specimen exhibited small rotations, but after yielding, large
rotations developed. The initial yield rotation was 0.0044 I3dian. The rotation near the
end of the test, when the load dropped to 85 percent of the peak load, was 0.083 radian.
This corresponds to a rotation ductility of 18.9, which is quite high for a specimen with
an aspect ratio of 1.

3.1.4 Load-Horizontal Slip Response

The load-horiwntal slip cuc\'e, Figure 3-17, shows that up to yielding very little
slip has occurred between the column and the footing. After bars 1 through 4 yielded in
tension, and the column had separated from the footing OYer most of the hinge area,
large horiwntal slips were recorded. The initial yield slip was 0.014 inch; the slip at
fililure was 0.152 inch. The slip ductility factor was 10.9.

3.1.5 Axial Load-Delonnation Response

Figure 3-18 shows the relationship between axial foree and axial deformation of
the column section. The LVon that measured axial deformation were located
approximately 6 inches from the top of the footing. Shortening was measured ewer a
distance of 6.S inches, including the lA-inch hinge throat depth. The discontinuity at
10,000 pounds applied lateral load is most likely due to the LVDr signal noise leYe1.
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3.2.6 Load-Column Twist Response

Tho dial gages were used to monitor out-of-pJane twisting caused by the
h)W'aulic ram. As shown in Figure 3-19, the column experienced very little out-of-plane
rotation relative to the footing. A column twist of 0.0005 radian was measured at the
initial yield load, corresponding to a displacement component of 0.0016 inch at the
comer of the column in the loading direction. This is negligible when compared to the
yield displacement of 0.24 inch.

3.3 Specimen SD2M

3.3.1 Load-Deflection Response

The load-deflection curve for SD2M, Figure 3-20, shows that bar I yielded in
tension at a lateral load of 9120 pounds and a corresponding deflection of O. 19 inch. The
peak load was 13,100 pounds at a displacement of 1.0 inch. Failure occurred at a lateral
load of 11,110 pounds with a corresponding displacement of 1.38 inches. This relates to
a ductility factor of 7.26, which is close to the ductility factor of 7.70 observed for
SDIM. Specimen SD2M initially cracked at 4500 pounds.

Figure 3-21 is a sketch of the cracking pattern for test specimen SD2M. Because
the photographs taken during this test were of poor quality, a video tape was reviewed
and a hand drawing was made to show the cracking pattern at the f.a.ilure point. Major
cracks are present on the compression &ce of the column. ~rtical crack propagation is
apparent on the compressive side of the column. The' tests of other tied specimens
revealed that the cracking of SD2M was a result of the lack of horizontal ties in the pier
section. The cracking pattern for SD2M is similar to what was observed for SDIM.

3.3.2 Load-Stnin Response

Figures 3-22 through 3-33 present the data collected for the load-strain response
of specimen SD2M. The dara can be grouped into three groups: the first for bars 1
through 4 (Figures 3-22 through 3-28); the second for bar 5 (FIgures 3-29 through 3-30);
and the last for bar 6 (Figures 3-31 through 3-33).

Figures 3-22 through 3-28 show three distinct line segments on the load-strain
diagram; Figure 3-22 will be used to explain the load-strain response curve. Initially, as
the axial load is applied the bar goes into compression (point A to point B). As the lateral
load is applied, from point B to point C, the strain reverses from compression to tension.
The last segment, from C to D, is a result of the large flexural crack which developed
between the footing and the column. As the ftexwal crack propagates, laIie rotations are
developed between the two concrete segments with minimal contact only in the
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compression region. Beyond this point, the reinforcing steel has yielded, and larger
tensile strains are recorded with every increase in lateral load.

Figures 3-29 and 3-30 represent the load-strain response for bar 5. Again there
are three distinct line segments to the curve. The first segment of Figure 3-30, from
point A to point B, shows the application of the axial load. At point B (about 6000
pounds lateral load). the maximum compressive strain has been reached. A slow decrease
in compressive strain is then seen. due to the increasing lateral load. The final segment,
point C to point D, shows that the strain has reversed from compression to tension. The
only concrete section of the column stiJl in contact with the footing is the far left edge
which contains bar 6.

Figures 3-31 through 3-33 show the data for bar 6, which remains in compression
throughout the test. As the pier rotates counter-elockwise, the rear of the column is
forced downward into the footing, resulting in increasing compressive strains.

3.3.3 Load-Rotation Response

The load-rotation curve for 802M, Figure 3-34, shows that prior to yielding in
tension, small rotations were experienced in the section. The initial yield rotation was
0.0022 radian. After yielding of bar 4. large rotations occurred. At the point of failure,
a rotation of 0.039 radian \WS recorded, corresponding to a rotation ductility of 17.7.
almost the same as that obtained for specimen SDIM.

3.3.4 Load-Horimnta. Slip Response

Figure 3-35 shows the load-horizontal slip curve for specimen SD2M. Up to a
lateral load of 5000 pounds. practically no slip has occurred between the column and the
footing. Between 5000 and 10,000 pounds, slippage is starting to occur, but no major
I1KJY'ement has developed. An initial yield slip of 0.0026 inch was measured. The slip
was 0.04 inch at failure, which relates to a slip ductility of 15.4. This ratio is 1.5 times
the value of 10.9 observed for SDlM, indicating that shear was more dominant in
SDIM.

3.3.5 Axial Load-Def'onnation Response

Figure 3-36 shows the relationship between the axial force and the deformation
in the 1<J'tYU 6.5 inches of the column. No significant deformation was noted. The
relationship .5 nearly linear; the slight discontinuity is probably due to the noise levels
of the LVIm.
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3.3.6 Load-Column Twm Respoose

Figure 3-37 shows the load-oolumn twist data for specimen S02M. The column
experienced very little twist: even at the maximum load of 13,100 pounds, the measured
angle of twist was only 0.0035 radian. The displacement of 0.011 inch, which results
at the 1C\'d and direction of horizontal load, is insignificant when compared to the 1.0
inch of deflection due to the lat.cIa1 load.

3.4 Specimen SDle

3.4.1 Load-Deflection Response

Figure 3-38 presents the laIerailoading history for specimen SOIC. The specimen
was subjected to nine displacement ~les at four different amplitude levels. Figure 3-39
shows the load-deflection response for the specimen. Initially, t\W cycles of ±O.l-inch
displacement were completed to capture the cracking point of the specimen. The
specimen was then subjected to t\W ~les of ±0.25-inch displacement. This
displacement was the initial yield point of specimen SO1C. Three cycles were applied
with a deflection of ±0.50 inch, for a displacement ductility iKtor of 2, to monitor the
effects of cyclic displacements, with a moderate degree of nonlinearity, on strength
degradation of the specimen. Figure 3-39 illustrates the pinching of the hysteresis loops,
indicating a reduction in the energy absorption capacity of the hinge. Finally, a
displacement corresponding to a ductility level of 4.0 was applied (±1 inch lateral
displacement) for two cycles; significant pinching was noted in the hysteresis loops. The
sudden drop in lateral load during the last cycle was caused by the tensile failure of bar
1.

The positive load side ot Figure 3-39 shows that the largest load achieved was
26,800 pounds during the fifth cycle. On the final cycle, a maximum load of 20,400
pounds was reached. The strength degradation caused by the cyclic loading was 25
percent at failure.

Figure 3-40 shows the craclcing pattern during the ninth cycle at a lateral load of
17,040 pounds and a corresponding displacement of 0.89 inch. In the front of the
photograph, the column has separated from the footing. At the rear of the photograph,
the right comer of the column has a major crack running diagonally, starting
approximately 3 inches up the side of the column and propagating to the bottom c:entef
of the column. This crack formed after the expansion joint material had been compressed
and the concrete outside the hinge throat had come in contact with the footing. Horizontal
ties were used in the column section, to provide confinement and enhance ductility,
which significantly reduced the amount of column cracking. Figure 3-41 shows a close­
up of the hinge section with bar 1 failing in tension.
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3.4.2 Load-Strain Response

In specimens SOIC and S02C, 18 strain gages were used to record strain values.
1\w strain gages were used on each bar, front and back, through the hinge throat region;
however, only one gage was used above the hinge region to monitor the strains in the
bars. Because there was negligible out-of-plane bending of the bars in specimens SDIM
and S02M, redundant gages were eliminated.

Figures 3-42 through 3-53 present the lateral load-strain data collected during the
cyclic loading of specimen SOIC. In bars I and 6 (Figures 3-42 and 3-47, respectively),
the strains change from compression to tension, as expected for the outer bars during
cyclic testing. However, f.lilure of the strain gages during testing resulted in limited
strain data collection.

Figures 3-43 through 3-46 show the strain distribution for the gages located in the
hinge throat on bars 2 through 5. After the lateral load was sufficiently large to overcome
the effect of the axial force, the strains remained tensile. As the loading was cycled back
and forth, the concrete in the hinge throat failed, and the bars were pushed and pulled
in tension.

Figures 4-48 through 3-53 show the load-strain response for the gages located
above the hinge throat for bars 1, 2, 5, and 6. The cyclic nature of the strain distribution
is a result of lateral loading: one end of the column is subjected to tension while the
other is in compression. As the load is applied toward the left, bars 1 and 2 (Figures
3-48 and 3-49) go into tension while bars 5 and 6 (Figures 3-50 and 3-51) experience
compression. Just the opposite occurs when the load is reversed. The maximum strains
show that yielding extended well into the column.

3.4.3 Load-Rotation Response

Figure 3-54 shows the load-rotation response of specimen SO1C. Initially, two
cycles approximately equal to the cracking point of the section were completed; very
small rotations of about O.ooon radian were experienced. The initial yield displacement
was applied and the corresponding rotation of 0.0079 radian WdS measured. Next, three
cycles at a displacement ductility level of 2 <±0.50 inches), with a corresponding
rotation of 0.021 radian, were completed. Finally, the last two cycles were performed
at a displacement ductility level of 4 (±1.0 inch). The ultimate rotation was 0.051
radian, which correlates to a rotation ductility factor of 6.46. This is approximately 36
percent of that obtained for specimen SOIM.

A comparison of Figures 3-54 and 3-39 shows that the general shape of hysteresis
curves for rotation is similar to that of displacement. This is because a major portion of
horizontal displacement of the column is due to rotation at the base. However, the
pinching effects in Figure 3-54 are less severe because the column horiwntal slippage
is not reftected in the rotations.
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At large-amplitude cycles, peak rotations are larger in the positive direction than
they are in the negative direction. This is because the effective axial load in the negative
region was larger, thus reducing the cunoature and the resulting rotation.

3.4.4 Load-Horizontal Slip Response

The load-horizontal slip curve, Figure 3-55, shows that at the cracking point
<±0.08 inches), the slip between the column and the footing was negligible. At the initial
yield point, a slip of 0.03 inch was recorded, twice of that of specimen SDIM. On the
seventh cycle, with a displacement ductility of 2, a horizontal slip of 0.13 inch was
noted, corresponding to a ~lip ductility of 4.3. Finally, on the ninth cycle, a maximum
slip displacement of 0.25 inch was achieved, which corresponds to an ultimate horizontal
slip ductility factor of 8.3.

The peak slip in the positive direction was lower than the negative slip. The trend
is opposite to that observed in the rotation response. Considering that the displacements
in the positive and negative directions are forced to be the same, and the horizontal
displacement is dominated by a component due to the rotation at the bottom of the
column and a component due to the horizontal slip, the trend is logical because rotation
and slip have to compensate for each other.

3.4.! Axial Load-DeronnatioD Response

Figure 3-56 shows the relationship between the axial foree and the deformation
of the lower portion of the column. The response was elastic, as anticipated. The
discontinuity between line segments at an II,OOO-pound lateral load is a result of the
noise le'Je1 of the external LVon.

3.4.6 Load-<:Olumn Twbt Rrsponse

Figure 3-57 shows the latera11oad-column twist for specimen SDIe. Only the
extreme data points were plotted. 1be maximum column twist angle recorded was 0.0033
radian, corresponding to a comer displacement of 0.011 inch. This is insignificant
compared to the total lateral deflection of 1.0 inch.

3.4.7 Load-Base Rocki.. Response

Figure 3-58 shows the reduced data acquired from dial gages placed on the
foundation of the specimen to monitor rocking of the base. This rotation was converted
to a de1lection to compare with the displacement measured during testing. Only the
extreme data points were used to calculate foundation rocking. The maximum base
moycment contributing to the total deflection of the column was 0.016 inch; when
compared to the totaIlatera1 displacement of 1.0 inch, this value is negligible.
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3.5 Specimen SD2C

3.5.1 Load-De8ection Response

Figure 3-59 shows the load history response for specimen SD2C. The specimen
underwent a total of ten and one-quaner cycles with five different amplitude levels.

1Wo small cycles of ±O.l inches were performed to captUIt! the cracking point
of the specimen. Nat, t'MJ ~les at the initial yidd displacement <±0.2S inches) welt!
conducted. Three cycles welt! then completed at a displacement ductility level of 2
(±O.SO inch) 10 determine strength degradation during moderate ground motions. A
ductility level of 4 (±1.0 inch) was applied for three ~Ies to monitor the effects of
strong earthquakes. Finally, the specimen was subjected to one-quarter cycle at a
displacement of 1.33 inches (ductility metor of 5.32) to cause &'i1UIt!, since the column
still exhibilied considerable strength in the joint ~ion.

The load-deftection response curve for S02e is shown in Figure 3-60. A
maximum load of 14,400 pounds, with a displacement of 0.93 inch, was achieved on the
eighth ~Ie. It should be noted that there was no appreciable strength dqradation in the
c::onncction, indicated by the almost perfect overlapping of the cycles. On the last cycle,
the lateral load was 13,960 pounds, only a 2.9 percent drop in latera1load. Even at a
ductility le\d of 2 <±O.SO inch lareral displacement) some slight pinching of the
hysteresis loops is present. At a ductility level of 4, significant pinching is apparent,
indicating a loss of the energy-absorbing capability of the connection.

Figure 3-61 shows the cracking pattern at the t\w-hundredth loading increment:
the lateral load was 13,500 pounds and the horizontal displacement was 1.03 inches.
Very little column cracking can be seen, due to the presence of horizontal ties in the
column which provided confinement for the concrete.

3.!.2 1AJad-StralD ReIpoose

Figures 3-62 through 3-73 show the relationship between lateral load and strain
distribution in specimen SD2C. As in SOle, gages 1 through 12 were located in the
hinge throat and gages 13 through 18 ab<M: the joint inrermce. In bars 1 through 5
(Figures 3-62 through 3-66), the strain remained in the tension zone during most of the
testing. During small amplitude cycles (approximately equal to the cracking point of the
specimen), however, the strain distribution did ~le from compression to tension.

Figure 3-62 shows that bar 1, unlike other tesls, It!mained in tension during most
m the ~lic loadings. For this result to be correct, the neutral axis for negative loading
'M)U}d h8'Je to be to the right of bar 1. The compression area would then be
unrealistically small. Furthermolt!, strains on bar 1 at other locations (Figures 3-68 and
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3-72) show significant compression in this bar. It is, hence, concluded that the data in
Figure 3~2 are erroneous.

In Figures 3-67 through 3-73 the load-strain curves are quite different: the strains
cycle from positive to negative as expected for a cyclic test. During positive loading
(pushing), ban 4 through 6 experience comprasion and bars I through 3 are in tension.
During negative loading (pulling), just the opposite occurs.

3.5.3 Load-Rotation Response

The load-rotation curve (Figure 3-74) shows that at displacement amplitudes equal
to that of the cracking point, a rotation of 0.00124 radian was ~rded. At the initial
yield point (±0.25 inches), the rotation was 0.00267 radian, about twice that obtained
at the cracking point. At a displacement ductility of 2 (±0.5 inches) during the seventh
cycle, a l"OIation of 0.0123 radian was measured, corresponding to a rotation ductility of
4.61. On the tenth cycle (1.0 inch deflection), the specimen had a rotation of 0.028
radian; this relates to a rotation ductility of 10.5, almost twice of that obtained for
specimen SDIC. Finally, on the eltM:nth cycle, the rotation was 0.0384 radian,
corresponding to a rotation ductility of 14.4. The lateral displacement was 1.33 inches
for this cycle.

The hysteresis loops for rotation are not as narrow as those in the displacement
response (Fagure 3-60) because horizontal slip deformations are not included in rotations.
Similar to what was observed for SDIC (Figwe 3-54), the peak rotation in the positive
area was larger than that in the negative direction due to differences in the axial loads
in the two different directions.

3.5.4 Load-BorimDtal snp Response

Figure 3-75 shows the load-horimntal slip response for specimen SD2C. At the
initial yidd point, a slip of 0.0061 inch was measured, which is insignificant compared
to the 0II'mlI1 slip monitored during testing. At a displacement ductility level of 2 (±0.5
inches), the horizontal slip was 0.025 inch; this is negligible compan:d to the slip
moniQred for specimen SDIC. On the tenth C)'Cle (ductility level of 4) a maximum slip
of 0.123 inch was reached. The ultimate slip ductility was 20.2, about 25 percent higher
than that obtained for SDIC. The explanation for the lack of symmetry is similar to that
given for SDIC.

3.5.5 Axial Load-Deformation Respoase

Figure 3-76 shows the Je1ationship between axial load and axial shorting of the
lower portion of the column. The several minor discontinuities are the result ofelectronic
noise in the LVIm. The general shape of the diagram is nearly linear, as expected.
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3.5.6 Load-Column Twist Response

Dial gages were attached to the column to monitor twisting during testing.
However, soon after testing began it was apparent that the column was experiencing
insignificant m~ment; therefore, dial gage mulings were discontinued.

3.5.7 Load-Base RocklDC Response

Figure 3-n shows the rotation that was measured with dial gages located on the
foundation during testing. The dis1ance from the lateral loading point to the gage was
multiplied by the rotation angle to determine the amount of lateral deflection due to
rocking of the foundation. Only the envelope was plotted. A maximum lateral
displacement value of 0.015 inch was obtained, which is insignificant compared with the
deftectiondeflections which were applied to the column.

21



Chapter 4

Analysis of Specimens and Comparison to Obsened Test Results

4.1 Introduction

nis chapter describes the analysis of the test specimens and compares the
analytical results to the behavior observed in laboratory testing. FICtwal strengths, shear
strengths, horizontal deflections, and column rotations relative to the foundations are
discussed. Comments concerning the actual behavior versus the calculated behavior are
also presented.

Fl~ural analyses of the hinges rotating about their strong axis were performed
using a moment-curw.ture program called /AI UNR. nis progmm calculates the moments
required to cause yielding in different layers of steel, along with the corresponding
column curvatures using standard techniques. The ultimate moment and curvature were
determined at the crushing point of concrete, assumed at an ultimate strain of 0.004 on
the Ct~me compression fiber of the concrete.

Several formulas from the American Concrete Institute (ACI) Building Code,I

commonly called ACI-318, were used to calculate the shear capacity of the hinged
specimens. The fonnulas used include the shear-axial compression formulas (ACI-318
Bqs. 11-4, 11-7, and 11-8) and the shear-friction formula (ACI-318 Eq. 11-26). In
addition, the empirical dowel action formulas discussed in Ref. 18 were also employed.

Ddlection calculations were performed using the moment-area method, and
included plastic deformation of the hinge throat and clastic deformation of the column.
Ddormations due to bond slip were calculated and added to the elastic deformation to
obtain the total deftection. The Iota! hinge rotation was determined by summing the
elastic and inelastic hinge rotations with the rotation caused by bond slippage.

4.2 Flexural Analysis

Results of the flexural analysis performed on each of the four test specimens are
presented in 18blcs 4-1 through 4-4. The load requiMd to cause yidding of the various
steel layers and the load at the point where the concrete raches a compressive strain of
0.004 were calculated and are compmd to the measured loads. It can be seen that the
calculated and measured results were within IS percent of each other.

The computer program /AIUNR was also used to calculate moment interaction
diagrams and moment-eUr4tuIC diagtams for the four leSt specimens. The program
calculates the axial load-moment data points, so that an interaction diagram can be
plotlled, and calculates the moments required to initiate yielding in different layers of
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steel, to produce a moment-eurvature response. The input data consists of concrete and
steel properties, section geometry, and applied axial load.

lAI UNR's concrete constitutive relationship is based on the Hognestad model. 'o

Figure 4-1 shows the Hognestad model for concrete; the idealized stress-strain curve
consists of a parabolic and a linrM segment. For the reinforcing steel, a tri-linear
stress-strain relationship with an elastic branch, yield plateau, and a strain hardening
branch is used. The program assumes that plane sections remain plane before and after
bending, and that the stress-strain response for the concrete and the steel are known.
lAIUNR computes bending moments, axial loads, and corresponding curvatures based
on material properties, strain compatibility and force equilibrium.

Figures 4-2 and 4-3 show the interaction diagrams for test specimens SOIM and
SD2M, respectively. The 26,000 pound axial load applied to each specimen is indicated
on the figures. Measured concrete and steel properties were used in the analysis. From
the interaction diagram for SOIM, Figure 4-2, the moment corresponding to the 26,000
pound load was 367,000 pound-inches. The maximum moment (based on the product of
the measured load and the distance to the base) achieved during testing was 405,000
pound-inches. Figure 4-3 shows a theoretical moment for specimen S02M of 375,000
pound-inches, compared 10 the actual moment of 419,000 pound-inches. In both cases,
the measured moment was approximately 10 percent greater than the calculated moment,
indicating that the specimens were stronger than the computer model indicated.

The interaction diagrams for specimens SOIC and SD2C are shown in Figures
4-4 and 4-5, respectively. At an axial load of 26,000 pounds, specimen SOIC has a
corresponding nominal moment of366,000 pound-inches. The measured ultimate moment
for specimen S02C was 461,000 pound-inches, approximately 30 percent greater than
the 364,000 pound-inch calculated moment shown in Figure 4-5. Part of the difference
is due to the fact that the peak loads were reached when the column was moving towards
the actuator and ther column was subjected to an effective axial load which exceeded
26,000 pounds.

Figures 4-6 through 4-9 show the moment-curvature diagrams for the four test
specimens. All of these curves are similar in appearance, so Figure 4-6 will be used 10
describe the data. There are five distinct break points, labeled A through E. Point A is
the concrete cracking point, which occurred at a moment of 124,000 pound-inches. The
next three break points (B, C, and D) are the tensile yielding p.1ints for bars I, 2, and
3, respectively. The ultimate point, E, corresponds to the crushing of concrete at a strain
of 0.004 inch/inch.

In the testing of specimens SOIM and SD2M, bars I through S yielded in tension
before the failure points of the specimens were reached. In older 10 produce tensile
yielding in bars I through 4 in the computer model of lAIUNR, the ultimate strain of
concrete was redefined from 0.004 to 0.10. Bar 5 \Wuld yield in tension only when the
compressive strength of the concrete was raised to 10,000 psi. These results indicate that
the hinge section geometry creates an "apparent" increase in the ultimate crushing strain
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and the compressive strength of the concrete. This is a result of concrete confinement in
the hinge section.

4.3 Shear Analysis

Results from the shear strength calculations are presenlCd in Thble 4-5. The
various fomulas used to calculate the shear strength of the hinge section produce vastly
different results.

The maximum shear applied to specimens SDIM and SD2M was 25,300 and
13,000 pounds, respectively, and 30,500 and 14,400 pounds for the ~lically-loaded

specimens, SDIC and SD2C. Specimens SDIM and SD2M had lower shear capacity
values because no horizontal ties were used in the column section.

The ~I-318equations for shear-axial compression (Eqs. 11-4, 11-7, and 11-8),
considerably underestimate the shear capacity of the hinge section. These low calculated
values were expected, since a shear-axial compression failure was not anticipated nor
present in any of the specimens. These formulas were included for completeness.

As discussed in Chapter 1, the shear-friction method (SFM) is currently used by
designers to determine the ultimate shear capacity of the hinge section.' For the shear­
friction method, shear strengths were calculated for one bar contributing, t\W bars
contributing, and all six bars contributing. The ACI-318 Commentary Sec. 11.7.7 stales
that it has "been demonstrated experimentally that if a resultant compressive force acts
across a shear plane, the shear-transfer strength is a fun~tion of the sum of the resultant
compressive force and the force A~f, in the shear-friction reinforcement. ,,' Theld'ore,
the force due to the axial load and the weight of the column section was added to the
results obtained from ACI-318 Eq. 11-26. These results are presented in Table 4-5, and
are labeled SFrl, SFr2, and SFr6; the numerals indicate the number of bars contributing
to the axial force. A friction coefficient of one was used.

All four lest specimens failed in flexure, not in a shear slip mode. However, the
shear capacities were reached at fililure in specimens SDIM and SDle, since significant
horizonlal slippegc 0CCUI'ICd in the column section ~lative to the footing. The same
argument cannot be made for specimens SD2M and SD2e, since relatively little slippage
was noted.

Shear fo~ can also be developed by dowel action across the shear plane, once
significant slippage has occurred. II Figure 4-10 illustrates the three mechanisms for
development of shear strength due to dowel action: flexure of the reinforcing steel, shear
across the dowels, and "kinking" of the dowels. Kinking was not considered because
kinking angles were not measured during testing. From Uble 4-5, results indicate that
dowel action through flexure considerably underestimated shear capacity and was most
likely not the observed mode in which shear strength was developed. Dowel action from
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sh:ar was a more probable mechanism; however, this also underestimated the actual
shear forces developed in the test specimens.

4.4 Rotation Analysis

calculated roIation consisted of rotation due to elastic and plastic deformation of
the hinge section plus rotation due to bar slippage. The calculated load-rotation ~nse
cur,a ~ presented in Figures 4-11 through 4-14. The calculated points are super­
imposed on the measured response cuna.

1\\0 empirical formulas were used in determining the rotations for the test
specimens.·"» Both Eqs. (4-2) and (4-3) attempt to compensate for the existence of so
called "shear effects," or effects of "plastic spread" which deYe10p throughout the length
of a concrete member during bending.•'.2<4 Plastic spread begins occurring in a flexural
member immediately after the concrete cracks, increasing the curvature and displacement
of the member.

The first method to calculate the rotation of the column with respect to the base,
caused by plastic ddormation of the hinge throat, inyolved determining the yield
curvature over the plastic hinge section. The rotation at yielding, 9" of each bar layer
is:

8, = ~,l" (4-1)

where ~, is the curvature at yielding of each particular bar la)'Cr, calculated by the
computer program IAJUNR, and I" is the equivalent length of the plastic hinge. The
plastic hinge length can be determined using Baker's equation:·'

(4-2)

where k. is equal to 0.7 for mild steel and 0.9 for cold-rolled reinforcing steel; Ie, is
equal to 1+0.5(P/P.), where p. is the axial compressive force applied to the mcrnber
and P" is the member's axial compressive strength; k, is a factor which ranges from 0.9
for a concrete compressive strength,ft" of 1700 psi to 0.6 for anft' of 5100 psi; z is the
distance from the critical section to the point of contraftexure; and d is the effective
depth of the section.

The additional curvature area dcYdoped from the plastic hinge length is added to
the existing curvature diagram, shown in Figure 4-15, improving the accuracy of the
calculated rotations.
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The second method used WdS a formula developed by S. SuganO.23 This
empirically-derived method determines a new yield cutv.lture value for the member,
based on certain geometric and material properties. The equation also considers the
effects of diagonal tension on the member's yield displacement. With this new curvature,
the corresponding yield rotations are computed using the moment-area method of Eq.
(4-1). Sugano's formula for yield curvature, 4>,., is:

(4-3)

where

M, = d" A.I"

In these equations, M, is the yield moment, a,. is the stiffness reduction filctor at yielding,
a is the depth of the rectangular compressive stress block, All is the area of tensile steel,
b is the cross-sectional width, d is the effective depth of the section, d" is the distance
between tension and compression steel, E~ is the concrete modulus of elasticity, H, is the
steel modulus of elasticity, f, is the yield strength of the tensile steel, and h is the total
depth of the section.

The bond-slip rotation was calculated with respect to the location of the neutral
axis using the following relationship:

e
8 =--
• d-I:t/'

(4-4)

where d is the distance from the extreme compressive fiber to the centroid of the rebar
and e is the steel elongation due to bar slippage. I:t/ is the distance from the extreme
compressive fiber to the neutral axis, and is calculated as:

~c
/cd = -.

~,

The strain in the concrete at the extreme compressive fil:Jer, E~, is computed from
strain compatibility for each layer of steel that is yielding. An ultimate concrete strain
of 0.004 was used as the crushing point of concrete. Bar elongation due to bond slip, e,
is computed using:
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t I"e =-
2E'•

where f. is the steel yield stress, l~ is the deYelopment length of the reinforcement from
ACI-318 Sec. 12.3.2,1and E. is the steel's modulus of elasticity.

Bar slippage in an ordinary reinforced concrete connection cUsts primarily in the
column anchorage system, as shown in Figure 4_16.16.22 Bar slippage in a typical
reinforced concrete beam section is very small due to the flexibility and cracking
distribution mthe element. However, in hinged specimens, there are two rigid concrete
blocks that are rotating relative to each other with no crack development in either
section; thus, bar slippage can take place in both portions, as shown in Figure 4-17.
Bond-slip due to rotation can, therefore, be twice that of what would be anticipated in
a normal reinforced concrete member.

4.4.1 Specimen SD1M

Figure 4-11 shows that the calculated load-rotation values for both Baker's and
Sugano's methods overestimate the rotations until yielding of bar 1. At yielding of bars
2 and 3 the calculated values underestimate the actual rotation, most likely due to a
reduction in stiffness, for which the calculation methods do not account. The ultimate
rotations determined from Baker's and Sugano's formulas greatly underestimate the actual
rotations. H<JWe\leI', Sugano's formula approximates the actual rotations more closely
than does Baker's.

4.4.2 Specimen S02M

Figure 4-12 shows the load-rotation diagram for specimen SD2M. During small
displacements, the measured curve shows a much higher hinge stiffnes.~ than the
calculated curves. This stiffness retention is likely due to the aspect ratio of 2, in which
the shearing effect on the hinge was not yet apparent. At yielding of ban 2 and 3, both
Baker's and Sugano's formulas give good approximations of the measured response
curve. In both of the monotonically loaded test specimens (SD1M and SD2M) the
calculated ultimate rotations greatly underestimate the actual failure rotation.

4.4.3 Specimen SDle

Figure 4-13 shows only the positive portion of the load-response curve envelope
of Figure 3-54. In general, the load-response curves for Baker's and Sugano's methods
fit the tmKI of the measured curve well. For the yielding of bars 1 and 3, the calculated
results are very close to the cyclic response envelope; however, at yielding of bar 2 the
calcuJalrld values do not as closely match the envelope. Both calculation methods under­
estimate the stiffness of the hinge': envelope.
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4.4.4 Specimeu SD2C

Figure 4-14 shows the relationship between the calcl,;!"ted and measured
load-rotation curves. As with specimen SDle, the measured response curve is only the
positive envelope of the load-rotation curve of Figure 3-75. The t\\O methods over­
estimate the column rotation at yielding of bars 1 and 2. However, even though at
yielding of bar 3 the methods again cmrestimate the rotation, the calculated values and
the measured response are fairly close.

4.4.5 General Commeuts

All of the theoretical load-rotation response diagrams initially overestimate the
column rotation, but OYerall correlation between the curves is good. In the early stages
of loading there is only concentrated hinge rotation, ",ith very little plastic rotation
contributing to the cwerall column rotation. As loading proceeds, plastic rotation and
bond-slippage effects are induced and very iaIge roeatiens are experienced. This accounts
for the calculated ultimate rotations greatly underestimating the actual failure rotations.
In the theoretical calculations, crushing of concrete was assumed to occur at a strain of
0.004; hO\llr"CYel', all four test specimens exhibited a much higher ultimate strain. This
appears to be the major reason for the differences between the measured and the
calculated curves at ultimate rotation. It should also be noted that neither of .the
calculation methods were based on hinged specimens; they were used in this study to
explore their applicability.

4.5 Defledion Analysis

The deflection components that contribute to column displacement are: deflection
due to plastic deformation of the hinge throat, elastic deformation of the column, and
deflection due to bond slip of reinforcing bars crossing the hinge throat. Calculated
load-deflection curves are presented in Figures 4-18 through 4-21, and are superimposed
on the measured load-deflection curves to examine the applicability of the analytical
procedure.

1b determine the yield displacements for each bar, Baker's equation, Eq. (4-2),
was used to determine the plastic hinge length, 1,. The results from the computer
program lA.1UNR were then used, in conjunction with 1,. to calculate the yield
displacements for bars 1 through 3 and the ultimate deflection at concrete crushing.

The model used in the moment-area calculations was a cantilever beam
representing the column, with a fixed end as the foundation.4 The cantilever section
consisted of a 6.5-inch by 16-inch element connected to the fixed base by a 2.5-inch by
16-inch by Ih-inch hinge section, as shown in Figure 4-22. The curvature varied linearly
along the length of the element, from zero at the unsupported end to MIEI at the flxed
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end. The moment of inertia, 1, was based on the uncracked section and the modulus of
elasticity, Ec' was calculated from:)

'The curvature over the plastic hinge length was calculated using the computer
program fAIUNR. This curvature, combined with Baker's equation, produced the
deflection caused by ineIastic deformation. The idealized curvature distribution for the
test specimen is shown in Figure 4-15. Deflections were calculated at yielding of the
different layers of steel, with the value of My determined from fAI UNR.

Deflection due to bond slip was calculated from the following equation:

tS, =8, L,

where 66 is the rotation due to bond slip determined from Eq. (4-4), and L is the length
measured from the support to the intersection of the hinge throat. .

4.5.1 S~imen 801M

Figure 4-18 shows the relationship between the measured and the calculated load­
deflection diagrams. The calculated displacem~nts at the different steel yielding locations
underestimate the actual deformations, but Sugano's formula appears to approximate the
curvature and the displacement response better than Baker's. The disparity between the
calculated data and the observed results is partly a result of the horizontal slippage
experienced during testing. (See Figure 3-17.) The horizontal slip causes a Rduction in
column stiffness, as indicated by the change in slope of the load-detlection diagram.

4.5.2 S~imeD S02M

Figure 4-19 shows the relationship between the calculated response and the
measuRd deflection for this specimen. The calculated curves approximate the actual
displacements fairly well up to the yielding of bars I through 3. At the concrete crushing
point the calculated curves are much lower than the measured point, most likely because
no horizontal ties were used in the column. The correlation betwa:n calculated and
measuRd curves is much better for S02M than for SOIM, probably due to S02M's
aspect ratio of 2.

4.5.3 S~imen SDle

The load-deflection curve, Figure 4-20, shows the measured and calculated
response for specimen SDle. Only the ~lic deftection envelope has been ploued, not
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the hysteresis loops. The calculated curve underestimates the displacement envelope, a
R:Sull of the stiffness reduction caused by the large horizontal slippage and subsequent
large lateral deformation. SDle did have horizontal ties located in the pier section,
which m:luced the amount of stiffness loss in the specimen; this is apparent when
Figure 4-18 and 4-20 are compared.

4.5.4 Specimen SD1C

Figure 4-21 shows the load-deftection envelope for specimen SD2C. The
calculated deformation response using Baker's method overestimates the deflection
slightly; just the opposite from the first three test specimens.

4.5.5 General Comments

The Baker and Sugano procedures used to calculate the deformations under­
estimate the actual deflections. Agreement between the calculated and measured
deflections is generally acceptable up to the yield point for bar 3, and is actually better
than indicated by the load-detlection diagrams: a O.lQ-inch gap between the h)(lraulic
ram collar and the specimen resulted in measured displacements slightly larger than
actual. &)ond this point, the specimens were able to sustain large strains which were
well aboYe the assumed ultimate concrete strain of 0.004; this is attributed to concrete
confinement in the hinge throat.
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Chapter S

Comparison with Previous Testing

S.l Introduction

The study presented in this report is part of a continuing study at the University
of Nevada, Reno. The pilot study for this project. mnducted in 1988, also considered
tour specimens. 16 The variables in that study were the same as in the present study;
~, there are several differences between the tv.o projects. This chapter highlights
those differences, and discusses how the new results relate to the conclusions of the first
study.

S.2 Comparison of Test Specimens

The research performed in 1988 was a pilot study of reinforced concrete hinges
subject to shear and flexure in the strong direction.16 Four ~ighth scale specimens
were fabricated and tested in the laboratory. The reinforcing steel used in each specimen
was Grade 40 plain No.2 bars. Shear keyways measured 2 inches by 12 inches and had
a roughness amplitude of approximately ~ inch. Two test variables were considered in
the preliminary study: cyclic versus monotonic loading, and shear-span to depth ratio.
Only one specimen was tested cyclically, CH4; this specimen had an aspect ratio of 3.
The remaining specimens, CH I, CH2 and CH3, were loaded monotonically. CHI, CH2
and CH3 had shear-span to depth ratios of 3, 2, and I, respectively. to simulate the Rose
Creek Interchange, which has effective shear-span to depth ratios ranging from 1.2, for
double-curvature column deformation, to 3, for single curvature deformation.

The objective of the current study was to construct and test four one-sixth scale
model bridge pier specimens. All specimens were subjected to the simultaneous effects
of axial load, shear, and flexure. The reinforcing steel used in each specimen was Grade
60 deformed No.3 bars. The shear keys incorporated in the models measured 2.5 inches
by 16 inches and had a roughness amplitude of Ih inch.

The same test variables were considered as in the previous study: cyclic versus
monotonic loading, and shear-span to depth ratio. Only tv.o aspect ratio were considered
in this study, I and 2, because aspect ratios of 2 and 3 gave nearly the same results in
the pilot study.16 These two ratios still provided the ability to monitor the behavior of a
short. stiff column and a taller. more flexible column. For each shear-span to depth ratio,
one specimen was subjected to monOkXlic loading and another subjected to cyclic
loading.

33



Specifically, the differences between the previous study and the current research
are the following:20

1. One-sixth scale models were used in the present SD (Standard Detail) specimen
series as opposed to one-eighth scale used in the original CO (Concrete Hinge)
~pecimens. In the SD series, specimen size was increased to better represent an
actual bridge pier. This increase in size, however, is not expected to significantly
alter the behavior of the column.

2. Ddormed (ribbed) reinforcing bars were used in the SD specimens, whereas plain
ban were used in the original CH series. Deformed bars were used to enhance
the bond between concrete and steel, and minimize crack widths at the hinge
throat. Plain bars were used in the original specimens because deformed No. 2
bars were not available.

3. TII(;. original CH specimens consisted of two "column" elements joined together
with a large "footing" block. The specimens were treated as beams for testing,
with the columns simply-supported and the lateral load applied vertically to the
footing section. The SO specimens were tested in an upright position with the
lateral load applied horizontally to the column.

4. An axial load was applied to each of the SO specimens to simulate the effects of
dead load from the bridge deck. The CH specimens had no applied axial load. An
axial load will tend to enhance the shear resistance of a column, and creates a
more realistic model.

5.3 Failure Modes

5.3.1 Original Concrete HiD&e Series

Specimen CHI had a shear-span to depth ratio of 3 and WdS loaded
monotonically. An ultimate lateral load of 4200 pounds was obtained. Failure was caused
by flexure and not by shear slip.

Specimen CH2, which had an aspect ratio of 2, was also loaded monotonically
until failure. C02 withstood a peak lateral load of 6000 pounds. CH2 also failed in
flexure, as expected for a large shear-span to depth ratio. Neither CO I nor CH2 showed
any sign of cracking in the column, outside of the hinge area.

The last specimen loaded monotonically was CH3, which had an aspect ratio of I.
The ultimate load was 12,500 pounds, approximately twice that of CH2. CH3 exhibited
a rapid strength deterioration after the peak load was reached, indicating a shear-slip
failure immediately after the steel reinforcement yielded.
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Specimen CH4 was loaded ~lically. This specimen had an aspect ratio of 3, as
did CHl. The ultirnalie load filr CH4 was 3605 pounds, after being subjected to five
C)'Cles of increasing lateral displacement. The maximum displacement ductility level
achiew:d was 5. Failure was dominated by flexure.

5.3.2 Standard DetaU Series

1Cst specimen SOIM was loaded monotonically until failure. The ultimate load
was 25,300 pounds. Failure was caused by shear, as indicated by the rapid decrease in
lateral load resistance. This was preceded by yielding of five eX the bars in tension.

S02M had an aspect ratio of 2, and was also loaded monotonically. The peak
load achieved during testing was 13,100 pounds. A gradual decline in lateral load was
observed, indicating a flexural failure.

lest specimens SOIC and S02e were both loaded ~lically. SOIC withstood
nine complete C)'Clcs, with a maximum ductility factor of 4.0. The ultimate load was
28,200 pounds, achieved on the fifth ~le. At the higher amplitude levels there was
considerable pinching of the hysteresis loops, indicating rapid stiffness deterioration. The
failure of specimen SDIC was caused by excessive flexural deformation.

Specimen SD2C was subjected to ten and one-quarter cycles of increasing
amplitude displacements. SD2C achieved a maximum ductility level of 5.32 on the last
quarter-qcle of testing. The peak load occurred on the eighth cycle and was 14,400
pounds. S02C also failed in flexure. At higher levels of displacement amplitudes,
pinching was present in the hysteresis loops, indicating a reduction in the energy
absorbing capability of the hinge.

5.4 Scale Effect

The scale difference between the previous study (CH group) and this study created
minimal performance differences. With the increase in size, SD specimens were able to
withstand larger lateral loads before failure. Comparison of the test results, however,
indicates that the scale had an insignificant influence on the perfi>rmance of the
specimens. The size contributed only to the ability to sustain larger loads.

5.5 Eft'eds of the use of Deformed Bars

In the original CH series the steel reinfon:ement consisted of six No. 2 Grade 40
plain bars placed in a single row in the direction of bending. In the SO group, the steel
crossing the hinge throat consisted of a single row of six No. 3 Grade 60 deformed bars.
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TIle use of defonnerl ban in the SD specimens enhanced the bond between
concrete and steel. Additionally, deformed bars hdped reduce the crack widths across
the hinge throat.
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Chapter 6

Summary and Conclusions

6.1 Summary

nis report presents the results of a study conducted on one-way reinforced
c:oncrete pier hinges subjected to a eombinati"n of axial load and uniaxial moment and
shear in the strong diRlction. This type of hinge is typically used as the connecting link
between the foundation and the columns of highway bridges. This "pinned" connection
detail is typically known as a Freyssinet-type reinforced concrete hinge, and allO'NS
rotation in the weak direction while providing resistance to bending in the strong
direction. The scope of this study was to construct and test four one-sixth scale hinge
models. There were h\O primary variables in the testing sequence: shear-span to depth
ratio (aspect ratio), and monotonic versus cyclic loading.

The first t\\O specimens, with shear-span to depth ratios of 1 and 2, respectfully,
were loaded mon01lOllica1ly to failure. The last t\W specimens, also with aspect ratios of
1 and 2, were subjected to ~lic loading until failure. The purpose of the cyclic; loading
was to detmnine the effects on shear stiffness of the hinge. The use of variOIlS aspect
ratios was to determine a limiting shear-span to depth ratio that \Wuld produal a shear
failure. By reducing the shear span, the effect of shear wlure was signifI.:antly
increased.

Analysis of the hinged specimens in\lOlved determining flexural and shear
strengths, concentrated hinge rotations, and displacement d the column elements.
FlClural analysis was performed using a moment-curvature program called L41 UNR. A
comparison betMen the measured and the calculated yield and wlure loads were
praented for each specimen. The various shear equations that were used to determine
shear capacities, and their relative accuracies, were presented. Shear strengths of the
hinges due to dowel action, in both flexure and shear, were also examined.

Cona:ntratcd hinge rotation and column dc1lcction consisted of two components:
reinforcement bond slippage and column flexure. Flexural displacements were detamined
from the curvature distribution along the column and include elastic deformation of the
column and plastic deformation of the hinge. Empirical formulas used to estimate the
roIational and deformation effects were also discussed.

6.2 Obsenations

During testing and analysis, the following observations were made:
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I. Cyclic loading of specimen SDIC and SD2C showed that slow load reversals
reduce the stiffness of the hinge region, until closure of the crack. on the
compression side of the column is achieved.

2. The absence of horizontal ties in the column section of SDIM and SD2M reduced
the shear and flexural strength of the specimens after some of the bars yielded.

3. Shear resistance is conttoUed mainly by friction forces within the compression
zone of the hinge throat, and not along the entire length of the hinge as the shear­
friction method assumes.

4. Significant flexural deformations occurred in all four specimens during testing.
Even in specimens SDIM and SDIC, which had aspect ratios of I, appreciable
ductility was apparent.

S. The maximum applied shear was developed in specimen SOle, which had a
shear-span to depth ratio of I and was cyclically loaded until failure. This,
however, did not determine the limiting shear-span to depth ratio of the specimens
tested, since the maximum shear was obtained after the specimen had yielded in
flexure. The shear span must be further reduced to obtain shear slip failure.

6. The moment-curvature program lAl UNR produced a good correlation between the
theoretical flexural capacities of the specimens and the actual measured values.

7. In all four specimens, the engagement of the shear key provided extra shear
strength and ductility at large displacements.

8. The presence of a constant axial load applied to the specimens reduced the crack
width and increased the apparent shear strength.

9. The use of deformed bars reduced bond slip and reduced crack width at the hinge
throat.

10. A gap of approximately 0.10 inch between the h)draulic ram collar and the test
specimen led to larger displacements in the load-deflection curves than actually
existed. The correlation between the actual and calculated yield displacements
imprO'o'eS when this gap is taken into account.

6.3 Conclusions

The shear-friction method did not produce reasonable estimates of shear capacity
in the hinged sections. From the test results, primary shear resistance was developed only
in the compression zone of the hinge interfilce. Further research should be conducted to
develop an accurate method for determining the shear capacity of hinges.
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1be effects of dowel action (primarily developed from flexure and/or shear)
appeared only after not,eable deformations had occurred. The primary resistance to
shear in the hinge for small deflections was the friction force created by aggregate
interlock. As the deflections became significantly greater, crack propagation became
increasingly larger, and primary shear resislance \\as generated from reinforcing steel
dowel action.

As the shear-span to depth ratio (a~t ratio) \\as decreased, the energy
dissipation capacity of the hinge also decreased. The ductility levels for specimens SD1C
and SD2C were 4.0 and 5.3, respectively. Both specimens exhibited considerable
hysteresis pinching. Hinge detail modifications to increase both the ductility and the
energy absorbing capability of the connection during cyclic loading need to be explored.
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18ble 4-1. Measured and Computed Yield Loads for Specimen SDIM.

Layer of
Steel

Measured Calculated
Load Load
(Ibs.) (Ibs.)

Measured
Calculated

....................................................... ; ~.~~.~~ ~~.~~~ _ ~:.~.~ ..
2 i 20,000 ! 22,600 i 0.88· · · 3 · · ·r ·..·..20~800· ·..l ·..· ·..·2~·:500 ·..· r..····O:·85· ..

................................................... •••~•.••.••••••.........••.....••.••....•••••••... ,••••••••J ~ .

Ultimate ~ 25,300 i 26,600 l 0.95
: : :

1ible 4-2. Measured and Computed Yield Loads for Specimen SD2M.

Layer of
Steel

Measured Calculated
Load Load
(Ibs.) (Ibs.)

Measured
Calculated

......................................................, ?.~..~.~ ; ~.~.~~~ ~:.~~ ..
2 I 9,800 i 11,400 I 0.86..· ·..·..··· ·3 ·..·..·T· ·..i..i·:ooo · ·..·..T..·· ···· i·2·:~OO· ..·..· ·T..······ ·..·O:·89 ..

.......................................................•....._ _ , .
Ultimate ! 13,100 ! 13,700 I 0.96
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Thble 4-3. Measured and Computed Yield Loads for Specimen SD JC.

Layer of
Steel

Measured Calculated
Load Load
(lbs.) (lbs.)

Measured
Calculated

. 17,100 . 20,100 . 0.85........................................................1' j ···································O&··········r·····..· .

2 i 19,900 [ 22,400 j 0.89
.......................................................! ! .....••.•.•...........................................·t·····························..·····..·····..········

3 ! 22,100 : 24,400 1 0.91......................................................., , , '"

Ultimate ! 30,500 I 26,600 ! 1.15

18ble 4-4. Measured and Computed Yield Loads for Specimen SD2C.

Layer of
Steel

Measured
Load
(lbs.)

Calculated
Load
(lbs.)

Measured
Calculated

i 9,600 10,000 0.96

..:::::::::~::::::::·::::~~::::::::::::~:::::~::t:.::::::.::::::.::~:~:~:~~:.::::::.:::::::::r:::::::::::::::::::~::!:~i~:::::::::::::::::r:::::::::~:::::::::~;:~::::.:::::::::::~:::
3 ; 11,000 I 12,100 I 0.91····..···········~~~~·~~~· ..·....·..··..T·..··..·..·....···i·~~~oo· ..·..·..······..T..····....·......·i·3·~200············· ..·r·····..··········....i·~·09····· ..··....··..··..
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Thble 4-5. Shear Strength Analysis based on Different Methods.

Shear Capacity, Ibs.

Method SDIM I SD2M I SDIC I SD2C

SFIA
Shear Axial Compression 7.470 7,820 j 7,270 7,2«)

(ACI-318 Eq. 11-4). . I .
....................................................,...···························t·················'···n.........•.•, ,. .

j i ! ~

(~':.'3~::1;~~~ i 7,270 I 6,280 I 6,900 i 5,850
.......................................................··········· ··············oi············· ·.···.··· ···· -_··..·· ·· ,·i··•...•••••..•....•......•.••...•.; .

Shear Fricti::~ethod, 1 bar; 32,600 I 32,700 I 32,500 I 32,600
(ACI-318 Eq. 11-26). l . l

.................................................................................. , n ••••• ' •••••••••••••••••••••••••••••••••• t ot .

SFr2 : 1 : i
ShearFriction Method, 39,000 39.100 ~ 38,700 ! 38,900

..................................~ ..~~~.~ ; ; .1.. 1.. .

ShearFri~i:~ Method, ~ 64,500 I 64,600 I 63,800 I 64,000

..........._ ~..~~~ ; 1... L. .1 .
~~~~tion. I 22,100 I 22,100 I 21,700 I 21,700

(Ref 18) ~ I ! i
.............................................................._ ···········i................................••, •.••..•..•••u u.······ i ..···· ·············· .;. .

1;~on, I 9,140 I 9,140 I 8.990 I 8,990

............................................................................................................................_ _ - _ _ .

~~2:?ed I 25,300 113·~ , 30,500 1 14•400
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Figure 1-1. Typical Reinforced Concrete Hinge.
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Figure 1-2. Shear Friction Mechanism.
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1i ir NORMAL
FORCES

Figure 1·3. One-Wdy Hinge Failure Mechanism.
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Figure 2-3. 1)pica1 Foundation Segment after Curing.
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Figure 2-5. Instrumentation Detail for Specimens SDlM and SD2M.
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Figure 2-6. Instrume.nlation Detail for Specimens SD 1C and SD2e.
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Figure 3-3. Cracking Pattern of Specimen SDIM.
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Figure 3-4. Load-Strain Diagram for SDIM, Bar 1 (Avg. of Gages 1 and 2).
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Flgure 3-5. Load-Strain Diagram for SDIM, Bar 1 (Avg. of Gages 3 and 4).
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Figure 3-9. Load-Strain Diagram for SDIM, Bar 3 (Avg. of Gages 11 and 12).
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F1gure 3-13. Load-Strain Diagram for SDIM, Bar 6 (Avg. of Gages 19 and 20).
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F1gure 3-14. Load-Strain Diagram for SDIM, Bar 6 (Avg. of Gages 21 and 22).
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Flgure 3-15. Load-Strain Diagram for SDIM, Bar 6 (Avg. of Gages 23 and 24).
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Flgure 3-16. Load-Rotation Diagram for Specimen SDIM.
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Figure 3-17. Load-Horizontal Slip Diagram for Specimen SDIM.
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Flgure 3-18. Axial Load-Deformation Diagram for Specimen SDIM.
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Figure 3-19. Load-Column Twist Diagram for Specimen SDIM.
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Figure 3-20. Load-Deflection Diagram for Specimen SD2M.

66



20"

COHPRESSIDN SIDE Of
TEST SPECIMEN.

Flgure 3-21. Cracking Pattern of Specimen SD2M.
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FIgure 3-21. Load-Strain Diagram for SD2M. Bar 1 (Avg. of Gages 1 and 2).
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Figure 3-23. Load-Strain Diagram for SD2M, Bar 1 (Avg. of Gages 3 and 4).
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Figure 3-24. Load-Strain Diagram for SD2M, Bar 1 (Avg. of Gages 5 and 6).
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Figure 3-25. Load-Strain Diagram for SD2M, Bar 2 (Avg. of Gages 7 and 8).

12

10

8
LOAD

(KIPS) 6

4

2

0
-1000 a

654321

1000 2000 3000 4000 5000 6000
MICROSTRAIN (AVG. GAGES 9 &10)

Figure 3-26. Load-Strain Diagram for 8D2M, Bar 2 (Avg. of Gages 9 and 10).
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Figure 3-27. Load-Strain Diagram for SD2M, Bar 3 (Avg. of Gages 11 and 12).
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Figure 3-28. Load-Strain Diagram for SD2M, Bar 4 (Avg. of Gages 13 and 14).
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Figure 3-29. Load-Strain Diagmm for SD2M. Bar 5 (Avg. of Gages 15 and 16).
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Figure 3-30. Load-Stmin Diagram for SD2M, Bar 5 (Avg. of Gages 17 and 18).
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Flgure 3-31. Load-Strain Diagram for SD2M, Bar 6 (Avg. of Gages 19 and 20).
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Flgure 3-32. Load-Strain Diagram for ~D2M, Bar 6 (Avg. of Gages 21 and 22).
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Flgure 3-33. Load-Strain Diagram for SD2M, Bar 6 (Avg. of Gages 23 and 24).
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ftgure 3-34. Load-Rotation Diagram for Specimen SD2M.
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Figure 3-35. Load-Horizontal Slip Diagram for Specimen SD2M.
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Figure 3-36. Axial Load-Deformation Diagram for Specimen SD2M.

74



0.0090.003 0.006
COLUMN TWIST (RAD.)

2

0+----+---+----1-----+--.....--+---+---+-----1
o

14,-----------------------.

12

10

LOAD 8
(KIPS)

6

Figure 3-37. Load-eolumn Twist Diagram for Specimen SD2M.
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Figure 3-38. C~lic Loading for Test Specimen SD1C.
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Figure 3-39. Load-Deflection Diagram for Specimen SDIC.

Figure 3-40. Cracking Pattern of Specimen SDIe.
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Figure 3-41. Failure of SDIC Bar Number I in Tension.
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figure 3-42. Load-Strain Diagram for SDIC, Bar I (Avg. of Gages I and 2).
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Figure 3-43. Load-Strain Diagram for SDIC, Bar 2 (Avg. of Gages 3 and 4).
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Figure 3-44. Load-Strain Diagram for SDle, Bar 3 (Avg. of Gages 5 and 6).
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Figure 3-45. Load-Strain Diagram for SOle, Bar 4 (Avg. of Gages 7 and 8).
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figure 3-46. Load-Strain Diagram for SOle, Bar 5 (Avg. of Gages 9 and 10).
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Flgure 3-47. Load-Strain Diagram for SDIC, Bar 6 (Avg. of Gages 11 and 12).
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Flgure 3-48. Load-Strain Diagram for SD1C, Bar 1 (Gage 13).
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Figure 3-49. Load-Strain Diagram for SDIC, Bar 2 (Gage 14).
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Figure 3-50. Load-Strain Diagram for SDIC, Bar 3 (Gage 15).
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Figure 3-51. Load-Strain Diagram for SDle, Bar 4 (Gage 16).
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Figure 3-52. Load-Strain Diagram for SDle, Bar 5 (Gage 17).
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Figure 3-53. Load-Strain Diagram for SOle, Bar 6 (Gage 18).
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Figure 3-54. Load-Rotation Diagram for SptX'imen SDle.
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Figure 3-55. Load-Horizontal Slip Diagram for Specimen SOIC.
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Fipre 3-56. Axial Load-Deformation Diagram for Specimen SO1C.

84



40 r----------~--------___.

30

20

10
LOAD
(KIPS) 0 1---t---~+--t--~l----t---oi~~~'-"'-4f--lI---tI--f---l

-10

-20

-30
-40 L...-- --'- ----'

-0.004 -0.003 -0.002 -0.001 0 0.001 O.OO~ 0.003 0.004
COLUMN TWIST (RAD.)

Flgure 3-57. Load-Column Twist Diagr-\m for Specimen SOle.
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Figure 3-58. Load-Base Rotation Contributing to Total Deflection for SDIe.
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Figure 3-59. Cyclic Loading for Test Specimen SD2C.
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Figure 3-60. Load-Deflection Diagram for Specimen SD2C.
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Flgure 3-61. Cracking Pattern of Specimen SD2C.
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Figure 3-62. Load-Strain Diagram for SD2C, Bar 1 (Avg. of Gages 1 and 2).
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Figure 3-63. Load-Strain Diagram for SD2C, Bar 2 (Avg. of Gages 3 and 4).
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Figure 3-64. Load-Strain Diagram for SD2C, Bar 3 '(Avg. of Gages 5 and 6).
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Flgure 3-65. Load-Strain Diagram for SD2C, Bar 4 (Avg. of Gages 7 and 8).
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Figure 3-66. Load-Strain Diagram for SD2C, Bar 5 (Avg. of Gages 9 and 10).
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Figure 3-67. Load-Strain Diagram for SD2e, Bar 6 (Avg. of Gages 11 and 12).
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Figure 3-68. Lood-Strain Diagram for SD2C, Bar 1 (Gage 13).
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Figure 3-69. Load-Strain Diagram for SD2C, Bar 2 (Gage 14).
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Figure 3-70. Load-Strain Diagram for SD2C, Bar 3 (Gage (5).
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Figure 3-71. Load-Strain Diagram for SD2C, Bar 4 (Gage 16).
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Figure 3-72. Load-Strain Diagram for SD2C, Bar 5 (Gage 17).
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Figure 3-73. Load-Strain Diagram for SD2C, Bar 6 (Gage 18).
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Figure 3-74. Load-Rotation Diagram for Specimen SD2c'
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Figure 3-75. Load-Horizontal Slip Diagram for Specimen SD2e.
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Figure 3-76. Axial Load-Deformation Diagram for Specimen SD2e.
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flgure 3-77. Load-Base Rotation Contributing to Total Deftection for SD2C.
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F1gure 4-1. Idealized Stress-Strain Curve for Concrete.
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Flgure 4-2. Axial Load-Moment Interaction Diagram for Specimen SDIM.
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Flgure 4-4. Axial Load-Moment Interaction Diagram for Specimen SOle.
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Figure 4-6. Moment-Curvature Diagram for Specimen SD1M.
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Figure 4-7. Moment-Curvature Diagram for Specimen SD2M.
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Figure 4-8. Moment-Curvature Diagram for Specimen SOLe.
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Figure 4-9. Moment-Curvature Diagram for Specimen SD2C.
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Figure 4-10. Mechanisms for Dowel Action.
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Figure 4-11. Measured versus Calculated Load-Rotation Diagrams for SDIM,
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Figure 4-12. Measured versus Calculated Load-Rotation Diagrams for SD2M.
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figure 4-13. Measured versus Calculated Load-Rotation Diaglams for SOle.
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figure 4-14. Measured versus Calculated Load-Rotation Diagrams for SD2C.
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Figure 4-15. Idealized Curvature Distribution Along Cantilevered Element.
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Figure 4-16. Bar Slip Mechanism in in a Typical Reinforced Concrete Beam.
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Figure 4-17. Assumed Bar Slip Mechanism in Hinged Specimens.
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FIgure 4-18. Measured versus Calculated Load-Deflection Diagrams for SDIM.
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Figure 4-19. Measured versus Calculated Load-Deflection Diagrams for SD2M.
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Figure 4-20. Measured versus Calculated Load-Deflection Diagrams for SDle.
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Figure 4-21. Measured versus Calculated Load-Deflection Diagrams for SD2e.
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Coarse Aggregate:

Maximum Size
Specific Gravity
Moisture Content
Absorption Capacity
Dry ROOded Weight

Fine Aggregate:

Specific Gravity
Moisture Content
Absorption Capacity
Fineness Modulus

Appendix A

Aggregate Properties

111 inch
2.52
0.78%
2.52%
110 lb/ff

2.52
7.95%
3.08%
3.16
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Figure A-I. Grading Chart for Coarse Aggregate.
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Figure A-2. Grading Chan for Fine Aggregate.
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Appendix B

Concrete Mixture Design

Batch weights to make one cubic yard of concrete:

Water/Cement Ratio
Cement
Water
Coarse Aggregate
Fine Aggregate
Air Entraining Admixture

0.40
738 lb/}dl
295Ib/)dl
13771b/)dl
1195 Ib/)d3
1 ft. oz. per 100 Ibs. of cement

The concrete mixtl.re was proportioned using the PCA Absolute Volume Method.
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Appendix C

Concrete Properties

Compressive Strength, f'e

SOIM

S02M

SOIC

S02C

Column

Footing

Column

Footing

Column

Footing

Column

Footing

7-0ays

3750 psi

3540 psi

4050 psi

4620 psi

3550 psi

4100 psi

2830 psi

3910 psi

28-Days

4070 psi

3710 psi

4690 psi

4630 psi

4330 psi

4610 psi

4070 psi

4560 psi

111

Day of 'lest

4690 psi

4600 psi

5140 psi

4900 psi

4440 psi

4950 psi

4420 psi

4790 psi

Slump

2 in.

2 in.

2 in.

2.5 in.

2.5 in.

2.25 in.

2.5 in.

2.25 in.



Bars:
Diameter:
Area:
Modulus of Elasticity:

Appendix D

Reinforcing Steel Properties

#3 Grade 60, Deformed
0.375 in.
0.11 in2

29,000 ksi

Yield Strength:
Yield Strain:
Ultimate Stmlgth:
Ultimate Strain:

SDIM & SD2M

58 ksi
0.002
83 ksi
0.232
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SDIC & SD2C

57 ksi
0.00197
87 ksi
0.274



100~----------------------,

80

20

O-l-+-t--oI~--+""'-+"""-+--+--+-+--i---'~~-+-+--t--+--+--+-+--~

o 0.05 0.1 0.15 0.2 0.25

STRAIN (IN./IN.)

Figure 0-1. Reinforcing Steel Stress-Strain Diagram for SDIM and SD2M.
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FIgure D-2. Reinforcing Steel Stress-Strain Diagram for SDIC and SD2C.
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Appendix E
Listing of PIERHINGE Computer Program

'I ---••----------••.•..-- -------- .
21 - ---- .
3fl CoftPuter Proar -PIERHIN6E-
d Uer.lon 1.1
51 By David L. Strew
61 Civil Engineering Oepart...nt
71 UniYeraUy of Nevada. Reno
1M ttarc:h 1989
II Thh cQ"Puter Pr9Qr4ll'l .... written by o.Y1d L. Strew by ROdUying
III CClflPt.,. progra.. -ftQUIREDftT- wri Uen by"..... L. Orie (1).
III The progr4ll'l .... written to ~uire deta ff"OR te.ting of one-allcth
121 scale fIlOdel bridge pier-to-foundation connections (one-wy hi""e. J
131 in the strona direction during the ....lng of 19811. The cQ"Puter
14e progr... ia written In Hewlett-Packard Basic Version 4.8.
151 Thh prograN requirea that the follCMIing HP equiPMftt be turned on:
1iii 34371\ Systet'l UoltMter, 34561\ Digital Volt_t.,.. 34971\ Oat.
118 !\quhtLon Syat.flI/Control Unit. Hp Think"et Print.,.. and HP 747M
181 External Plotter.
191 Data is ~uired ualng electronic reaiatance atrain gages.
2ee external LVDT'., a~d the "TS Structur.l T.ating Kechine (loed
Zle cell and raN a,.fII).
ue The atr.in gegea are located on reinforcing b.rs llithln the concrete
231 telt Ipeci",ena. 3-externel LUDT'S are uaed to _aaure the following:
Z4I ( 1 ) daflection of the pier relative to the foundation aa the
251 speclMn la being loaded (to flIOnitor the rotatlan of the colu",nJ and
ZEe (Z) Illp of the colu..n relative to foundation.
211 The "TS _a uaed to load the RIC teat apect...n .nd the following
zee _I recorded: <I) load frON the load cell and (2) cent.,. apan
290 dllpleceflIent of the hydraulic r ....
311 The HP 7478ft external plotter plotted lateral load va. center
318 apen deflection of the coluNn during testing.
321 -------.-----.-----.-------- .
331 ---- - - •••••••••------------
341 01" UoIU3MI) ,U(381 J .Chen(381) .6f(3f1 J ,Clvdt<3I8) ,Cf(3fI) ,OiapH3fl1 J
358 01" Loadp(3H I.DefH3I8I,Sp(388,t8 J ,018U388 ,5 I.P(308 J ,On(Re J .0Up(3H)
368 01" Tltl.IC3IJ,Titll[381
371 01" U_ratio(311),S_ratio(311)
381 Ln-l I COUNTER FOR TESTIN6
398 DI-I , COUNTER FOR FILEt
4tI 02-1 , COUNTER FOR FILE2
418 Dellt-I
428 Loadl"
431 PRI"TER IS 1
441 6agel·-g6Qe-
458 I TWO OI\TA FILES ARE CREflTED FaA STORING TEST RESULT DftTI\.
ail ! FILE 81 IS THE STAI\I" REFERENCE Dl\TA N«J FILE t2 IS TIE STMI" 6l\6E
471 I OUTPUT, LVDT OISPLftCEttBlT OUTPUT. CENTER SPAN DEFLECTION OUTPUT.
481 , AND FINALLY THE LATERAl. L04\D FORCE.
490 OUTPUT KBD USIM5 ·',K·,OHRI<Z5S)'-K·
see INPUT .·INPUT FILE NAI'IE FOR REFERENCE DAr,,- ,Filets
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510 PRINT
520 INPUT "INPUT FILE NAME FOR OUTPUT OATA FILEo.F11e2$
531 PRINT
541 INPUT "ENTER THE TITLE OF THIS EXPERIHENTo.T1tlS
5se PRINT
5&1 I
&71 PRINT -IS THIS THE READIN6 TO BE USED ~s A REFERENCE POINT FOR FUTURE MEAS
tlWlEHTS CYIN' .,"
581 INPUT RpS
598 Hr' 8 I INPUT TIE NUtI8ER OF STR.UN 6MES USED IN EACH SPEClIEN
618 Nu..-3 I INPUT TIE NUI1BER Of EXTERNM. lVDT'S USED
6t. IF RpS-"Y" THEN 6OTO 880
6Z1 I •••••••••••••••••••••••••••••••••••••••••••••••••••••
638 f SETTIN6 Tf£ lUtE MIl CMTE
648 I •••••••••••••••••••••••••••••••••••••••••••••••••••••
658 OUTPUT KBO USING "I.I(".CHRS<ZSS ),"1('

6se INPUT "00 YOU WISH TO SET THE TIHE ~D DATE (YIN) ?".SetS
678 If Set'-"N" THEN 6OTO 721
688, INPUT -ENTER THE TIME OF MY (HR:t1IN:SEC)' .ldS
698 INPUT "ENTER THE Ot\TE <DAY l'fONTH YEAR)' .OdS
71t SET TItlEDATE OI\TEC DdS) .
718 SET TIHE TI"f<Td')
728 PRINT 'TIME-',TIMES<TIHEOATEI
738 PRINT "OATE-",DATES<TIMEOATE)
748 OUTPUT KBD USING "••K",CHRS(25S),OK"
751 CALL Plotter_!<TltleS.XS.VS.l'flnx.Kaxx.Mlny.Maxy) I INPUT GRAPH DATA FOR
EXTER~ HP PLOTTER
76. CALL Prlnterln(Lowx.Hlgx.Lowy.Higy.Xttcl.Xt1eh,Ytlcl.Ytleh.Spacex.Spacey)

1 INPUT 6R/\PH DATA FOR SCREEN PLOT
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
RETRIEVING OLD REFERENCE VALUES

Cl-28
C3-48
(:4-60
FOR I-I TO 8
Chan(I)-CI
6'(1)-2.045
Cl-CHI
NEXT I

ftSSIGN IPathl TO FHelS
FOR I-I TO NO
ENTER IPathl.Dl,U_ratlo(l)
01-01+1
NEXT I
ASSIGN 'Pathl TO •
~TE BDftT F11e2'.6900,8
ASSIGN IPath2 TO FIle2S
COM IHp3eS41 Scn.Ov...S~.Prt.Ert"or.Err'[6J.Ercnt.115J
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
SUBR<lUTlNE TO ASSI6N CHANNELS TO THE STRAIN GAGES
THE STAhIN GAGE READINGS WILL BE ASSIGNED AUTonATlCALLY TO
CHANNELS BY THE ConPTER PROGRAM. • r................................................~••...............

77. I
"188 I
798 I
888
818
82.
838
841
sse
86'
878
888
898
HI
918
921
938
948
95.
9GiI
97111
988
990
lel0
1011
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.828 FOR ~-9 TO 16
1131 Chan( Ie J-e3
1141 &'CKJ-2.t45
IISI CJ-e3+1
1181 IEXT K
It"lt FOR .1-17 TO 18
1'" Chane.l l00C4
Itll er(.IM....S
11M C4-e4+1
1111 NEXT J
11211 •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
11311 SUBROUTltE TO ftSSI6N CHMHELS TO TfE LWT· ••It". CWHELS 2-4 WILL. MJTOMTlCM.LY BE f\SSl6NED TO THE EXTERtW- LVDT· ••
11&1••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
U61 C2-2
1171 FOR 1-1 TO Nul'l
1188 CtCII-II.ISI
1191 C'(21-11.1I9
12M CfCII-ZI.173
1211 ClvdtCJ)-e2
1221 C2-e2+1
1231 NEXT 1
1241 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
12&1 I SUBROUTINE TO l\SSI6N CHNfNELS TO 1HE "TS UWJ CELL NIO RM MIt
1261 I TO ItONITOR CENTER SPc\N OEFLECTlON.
1271 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
•281 CICNld-1 I "15 LOHJ CELL IS CHt'NNEL No.'
1291 Ctload-5.8 I (,+/-) 18 VOLTS - (+1-) 51 KIPS CI'Il.IBRI'ITlON FACTOR
IHI Cdlat-e I "TS LVOT IS ~EL No.t
1311 C'dl.t-.3 I C+I-) It VOLTS - (+1-) 3 INCHES ~IBRATION FACTOR
1321 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
1331 OUTPUT ICID USIN6 -••K-,CHRICZSS)I,.-K· a.EM CRT
.341 CfLL Inltc~56)

.151 IF Ap'--N- TI£N 6OTO 15el
IIIiI I Set Bridge voltage. Excit.Uon yoUage. and R.tio for reference gage.
1378 FOR K-I TO Ng
.381 CM.l. .......(Chan(KJ.Brldge.ExcU.Uon.R.Uo) I Bridge "e••uraNlnt
1391 U-ratioCKJ-R.tto
1411 VCK)-Excltatlon
'41' PRINTER IS 711
1421 PRINT -REFERENCE RATIO GAGE -.K,U-ratto(KJ
1431 PRINT 'REFERENCE EXCITATION VOLTft6E-,V(K)
1441 NEXT K
14&1 ""IT I
1461 OUTPUT KBO USING ·'.K·,CHRSCZ5SJ'"I<- a.EM CRT
1471 I •••••••••••••••••••••••••••••••••••••••~•••••••••••
1488 I NOU STORING REFERENCE DATA
1491 I •••••••••••••••••••••••••••••••••••••••••••••••••••
IS1t CREATE ~T Ftlell.Se.8
1518 ftSSI6N IPathl TO FilelS
1528 CALl Dat••torC'Pathl .DI.NQ.U_ratlo('»
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

I Bridge KeaaureAent
to Excltation Voltage
Oeterfttne. atratn

PRINTIH6 STMIN 6M£ VN.UES
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
Sp(Ln.J>-PeJ )
PCl >-SpCLn.J J
PRINT -HICROSTRAIN-,SpCLn,l)

NEXT J
I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
I DETER"ININ6 LATERAL LOAD MD CENTER SPAN DEFLECTION FROM HTS
1 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

Force-FNOcvCCloed)
Loadp(Ln)-Force·C'load
IF Ln-I THEN 60TO 1790
Loedp(Ln)-LoadpCLn)-Loadp(\)
Loed-Loadp(Ln)
01apt-FNOcv(Cdlat)
IF Ln-' THEN GOTO 1830
01apt-Olapt-D.fl(Ln)
Detl(Ln)-Olapt·Cfdlat
Plotval-OeflCLn)

CALL Lvdt<I.Clvdt<I),Cf(I),Uo1t<I).01aplCI»
NEXT I
PRINTER IS 7tll
FOR K-l TO Nu",
IF In)1 THEN 60TO 21te
OlatCLn.K>-Dlapl(K)
6OTO 281t!
Ot8tCLn.K)-OleplCKJ-Dlat(I,K>
Dn(K)-Olat(Ln,K)
PRINT -LUCT NO. -,K,"-",01,t(Ln.K),- IN.­
NEXT f(

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
SUBROUTINE TO DETERMINE LOOT OISPLACEfENTS

• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
~ Oatapr1ntCNg,PC'J.ChanC').Load,llAeI.Oat.I.T1tll.Ln.Plotva1)

FOR I-I TO tw..

SUBROUTINE TO PRINT RESUlTS ON HP THINKJET PRINTER

6OTO 2Sse
~ Plotter_l(Tltle5,XI,Y.,"ln~,nex~."lny."aKY)
I •••••••••••••••••••••••••••••••••••••••••••••••••••
, LOOP TO CALCULATE STRAINS
I •••••••••••••••••••••••••••••••••••••••••••••••••••
FOR "-1 TO Ng

CALL BrReaaCChenCJ),Brldoe.Excltatlon.Ratlo)
~atloCl)-Ratl0 I Ratio 0' Bridge
P(1)-FNStralnC6tCl).S-ratloCl).U-ratloCl» I
IF Ln-I THEN 6OTO 1681
StiCLn.1 )..pC J )-SpC 1 .J)
6010 1&9.

'538
1548
,sse
15&.
157.
1581
IS.
I&M
'&11
I&Z.
16H
164.
Ui541
I&S.
167.
1&81
1&98
,11M
171.
172.
l738
1748
17Se
17&.
1771
l7S1
1791
IHI
1811
18ze
te38
lUI
IS54I
18S'
187.
1888
1891
1911
Igl.
192'
1931
19..
1951
1961
une
1_
1991
2M.
2111
212.
2131
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LO~D THE STRUCTURE AND PRESS <CONTINUE}"

11111111111111111111111111111111111111111111111111111"
I LOMlIN6 COttPLETEO III r
I DO YOU W~T TO L<Wl THE STRUCTURE ~IN (YIN)? r
I 111111111111111111111111111111111/11111111111111111"

2... I .
2ese I SUBROUlINE TO STORE TEST OttIT" ON COttPUTER HMO DRIVE
2"1 I •••••••••••••••••••••••••••• 4 •••••••••••••••••••••••••••••••••••••••••••

2171 CALL Da,•••y.(IP.'h2.D2.Ln.LQ.d.Plo'v.1.Ha.Nu~.PC.).Dn(.»
2181 PRINT -11/1111/1111/111111111111111111111111111111111111111111111111111111
/1111111111/·
ZI. PRINTER IS I
21•. PRINT
2UI I CAlL SUBROUTINE ·Plotrplot·:TO PLOT LON) US, CENTER SPM DEFLECTION
2121 I ON EXTERIW. PLOTTER,
lill CftUL Plotrplot(Plotv.l.LO&d."lnx.KaK~."lny.~y.Oefl'.Laadl)

2141 PRINT
ZI5I PRINT
216. PRINT -.wouLD YOU LIKE TO SEE ft 6IW'H ON THE SCREEN <V/N) ,-

. 2171 . INPUT ftaS
2111 IF ,,-..·N· THEN 6OTO 2248
2111 CftLL SUBROUTINE -Prlntplot-: TO PLOT LOftD US. STRAIN ON CRT SCREEN,
2211 CftLL PrlntplotCLowK.HlgK.Lowy.Hlgy.XtlGl.XtlGh.YtlGl.Ytlch.Spacex.Spac
ev.Ln.SpC.).Loadp(·»
ZZtI PAINT -00 YOU WANT TO SEE ftNOTHER 6RAPH ON THE SCREEN (YIN) ,-
2221 INPUT ReipS
2231 IF RelpS·"Y- THEN 2200.
224. PRINT
225. Ln-ln+1
2260 PRINT
2271 PRINT -1111111/11111111111111111111111111111111111111111111111111111111111
11/111//11/"-
2288 PRINT
2291 PRINTER IS I
2_ OUTPUT KBD U5ING -S .K',CHRS(2SS)&'l(­
2311 PRINT
232. PRINT
2331 PRINT­
Z34I PRINT­
2M PRINT­
2368 PRINT­
zn. INPUT FS
2388 IF FI·-N- THEN 2458
2391 PRINT
24. PRINT
2411 PRINT-
242. PMlSE
243. 6OTO 156e
2441 PRINT
2451 PRINT
2461 OUTPUT KBD USIN6 -,.K',CHRS<ZSS)&'K-
2471 PRINT· ««««««««««««««««««««««««««<"
2481 PRINT - < WARNING: THIS WILL TER"INftTE PR06RA" OPER~TION, <"
2411 PRINT - < IS THIS WHftT YOU RE/\U.Y WANT TO DO I III <YIN)? <-
Z511 PRINT - ««««««««««««««««««««««««««<.
251e INPUT~'

2528 iF ftagl·-N" THEN 2300
2531 PRINT
2541 PRINT
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2550 PRINT· END OF TESTING II! ,.

2568 END
257. I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
258. I SUBPROGRNt Dat••tore TO STORE REFERENCE Ul\LUES TO FILE II.
2591 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
261e SUB Data.torCIPethl.Dl .Ng.U_r.t1oC.)
2611 FOR k·1 TO No
2621 OUTPUT lP.thl .DI,U_,..tto(K) I STORE REFERENCE VH...UES
2631 01eDl+1
2641 IEXT I<
2&51 SUBEMJ
2&81 I ••••••••••••••••••••••••• •••••••••••••••••••••••••
2&11 I SUBPR06RNI Datepr1nt TO PRINT EMTl\ ON PRINTER
2&81 I••••••••••••••••••••••••••••••••••••••••••••••••••
2611 SUB Dat...rant(Ng.PC.'.ChanC.).load.T1~••D.te••Tttl••Ln.Platy.l)
27" PRINTER IS 711
Z711 PRINT CHR'C27 hCHRtC38 hCHR'C le7hCHRIU8hCHRI(83) NORML PRINT
2728 PRINT
2731 PRINT -,1111,,1111,1111'1111111,1111,1111,11111111111111,1,11II11111111I
11111111111111-
2741 PRINT -TEST SPECIttEN IS • -,HUI
2751 PRINT -Electrical Strain &agel ("tcroltratn)'
2168 n ....·t:ItE.C TltEDATE) .
2771 Dat.I~TE'CTIHEDftTE)

2788 PRINT "TIrtE- ",Tt",e'
2798 PRINT -DIUE· ",Dates
28M PRINT
2811 PRINT -LOftD· ",load,"KIPS"
2828 PRINT -CENTER SP~ DEFLECTION- ",Plotv«l,"IN.·
2831 PRINT
2848 PRINT -lO~D NUKBER·",Ln
2851 PRINT
2868 PRINT ~------------------------------------------------------------------------
2878 PRINT - 61\6E CHMNEL SlRAlN. G~GE CHMNEL

STMIN"
2888 PRINT "---------------------------------------------------------------------------
2898 FOR 1<·1 TO Ng-I STEP 2
2988 "-1(+1
2911 PRINT" tiME" ,I( .Chen(l() .P(I().· 6A6E-," .ChenUO .PC",
292. NEXT I<

2938 PRINT "---------------------------------------------------------------------------
2941 I PRINT "111111111111111111illllllllllllllllllllllllllllllllllI11111I1II1I
1111111111"
2951 PRIN.
29&1 PRINTER IS
2971 SUBEND
2981 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
29. ! SUBROUTINE FIR INITIALIZING THE UOLTt1ETERS
3111 , ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
3111 SUB InttCDy~eter) ! ZII SERIES COHPUTER 82/12/83
312. CO" IHp3054/ Scn.Dv~.Sv"'.Prt.Error.ErrS(6).ErcntS[15)

3131 DI" ne••ageIISI] ! STRING CONTAINING USER "ESSAGE
3e41 INTE6ER I\ddf"ell5 HOlDS HPIB ADDRESS DURING BUS SCAN
31S1 INTEGER e5tatu~ HPIB STATUS REG CONTENTS
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3161 Prthere-f I PRINTER FLAG
3I71/l En-~I/l I ERROR CODE "S
3181 Ercnt.-·I••010••ee••••• ·1 ERROR HASK
3Ige EfTt-" " I ERROR SUB NME
3118 INITIALIZE DEVICE ADDRESSES
Jill Scn-7.9 I 3497A SCMNER ftOORESS
3121 DYft-122 I 34S6A OI6ITN.. UOLntETER IlDDRESS
3131 Sv..--n4 I 3437A SYSTEII uoc.TtETER MJORESS
114t1 .....t.1I1 I SYS19 PRINTER NXlRESS
11&1 Bu.-SC:n DIU lee I HPJt SELECT coaE
1t&1 Inlt~ I TaP. STORAGE FOR HP3466 NJOAESS
3171 I VERIFY THIlT INTERFACE IS "-IB
31. ....uoe•.·T1£ IUtBER ·&VI\l..(Bu. )&. IS NOT " VN..IO SELECT CODE'
3198 IF <7 OR ·Bu.>31 THEN Te",inate
32M ··NO INTERFACE FOUND AT SELECT CODE ·'\Mi.'CBu.)
3Z" ON ERROR 601:0 T_inate
3221 STftTUS Bu.,IIB.tetus
IZH ....-.ge.··THE INTERFACE AT SELECT CODE ·&~'(Bu.)&· IS NOT HP-IB'
1241 IF.8.t.tu.<>1 THEN Te",1nate
1251 ON TittEOUT Bu. ,I 6<lTO n ..e
3261 CONTROL Bu. ,11,1 I CLEAR THE INTERFI'\CE
3271 SENOBu.,UNL I UNLISTEN THE BUS
3ZM OFF TlftEOUT
3298 OFF EItROA
DH CLEM Bu. I SENDS DEVICE CLEM (oa..)

3318 IF (OVReter(>3456) AND (Ov..eter(>3497) THEN Abort
3321 IF Ovfteter-3497 THEN Dv..·Scn
3331 CHECK FOR EQUIPfENT ON BUS AT ALL fi)[)RESSES ftND PRINT DEVICE NfII1ES
3348 OUTPUT I USING ., ,/ ,IIlX ,I< .00'1' EQUIPrENT PRESENT ON BUS t· ,Bul
33S8 OUTPUT I USING ·'IX.··-------------··./'
3368 FOR Addre••-Sua-lee TO Bua-lee+3e
1371 OUTPUT ftddreaa USING "I" I ADDRESS DEVICE TO LISTEN
3388 STATUS SUI,7,Satatu. I SEE IF IT LISTENED
3391 IF (NOT BITCS.t.tu••13» THEN Nxt I BIT '3 TRUE IF DEVICE PRESENT
34Ie ......ge... Device Unknown'
3411 IF Addre••-Sen THEN "e••age,··3497A "-infreNe"
3428 IF Addre••-Initd~ THEN "-••ageS··34S6A Olgitel Uoltfteter'
3431 IF ~ddre••-Syft THEN "e••aoe'··3437A SV.teft UoltReter-
3441 IF (O",,-Scn) AND C"ddt-en-Sen) THEN ftenageS-tto...geS'·. 0\It1.
3458 IF Addre••-Prt THEN
3468 Ke••eget·· Syate.. Printer'
347. Prlhere-'
3488 END IF
3491 OUTPUT I USING F..t,~e••age'."ddre.1 "00 lee
3511 Nxt:NEXT Addres.
3518 STATUS SUI.3,S.t.tu.
3S21 OUTPUT' USING F..t,· Syete" CO"puter",BINIIHD<B.tatus,31)
3S3e Fftt:InA6E 6X.24A,· at addre•• ',2Z
3S48 IF NOT Prlhere THEN Prt·l
35S8 SUBEX IT
3S6e TiRe:CONTROL Bu. ,I" I RESET INTERFflCE
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3571 "eeaageS-·NO DEVICES RESPOND OVER HP-IB SELECT COOE ·&VALS<Bual
3581 Te~lnate:OUTPUT I USIN6 Fftt2,·CftUTIONt·.·PROGRAH TERHINATEO BECAUSE:·
3Sse Fftt2:1~6E '.S/.~.2/.K.1

3611 OUTPUT I USING ·SX.K.·····'He.aageS
3611 STOP
3621 Abort :Error-2
3631 ErrS-°lnlt·
3641 CftLl Wern
3651 SUBEND
3661 I· ••••••••••••••••••••••••••••••••••••• •••••••••••••••••••••••••••••
J81I I SUBPR06RNt FOP. RfCORDIN6 BRIDGE HEA~tENT
3681 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
3611 SUB """aCChannel.Srldge .ExcUaUon.RaUo) I 2.. SERIES 12112183
3711 COft IHp3lS41 Scn.DYR.SYR.Prt.Error.Errtl&J.ErcntSlISJ
3711 Exc_chn-ehannel
3721 8ridge-9.E+19
3731 Excitation-9.E+19
3741 Retlo-9.E+19
375e OUTPUT 0Vft USING "'0
316~ STATUS 0Vft OIV Ile.7,Herel
3771 HereZ-SI9Z'CScn(>e)
3780 IF Dyft-Scn THEN Chk
3791 OUTPUT Sen USING .,.
38ee STATUS Sen OIV 11'.7,Here2
3811 Chk:Error-Z.«Channel<e) OR (Channel>99') OR (Channel "00 21>-11»)
3821 Error-Error+16'(CNOT BIT(HereZ,13» OR (NOT BITCHerel.13» AND (Dyft-Scn)
)

3831 Error-Error+3Z.«NOT BIT< Here I ,13» AND (DVft(>Sc:n)J
3841 IF Error THEN Abort
3858 Read:QUTPUT Scn.oACo.INTCElCc_chn)."STI· ICLOSE CHAN. & WAIT UNTIL EXECUTED
3861 IF Dvft-5en THEN OUTPUT OYft,oVR1VRSVHlUAIUFIUDSVClVseweuT3°13497 SETUP &

TRG
3871 IF Dvft(>Scn THEN OUTPUT DYft,oHRZRIISTI6ST6T3" 13456 SETUP &TR6
3881 ENTER DvftlElCcltatlon
3891 IF Chennel(>Exc_chn THEN Done
3911 8rldge-Exc I tat Ion
3911 Exc_chn-(Channel DIV 11)'11+18 lCOttPUTE EXCITATION CHANNEl NUl'l8ER
3928 60TO Reed
3931 Done:IF ABS(BridgeJ>,1l9 THEN Error-IZ8 , BRIDGE VOLT. NOT READ ON .IV
MN6E
3941 IF CABS(Excltetion)(.II) OR (ABS(Excitetlon»S.4) THEN Error-Error+2SGIE
XCIT. VOLT. TEST
3151 IF Error THEN Abort
3961 Ratlo-Brldge/Excltatlon
3971 SUBEXIT
3981 Abort:ErrS-OBr"eas·
3991 CALL Warn
4..1 SUBEND
4111 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
4121 I USER DEFINED FUNCTIOH FOR CDttPUTIN6 \MlUES OF STRI\IN.
4131 I •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
4141 DEF FNStraln(6f.S_ratlo,U_ret1o) I 2.8 SERIES
4158 COH IHp38S41 Scn.Dv",Sv".Prt,Error.ErrS(6J.ErcntS(ISJ
4168 Dlf-S_retlo-U_ratl0
487. Error-Error+12S.«Olf(-.2S) ()R (Olf>l) OR (S_ratlo-9.E+191)
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4eS0 IF Error THEN hbort
4891 5\..01n--(4.01')/(6(.(1+2·01(» t 1/4 SRI06E EQUATION
.," RETURN S6NtStroln)·INTtrIBS(St..aln.'.H6)+.S) I RETURN t11CROSTRAIN
41'8 ~ort:ErrI-·Str.ln·

4121 CALL Warn
4131 RETURN 9.E+19
'1" FIEND
.Ise I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
.. lSI I SUBPR06RNf FOR DETECTING ERRORS
4118 I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
4 III SUB II.... I 2" seRIES COlt'UTER 12112183
4111 ~ IHp3l541 Scn.0~.S~.P..t.Error.Erre(&J.Ercnt.(15J
4211 COlt IHp3854__rnl o.ttt4' .E......t.: 14 >l6S) .1l.tertIS.'
421. INTEGER ft&K_-m••Fl.Q.Index.Merr••8.t.tu••Ll~len.6ap
422. ttax_wern.-2 I MXIHUtt HUttBER Of IIMNINGS ON EACH ERROR ( <-9 )
4231 OFF INTR , PREVENTS lIMN FROI"I 8EING EXITTEO EMLY
4248 Flag-e
4258 Norr.-e
4268 Line_len-Se
4211 IF'LENtErcntt)()lS THEN Ercnt.·· ee •• FILL Erents IF NECESS~

RY
4288 FOR Index-' TO 14. I /\NY ERRORS THAT NEED IMRHIN6S?
4291 IF BITtError.Jndex) AND tUALCErent'[lndex+'.lndex+l])<nex_wern.) THEN
Flag-Fl.g+2 a lndex
4311 NEXT IndOle
43'1 IF Flog" THEN EX1t I NO••• RETURN
4321 REftD E~S(.),~.te ..S YES •••OO SETUP
4331 IF Prt·1 THEN Linel
4341 ON ERROR &OTO NClPrt
4358 0tI nnEOUT Prt 01\1 1fl0. 1 G010 Noprt
.361 OtITPUT Prt USING ·t·
437. 51llTOS Prt DIU 108.7,S.tatul
4381 IF 8ITCSstatus.13) THEN Hocheekl PRINTER PRESENT
43ge NoprhPd·"
4... L1nel:STIlTl~ Prt.9,L1ne_len
44'1 Nocheck:ON ERROR 60TO Nodate
4421 ON TInEOUT Sen DIV lee.l 60TO Nodate
4438 OtITPUT Sen USUI6 'a'
444. SlllTUS Sen DIU 111.7,Sstatus
4451 IF NOT SITCestatuI.'3) THEN Nodate
4461 OUTPUT Sen,·TO·
4471 ENTER ScnlDat
4481 IF 0..··.1:.1:•• :..:..• THEN Nodetel Sorry 1f 1t'. Dee.31,23:59:S9+1 lee
44ge 6&p.IHTttLlne_len-31)/2)
4511 OUTPUT Prot USING F,..-,".terS( I .6&Cll:;oastt .ZI.O.SU, .51.0aSt? .141,f\at...IU.
6ep) ..

45,. F"t: IIVl6E K.· Dote: • ,I< • '/" .1< • • 111'1.:' .K .IC .1<
4528 6OTO Warnout
4531 Nodet.:OFF TIMEOUT
4541 OFF ERROR
4551 OUTPUT Pr\ ,A.brlt 1 .Line_lenl
4561 Warnout:OFF ERROR
4578 OFF TI~OUT

4See OUTPUT Prt,'WARNING: SUBPROGRA" '&Err'&' WAS NOT EXECUTED'
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i"properly." 1ERROR ~SS'ES IN ORDE

FOR Index-0 TO 14 I IOENTIF~ THE INDIVIDUAL ERRORS
IF <NOT BIT<Flag,Index» THEN Next_lndx
ErentSlIndex.l ,Index+l J-VALS(VAl<ErentS{Index+' ,Index+l )+1)1 INCREMEN

• ,ErRlC Index)

".nge. '
range, ,
range."
co-.nd., "
co_and.,"
c~nd•• "

OAT~ " Fir.t pa.s pe,.eReter out of
OI\TA "Seoond pa.. pereReter out of
Ol\TA " Third pas. peraReter out of
OI\TI\ " 3497/\ doe. not respond to bu.
Ol\TI\ " 3456/\ does not respond to bu.
Ol\TI\ " 3437/\ doe. not ,.••pond to bu.
OI\TA " noa.ureRent out of'range,"
OI\TI\ " Reference te"p. or excitation voltege out of range,·
OI\TA " The axi. endpOints equal each other,'
OI\TA 'Scaling value 1a <- 8 on a log ax1$,"
DATA 'Oatapoint <- • on a log axia,"
OI\TA "level cro.sing not found,'
OATA 'Uler definable error,"
OATA "U.er definable error,"
DAT~ •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

4590
4680
4618
T
4628 Herr.ooNerr.+l
4638 OUTPUT Prt USING ·S(K~·.· ERROR CODE '·,Index,";","
4648 IF ~CErcnt'(Indox+t.Indox+IJ)~x_warn.THEN
4&SI . OUTPUT Prt." Thll U the l..t werning for thie error.·
4668 EN) IF
4678 Next_indx : NEXT In.x
4681 OUTPUT P,.t USING ·'.1C.6~.IC".·SEE THE ••Err•• • DOCUttENTl\TION FOR M"
4698 IF ...,.,..<>1 liEN OUTPUT P,.t." EXPU\NATIOH OF Tt£SE ERRORS"
4781 IF Nerr.-' THEN OUTPUT P,.t.· EX~Nl\TION Of THIS ERROR·
4718 OUTPUT P"t,A.t.,..[I.line_lenJ
4728 DftTA" P•••ed array i. diRensioned
R
4731
4748
4751
47S8
4778
4781
4798
48"
4818
4821
4831
4841
48SfIJ
4861
487.
•••••••••••••••

13456 SETUP I TRGIF Dv"<>Scn THEN OUTPUT
ENTER DV"IRead1ng
RETURN Reading

Abcrt:ErrS-'Ocv'

4SSfIJ Ex! t : SUSEND
4891 1 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
4908 I USER DEFINED FUNCTION FOR RECORDING A DC VOLTAGE
49" 1 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
4928 DEF FNDcyCChannel) I 218 SERIES COHPUTER .21.21S3
493e COM /Hp3eS4/ Scn.Dv~.Sv~.Prt.Errcr.ErrS{6J.ErcntS[15J

4941 OUTPUT Dv" USIN6 •• "
49Se STATUS Dv" DIU t".7,Herel
4968 HereZ-819Z.CScn()8) t I1Af.E " DEVICE NOT THERE CLEM BIT 13
4978 IF (Dvft-Sen' OR (Chennel--l' THEN Chk
4SS1 OUTPUT sen USIN6 "."
4998 STl\lUS Scn DIU 'H,7,Here2
5tH Chlt;Error-2.«(Channel<8) OR (ChanNl>999» AND CChanneJ<)-I»
se'8 Error-Error+IS-(CNOT SITCHere2.13» OR (NOT SITCH.rel .13» I\ND (OYft-Scn)
)

seze Error-~,.,.or+32.«NOT8IT(Herel.13)' ANO COvR<>Scn»
5138 IF Errcr TH£N Abort
5848 IF Channel<>-I THEN OUTPUT Son,"AC",INT(Channel),"ST."' CLOSE CHftNNEL I
WAIT UNTIL EXECUTED
sese IF Dv"-Scn THEN OUTPUT OV"I"VRSUN1VA1VF1V05Vcevs8uwevT3",3497 SETUP , TR
6
S868
507e
S8S1
5098
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««««««««««««««««««««««««­
< EtnE~ PLOT PMNlETERS FOR 6RftPH ON PLOTTER <.
> (N(IS ftND MJOR/"INOR TICI< MRI<S) >.
»»»»»»»»»»»»»»»»»»»»»»»»"

UBEL OIRECTORY
CMRACTER SIZE

, gdu·. - GRAPHICS DISPLAY UNITS

Speclfl•• external two pen plotter •• plotter
I devlce

I SELECTS PEN ON LEFT SIDE
I Label Orlgin
I SCREEN SIZE LI"ITS
I "

OUTPUT 715, - SP1­
LOR66
~·l".""XC I ,MHO)
Y-D~I'I4K·tl'.""XCl.1/RftTIO)
LMELIN6 TITLE
FOR 1--.3 TO .3 STEP .1
tIOUE X-adu_fte)(/2+1.Y_gdu_l'I4x
U8EL -LOftO US. DEFLECTION­
IiEXT I
CSIZE 4
tIOUE X-adu_ftex/2 ••95.Y~du_...1C

LMEL THId
LABELING X AND y ftXES TITLES
0E6
LOIR 91i!1
CSIlE 3.5

51ee CM.l. Warn
5111 RET'" 9.E+19
61Z8 FNE1«)
6138 I••••••••••••••••••••••••••••••••••••••••••••••••••••~••••••••••••••
5148 I &UBPR06RNl Lvdt FOR TAKING LVOT IIB\SUR9fENTS
5161 , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
S1S1 SUB LvdtCI.Channel.Cal.Neea.D1.tJ
5171 COH /Hp3l4S1 Scn,Ovn.Prt.Error.Errll6J.ErcntllI5J
&1It .....-t=NDcv(Chennel)
5111 Dl.t~./C.l

&218 PRINT ·LWT VOLTME FOR LUOT .",Jltlua
&21. PRINT "DISPUCEtENT FOR LWT 1",I,Dht
52Ze PRINT
5231 SUBEND
5241 I •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
szse I SUBPR06RHt Plot \er_1 FOR PLOTTING 6RI\PH ON PLOTTER FOR
5261 I LATEIW. LCWJ VS DISPLH:EtENT.
5271 I•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
6281 ~ PloUer_lCTat1.I,XI.YI."lnx.H&Juc.""ny.tlaxy) I Routine To Plot 6r&ph On
PloUer •

6291 PRINT·
5311 PRINT"
S3UII PRINT-
5321 PRINT -
5331 PRINT-
5341 PRJNY
S3SI INPUT -ItCPUT NME OF TEST SPECll1EM- .HUeS
5368 PRINT
5378 INPUT "INPUT PLOT ftXIS LI"ITS CHlnx."axx."lny.KexyJ-."lnx.naxx,nlny.K6xy
S38I PAINT
53. INPUT "INPUT NUt18ER OF "".lOA ftNO "INOR TIet< MRI<S <TIC_J .TxI'I"n.lYMJ .lY"
In)".TxNaJ.Tx"ln.TYMJ.TYftln
5481 Specx-(Kaxx-"lnx)/CTx~J.Tx .. inJ
5411 Spacy-(Kaxy-""nyJ/CTYI'I6J.TYIlIlnJ
5421 GINIT
6431 PLOTTER IS 715, -HPGL-
544.
545.
5461
641.
5481
5498
SSM
5511
5521
5S3I
SS4I
5SSI
5561
557.
SS8I
5Sse
5611
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5618 novE e.Y-.Qdu_MlC/2
5628 LMB... -UW) (KIPS)'
5638 LDIR e
56.... ttOUE X-.Qdu_ftUl2 •• ,7.Y-.Qdu_Nax
S6S8 U\8El '-DEFLECTION (IN.)'
S66e VIEWPORT .1.X-gck'.J"x •• 9I.)(-.Qdu......x •• 15·Y-.Qdu......lC ••9.Y-.QdUJIalC
56?1 WINDOU "tnx."-xlC."tny.KalCY
5688 ~ES SpaclC.Spacy."tnx."lnv.TlCN1n.Ty"tn.3
5691 4\XES Spacx .$pacy .&xx .Kaxy •Tx..1n.TY"ln.3
S7t1 I NUtllERIN6 X NC) Y AXES
5711 CLIP OFF I CMI NOW LMEL OR PLOT OUTSIDE VIEWPORT LIKITS
5721 CSIZE 2.6,.5
S7H LOR66
5141 FOR l-HlnlC TO Kaxx+SpaclC STEP Spacx·TxN!n
51S1 HOVE I.K1n)'
S168 l.MEl USING 'K-, I
577111 NEXT I
S18lII LOR6 8
5791 FOR 1"'1ny TO Kaxy STEP Speey.T)"'ln
&lie ttOVE "1nx ,I
5811 LftBEL USING ·I<.X·,I
5820 NEXT I
5838 "OVE 1."lny
5848 DRAW e,KelCY
ses8 "OVE "InlC,lII
5860 DRAW HelClC,'
5870 CLIP ON I NOW CAN ONLY L~EL OR PLOT WITHIN VIEWPORT LIKITS
5880 SUBENO
589111 , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
59H I SUBPR06AM Prtntplot FOR PLOTTING OftTA ON CRT SCREEN AS fE-ST PROCEEDS
5911 , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
5921 SUB Pr1ntplotCLowx.HlglC,Lowr,Hlgr,Ktlcl,Xtlch,Yt1cl,Yt1ch.SpacelC,Spaeey.Ln
,$p(.) ,L04dp(.»
5938 OUTPUT KBD USIN6 -',K',CHR'(255)"K'
594. PRINT
S9S1 PRINT "00 YOU WftMT TO CHM6E PLOTTING LI"ITS FOR CRT &MPH CYIN t l'
5961 INPUT Anl.,S
5971 IF AnlwS·-Y· THEN 60TO 5990
598e 6010 Sise
5991 INPUT "INPUT PLOT AXES LI"ITS CLOIIlC,H1gx.Lowy.H10y)·.LOIIlC.H1gx.Lowy.Hlgy
GHe PRINT
6111 PRINT
SI21 INPUT -INPUT NUllBER OF MJOR AND KINOR TICI< t1MKS CTXNJ .TxN1n.TYNJ ,TY"1
nt".)(t1ch,Xt1el.Yt1ch.Yt1cl
SI3I Spacex-(H1gx-Lowxt/(Xt1cl.Xttch)
61.1 Spacey-(H1gy-Lowy)/CYttcl.Yttch)
6151 ALLOCIITE X(4") ,YC 4t1e)
616e ON ERROR GOSUB R.cov
6078 OUTPUT KBD USIN6 -',K-,CHRS<25S)"K'
618e PRINT" ••••••••••••••••••••••••••••••••••••••
6191 PRINT· • PLOT Of LOAO VS. STRAIN .'
6110 PRINT - • --------------------------------- .-
6111 PRINT - • NOTE: TO PROCEED AFTER GRAPH .'
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6121 PRINT· • PRESS (CONTINUE) • ••
6131 PRINT· ••••••••••••••••••••••••••••••••••••••
6141 PRINT
6151 INPUT ·UIPUT NUI18ER'OF STRI\IN &ME TO BE PLOTTED· .XnufI
61S1 fOR I-I TO In
61'71 XC 1.)·SpC I.Xnu",)
6188 YCI)-LoadpCI)
6111 NEXT I
62ee InS·-Gage"
621e OFF ERROR
6221 OUTPUT KBO USING - ••K",CHRIC2SS),·e<- • CLEM CRT
6Z3I ON ERROR 6OTO Rec:ov
6Z41 6INIT
62&1 PLOTTER IS CRT. "INTERNAL.·
6268 GRAPHICS ON
6271 LOft66
6281 X-adu_Aax-tI0.nftXCI.RATIO)
6298 Y-adu-Aax·I".KAXCI.I/R~TIO)

6311 , LMEUN6 TITLE
6311 fOR 1--.3 TO .3 STEP .1
6328 ~ X-adu_ftax/2+I.Y_odu_ftax
6338 LftBEL ·LOAD VS. STRAIN"
6341 NEXT 1
6351 LftBELING X AND Y AXES TITLES
6361 DE6
6371 LOIR 90
6381 CSIZE 3.S
6311 "avE 0,Y-adu_",ax/2
6410 LABEL ·LOAD (KIPS)'
6410 LOlR (6
6420 ~ X~du_",aK/2 •• 07.Y_odu_Nax
6431 LABEL ·nICROSTRAIN"
6441 I LABEL WHICH 6ASE IS BEING PLOTTED
'4&1 lOR62
6461 CSIZE 2.8
6471 ~ .IS.X_odu_",ax,.82.Y-adu_AaX
6"' LABEL XnS,Xnu",
6491 VIEWPORT .'·X-.Qdu_Nlx •• S·X-aduJ"U •• 15·Y-adu_l'Uuc,.9·Y~du_Nax
&SII WINDOW LOWK.Hlgx,LowV,HIDV
6&11 AXES Spac:ex,Spacev,Ldwk,Lowy,ltlcl.Ytlcl.3
6521 ~ES Spacex\SpaceY,Hlgx.HIDY,Xttcl.Ytlcl.3
6531 OFF ERROR '
6541 NUnBERIN6 X hNO Y AXES
6551 CSIZE 2.6,.5
6SS1 ClIP OFF
6571 LOR6 6
ssee FOR I-Lowx TO Hl0x+Spacex STEP SpeceK.Xtlcl
6590 "OVE I,Lowy
&&00 LABEl USING '!(",!
6&10 NEXT I
6628 LOR6 8
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I CLEAR GRAPHICS SCREEN

1 PLOT LOAD 'JERSUS lVDT DISPLACEMENT

I
"UNEXPECTED ERROR. PLOTTIN6 SEQU£NCE Will BE REPEATED."
"NEED TO CHAN6E PLOTTING LI"ITS"

6630 FOR I-Lo~y TO H1gy STEP Sp.cey·Yt1c!
6640 ~ Lowx.I
6658 LABEL· USING "K.X",I
6660 NEXT I
661. ~ I.Lowy
668' ~ I.Htgy
6691 ~ Lowx.'
6711 DRAW H1ax ••
67.8 ~ e.,
67211 FOFc I-I TO Ln
6738 PLOT X(1).Y<Il
6740 NEXT I
6751 OEI\LLOCl'TE: )« .1. 't(.)
67&1 OUTPUT KBO USIN6 "••K"ICHRS(2SS)'"K" ICLEAR CRT
6771 PAUSE
6181 &OTO 684'
6791 Recov:
6811 PRINT
68'1 PRINT
6820 PRINT
6830 WAIT 2 . ,
6840 &CLEAR
6850 SUBEND
6861 , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
6870 'SUBPROGRAM P!otrp!ot FOR PLOTTING DATA ON PLOTTER AS TEST PROCEEDS
6881 1•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
6890 SUB P!otrplot(P!otyal.Lo.d.M1nx."axx.~1ny.~.xy.Oefll .Loadl)
6910 PLOTTER IS 705."HPGL"
6910 OUTPUT 785,"SP2'
6920 X_Qdu_ftax-100'"AX(I.RATIO)
6938 Y-adu_Rax-100'"AX(I.I/RATIOl
6941 WINDOW "inx.Maxx.Miny.Maxy
&951 PLOT Oefll.Loadl
6960 PLOT Plotval.Load
&970 PENUP
6980 Oefl1-Plotval
6990 Lo.dl-Load
7"0 SUB£ND
78'1 1••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
.,.21 I SUBROUTINE Printeri" FOR IMPUTING 6RAPH DATA FOR SCREEN GRAPH
7.3. I••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
'''0 SUB Prlnterln(lowx.Hl0x.l~y.Hlgy.XtlCl.Xtlch.Ytlcl.Ytlch.Sp.cax.Spacey)

,es0 OUTPUT K8D USING "••K",CHRS(2SS)'"K"
"1160 PRINT' ««««««««««««««««««««««««««"
7878 PRINT' < ENTER PLOT PARAMETERS FOR GRAPH ON CRT SCREEN ("
'1181 PRINT" > (AXIS AND HAJOR/"INOR TICK MRKS) >"
7891 PRINT - »»»»»»»»»»»»»»»»»»»»»»»»»»­
7110 PRINT
7218 INPUT -INPUT PLOT AXES LI"ITS (Lowx.Higx.Lo~y.Hlgy~-.LowK.HigK.L~,HiQY

7121 INPUT "INPUT NUMBER OF ~JOR AND ~INOR TICK HARKS (lx"aJ.Tx"ln.Ty"aJ.Ty"l
n)".Xtlch.Xtlcl.Ytieh,Yticl
7130 Spacex-(Hlgx-Lowxl/(Xt1cl'Xtich)
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7140
7150
71SI
717'
7181
71H
7218
7218
1221
7ZH
7241
7258
72SI
727111
7280
729111
7He
731.
732.
7331
7340

Spacev-(Hlgy-Lowy)/(YtlCI.YtlCh)
SUSENl)

I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
I SUBPR06R~ Oat.eave STORES DATA IN FILE2S FOR TEST RESULTS
I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
SUB Dat••eve(IPcth2.D2.Ln.loed.Plotval.Nu.Nu".P(.).On(.»

OUTPUT lP.th2 .D2ILn . I STORE LOAD NutlBERS
02-02+1

OUTPUT lPath2 .02lLaad STORE LCW>S
02-02+1

OUTPUT IPath2.02lPlotval STORE CENTER SPAN DEFLECTIONS
02-02+1
FOR K-I TO Ng

OUTPUT lPeth2 .D2IP(K) I STORE STRAIN VALVES
02-02+1
NEXT K
FOR K-I TO Nul'

OUTPUT lPeth2.D2IDn(K) I STORE LVDT DISPLACEHENTS
02-02+1
NEXTK

SUBENO
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Appendix F
PIERllINGE User's Guide

PIERHINGE is a general program for collecting, storing, and processing test data
using a Hewlett-Packard series 9000 microcomputer and a series 3000 data acquisition
unit. The program collects data from strain gages and linear variable differential
transformers (LVDf's) attached to the test specimen and from a load cell and LVor to
measure axial load and lateral deflection. The collected data is stored on tlte computer's
hard drive for later processing. Data collected from the load cell and the LVIJI' mounted
in the h~raulic ram ann are plotted during testing. A screen plot of the applied lateral
load versus strain gage readings is also available.

Before testing can commence, certain parameters must be entered: file names to
tell the program where to store the data, the date and time of the test, and measurements
for plotter scaling. Other information required by the program is coded into the soft\Wre.
This information includes:

1. The total number of strain gages and LVDf's used to record test data.

2. Gage factors and calibration factors for the strain gages, the LVDT's and the load
cell.

3. Channel assignments for the input devices.

During testing, data collection involves triggering the system and recording
strain, displacement, and load values. These values are converted from voltage
measurements by an analog-to-digital (AID) converter. The test data is stored on the hard
drive and sent to the printer to provide a log of strains, displacements. and loads. A plot
of the axial load versus lateral displacement hysteresis curve is made during the test to
provide "visual feedback." After testing is complete. the user can view plots of the test
data on the computer's monitor. The program was designed to allow the to operator to
trigger one data point at a time, and is not set up for continuous real-time data aquisition.
PIERJlINGE was written in Hewlett-Packard Basic. Comments, denoted by a leading
"!", are provided throughout the program to to document the logic flow.

The following is a line-by-Une explanation of the program:

Comments on initial equipment set-up and basic testing operation.

340-570

\ariable initialization. The program prompts the user to input the names of the
stain gage reference data file, the output file name for the test data, and the title of the
experiment.
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590-600

Input the number of stain gages and LVIJf's.

6SQ-73Q

Set the date and time of the test.

The subprogram "Plotter_i" is called to ask the user to enter information about
the load versus lateral displacement plot. "PlotterJ" sets up the graphics for the hard
copy plot on the HP 7470A plotter. The user is asked to enter the x- and y-axis plot
limits. and the number of major and minor tick marks. Plot axis limits refer to the
minimum and maximum load and displacement limits. After inputting the required data
the plot axes will be drawn and the graph will be labeled.

The user is now asked for plotting information from subprogram "Printerin."
which sets up the on-screen plotting of load versus strain. Plot axis limits and tick marks
are inputed from the computer. Viewport limits are set to maximum.

800-880

Retrieve the reference strain gage values taken prior to the start of the test.
Reference values are obtained for each strain gage. These reference values are subtracted
from test readings to obtain true values.

Memory is allocated for a maximum of 300 data points. Space is provided for 18
strain gages. 3 LVIJf's, 1 load cell. and 1 LVIJf located on the MTS h~raulic ram
arm.

940=1310

1be program automatically assigns channels to the strain gages. LVIJf's, load
cell, and the LVI7f located on the MTS ram. Also. within these lines are the gage and
calibration metors for each device.

The HP-IB interfilce bus is initialized for proper communications. The following
message will appear on the screen:
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Equipment Present on Bus 17
3497A Mainframe at address 09
3456A Digital Voltmeter at address 22
3437A System Voltmeter at address 24
System computer at address 21
System Printer at address 01

1380-1460

Read unstrained bridge imbalance-to-exeitation voltage ratio and excitation voltage
for each strain gage, and print the results. Lines 1340 and 1380-1460 are executed
initially to obtain the reference strain gage data and each time a data point is triggered
during the test.

1500-1520

Store the reference strain gage data for later use.

1560-1710

Calculate actual strain gage values with respect to the reference readings and print
the values.

1750=1840

Compute lateral force and horizontal displacement from the load cell and LVIJf
located on the MTS ram. These values are used for the load versus displacement plot.

1860-1890

Print the test data.

1930=2030

Call subroutine "Lvdt," whichcalculates the external LVlJf's displacements and
then prints the results.

2050=2070

Call subroutine "Datasave" to save the test data on the hard drive.

2570-2650

Subroutine "Datastor;" saves the strain gage reference data.

2660-2940
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Subroutine "Dataprint;" prints the following test data: test specimen name; time
and date; lateral load; center span deflection; load number; strain gage number, channel,
and the strain for each gage; and the LVIJf number displacement.

3010-3650

Subroutine "fnit." All of the system voltmeters are initialized and the interface
bus is cleared for transfer of data from the controller to the computer. This portion of
the program initializes the HP-IB, assigns device names to select codes, and lists the
instruments connected to the HP-IB with their address.

3690-4000

Subroutine "Brmeas." lakes a strain gage bridge measurement in conjunction
with the user defined function DEF FNStrain to perform a complete strain gage
measurement. This subroutine is called before stress is applied to the gage; after stress
is applied to the gage, the subroutine is again called for a second set of measurements.
This information is passed to DEF FNStrain to calculate the strain.

4040-4140

User defined function DEF FNStrain.

4180-4880

Subroutine "Y/clrn." This subroutine detects errors, such as when a strain gage
fails during testing. An error message will be printed (the message will only be printed
once, when the gage fails.), and subsequent readings from the failed gage wiIJ be printed
with a value of 9.E+ 19 printed. This error, however, will not halt program execution.

4920-5120

User defined function DEF FNDcv(Channel). A user defined function for
recording DC voltages.

5160-5230

Subroutine "Lvdt." In line 5180 a voltage measurement for the LVDT is taken
by the user defined function DEF FNDcv. The voltage is converted to displacement by
dividing the voltage by the appropriate calibration factor.

5280-5880

Subroutine "Plotter i."

5920-6860

Subroutine "Printplot. to
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6890-7000

Subroutine "Plotrplot."

7040-7150

Subroutine "Printerin."

7190-7340

Subroutine "Datasave."
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Appendix G

List or CCEER Publications

RQx>rt No. .LPuMlb""liDllC3.lIltlw.·OO'l&- _

CCEER-84-1 Saiidi. M., and R. A. LaM'el'. "User's manual for LZAK-e64, a
computer program to implement the Q-I"lodel on Commodore 64."
Report number CCEER-84-1. Reno: Uni~rsity of Nevada. Department
of Civil Engineering. January 1984.

CCEER-84-2 Douglas, B. M.• and T. Iwasaki. "Proceedings of the first USA-Japan
bridge engineering \\Orkshop," held at the Public \\brks Research
Institu1e, 'ISukuba, Japan. Report number CCEER-84-2. Reno:
University of Nevada, Department of Civil Engineering. April 1984.

CCEER-84-3 Saiidi, M., 1. D. Hart, and B. M. Douglas. "Inelastic static and
dynamic analysis of short RIC bridges subjected to lateral loads."
Report lIlDrIMr CCEER-84-3. Reno: Uni~rsity of Nevada, Department
of Civil Engineering. July 1984.

CCEER-84-4 Douglas, B. ..A proposed plan for a national bridge engineering
laboratory." Rtport number CCEER-84-4. Reno: University of
Nevada, Department of Civil Engineering. December 1984.

CCEER-85-1 Norris, G. M.. and P. Abdollaholiaee. "Laterally loaded pile
response: Studies with the strain wedge model." Report 1UIIfIbt!r
CCEER-85-1. Reno: Uni~rsity of Nevada. Depanment of Civil
Engineering. April 1985.

CCEER-86-1 Ghusn. G. E.• and M. Saiidi. "A simple hysteretic element for biaxial
bending of RIC columns and implementation in NEABS-86." Report
numbtr CCEER-86-1. Reno: Uni~rsity of Nevada, Department of
Civil Engineering. July 1986.

CCEER-86-2 Saiidi, M., R. A. Lawver, and J. D. Hart. "User's manual of
ISADAB and SIM, computer programs for nonlinear transverse
analysis of highway bridges subjected to static and dynamic lateral
loads." Report 1UI11Iber CCEER-86-2. Reno: University of Nevada.
Department of Civil Engineering. september 1986.

CCEER-87-1 Siddbarthan, R. "Dynamic effective stras response of surfilce and
embedded footings in sand." Report 1III1rIMr CCEER-87-1. Reno:
University of Nevada, Department of Civil Engineering. June 1981.
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CCEER-87-2 Norris, G., and R. Sack. "Lateral and rotational stiffness of pile
groups for seismic analysis of highway bridges." &pon number
CCEER-87-2. Reno: University of Nevada, Depanment of Civil
Engineering. June 1987.

CCEER-88-1 Orie, J., and M. Saiidi...A preliminary study of one-way reinforced
concrete pier hinges subjected to shear and flexure." Repon number
CCEER-88-J. Reno: University of Nevada, Department of Civil
Engineering. January 1988.

CCEER-88-2 Orie, D., M. Saiidi, and B. Douglas. "A micro-CAD system for
seismic design of regular highway bridges." Report number
CCEER-88-2. Reno: University of Nevada, Department of Civil
Engineering. June 1988.

CCEER-88-3 Orie, D., and M. Saiidi. "User's manual for Micro-SARB, a
microcomputer program for seismic analysis of regular highway
bridges." Repon number CCEER-88-J. Reno: University of Nevada,
Department of Civil Engineering. October 1988.

CCEER-89-1 Douglas, B., M. Saiidi, R. Hayes, and G. Holcomb. "'A
comprehensive study of the loads and pressures exerted on wall forms
by the placement of concrete." Repon number CCEER-89-J. Reno:
University of Nevada, Department of Civil Engineering. February
1989.

CCEER-89-2a Richardson, J., and B. Douglas. "'Dynamic response analysis of the
Dominion Road Bridge test data." Repon number CCEER-89-2. Reno:
University of Nevada, Department of Civil Engineering. March 1989.

CCEER-89-2b Vrontinos, S., M. Saiidi, and B. Douglas. "'A simple model to predict
the ultimate response of RIC beams with concrete overlays." &pon
number CCEER-89-2. Reno: University of Nevada, Department of
Civil Engineering. June 1989.

CCEER-89-3 Ebrahimpour, A., and P. Jagadish. "'Slatistical modeling of bridge
traffic loads: A case study." Report 1IlI1rINr CCEER-89-3. Reno:
University of Nevada, Department of Civil Engineering. December
1989.

CCEER-89-4 Shields, 1., and M. Saiidi. "Direct field measurement of prestress
losses in box girder bridges." Repon number CCEER-89-4. Reno:
Uni~ty of Nevada, Department of Civil Engineering. December 1989.
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CCEER-90-1

CCEER·90-2

CCEER-91-1

CCEER-91-2

CCEER-91-3

CCEER-91-4

CCEER-91-5

CCEER-92-1

Saiidi, M., E. Maragakis, G. Ghusn, Jr., Y. Jiang, and D. Schwartz.
"'Survey and evaluation of Nevada's transportation infrastructure, task
7.2-highway bridges, final report." Report number CCEER-90-1.
Reno: University of Nevada, Department of Civil Engineering.
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