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Strutted-column bents represent a type of reinforced concrete bridge substructure found in some bridges
built before the early 1970's. The benis were designed using steel detailing and confinement that is
inappropriate for ductile behavior. These bents consist of two or more columns that are connected by
horizontal beams/struts, at some location along the clear heights of the columns. The presence of the
struts in these bents causes an increase in the number of locations that inelastic demands can occur.
relative to the namber found in typical bents. The struts also increase both the lateral stiffness and
strength of the bents. These features coupled with the poor detailing and confinement cause uncertainiy
about the seismic performance of the strutted-column bents. The seismic vulnerability of strutted-column
bents was assessed by: 1.) determining the characteristics and the construction details of the bents in an
inventory of bridges with strutted-column bents, 2.) evaluating the bents 1o determine the anticipated
inelastic dernands that they might experience and their potential to meet these demands, and by 3.)
experimentally testing two subassemblages that were representative of the beam-column joint regions of
those bents that were determined 10 be the most seismically vulnerable. The subassemblages exhibited
poor hysteretic behavior after they attained their respective yield displacements because of the
deterioration of strut bar anchorage in their B-C joints. The information that was obtained from the three
phases of work was used to appraise the seismic performance potential of the bents and the bridges. The
bents and the bridges should perform satisfactorily if the displacement ductility demands in the B-C joint
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CHAPTER 1
SUMMARY

In this work, the scismic vulnerability of bridges with strutted-column bents is
assessed. The asscssment is based on: 1.} a review of the characteristics and the
construction details of the strutted-column bents in a 39-bridge inventory in Washington
State; 2.) an evaluation of poiential inelastic seismic demands on these bents, and
comparison with selected seismic performance criteria; and 3.) the findings from
experimental tests on two subassemblages that were scale models of two "as-built"
prototype subassemblages. The prototypes were designed to include details found in those
strutted-column bents determined to be the most vulnerable, and the most important, in the
inventory.

In the strutted-column bents, the columns are tied together by beams/struts that have
small reinforcement indices and that were cast monolithically with the columns. Typically,
there is one strut located between the foundation and the superstructure. The locations of
the struts vary with respect to the clear heights of the columns (i.e., they are located
anywhere from grade through positions that are above the mid-points of the clear heights).
Although the original purpose of these struts could not be ascertained, it is certain that they
affect the transverse response of the bents: with the struts in-tact, each bent has a certain
transverse stiffness and strength, and, as the struts degrade and/or fail, the stiffness and
strength of the bents will decrease. Such occurrences would affect the transverse vibration
charactenistics of the bridpe itself,

The struts could degrade or fail because they, like the columns, do not have
adequate transverse reinforcement {all of the bridges in the inventory were constructed prior
to 1971). Thus, when the bents respond in the transverse direction, the ends of the struts
may degrade if the seismically induced demands are large enough to cause the formation of

flexural plastic hinges, or if the shear in these regions becomes excessive. More
1



importantly, the presence of the struts and the lack of adequate transverse reinforcement
throughout these bents can lead to bent degradation that could jeopardize the safety of the
bridge itself.

In many of the strutted-column bents, the columns have lap-spliced longitudinal
bars just above the struts. In some cases, the location of the struts is low enough to
precipitate a story mechanism whereby flexural plastic hinges will form in the column lap
splice regions. Just as is the case with plastic hinges in the struts, plastic hinges in the
column lap splice regions, coupled with high ductility demands, could bring about
degradation or failure there. In the bents where the struts are located closer to mid-height,
there is the possibility that the struts can cause degradation or failure of the lightly-confined
strut-column joints (i.e., by creating large bar bond and/or shear stresses in the B-C joints).
1f the strut-column (B-C) joints degrade or fail, the ability of the columns 1o carry axial load
could also be jeopardized or lost.

The review of the characteristics of the inventory, coupled with the analyucal
evaluation that was done using selected seismic performance criteria and using the expected
inelastic performance of the bents, indicated that, of the problems discussed above (strut
- shear and/or plastic hinge degradation, column lap-splice shear and/or plastic hinge
degradation, and B-C joint degradation), B-C joint degradation was the least likely,
particularly with respeet to shear. The reason is that the shear stress demands on the B-C
joints in these bents will be small relative to accepied limits because of the small strut
reinforcement indices. However, the experimental findings from the two subassemblage
1ests indicated that degradation will occur ¢ven though the nominal shear stress demands
were within the accepted limits.

Both of the subassemblages that were tested (Units I and II) suffered severe
damage within the B-C joint region, although they were able to sustain the axial load
throughout the entirety of the tests. In the case of Unit I, a test specimen with struts and

columns that were of approximately the same flexural strength, bar bond and shear failure
2



in the B-C joint occurred at a displacement ductility (i) of approximately 4.0. These
faitures occurred prior (o the development of the maximum flexural strengths of the
members. In the case of Unit i1, in which the struts that approximately twice as strong as
the columns, bar bond in the B-C joint was lost at a value of { approximately equal to 2.5,
and shear failure of the B-C joint occurred at a value of p approximately equal to 4.0. In
this second test, the theoretical nominal flexural capacity of one of the columns was
developed. The deterioration of bar bond in the B-C joints of these specimens lead to the
shear failures since the shear had to be camried by the concrete alone instead of by a
combination of the concrete, the strut bars, and the transverse reinforcement.  The
deterioration of bar bond in these specimens also caused a marked decrease in the stiffness
of these specimens and in the energy that they dissipated (i.e., hysterctic “pinching”
occurred at the smaller displacements as bond deteriorated). The experimental findings
showed that the inital evaluaton of the bents was unconservative in that the B-C joint
regions of the bents may have a lower threshold for damage than was expected.

In those bents where the flexural strengths of the columns are less than or equal to
thosc of the struts, there appears to be 2 vulnerability for B-C joint shear failures if the
value of the displacement ductility in any of the interior B-C joint regions exceeds four.
This vulnerability decreases as the locations of the struts are closer to the ground. As the
positions of the struts approach ground-level, tlexural plastic hinges are expected o form in
the columns rather than in the struts. These hinges will not likely withstand large
displacement ductility demands (i.e., four or more). For those bents where the columns
are significantly stronger than the struts {the struts are typically located near mid-height for
this case), flexural plastic hinge degradation andfor shear failure of the struts is possible if
the displacement ductility demands become large.

In the majority of the bents in the inventory, there is significant potential for strut
bar bond to begin to deteriorate in the B-C joints at small values of the displacement

ductlity in the B-C joint regions (i.e., less than four). Such deterioration will reduce the
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lateral stiffness and the energy dissipation capability of the bents, neither of which should
prevent satisfactory bent performance. However, if the values of the displacement ductility
in the B-C joint regions become large, then bar bond deterioration will worsen, perhaps
producing undesirable behavior in the B-C joints (i.e., shear transfer via the concrete alone,
and an inability on the part of the members to develop their flexural capacities) that could
jeopardize the stability of a bent. Given the redundancy that these bents possess, the
displacements that they will have to undergo may have to be large (i.e., interstory drifts in
excess of 4%) in order for there to be large values of displacement ductility demand in any
of the B-C joint regions. With these appraisals of the bent vulnerabilities, the bridges in the
inventory were considered next,

The inference that can be made from this work is that the bridges in the inventory
will likely perform satisfactorily in seismic events that cause small displacement ductility
demands in the B-C joint regions of the strutted-column bents. Under such conditions, the
damage in the bents may be limited to some deterioration of strut bar bond (i.c., the
deterioration will not likely be advanced enough to precipitate anchorage failures). The
effects that such bar bond deterioration will have on the bridges will probably be limited to
decreasing the overall lateral stiffness of the bridges and therefore altcring the force
demands. Such effects may not be detrimental to the performance of the bridges, and in
some cases could be beneficial. For example, if the fundamental natural period of a bridge
is greater than the period at which the peak spectral velocity occurs, then a decrease in the
stiffness of that bridge will cause its response to increase and the force demands on it o
decrease. While a case-by-case evaluation of the bridges in the inventory is required to
determine the actual scenarios and their effects, the scenario described is typically beneficial
10 most structures.

Also, the inference can be made that the bridges might perform poorly if the
displacement ductlity demands in the B-C joint regions of the bents are large. Under such

conditions, the strutted-column bents have several potential vulnerabilities that could
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jeopardize the integrity of the bridges. However, large displacement ductility demands in

the B-C joint regions in any one bent are not likely given the redundancy that is available if
several bents respond in the same direction at any given time. Issues such as redundancy
in these bridges, the intensity and duration of the anticipated ground motions, the effects of
soil-structure interaction, and the often-times sporadic use of strutted-column bents in the
bridges, must all be considered on a case-by-case basis in order to properly appraise the

seismic performance potential of these bridges.



CHAPTER 2
INTRODUCTION AND PROBLEM IDENTIFICATION

2.1  Introduction

Recent earthquakes (e.g., Loma Prieta and Northridge) have caused extensive
damage to several vital freeway structures. Damage to these lifeline bridges resulied in
severe economic disruptions, and in some instances, loss of life. Most of the bridges that
experienced significant damage during these earthquakes were reinforced concrete bridges
that were built prior 1o the introduction of modern seismic design criteria. Great advances
in seismic design criteria for reinforced concrete bridges have been made since the carly
1970's as a result of the 62 bridges that were damaged and/or failed as a result of the 1971
San Fernando carthquake. It is reassuring that reinforced concrete bridges built since the
early 1970's typically did not experience significant damage in the Loma Prieta and the
Northridge earthquakes. However, the extensive damage that occurred to older reinforced
concrete bridges in these earthquakes underscores the need to evaluate their deficiencies and
to develop methods for strengthening these bridges 10 meet current safety requirements.

Before the widespread damage to bridges that was produced by the 1971 San
Fernando earthquake, bridges were primarily designed for gravity loads, thermal
fluctuations, vehicle braking, and static wind and seismic effects. The Iateral loads
considered in early bridge design codes were significantly lower in magnitude than actual
earthquake loads expected or, in several instances, than actual measured earthquake loads.
Moreover, attention was not given to the importance of transverse or confining
reinforcement and detailing, which are now known 1o be vital to the safe performance of
reinforced concrete structures subjected to earthquake loads.  Consequently, older
reinforced concrete bridges, designed withow both proper transverse reinforcement and

detailing, are vulnerable to extensive seismic damage.
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The transverse reinforcement in older reinforced concrete bridge substructures
typically consists of #3 or #4 reinforcing bars placed at approximately 305 mm on center,
regardless of the member cross-sectional dimensions. The ends of such reinforcement are
simply lapped in the cover concrete. Thus, the deformation capacity of a member will be
limited to that corresponding to the onset of spalling in the cover concrete. This type of
detailing also will not prevent longitudinal bar buckling in the members. Finally, small
amounts of transverse reinforcement can result in: 1.) the members being susceptible 1o
shear failures, this includes the joints where the members are ¢onnected (beam-column
joints), and 2.) the loss of member longitudinal bar anchorage in the beam-column (B-C)
joints.

There are many older reinforced concrete bridges in the Western Washinglon and
the Puget Sound area. This is an area that has experienced seismic activity in the past, and
in accerdance with some current forecasts, may experience large earthquakes in the future.
The seismic vulnerability of one of the types of reinforced concrete bridges in the

Washington State bridge inventory was investigated in this work.

2.2  Problem ldentification

From the bridges located in Washington State seismic zones B and C, aslisted in a
recent report (George 1991) that contained recommendations on the bridge seismic retrofit
program, an inventory ¢onsisting of 39 reinforced concrete bridges with strutted-column
bents has been identified.  Figures 1a and 1b show two of the several varieties of
strutted-column bents in these bridges. The construction dates range from 1925 to 1969,
and accordingly the bents typically have sparse amounts of transvérse reinforcement. Also,
the configurations, construction, and steel detailing vary among these bents. Finally, while
in some instances the strutted-column bents serve as the substructures over the entire length

of a bridge, typically such strutted-column bents are used only over portions of a bridge
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length,

There are three potential problems with these bents, each of which is related to
reversed cyclic loading of the bents in the direction transverse o the bridges:

1.) The inelastic behavior of the struts, and the effects of this behavior on the bents and on
the bridges, is not well understood.

2.) The effects that the presence of the struts will have on the inelastic behavior of the
columns is not well understood.

1) The behavior of the B-C joints (i.e., the B-C joints that were creawed by the presence of
the struts) is not well understood.

The first problem has to do with the lack of adequate transverse remforcement in the
strutted-column bents. If the struts are subjected to large inelastic demands, then shear
failures or flexural plastic hinge failures may occur in the struts. Without the struts, the
period of a bent (with its tributary portion of the superstructure) would be expected to
increase. An increase in the period of a bent will probably increase the response of the
bent, while decreasing the force demands on it. This may or may not be beneficial to the
bent, or to a bridge if several bents were to experience loss of the struts.

The second problem has to do with the location of the struts in a bent. The struts in
a consecutive series of these bents are typically at the same elevation. As shown in Figure
1b, this elevation does not necessarily coincide with the mid-point of the clear height of the
columns (as one would expect if the struts were used in the design of the bent for purely
stability reasons). In those bents where the struts are located near grade, large inclastic
demands may occur in the columns just above the struts, and in most cases, the columas
have lap-spliced longitudinal bars in those regions. Large inelastic demands on poorly-
confined column lap splices can impose even greater limits on ductility capacity than is the
case with poorly-confined members with continuous reinforcement.

The last problem has to do with the fact that the subject of cyclically loaded B-C

joints is a complex one, the understanding of which is still evolving. However, it is well



accepted that damage to B-C joints can cause loss of member bar anchorage in the B-C
joints, which in turn can prohibit the members from developing their flexural capacities,
and also decrease the stiffness and the energy-dissipating capacity of structures. In the
cases where extensive damage occurs in the B-C joints, the inability of columns to camry

axial load can result,

2.3 Objectives

The potential vulnerabilities of the strutted-column bents are investigated in this
work by:
1.} reviewing the characteristics and the construction details of the bents,
2.) analytically evaluating the bents using selected seismic performance criteria, as well as
determining the expected inelastic demands on the components of the bents, and by
3.) conducting expenimental tests on two subassemblages that are representative of the B-
C joint regions of some of the bents (i.e., those B-C joint regions that were indicated by the
studies done in 1.) and 2.) as having the highest possibility of experiencing poor inelastic
behavior).
The information obtained from items 1.) through 3.) is integrated and appraisals are given

of the seismic performance potential of the bents and of the bridges in the inventory.



(a} Three-column bents with round columns

() Four-column bents with round columns

Figure 1 Strutted-column bents.
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CHAPTER 3
BACKGROUND

The first topic in this chapter is a discussion of the inventory of bridges with
strutted-column bents that was considered in this work, An overview of the bents is given,
the potential deficiencies of these bents are reviewed, and the characteristics and
construction details of the bents are presented.

‘The next topic is beam-column (B-C) joints. Here, the key points are presented
from the literature review of information concerning planar, reverse-cyclically loaded, cast-
in-place reinforced concrete B-C joints. The lollowing issues are included: possible failure
modes, complexity of behavior, shear wansfer, shear transfer mechanisms, factors that
affect shear transfer, and performance prediction.  APPENDIX A covers some of these
issues in greater detail.

The final topic in this chapter is poorly-confined column lap-splices. The results
from a literature review of this topic are presented. Attention is focused on the behavior

poorly-confined column lap-splices subjected to flexure and shear.
3.1  Overview of Strutted-Column Bents

Herein, a description is given of the strutted-column beats in the bridge inventory
that was considered. Additionally, the expected transverse response of these bents is
discussed.

3.1.1 Description

The inventory considered had bridges with bents in which the columns are tied

together by struts. The conligurations range from two-column bents through seven-
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column bents. The column shapes in the bents are reclangular or circular. More often than
not, strutted-column bents comprise only a portion of the bent types used on a given bridge
(in some instances most of the bents have siruts, but most of the time only a few of the
bents contain struts). For the bridges where only a portion of the bents contain strutted
columns, those bents are typically found grouped together in the area of the bridge where
the bent heights increase significantly (Fig. 2).

The struts, in many cases, are deep beams that carry no gravity load other than their
own self-weight and thus have small longitudinal reinforcement indices. The purpose of
the struts could not be determined with certainty. The struts in a given bent and, many
times, in a consecutive series of bents, are at the same elevation. In other words, the height
of a given strut above grade is typically not at the mid-point of the clear height of the
columns that it connects, as one would expect if the struts were used in the desi gn of the
bents for stability reasons alone. However, the struts do reduce column slenderness in the
direction transverse to the bents (Fig. 3). The only conclusion that can be made with
certainty is that the struts contribute to the transverse stifiness of, and increase the lateral
strength of, the bents (and of an cntire bridge when enough strutted bents are used).
Hence, the performance of the struts during an earthquake will affect the seismic response
of the bents/bridges.

None of the components of the bents are adequately confined or detailed properly
for dependable scismic performance. since the bridges were constructed prior to the
inception of rigorous code provisions for seismic loading (ie., the carly 1970'%).
Addinonatly, lap-splices of the column bars occur in many of the bents in potential high

moment zones. Namely at the foundations and/or above the B-C joints,



3.1.2 Expected Transverse Response

Inelastic Response of Strutted-Column Bents

In an earthquake, the transverse response of the bridges in the inventory may
require the strutted-column bents to behave in an inelastic manner. In general, post-
carthguake reconnaissance has shown that older structures can undergo inelastic response
without callapse (many remain serviceable). However, recent earthquakes have shown that
bridge substructures can be vulnerable to severe damage and/or collapse when they respond
inclastically. The reasons being that:

1.) recent earthquakes have caused relatively severe ground motions in locations with many

older bridges, and

2.) while bridge substructures may have the oversirength that has usually been a factor in

the satisfactory seismic performance seen in older structures, they do not POSSCSS the
redundancy that also contributes to the success of older structures. The lack of redundancy

in bridge substructures has meant that much of the inelastic response has been concentrated

in regions that have detailing that has proven to perform poorly in moderate 10 severe

carthquakes.

Flexural Plastic Hinging in Indetermingte Structores

In indeterminate structures, such as these strutted-column bents, inelastic response
usually requires the redistribution of moments as flexural plastic hinges (hinges) are
formed. However, a hinge can form at a given section of a member only if the member i3
adequatcly designed and detailed such that shear failure does not occur prior to hinge
formation. Redistribution of moments can occur only if the ductility of the sections where

hinges have formed is sufficient to allow redistribution of moments as the lateral load on
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the structure is increased. The ductility capacity of a section is reflected mainly by the
moment-curvature relationship of that section. A section is considered ductile only if
moments near the ultimate value can be sustained as the curvatre increases. However, the
curvature in sections that have sparse transverse reinforcement is usually limited to the
curvature at which concrete spalling occurs.

Assuming that member sections can develop hinges without shear failure, and that
even with limited ductility, enough sections form and sustain hinges, the ultimate capacity
of the structure can be attained. This is referred to as "2 mechanism”. ‘When the structure
has formed a mechanism it is unstable and subject to collapse if the force level is
maintained. However, under reversed cyclic loading conditions, like those in an
carthquake, a mechanism condition might not cause collapse. One reason being that the
mechanism condition might only exist for one direction of loading. Thus, if the loading
reverses itself before the structure collapses then the structure is still viable. Another
reason that collapse might not occur is that the force level that caused the mechanism might
decrease. Thus, even under circumstances where mechanisms have formed in all loading
directions, changes in the level of force can prevent collapse. However, bridges with
substructures that form mechanisms are particularly vulnerable to collapse due to the
concentration of mass at the top of these structures (i.e., P-A effects and/or high over-

{urning moments can occur).

Types of Mechanisms

In most bridge substructures when a mechanism occurs it is in the form of a column
sidesway mechanism. However, with strutted-column bents, as with most indeterminate
frames, there are two potential mechanism categories: column sidesway or beam sidesway.
The former occurs when the flexural capacities of the columns at a joint are less than those

of the framing beams that joint ("weak column-strong beam”). The opposite is true of
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beam sidesway-type mechanisms "strong column-weak beam™). Due to the potential for
lass of vertical load-carrying capacity and/or for instability, the weak column-strong beam

mechanism is undesirable.
3.2 Potential Deficiencies

There are three topics related to the seismic response of strutted-column bents that
should be considered when determining potential deficiencies: the performance of plastic
hinge zones, member shear, and the performance of B-C joints. These topics will be
discussed in what follows.

3.2.1 Plastic Hinge Zones

There are three possible locations for hinges to form in strutted-column bents,
depending on the type of mechanism that occurs: in the columns at the superstructure

soffit, in the columns at the foundations, and/or in the members at the B-C joints.

Column Hingine at the Superstructure and at the Foundation

The topic of column sidesway mechanisms for bridge substructures consisting of
only columns has been researched. Hinging of columns at the superstructure and at the
foundation have been the focal points of these research efforts. Thus, these areas were not
considered in this work, other than recognition that hinges will form in these locations
during the mechanism formation sequence of some of the strutted-column bents in the
bridge inventory that was considered. Obviously, the potentially poor ductility due 1o the

detailing of these regions was taken into account as well.
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Member Hineins at the B-C Joi

There are three areas of concern related to this topic: hinging in the struts, hinging
in the columns, and the effects of member hinges on the B-C joints. Optimally, the strong
column-weak beam mechanism will occur and hinges will form in the struts at the B.C
joints. This assumes that the struts are able to develop the required shear strength (Sec.
3.2.2). Also, the assumption is made that the B-C joints will allow the formation and
sustainment of hinges (Sec. 3.2.3). Under this scenario, regardless of the ductility
capacity of the struts, the process of formation of hinges in the struts will dissipate some of
the energy from the ground motion (i.e., they will act as "fuses”). However, if a weak
column-strong beam mechanism occurs, hinges will form in the columns. As previously
mentioned, this could jeopardize both the capacity of the bents to carry vertical load and/or
the stability of the bents, Additionally, lap-splices of the column bars above the B-C joints
occur in many of the bents. While discussion on general column hinging and the related
effects is deferred to other research, Sections 3.7.1 - .2 cover the detrimental effects of

column hinging in sections that have poorly-confined lap-splices.

3.2.2 Member Shear

In the previous section, a scenario was presenled in which hinges formed in the
struts at the B-C joints without shear failures occurring in the struts. However, given that
many of the struts can be classified as "deep”, the shears that they will attract as a result of
hinges forming in them at the B-C joints might be significant. Moreover, the small amount
of transverse reinforcement in the struts means that the contribution of the steel to shear
resistance will be small. Thus, the ability of the struts to form plastic hinges is
questionable. 1If the struts fail in shear prior to hinge formation, then the response of the

bridge may be significantly altered.
16
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Shear failures can also occur in short columns that do not have adequate amounts of
transverse rcinforcement. Additionally, shear failures can occur in columns as a result of
their flexural strength being underestimated when they were designed.  Although, column
heights tend to be large enough such that the amounts of flexure govern the behavior of
columns. However, high shears in the sections of columns that have lap-splices and have
hinged docs present the potential for problems to occur. This subject is discussed further

in Section 3.7.2.

3.2.3 B-C Joints

The formation of hinges in members at B-C joints can be detrimental to the
performance of the joints (Sec. 3.4). Poor performance in the joint region can jeopardize
the capacity of a bent 1o carry vertical load, and it can reduce the hysteretic energy
dissipation capacity of the bent. The latter problem may result in increased response of the
bridge in an earthquake. In general, flexure in members at a B-C joint results in shear
having to be transferred through the joint, and if the shear capacity of joint is not sufficient,
or if the joint does not provide enough length to anchor the member bars that pass through,
then hinges can not form in the members ptior to degradation of the joint (Sec. 3.6). The
behavior of B-C joints is a complex subject (Sec. 3.5) that has received a great deal of
attention recently due to the poor seismic performance of some of the joints in various types

of older structures and the catastrophic effects that this has had on those structures.
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3.2.4 Objectives

The objectives of this work were:
1.) To ideniify the characteristics and the construction details of srutted-column bents
typically used in the State of Washington.
2.) To identify those configurations that have the highest potential for experiencing one or
more of the following possible failure modes: increased dynamic response of the bent, joint
degradation ieading to reduced column axial load capacity, or column lap splice degradation
leading to reduced column shear capacity.
3.) To identify potential inelastic demands near the column-strut regions.
4.) To subject reduced-scale models of representative as-built strut-column joints to quasi-
static reversed cyclic loading.
5.) To use the information obtained in objectives "1.)" through "4.)" 10 assess the seismic
performance potential of strutted-column bents, and of the bridges with strutted-column

bents.

3.3 Iaventory Characteristics and Construction Details

The characteristics and the details of construction for the bridge inventory are best
described by dividing the inventory into four categories: double-column bents with
rectangular columns (DRC), multiple-column bents with rectangular columns (MRC),
double-column bents with circular columns (DCC), and multiple-column bents with
circular columas (MCC). In what follows, the characteristics and the details of
construction are given for each of the categories. Note that in the figures that illustrate the

various categories of bents, the superstroctures are shown as portions of the benis.
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3.3.1 DRC Category

There are six bridges with strutted-column bents that have double rectangular
columns. Figure 4a is a sketch of a DRC-type bent, and Figures 4b and 4c¢ show the cross-
sections of a column and a strut that are typical for these bents. Transverse reinforcement
is not shown in Figures 4b and 4¢ for clarity.

There are two Lypes of superstructure construction that are used: 1.} reinforced
concrete slab-with-longitudinal girders, and 2.) box-girders. In half of the bridges the
foundations uscd for the bents are spread footings. Two of the other bridges use combined
pile foundations. Combined spread {ootings are used in the remaining bridge. The taller
bents in one of the bridges have two struts; in cach instance the additional strut is located at,
or below, grade.

The other characteristics of these bents are listed in Table 1. The bent "height” is
taken from the top of the column footing to the superstructure soffit. The "strut length”
represents the clear distance between the faces of the columns. The "strut location” is with
respect to grade. Therefore, "mid-height” implies that a strut is half-way between grade
and the superstructure soffit.

The column dimensions vary greatly but the orientation of the column dimensions
and of the column bar locations, with respect to the orientation of the connecting struts, are
consistent.  With the exception of one bridge, the strut always frames into the widest
column dimension (be), and it is along this direction that most of the column bars are

located.  Accordingly, the narrow dimension of the column, dg, typically represents the

width of the joints (where the height and width dimensions would be used 1o describe a
joint shown in a two-dimensional representation of a frame). Some of the bents feature
columns that are battered from the location of the framing strut up to the superstructure.
There are also some bents that have columns with tapered cross-sections. In all cases, the

column transverse reinforcement consists of hoops, with lapped ends, spaced at large
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There are six bridges with strutted-column bents that have double rectangular
columns. Figure 4a is a sketch of a DRC-type bent, and Figures 4b and 4c¢ show the cross-
sections of a column and a strut that are typical for these bents. Transverse reinforcement
is not shown in Figures 4b and 4c for clarity.

There are two types of superstructure construction that are used: 1.) reinforced
concrete slab-with-longitudinal girders, and 2.) box-girders. In half of the bridges the
foundations used for the bents are spread footings. Two of the other bridges use combined
pile foundations. Combined spread footings are used in the remaining bridge. The taller
bents in one of the bridges have two struts; in cach instance the additional strut is located at,
or below, prade.

The other characteristics of these bents are listed in Table 1. The bent "height” is
taken from the top of the column footing 1o the superstructure soffit. The "strut length”
represents the clear distance between the fuces of the columns. The "strut location” is with
respect to grade, Therefore, "mid-height” implies that a strut is half-way between grade
and the superstructure soffit.

The column dimensions vary greatly but the orientation of the column dimensions
and of the column bar locations, with respect to the orientation of the connecting struts, are
consistent.  With the exception of one bridge, the strut always frames into the widest
column dimension (bg), and it is along this direction that most of the column bars are
located. Accordingly, the narrow dimension of the column, dg, typically represents the
width of the joints (where the height and width dimensions would be used to describe a
joint shown in a two-dimensional representation of a frame). Some of the bents feature
columns that are battered from the location of the framing strut up 10 the superstructure,
There are also some bents that have columns with tapered cross-sections. In all cases, the

column transverse reinforcement consists of hoops, with lapped ends, spaced at large
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intervals. Such detailing has long been recognized as a poor one for seismic loading
conditions (Park 1975a). However, the structural drawings specily continuation of the
column hoaps through the joinis at the same spacing used in the columns. In some cases
the column cross-sections were large enough to warrant more than one hoop. For
example, "#5 @ 457" in Table 1 is actually three-#5 hoops every 457 mm. In that case,
there is one hoop that confines the entire cross-section and each of the two additional hoops
confine bars in the middle third of opposite column sides. Construction joints are used at
the tops of the B-C joints, and it is at this point that the column bars are lap-spliced. In
Sections 3.7.1 and 3.7.2 the potential problems with poorly confined lap splices are
discussed.

With respect to the strut dimensions, by is the width of the struis, and hy, is the
height. The strut main bars terminate in the columns in various manners (Fig. 5). Inmost
cases, the strut main bars terminate without hooks at the back faces of the columns  (Fig.
5a). All of the details shown differ from the detail that has been acknowledged as being
preferable - - a 90° hook at the back face of the column with a tail that extends out of the
joint region into the column (Park 1975c¢) (Fig. 5b). The detail shown in Figure 5b was
used in but a few of the bridges. However, the detail actually used had a short tail that
ended inside of the joint region. In some cases the strut intermediate bars (Fig. 4¢)
terminate at the column faces. However, these bars usually extend into the column and
terminate without hooks. The widely-spaced strut stirrups are closed. Howcever, nsicad
of being hooked into the concrete core (Park 1975b), the ends of the stirrups are merely
lapped in the cover concrete. Some of the siruts have legged ties along with stirups (e.g.,

“#5 @ 140" in Table ! is actually a #5 stirrup and a #5 tie every 140 mm).
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Fillets at the strut ends are typical (Fig. 7). They are usually unreinforced with
approximate dimensions of 150 mm wide x 150 mm high. The strut dimensions listed in
Table 2 are for the struts only (the fillet dimensions are not included). Figure Sc depicts
how most of the strut bars terminate in exterior columns, while Figure Sa shows the detail
typically used in the remainder of the bridges. As mentioned carlier, Figures 521 and 5¢ are
undesirable for good seismic performance. Furthermore, in some instances where the
detail shown in Figure 5¢ is used, the structural drawings specify that the hooks occur near
the mid-depth of the column (versus the preferred location at the back face of the column
inside of the column bars). If the strut bars do not extend through the joint, problems can
anise with force wransfer in the joint. The strut st rups are closed, widely spaced, and they

have lapped ends.

3.3.3 DCC Category

The bents with double circular columns alf come £ rom the same bridge, which is
part of the US interstate highway system. Figure 8a is a sketch of one of these bents, and
Figures 8b and 8¢ show typical column and strut cross-sections. Transverse reinforcement
18 not shown in Figures 8b and 8¢ for clarity. The taller bents typically have a second strut
that ties the tops of the shafts together at grade. The superstructure is a reinforced concrete
slab that is thickened at the bent locations. The foundations are cast-in-drilled-hole
reinforced concrete shafls.

The other characteristics of DCC-type bents are listed in Table 3. The bent
“height”, the "strut length”, and the "strut hei ght” are as previously defined. The column
transverse reinforcement consists of widely-spaced hoops, with lapped ends, that are
specified in the structural drawings to continue through the B-C joints a1 the same spacing
used in the columns, Construction joints are used at the 1ops of the B-C joints, and the

column bars are lap-spliced at these locations. The column axial loads listed in Tabic 3
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represent an average value for the interior columns of the six strutted-columan bents in the
bridge. From the {irst to the last strutted-column bent, the deck progressively widens as
the bridge splits into two ramps. Thus, the column axial loads vary.

The strut main and intermediate bars terminate in the columns as depicted in Figures
5b (without adequate tail lengths) and 5a, respectively. The strut stirrups are closed and the
spacing between them is large. However, the structural drawings specify that the stirrup

ends shall be hooked into the concrete core.

3.3.4 MCC Category

The bents with multiple circolar columns (Fig. 9) are three- or four-column bents
from two bridges; one of the bridges has three-columa bents and the other has four-column
bents. The ranges of characteristics for the bents are listed in Table 4. Confinement
reinforcement is not shown in Figures 9b and 9¢ for clarity. These bridges are US
interstate bridges. Thus, the bents are similar 10 those in the DCC category. For comments
regarding the characteristics and construciion details of MCC-type benis refer to Section

3.3.3.

3.3.5 Summary

Two of the key points made in the discussions in Sections 3,1 through 3.3 were:
1.} The members and the B-C joints in the strutted-column bents may not have adequate
amounts of transverse reinforcement, nor adequate detailing, to respond to large inelastic
demands in a ductile manner.
2.) There are two features that set strutted-column bents apart from other types of bridge

substructures; additional B-C joints and additional column lap-splices created by the

23



presence of the struts, These features will play critical roles if the strutted-column bents
have to respond inclastically.

Because of the importance of the poorly confined and detailed B-C joints and column lap-
splices to the inelastic response potential of the strutted-column bents, it is worthwhile to
review some information concerning these fopics. Sections 3.4 through 3.6 consider
planar, reverse-cyclically loaded, monolithic reinforced concrete B-C joints. Section 3.7

considers column lap-splices
3.4 B-C Joint Failure Modes

There are five different types of possible failure modes for a B-C joint (Meinheit et
al. 1981): beam hinging, column hinging, column crushing, loss of bar anchorage, and
joint shear (Fig. 10). The most desirable of the failure modes is ductile flexural failure of
the beam ends at the joint (Fig. 10a). Plastic hinges in the beams at the faces of the joint
allow for absorption of energy as a frame undergoes large inelastic deformations without
losing strength.  However if beam hinging penetrates into the joint, one or all of the other
(undesirable) failure modes may be precipitated.

Hinging of columns at the top and bottom of the joint (Eig. 10b) are potential failure
modes that also allow for energy absorption, however the potential for frame instability will
exist. Additionally, column hinging will cause residual sway deflection in a frame that
will, in turn, lead to repair difficulties.

Column crushing (Fig. 10c) may result from the loss of the joint core cover, and
can hamper the ability of a column to carry axial load. The inability, or reduction in ability,
of a column to carry axial load is certainly an undesirable failure mode,

Loss of member bar anchorage in exterior joints (Fig, 10d) is considered as a
failure mode because, under this condition, lateral forces can not be transmitied by a [rame.

The loss of energy absorbing ability by the frame results when lateral shear can no longer
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be transmitted. In the case of interior joints, loss of member bar anchorage is also a failure
mode. However lateral shear can still be transmitied, as long as bars remain anchored in
the exterior joints, albeit under conditions of lower frame energy absorbing ability,

The Tast possible failure mode, failure of the joint in shear {Fig. 10¢), has the same
consequences that loss of member bar anchorage in exterior joints does, and may also lead
1o loss of the axial capacity in the column.

In order to prevent the occurrence of (he lust four of the five failure modes,
Meinheit et al. (1981) claim that preventing inelastic behavior in the joint is required.
Inelastic behavior in the joint will not only result in severe damage (via one or more of the
undesirable failure mades), it will also result in large ductility and energy dissipation
demands placed on a region that is usually not suited to accommodate such demands.
Elastic joint behavior is ensured when frame deformations come from elastic deformations
in the members, When inclastic deformations are required they should be accommodated
only by inelastic beam rotations. In this manner, the joint retains shear strength and
stiffness, and the required ductile behavior is provided by the beams via flexural hingin gof
a beam cross-section near the joint face (Meinheit et al. 1981 and Hanson et al. 1972).

While flexural hinging of beams neur the Joint face is the desirable vehicle for
accommodating inelastic deformations, researchers have found that when the hinging
penetrates into the joint the response of the specimens is poor. Ehsani et al. (1985)
concluded that the hysterctic behavior of the specimens that they tesied was much more
stable when flexural hinging penetration into the joint did not occur. To preclude the
occurrence of beam hinge penetration into the Joint, Kitayama et al. (1991) and Ouani
(19491) maintain that a joint face should not be the planned location of a beam hinge,
Instead, beam hinges should be desi gned to occur some distance away from the joint face,

Over the last thirty years there have been many experimental tests done on B-C joint
subassemblages, beginning with the benchmark tests conducted by Hanson and Connor in

the carly 1960's (Ehsani et al. 1985). The resulls from many of these tests (Hanson et al.
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1972 and Leon et al. 1986) show that there are certain requircments that must be met if B-C
joints are to remain essentially elastic, and if framesfsubassemblages are to have both stable
hysteretic performance and adequate energy absorption: large member bar anchorage
lengths (1g), substantial column/beam flexural capacity ratios (EMpe/IMpp), low
joint shear stress (vjt), and ample joint confinement, However, despite all of the rescarch,
there is disagreement about the relative importance and the degree of interaction of these

requirements.

3.5 Understanding B-C Joints

Herein, some insight will be given as to why B-C joint behavior is a complex
subject, and to why the body of knowledge on the subject has fallen short of providing

complete understanding,

3.5.1 Unanswered Questions

The behavior of joints in frames that undergo reversed cyclic loading (such as that
caused by an earthquake) is not fully understood, Pantazopoulou et al. (1992) auempted to
describe the factors contributing to the knowledge gap. The rcason for the uncertainty
surrounding joint behavior is the interaction of shear, bar bond, cyclic damage and
confinement phenomena, Taken independently these issues are not completel y understood.
Furthermore, much of the knowledge regarding B-C joints comes from experimental
testing, an area that has its own set of uncertaintios (Sec. 3.5.2).  Experimental research
results also typically suggest that B-C joints are the weak links in {rames, while post-
earthquake reconnaissance has shown that this ollen not the casc. The definition of
satisfactory B-C joint performance is stilf debated; should Jjoint performance be based on

frame drift or ductility ratios, or on the ability of the joint to accommodate beam flexural
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hinging? Questions exist regarding the design of joints for horizontal and vertical shear and
regarding the function and appropriate amounts of joint reinforcement. The effect on joints
from varying degrees of bond deterioration is also uncertain,

Another source of the uncertainty involved in the understandin g of the seismic
behavior of joints is the fact that there is little information on joint performance in actual
indeterminate frames. For instance, redistribution of forces occurs in inelastically loaded
indetcrminate frames and, as a result, horizontal joint restraint/confinement could be
developed in the plane of a frame as members exhibit inelastic growth. Joints that have
such horizontal restraint are considered to be stronger than 1oints that do not (ACI 318M-89

1989) because horizontal restraint prevents large joint dilation.

3.5.2 Sources of Knowledge

Analytical studies, post-earthquake reconnaissance, and experimental studies have
each provided knowledge about B-C Jjoint behavior.  Each source, however, has
demonstrated an inability, 1o one degree or another, to answer the questions regarding B-C
joints.

The reason for the limited success of analytical studies in predicting actual B-C Jjoint
behavior is that techniques for accurately modeling shear, bar bond, cyclic damage and
confinement individually are still being deveioped. The ability to model the interaction of
these phenomena is required in order to accurately model B-C joint behavior.

Post-earthquake reconnaissance has been extremely useful in the development of
building code provisions for the design of B-C joints subjected to seismic loading; certain
details have proven effective and certain ones have not. Proper performance, or lack
thereof, of existing frames has served (o either validate existing code provisions or
establish the need for new provisions for design of B-C joints. However, because of all of

the interacting phenomena involved in B-C joint behavior, insights from reconnaissance



studies into understanding B-C joint behavior have been limited.  Moreover,
- recopnaissance studies provide little information on the forces and the deformation that
joints have experienced.

The majority of knowledge about B-C joints and about the associawed phenomena
comes {rom experimental research. The ability to both isolate the various phenomena in a
given test matnix, and instrument specimens according o the variables being examined, has
allowed researchers to build on previous test results in pursuit of providing answers to the
many existing questions. However, discrepancies between B-C joint behavior noted in
post-earthquake reconnaissance studies and the results from experimental research exist.
Additionally, there are other concerns regarding the validity/applicabilily of experimental

rescarch results, Some of these concerns will be addressed in what follows.

The complexities associated with understanding the cyclic behavior of B-C joints
make test result interpretation difficult. In addition, experimental tests wend to be performed
on simple subassemblages, thereby omitting the effects of the surrounding frame
(Pantazopoulou et al. 1992). This produces a simpliticd and potentially incomplete view of
the problem. The determinate nature of most 1est subassemblages does not account for
redistribution of forces that may occur in indeterminate frames. Morcover, some tests are
intended to clarify the mechanics of the problem and some are intended to aid the
improvement of design provisions. Often the language and objeetives of the "mechanics”
and "design" pursuits get mixed, and this adds to the uncertaintics of st result
interpretation. The loading rate and the displacement or loading history {depending on
whether a test is run under displacemeni-controlicd or load-controlled conditions,
respectively) represent two additional accas that can affect experimental st results, and as

such, they can affect the interpretation of the results of the research,
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Rate of Loading and Interpretation of Test Results. Most subassemblages iend to
be loaded in a quasi-static manner. However, the rate of this type of loading is well below
that which would occur in an actual seismic event. Chung and Shah (1989) examined bond
deterioration in small-scale, exterior-joint subassemblages that were loaded at different rates
(1.0 Hz, fast, and 2.5E-03 Hz, slow). The tests results showed that faster rates of loading
improved member bar bond behavior and that the improved bar bond behavior lead to
cracking that was more localized. This is in contrast to the results obtained at slower rates
of loading, where the cracking in the specimens was distributed. The concentrated
cracking in the specimens loaded at the higher rates resulted in sharper drops in strength
following changes in the direction of loading, whereas the distributed cracking seen in the
"slower-rate” specimens resulted in less-sudden strength drops. The same research aiso
showed that the localized damage that oceurs at faster rates of loading can lead to fewer and
wider cracks near the column face. The wider cracks cause Joss of aggregate interlock and
thus the shear strength in a section can decrease carlier. This implies that britte Failure
modes are possible where more ductile ones may have been anticipated. The improvement
of bar bond under faster loading rates may result in the concentration of bar strains, which
then may cause premature fracture of the bars. The authors also speculate that larger beams
might experience shear cracking at smaller displacement ductility (it) values under faster
rates of loading than smaller beams. Thus, the influence of scale-related effects is another
arca of experimental research that needs consideration.

Displacement/Loading History and Interpretation of Test Results. Bonnaci et al.
(1993), who conducted a database study of joint subassemblage tests, state that the
displacement histories used in experimental tests play a large role in the manner in which a
given specimen fails and in the manner in which the various parameters involved in the
behavior of a given specimen interact with each other. Failure in any of the components of
a specimen, or limitations of the applied load actuators, usually are the causes of

termination of testing. In most cases, test termination occurs after specimens have been
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cycled  unreasonably high story drifts {e.g., in excess of 4%). In cases where
subassemblages have been tested under load-controlied conditions, variability in the applied
loading histories, at the slower loading rates typically used, also may cause diflicolties in
the evaluation of different research results (Meinheit ef al. 1984 , Ehsani et al. 1990, Fuji o
al. 1991).

The aspect of seismically loaded B-C joints that seis them apart from most other
types of B-C joints is shear transfer. Most of the faciors that account for the complexity
and the lack of understanding of B-C joint behavier come to bear when joints that are
cyclically loaded wansfer shear. The approach that will be used in this work 10 examine
shear transfer in seismically loaded B-C joints is in accord with the approach typically
used, whereby an attempt is made to consider the key elements involved individually.
However, complete execution of this approach is difficult since the key elements involved

in B-C joint shear transfer actually occur in 2 complex interactive manner,
3.6 Seismic Shear Transfer in B-C Joints

The next six sections focus on the subject of seismic shear transfor in B-C Joints. The
ways in which shear is believed to be transferred {the "mechanisms"), the factors that affect
shear transfer (shear stress, bar bond, joint confinement, amongst others), and the
evaluation of the ability of joints to transfer shear (empirical prediction of joint
performance) are all considered. Herein, "shear” is understood to mean “seismic shear” (or
the shear that occurs as a result of reversed-cyclic loading). Also, since interior B-C joinis
(.., two columns and two bcams per joint} are unique to the stratted-colomn bents,

interior B-C joints are the focus of atention herein.
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3.6.1 Seismic Shear Transfer Mechanisms

There is a consensus on the two mechanisms through which joint shear is
transferred:  the diagonal compressive concrete strut (“strut”) mechanism and the truss
mechanism.  There also seems to be a consensus that joint shear is transferred via a
combination of the mechanisms during different portions of the loading/displacement
history (depending primarily on the detailing of a given joint and on the partiality of a given
researcher toward one or the other of the two mechanisms). However, there does not seem
o be a consensus on cither the make-up of the two mechanisms, or the relative
contributions of the two mechanisms 1o the transfer of joint shear at any given point in

time.

The chani

Figure 11 depicts the commonly accepted versions of the strut and truss
mechanisms (Leon 1990).  Each mechanism represents an extreme in behavior. The strut
mechanism shown in Figure [1a consists of a large compressive concrete strut that is
formed between opposite corners of the joint by the compressive stress blocks in the
members.  This mechanism depends solely on the ability of this strut to transfer forces
across the joint, and as such is limited by the crushing strength of the concrete in the strut.
The truss mechanism shown in Figure 11b is comprised of the member bars passing
through the joint, the hoops in the joint, and many small concrete struts. The truss
mcchanism is formed, according Paulay (1986), by:

L} the transfer of bond forces from the member bars into the joint core,

2.) the compression resistance of uniform diagonal concrete struts in the joint core, and 3.)
the resistance of the tension members in the “truss” (the hoops and the vertical joint
reinforcement). Column interior bars typically serve as vertical joint reinforcement. These

hars, along with the hoops, are usually required for the development of normal forces at the
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pancl boundaries that are necessary to sustain the diagonal concrete struts of the truss

mechanism (Sec. 3.6.4, “The Functions of Joint Reinforcement”).

Sustaining the truss mechanism requires a significant number of hoops as well as

long member bar development lengths, in order for bond stress transfer along bars to be

maintained (Kitayama et al. 1991).

Regardless of which mechanisms are accepted, it is clear that when bond of the
member bars in a joint is lost (joint anchorage failure) the truss mechanism ceases (o
function and the strut mechanism becomes predominant (Leon 1990). However, what is
not clear is the amounts of joint shear that are cartied by the two mechanisms prior to and
tollowing the onset of first yield of the member bars ("first yield" is typichﬁy the point in
time when bond detesioration begins). In Section 3.6.3, the relationships between bar
yield, bar bond, and the shear transfer mechanisms are studied farther. The literature
review indicated that sides of the argument about the relative amounts of participation of the
mechanisms in transferring joint shear are chosen based primarily on the results of the
respective research efforts, The research efforts are, in turn, limied to a large extent on
factors such as the goals of the rescarch (Sec. 3.6.2, "Shear Stress Capacity”™) and the
geometry and detailing of the joint(s) studicd.

"Strut” Versus “Truss” - Prior 1o First Yield. While the joint stress is small and
while bond conditions are good, the forces acting on a joint are probably carricd by the
action of an elastic continuum, rather than by either of the mechanisms. Before the bars in
the members yield, the bond of the bars in the joint is usually good. Thus, the conditions
necessary for the "truss” exist. However, according (0 Paulay (1986), the "truss” is
formed only after the shear stress in a joint core is so large that diagonal cracks form, With

the formation of diagonal cracks, the strains in the tension members of the "truss” grow,
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thereby activating force transfer in these members (Leon 1990).  As far as the "strut” is
concerned, it will probably not be participating yet because it is considered to develop after
the “truss” develops or during the degradation of the “truss”. The suspected non-
participation of cither mechanism early on might explain why there is not much in the
literature concerning the relative amounts of joint shear carried by the two rechanisms
prior to first yield. Moreover, the literature is primarily focused on B-C joint behavior after
first yield, as this usually represents the threshold for joint degradation,

"Strut” Versus "Truss" - After First Yield Once first yicld of the member bars has
occurred, the question of which of the two mechanisms is carrying more of the joint shear
still exists. Figure 12 (Leon 1990) shows two possibilities. After first yield has occurred,
the strul mechanism will be the only source of shear transfer if member bar bond conditions
have detertorated (Fig. 12a). On the other hand, if bond conditions are good and the faces
of the beams are fully separated from the joint faces, then the truss mechanism will be
predominant (Fig. 12b). Due to the complexity of the subject of "bar bond", further
discussion about its effect on shear transfer is reserved until Section 3.6.3.

In this section the ways in which a B-C joint transfers shear have been shown to
depend pamarily on the shear applied to the joint region, the bond conditions of the bars in
the joint, and on the joint reinforcement.  All three of these issues will be discussed at
length in the next three sections.

3.6.2 Quantifying the Shear Stress
Applicd Shear Stress

The term “shear stresses”, when used in the context of B-C joints, is a
simplification. The forces that actually occur in a joint are transmitted from the surrounding

frume by shear, bar bond, and by dircct compression (Leon 1991). Typically, the applied
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{demand) horizontal shear stress in a joint, Vit is reported in a normalized fashion as

follows:
Vit = %% = y.J- f'c (Equation 1)
where:

Vit = the applied shear force

Ay = the effective area of the joint (see below)
Y  =aconsant=Vj/(ApvTo)

fe = the compressive strength of the concrete

The values used for Ajt in most experimental rescarch (particularly where the
research was not invelved with/tailored after building code provisions) is the gross cross-
sectional area of the column (Ag) (Bonnaci et al. 1993, Ehsani et al. 1989, Wong et al.
1990). Values of Vj; are typically obtained by expressions derived from force or moment
equilibrium at a joint. For example, Joh et al. (1991a) used the following in their

experimental research:
Vit = (Mb1 + Mb2) BT,

Jb

col (Equation 2)

where:
Mp1 & Mpy = the applied beam moments at the joint faces
Veol = the applied column shear force
b = (7/8)dpm, where dpy = the beam effective depth
all other terms are as previously defined.

BN %";
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Equation 1 was noted to apply 10 horizontal shear stress. Determination of vertical
shear stress is not commonly done (this Sec., "Shear Stress Capacity”™). According 1o
Paulay et al (1992), it is usually appropriate (o estimate the vertical shear stress as s

percentage (defined by the ratio of the height of the beam to dg) of Vit-

Many researchers have suggested limils on values of vjt which should provide for
adequate seismic performance. For example, Leon et al. (1986) suggest that vigs 1 -
1.5\/]"—,: (f'¢ in MPa) in order for joints to behave clastically and for frames/subassemblages
to behave with stable hysteretic performance.  ACI Committee 318 (ACI 318M-89) limits
vjt by restricting the nominal value of joint shear strength o < 1.25\/17’::Aj[. Kitayama ot
al. studied results from 58 B-C joint wsts and claim that when vy exceeded 1.25VT7,
regardless of the amount of joint reinforcement used, the specimens failed in joint shear
whether or not flexural yielding in the beams occurred. In the database study of joint
subassemblage tests by Bonnaci et al. (1993), the range over which the primary cause of
failure was joint shear was 0.75VF . < s 1.5¥F, and I.i’}'\[f'; was the average value
of Vit The scatter in the various joint shear stress limits is probably due to the fact that the
research studied in each case differed with respect to confinement, member bar anchorage
lengths (Ig), and member flexural strength ratios (IM/ZMpp). Thus in order to have a

rational frame of reference for a limiting value of Vit the values of other variables must be

defined as well. Ideally, other items previously discussed such as the displacements o
which a specimen was cycled, and the loading rate that it was subjected to, would be

inchuded as well.
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Shear Suess Capagity

The countries with the most advanced building codes, with respect to seismic
design of reinforced concrete structures, are the United States (US). New Zealand (NZ),
and Japan. However, each of those codes approaches joint design differently, primarily
with respect to the role of joint reinforcement in determining the joint shear stress capacity
{vnj)- Each code is biased toward the results obtained from research conducted in the
respective country. Thus, in order to have a frame of reference from which to consider B-

C joint research results obtained by researchers from the various countries, it is necessary

to understand the basis hehind the calculation of Vnjt in each code. Empirical expressions
are used to determine vy in each of the codes.

Inthe US, provisions established by ACI 318M-89 simply statc that vy, < VT,
where Yis the constant defined in Equation ! and is assigned a value based on the number
of beams that frame into a given joint. The provisions are based on experimental research
results that indicate that the joint shear strength is not sensitive 10 joint reinforcement
(Paulay 1984). The role of joint reinforcement in the transfer joint shear is merely implied
in ACI 318M-89, as is consideration of vertical shear and vertical joint reinforcement.

NZ code provisions are hased on a rational behavioral model for the mechanisms of
joint shear transfer, and so the NZ code emphasizes joint reinforcement (horizontally and

vertically). Accordingly, in the provisions of the N7 code (NZS-3101, 1982), hoth the

horizontal and vertical expressions for Vpjt contain a term that accounts for joint
reinforcement.  Under certain conditions, the contribution of concreic in the vpy
expressions is taken as zero.

The Japanese code, Al 1975, also has a term in the Vnjt €xpression that accounts
for joint reinforcement. However, this code places more emphasis on the role of concrete
in the transfer of joint shear (Otani 1991).  Additionally, AIT does not dircetly consider

either vertical joint shear or vertical reinforcement.
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While the value of Vit i a major factor in dewermining the performance of
seismically loaded B-C joints, it is not a good predictor, by itself, of damage or of joint
behavior (Leon 1990). The bond of member bars, in and around a joint, also plays an

important role in the transfer of joint shear and in determining the performance of joints.

3.6.3 The Effect of Member Bar Bond on Shear Transfer

Bond Stress in B-C Joints. The findings of ACI Commitiee 408 (1991) provides a
background for the study of bond under cyclic loading. Portions of the commiliee’s
findings are related to B-C joints. In all reinforced concrete structures bond is measured in
terms of "bond stress”.  Bond stress results from the transfer of load (Fp, ¢ and Fy.h)
between bars and the surrounding concrete (Fig 13). The type of bond stress that is
pertinent in the discussion of scismically loaded B-C joints, as depicted in the figure, arises
from anchorage of bars in a joint (versus {lexural bond, that comes from the change in
force along bars due to changes in bending moment along the member). Under the seismic
conditions of "low-cycle" (i.c., the Joad history contains less than 100 cycles), “stress
reversal” loading, the bond stress ranges are typically large. The primary component of
bond transfer is mechanical anchorage due 1o local bearing between concrete and the bar
lugs. 1f the bond stress is too high, failure will occur in the form of either bar slip {local-
type of bond failure), direct bar pull/push-out (global-type of bond failure implying loss of
anchorage) and/or cover splitting.  Accordingly, the tensile strength of the concrete (ff th
bar deformation patterns, bar cover and spacing, as well as the amount of hoops, are

critical in defining appropriate bond stress levels.
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Quantifying Bond Stress and Bond Force. The average bond stress, up, that

results from compression in a bar on one side of the joint and tension in the same bar on the

other side of the joint is determined as follows:

_ (fs-+ fs+)Ab

b = P TS {(Equation 3)
where,
{5 &1y, = the stresses in a bar at opposite joint faces
Ay, = the area of a bar
dy = the diameter of a bar
de = the depth of the column

To determine the maximum value of uy, a factor is applied 1o the numerator to account for
the possibility of bar strain hardening and/or over-strength. Leon (1991) notes that uy, is an
average value; local bond stresses in the joint can be significantly greater. He also states
that across large shear cracks in the joint uy, is zero. Therefore, local bond stresses must be
much higher than the average stress, uy,

The 1otal bond force, Fy,, transferred by a given bar is (Fig. 13):

Fp=T+C (Equation 4)
where:

T =f.(Ap)

C = {5 .(Ap)

It is important to recognize that both up, and Fy, decrease when the magnitudes of fg. and C

decrease.  The complete foss of bond in a joint, which results in loss of anchorage

("pull/push”-type failure), occurs when fg. and C become (ensile and cqual in magnitude o
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[y and T. Ttis very difficult to prevent high up, and Fp, values. Hence, bond deterioration
1s difficult to prevent without large anchorage lengths (1g) relative to the value of dyy of the
bar being developed (Leon 1991).

Bond Conditions. Usuaily, the value of 14 is limited to the column depth (do). In
most cases d¢ does not provide an adequate value of 14 for the bars passing through the
juint because these bars must usually be developed in tension and compression (Fig. 13),
and this leads to unfavorable bond conditions. Proof that the bond conditions in B-C Joints
are unfavorable, as well as descriptions of the typical progression of bond deterioration,
can be found in a number of experimental studies (Filippou et al. 1986 and Soroushian et
al. 1989). To begin, joint shear cracking occurs relatively quickly because the tensile
capacity of the concrete is smail. As the joint cracks, and typically after bars have yielded,
bond deterorates. Bar slip occurs as the bond deteriorates, and this slippage causes the
cracks that formed earlier to widen, The growth and opening of cracks, in general, is a
major source of inelastic deformation in reinforced concrete members and, as mentioned in
Section 3.4, inelastic deformations in a joint are undesirable, As cyche load reversals
continue, bond conditions are further worsened, and increasing bar slip occurs along with
large concentrated rotations at cracked sections of the members near the joint. The cracks
may extend throughout the entire member depth; this causes bars anchored in the Joint to be
subjected to a cyclic "pull” from one side of the joint and a cyclic "push” from the other
side, thereby inducing further bond deterioration and, possibly, complete loss of anchorage

within the joint ("pull/push”-type failure).

te r

The mechanism by which shear is transferred through a joint at any given time is
determined by the bond conditions in the joint. According to Kaku et al. (1991), it is well

known that without any bond, anchorage is lost, and a change in the joint shear transfer
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mechanism from the truss to the strut mechanism occurs. However, prior to the loss of
anchorage, bond conditions within a joint might be either "good” or "deteriorated".
Depending on which of these two conditions exist in a joint at a given time, the roles played
by the "truss” and "strut” in the transfer of joint shear can increase or decrease relative 1o
one another, This issue will now be explored further.

Joint Shear Transfer with Good Bond Conditions. For situations where the areas
of wop and bottom bars in beams are equal, as beams undergo flexure it is likely that
flexurat cracks will close upon reversal of the moments. Hence, the compression regions
of the beams will be available some of the time to provide confinement of the joint. Thus,
the differences between the roles of the mechanisms in the trunsfer of shear will probably
not be as great as they are in situations were the areas of top and bottom bars are not cqual
{(Fig. 12b) and the "truss" is predominant {Paulay 1984, and Leon 1990).

Joint Shear Transfer with Deteriorated Bond Conditions. As mentioned in this
section ("Bond in B-C Joints™), once first yield of the member bars occurs bond conditions
can be expected to deteriorate. Paulay et ul. (1984) argue that as bond conditions worsen,
yield penetration of the bars is increased. Thus, the region of the joint that is able to
transfer bond stress will be smaller than the depth of the column, thereby making it likely
that the contribution of the truss mechanism to joint shear transfer will decrease. The
reason heing that there is less bar length over which to transfer bond, so the hond stress in
this reduced region could approach levels where slip could occur

According to Leon (1990) and Paulay ot ab. (1984), if bond conditions deteriorate to
the point where excessive bar slip or anchorage failure occurs, the “russ” ceases to
function. With excessive bar slippagefanchorage failure the bar tension stresses can not be
ransferred to the joint core via bond. Therefore, the bar tension stresses must be resisted
by concrete compression forces at the faces of the joint. The result is that beam bars are

anchored across the joint and the size of the beam compressive stress blocks are large,
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thereby providing the joint corners with better confinement, and thus allowing the strut
mechanism to become predominant (Fig 12a).

Both Leon (1990) and Paulay et al. (1984) caution that associated with the strut
mechanism is an increase in size of the compression stress in the main diagonal strut, The
increase in size of the compression stress in the main diagonal strut, coupled with:

1) the deterioration of strut concrete caused by reversed cyelic loading, and

2.) the reduction of the compressive strength of strut concrete caused by the increasing
tensile strain perpendicular to the direction of the main diagonal strut, causes the shear
capacity of the main diagonal strut (o decrease. As a result, the main diagonal strut can
eventually fail in shear compression.

Short of a joint shear fuilure, the strut mechanism leads to more joint cracking, and to loss

of member corners, hence 1o more shear deformation and more loss of energy dissipation

capacily.

Paulay (1986) claims that the cause for the poor performance of a large number of
test subassemblages was the breakdown of bond within the joints. According to Paulay,
many {est specimens, as well as existing structures, were designed in accordance with
building codes with provisions for elastic performance. The actual situation where plastic
hinges are formed on both sides of a joint (in a “strong column-weak beam”
frame/subassemblage), and where the bars connecting these hinges requires strength
development, was not addressed. Maoareover, 14 requirements in these older codes came
from research conducted on monotonicaty-loaded test specimens, not reverse-cyclically
loaded B-C subassemblage specimens.  Even use of today's codes does not guarantee
adequate performance; there is no allowance in the codes for the likelihood of poor bond

performance of bars in B-C joints.
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The reasons that bond deterioration of bars within a joint is detrimental is as
follows:
1.) The hysteresis loops pinch because the ability of the member ends at the joint to
dissipate energy is reduced (Tada et al. 1991, Otani 1991, Joh ctal. 19914, Kitayama et al,
1991, Kaku et al. 1991, Soleimani et al. 1979, and Filippou et al, 1986). Note that shear
cracking in the joint core usually works in concert with bond deterioration to cause
“pinching".
2.) The response during loading may increase because of the reduction in stiffness of the
frame/subassemblage (Kitayama et al. 1991),
3.) An undesirable change in the joint shear stress transfer mechanism from the "truss” to
the "strut” can occur (Kitayama et al. 1991 and Kaku et al. 1991). This also reduces the
stiffness.
4.) Rigid end rotations of the beams can occur. This will cause increased beam
deformations and, as a result, will accelerate conerete crushing at the critical section
{(Kitayama et al. 1991, Kaku et al. 1991, Soleimani et al. 1979, and Otani 1991).
5.) Yield penetration of the member bars into the joint core can occur. This will result in a
further reduction of k3 (Paulay 1986, and Otani 1991).
6.) The moment resisting capacity of the plastic-hinge region of the adjoining members may
decrease because of the loss of member cross-section that can oceur (Kaku et al. 1991).

7.) Repair of bond deterioration is difficult (Otani 1991).

Eactors that Influence Bond

There are four categories of factors that affect bar bond in a joint: material
properties, joint design details, joint construction, and loading conditions. There tends to
be an inter-relation of factors within these categories. This is one of the reasons that the

issue of bond is so complex.
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The Effect of Material Properiies on Bond. The tensile and shear strengths of the
concrete; the types of aggregate and cement used in the concrete; and the bar rib geometry,
all affect bar bond (Leon 1991). The reasons that these properties affect bar bond can
easily be deduced from the previous discussion on how bond deteriorates under reversed
cyclic loading.

The Effect of Joint Design Details on Bond. The factors involved in the design of
the specimen that affect bond are: the bar diameter (dp), bar yield strength (fy), concrete
cover, spacing and anchorage length (14) of the bars, and the amount and distribution of
joint hoops and column intermediate bars (Leon 1991).

Clearly, the amount of cover, the spacing and the value of d, of the bars interact in
influencing the mechanics of bond deterioration. The smaller the concrete cover and bar
spacing are, and the larger the value of dj is, the less effective mechanical anchorage will
be. The values of dy, fy, and I must be considered together because the values of dy, and
fy determine the required value of 1y (under the elastic-conditions-based code provisions).
Filippou et al. (1986) argue that a smaller value of dy, improves hysteretic response; a
smaller value of dp, given constant values of fy and d¢, provides for a larger value of l4.
To achieve the same end, the value of fy could be decreased and a larger value of the area
of bottom bars (and/or the area of top bars), using the same value of dp, could be used in
the layer.

In Leon's (1991) rescarch the influence of values of I§ and vit on bond were
studied. Of the specimens tested, only those that had values of 14 = 24, or 28dp were able
to develop enough bond for the beams to reach their ultimate moment capacities. Although,
vjt values at the time of beam yicld were all about equal, regardless of the value of 1.
Therefore, Leon concluded that in order to determine whether or not a given value of I is
adequate for inelastic structural performance, some account should be taken of the value of
vji- By doing so analytically, he found that as the value of vj increased, the value of 1y

required to develop and sustain plastic hinges in the beams increased.
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With respect to-the role of hoops, analytical rescarch by Paulay (1989) showed that
beam bar stresses at the centerline of a joint will increase with decreased amounts of hoops,
thereby increasing the likelihood of bond deterioration. Through an analytical approach
using first principles of shear transfer in reinforced concrete members and using
equilibrium of column and beam forces in the joint, Paulay argues that when little or no
hoops are provided in the joint, bar yield may penetrate to the center of the joint. His
argument is based on "weak beam-strong column” behavior where plastic hinges have
developed in the beams. Paulay also shows that under elastic conditions the har stresses at
the center of the joint will approach those reached at the joint faces. This occurs as a result
of the bars having to offset the diagonal concrete compressive stresses in the joint
("tension-shifting” effect), regardless of bond conditions. The results of higher bar
stresses inside the joint are that joint dilation may be Targe, that beam bars may not function
in compression in regions where normally expected, and that only a small part of the bar
forces can be transmitted by bond to the joint core. Bond teansfer is then accomplished
mostly outside of the joint in the adjacent beams. As a resull, the role of the truss
mechanism decreases, while that of the strut mechanism increases. Paulay's findings were
corroborated by an analytical study by Ichinose (1991). Additonally, Ichinose concluded
that after a certain point, there is no benetit to adding more hoops in pursuit of improved
anchorage.

Experimental research by Joh et al. (1991a), Leon (1991), Soroushian et al.
(1989), Yankelevsky et al. (1992}, and Ehsani et al. (1985) showed that the increased joint
confinement that resulted from increased amounts of hoops limited the amount and the
growth of cracks in joints, thereby improving bond conditions.

The Effect of Joint Construction on Bond. For experimental specimens the
pertinent factors related to construction- that affect bond are: the casting position of the
subassemblage and how it was vibrated; and the wmperature and surface conditions of the

subassemblage during curng (Leon 1991), The influcnces of the casting position of the
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subassemblage and of the vibration technique used on the subassemblage concrete is based
upon the issue of segregation of aggregate. Segregation of aggregate is known to be
detrimental to bond.  ACI 318M-89 addresses the issue for vertically-cast frames by
requiring that the value of Iy must be increased for horizontal bars placed above 305 mm of
fresh concrete.

With regard to the effects on bond from the temperature and from the surface
conditions during curing of frames/subassemblages, shrinkage cracking is a concern,
Shrinkage cracking can be detrimental to bar bond because of the possibility for concrete in
the vicinity of bar lugs to be cracked, thereby detracting from bond conditions.

The Effect of Loading Conditions on Bond. The rate of loading and the
displacement/loading history, and the amount of column axial compressive load, have an
effect on bar bond.

In Section 3.5.2, "Rrawing Conglusions from Experimental Test Resulis”, the rate

of subassemblage loading was shown {o have an impact on experimental research results.
The impact is due 1o the fact that bond conditions are thought to improve under realistic
rates of loading, which as discussed, tend to be much higher than the loading rates used in
experimental research. Faster loading rates are believed to cause increased localized
damage in the concrete and in the bars near the joint region.

The effect of loading history on bond, according to Leon (1991), seems to be
significant, although it is an area that has not heen widely investigated. Leon believes that
B-C joint test results have shown that the loading of specimens through elastic cycles
affects bar bond in the joint, depending on the level of joint shear cracking in a given
specimen.

Hayashi et al. (1985) showed column axial compressive load could be helpful in
decreasing the beam bar “push-in™ slip (versus "pull-out” slip). Héwcver, the study by
Hayashi et al. was concerned with conditions prior to beam bar yicld enly. Kaku et al,

(1991) belicve that column axial compressive load is a fuctor that affects bond. However,
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proof of this is lacking becausc only a few experiments have been done to investigate the
phenomenon. This is probably due to the fact that the capacities of the hydraulic jacks used
by most researchers are not sufficient to impart the large axial compressive loads that are

required to create a wide enough spectrum of study.

Criteria for Bond for Seismic Performance

As has been shown, bond in reverse cyclically loaded B-C joints is a complex
phenomenon due to its dependency on the interaction of many factors. Additionally, bond
has been shown to play important roles in joint shear transfer and in other aspects of
frame/subassemblage performance. Analytical and additional experimental rescarch results
were reviewed (o examine the effect of specific bond conditions on frame/subassemblage
performance, including various criteria proposed by several researchers regarding the bond
conditions required for satisfactory framefsubassemblage performance. In order to
accomplish this review, a method for the determination of bond conditions was required.
This method, introduced below, was applied to most of the research results and to the
proposed criteria that were considered,

Determination of Bond Conditions. The "bond index" (BI), developed by

Kitayama et al. (1991), indicaies the severity of bond stress relative 10 the bond strength in

a B-C joint. The bond stress used is up (Equation 3, this Sec., "Bond in B-C Joints"),

while the bond strength is represented by \fETC (bond strength is dependent on {"p and [y is

proportional to \E";):

ub  fy(db/dc)

BI = = Eetion
ﬂ 21/?7; Eguation 5)

where all erms are as previously delined.
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Revicw of Equation 5 shows that the BI is a good measure of bond conditions: a larger BI
corresponds to poorer bond conditions, and vice-versa. Also, the quantities in the equation
can eastly be derived and/or obtained directly from most rescarch results. Thus, the Bl is
widely applicable.

The Amount of Bond Required for Adequate Structural Performance. It is well
established that bond deterioration is dilficult to prevent. Forlunately, recent research has
shown that some bar slip can be tolerated without the sacrifice of overall structural
performance. In an analytical dynamic analysis study by Kitayama et al. (1991), the
amount of beam bar slip that should be allowed was quantified, based on consideration of
the encrgy dissipation capacity of beam ends and on the influence of the energy dissipation
capacity of beam ends on the seismic response of frames. It was determined that, for an
allowable deformation level equal o a story drifl of 2%, the Bl should be £ 1.4 in order
to ensure that the beam ends have some energy dissipation capacity.

Otani (1991) argues that some loss of bond is tolerable since it may not lead to a
sudden loss of beam resistance, provided that:

1.} the beam is adequately confined,

2.} the beam bars are anchored through the joint, and

3.) the majority of the other joints in a frame maintain their resistance and stiffness. Otani's
conclusion is based upon his study of the work done by Kitayama et al. (1991), where it
was shown that the largest structural response is not very sensitive 10 the hysteretic encrgy
dissipated. However, Otani contends that the number of large-amplitude oscillations will
certainly increase with decay of the hysteretic energy dissipated. Finally, Otani cautions
that the AlJ (1975) requires that where bars are expected to yield at both faces of the joint,
d/dp shall be such that slip-type hyswretic behavior under load reversals does not occur.,

Additional Research Results and Criteria. In experimental research done by Kaku
et al. (1991) the hysteresis loops from tests on three specimens, with BI values = 1.88 (A),

1.28 (N), and 0.96 (O), revealed that specimen A had pinched loops. Figure 14 shows
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that specimens N and O maintained relatively large hysteresis/energy absorbing capacity.
Beam bar slip was measured in the three test specimens and is shown in Figure 15, where
positive slip values (i.., "S" = + mm) represent pull-out slip and negative slip valucs
represent push-in slip. Push-in slip and pull-out slip were evident in specimen A, while
specimen N exhibited primarily pull-out slip, and specimen O experienced only puil-out
slip. Figure 16 shows that pull-out stip for specimen A increases rapidly with increasing
deformation, while for specimens N and O the increase is gradual. Specimens N and O
exhibited such similar behavior that Kaku et al. concluded that once the BI falls below a
certain value {0.96 in this case) the effect of reducing bar slip is lost. A dynamic analysis,
similar to the one done by Kitayama et al. (1991), was done on specimens A, N, and O to
study the effect of energy absorbing capacity. Once again it was found that no significant
difference in displacement response occurred provided that the beam ends possessed some
energy dissipation capacity.

Bonnaci et al. (1993) conclude that for specimens with Gr 60 beam bars and BI
values > 1.7, bond failures occurred. Sugano et al. (1991), based on their ex perimental
test results, proposed the criterion BI £ 1.7, for beam bar bond performance in higher
strength concretes (f'; 2 35 MPa). Additionally, for joints with normal strenglh concrete
(21 £ < 35), BI € 2 was suggested by Sugano et al.

Having considered the joint shear stress demand (vj1) and bond, the last of the areas
of complexity, and of greatest importance in B-C joint shear wansfer, remains to be

considered: joint reinforcement.
3.6.4 The Effect of Joint Reinforcement on Shear Transfer
As was detailed in Section 3.6.1, il is widely accepted that there are two

mechanisms by which shear is vansferred through a joint: the "truss” and the "strut”.

Theories regarding the truss and strut mechanisms were presented with respect to the make-



up of the mechanisms and with respect to the amount of joint shear carried by each
mechanism at given points in time. In the carrent section, the debate about how shear is
transferred through a joint will be considered with regard to the roles of the joint hoops.
Also, in Section 3.5.1 it was mentioned that the functions (confinement and shear transfer)
of vertical and horizontal joint rcinforcement, and the appropriate amounts of joint

reinforcement required to perform these functions, are still being debated. These issues

will also be considered in the current seetion.

Figure 17 is the result of the study on a database of joint subassemblage tests that
was conducted by Bonnaci et al (1993). The figure was constructed to clarify whether the
role of the hoops in joints is as envisioned in the "truss” (shear transfer and confinement
roles) or as envisioned in the "strut” (confinement role}. Definitions of the symbols used in

the figure are as follows:

psv = the volumetric hoop ratio, expressed as a percentage,

H y = the yield strength of the beam bars (ksi),

. =the compressive strength of the concrete (psi),

Vp = the total yield force that can be developed by joint hoops parallel 1o the
direction of the applied load (= Avfyh), divided by Ay, and normalized with
respect 10 Vi,

Ay = the total area of the joint hoops parallel to the direction of the applied load,

Vm = the maximum joint shear stress demand.

Bonnaci et al,, while acknowledging that Figure 17 does not clearly settle the debate

concerning the roles of hoops, claim that the figure might be interpreted as follows: as the
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confinement index (pgyfyh/f’c) increases, the demand on the concrete core (Vm - Vp)

decreases, the relative portion of joint shear transferred by the hoops increases, and the
number of joint shear failures decreases {(considering the number of joint shear failures,
"x", in cach seven unit increment in the value of pgyfyp/l'c). Conversely, as the amount of
confinement decreases, the demand on the concrete core increases, as does the number of
joint shear failures. Perhaps the reason that the figure does not clearly settle the debate
concerning the role of hoops in the transfer of joint shear is due to the lack of consideration
of the role played by bond (Section 3.6.3, "The Effect of Bond on_the Shear Transfer
Megchanisms”).

In addition to the controversy surrounding the issues related to the mechanisms of
joint shear transfer in B-C joints, and to the roles played by the hoops in the mechanisms,
there are also differihg opinions concerning the potential of all of the types of joint
reinforcement to provide shear transfer capacity and/or confinement required by the

mechanisms.
The Fuactions of Joint Reinforcement

In additon to the questions regarding hoops performing shear-transfer and/or
confinement functions in their roles in the joint shear transfer mechanisms, debate about the
ability of the other types of joint reinforcement to perform those functions cxist as well.
When bond conditions are good, and when there is enough joint reinforcement, it is more
than likely that the participation of the truss mechanism is significant. In the "truss", the
role of the hoops, the column intermediate bars, and perhaps the beam intermediate bars, is
primarily to perfonm as tension members that enable a "truss mechanism” to form and to
transfer shear through the joint. When the bond conditions are deteriorated, the strt
mechanism becomes predominant and the role of the hoops, possibly with the aid of the

member intermediate bars, is primarily to perform 2 confinement {unction.
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Shear Transfer. Paulay (1989) cluims that the joint deformations that result from
the applied shear can be related to that shear by consideration of the shear strains in a joint,
As a result, the importance of the shear-transfer function of joint reintorcement can be
explained. When the joint shear strains become large enough the tensile strength of the
concrete will be reached and cracking will occur. Once joint cracking occurs diagonal
tension load paths will cease to exist. However, the shear stress imposed on the joint can
not be transmitted without these diagonal tension load paths, Thus, reinforcement within
the joint is required to carry the tensile force that was borne by the concrete prior (o
cracking.

Both Paulay and Leon et al. (1986) claim that orthogonaily placed joint
reinforcement offsets the loss of the diagonal tensile swength of elements of concrete inside
the joint, Figure 18 depicts a shear-deformed diagonally-cracked concrete element. Also
shown in the figure are the compressive stresses acting at the boundaries of a concrete
element, and the strains from orthogonal joint reinforcement (labeled "steel forces”) that
allow the compressive siresses at the bounduries to occur. 'When these compressive
stresses combine with shear stresses the development of a diagonal compression field is
possible. This diagonal compression ficld provides the mechanism by which the element
transfers shear stresses,

Jirsa et al. (1975) and Meinheit et al, (1981), based on the experimental test results
from fourteen subassemblages, observed that the shear strength of the joint was relatively
insensitive to the amount of hoops. Based on this observation, Meinheit et al. concluded
that joints could perform satisfactorily, without large amounts of hoops, provided that Vit S
INf'c. The method that was suggested for keeping within the threshold value of vji was to
increase the values of e and the joint area. Meinheit et al. also observed, as did Joh ei al.
(1991a}, that the shear cracking strength of joints was not influenced by the amount of

hoops. However, the test results from the research by Meinheit et al. showed that the
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measured joint shear capacity was much greater than the first cracking streagth when a
nominal amount of hoops were present.

Otani (1991) believes that while a minimum amount of joint hoops are required,
regardless of which of the two shear transfer mechanisms are acting, hoops over and above
that minimum may increase joint shear resistance in the truss mechanism, but they will not
in the strut mechanism. Moreover, Otani claims that increases in the amount of hoops will
not contribute as much to shear transfer as believed by some (c.g., researchers (rom NZ).

Column intermediate bars have been shown to participate in the transfer of vertical
shear. Experimental research by Cheung et al. (1991) indicated that the column
intermediate bars could resist 40% of the resultant vertical force acling on one side of a
vertical plane through the joint core. The additional amount of resultant vertical force,
60%, was carried by the concrele diagonal compression strut. In general, it was noted that
the significant values of tensile strain shown by column intermediate bars in the joint
indicated participation of these bars in transferring vertical joint shear.

Paulay (1986) uses first principle equilibrium equations to show that vertical joint
shear reinforcement, normally consisting of column intermediate bars, is required unless
the axial compression load on a column is large. With little or no axial compression load
on a column the stress on column bars inside of the joint undergo a "tension shift” from the
calculated values, due to the loss of joint concrete tensile capacity causcd by diagonal
cracking. The "tension shift" will likely result in significant amounts of tension in the
column intermediate bars (Fig. 19, Fujii et al. 1991). Paulay claims that highly-sressed
member bars, particularly those in members expected 10 develop their full strength at a
plastic hinge adjacent (o a joint, are ineflective s joint reinforcement. Thus, additional
vestical reinforcement is usually required unless the axial compression load on a column is
large. With large axial compression on a column, Paulay (1989) argues that when columns
have reserve flexural strength, intermediale bars can act as vertical shear reinforcement

{tension members opposing the diagonal concrete compression struts),



Beam intermediate bars have also been shown o participate as horizontal joint
shear reinforcement. Fujii ¢t al. (1991) tested specimens with beam bars amranged in twa
layers. Bond deterioration was not observed in the outer layer bars. However, the inner
layer bars exhibited bond deterioration quickly. At locations at the joint faces that normally
produced compressive stresses in the beam bars, the stresses in the inner layer bars became
tensile early in the test and the value of up eventually became zero. The inference made by
Fujii et al. was that part of the reduction in the value of up, was due to the inner layer bars
behaving as horizontal joint reinforcement. Pantazopoulou et al. (1992), based on their
review of other experimental rescarch, agree that beam intermediate bars can aid in the
transfer of horizontal joint shear. Priestley (1991) contends that beam bars in the central
region of the joint, properly anchored at the boundaries of the joint, may be considered
effective as joint reinforcement if the beam is not expected o form a plastic hinge adjacent
to the joint (1.e., Mpp >> M)

Confinement. Paulay (1986) claims that interpretation of test results, where the
cause of failure is inferred to be breakdown of bond rather than shear resistance, can lead to
the generally untenable claim that joint shear strength is not sensitive 1o joint reinforcement
{(because the confinement provided by the hoops is overlooked). The mechanisms and
purpose of confinement are much different from those of shear transfer. The vital issue
with conlinement, according to Paulay, is the control of diagonal tension across the joint.

If a joint is confined with enough reinforcement, then diagonal tension wiil be
controlled, thereby
1.} increasing the diagonal compressive strength of the concrete core because the principal
tensile strains will be reduced (Pantazopoulou et al. 1992 and Joh et al. 1991a), and
2.} improving the bond conditions and decreasing the joint deformation because diagonal
tension cracking will decrease.

The first point, 1.), is intuitive, and in point 2.) the relationship between joint confinement

and bond has already been considered (Sec. 3.6.3, “Factors that Influence Bond").
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With respect to joint deformation, some researchers (Sugano et al. 1991, Leon
1990) have found that when the relative deformation experienced by B-C joints (exclusive
of bar bond deterioration and of bar slippage) exceeds 25% of the total deformation of the
frame/subassemblage, joint shear failures can be expecied. Pantazopoulou et al. (1992)
argue that the smaller the joint deformation contribution is to the total stnucture deformation,
the better overall structural response will be. However, they found that the dependence of
joint stiffness on the stiffness contributed by the joint reinforcement is often overlooked
because of the two-dimensional representations of joints that are typically used. Two-
dimensional representations of joints falsely indicate that the joint core concrete stiffness
contribution to the joint stiffness is independent of the confinement role of joint
reinforcement because the stiffening effect of the reinforcement is only realized by
consideration of the thickness of joints,

According to Pantazopoulou ct al. (1992), beam intermediate bars can not act as
joint confinement reinforcement. Pantazopoulou et al. claim experimental work (done by
others) has proven this. The inability of beam intermediate bars to provide confinement 1o
a joint is due to the fact that the compatibility of the bars with the core concrete depends
only on bond. Bond has been shown likely to degrade under cyclic loading (Sec. 3.6.3,
“Bond in B-C Joints"). Therefore any benefit from intermediate bars in the way of
confinement diminishes quickly.

Column intermediate bars, on the other hand, have been shown to cnhance the
stiffness of the joint (Joh et al. 1991a).

In this section, issues surrounding the roles of joint reinforcement in the shear
transfer mechanisms have been reviewed. In an atempt to clarify these issues, specific

amounts of joint reinforcement used by several researchers is considered nexl.
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Spociy < of Joint Reinf

In the following, the specific amounts of joint hoops uscd by various researchers,
and the resulting effects on the shear-transfer and confinement functions, and on the
behavior of the joints, is considered.

Discussion of specific amounts of hoop used by various rescarchers is made easier
with a common index. In many instances in the literature the hoop spacing used in the joint

regions is not given but the total number of hoops in the joints is. Therefore, use of the

hoop volumetric ratio, g, provides a consistent reference. For circular hoops:

Ps = (%ﬁx%h——]i 00% (Eguation 6)

where,
Agp = the total cross-sectional area of joint hoops in-between the top and
bottom layers of the beam bars
dp = the hoop diameter
Ag = the gross cross-sectional area of the column
hy = the height of the beam
and other terms are as previously defined.

For rectangular hoops:

ps = (%;%)IOO% (Equation 7)

where,
L = the total length of the four sides of a hoop

and other terms are as previously defined.
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Experimental studies were conducted by Kitayama et al. (1991} to determine the
values of pg required {o transfer shear, and to confine the core concrete, after bond
deterioration of the beam bars occurs at high joint-shear levels. To accomplish these
objectives, some specimens were designed with ties serving as the joint reinforcement, and
the strains on these ties were monitored throughout the loading history. Kitayama et al.
claim that the joint ties parallel to the loading direction transferred joint shear and confined
the joint core concrete until bond began (o deteriorate, although the beam bars had not yet
yielded. The claim was also made that the ties in the parallel direction were performing as
portions of the truss mechanism, until bond deteriorated. As the diifts increased beyond
the point at which bond deteriorated, the strains in the "parallel” ties did not change much,
perhaps indicating a change from the "truss” 1o the "strut”. The "perpendicular” ties
confined the joint core concrete normal to the loading direction, according to Kitayama et
al. The strains in these ties increased markedly with drift, implying lateral expansion of the
Jjoint core concrete. For drifts larger than the point at which bond deterioration began, the
contribution by the "parallel” ties toward the transfer of joint shear decayed, indicating the
decay of the truss mechanism, Kitayama et al. argue that once the truss mechanism
decayed the principal role of the lateral reinforcement became confincment of the cracked
core concrete. The confinement function was fulfilled by the specimens until yield of the
lateral reinforcement normal to the loading direction occurred. The conclusion drawn by

Kitayama et al. from their tests was that a minimum value of pg = 0.5% is recommended.

The similar performance of two specimens (BCJ5 and BCJ7) tested by Leon et al.
(1986) lead to their conclusion that increasing the value of pg from 0.5% (BCJ5) 10 2.5%
(BCI7) had litle effect. However, larger beam rotations and sliginiy lower joint shear
strains occurred in BCI7
According to Otani (1991), the minimum value of pg is the value that will
accomplish the following:

1.) prevent diagonal tension failure of the main joint diagonal,
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2.) improve the joint ductility by confining the cracked core concrete, and
3.) protect column corner bars from bond splitting failures.
Otani points out that the minimum value of pg required by the Al is 20.2%.

Information regarding specific amounts of joint reinforcement can provide insight
into the arguments surrounding the functions and the roles of joint reinforcement involved
with the transfer of joint shear. However, there are other indicators that are related to joint

reinforcement that warrant consideration as well.

sehavior of Joint Reinf

The strains in the joint hoops and the extent and type of joint cracking can indicate
the behavior and the condition of the joint

In four subassemblage tests by Fujii et al. (1991) the strains in the hoops at peak
loads during cycling were considered (Fig. 20). Fuiii et al. noted that at first cracking in
the joints the strain in the hoops suddenly increased (i.e., P = 2 tons). Sharp increases in
joint hoop strains at first cracking have also been noticed by others (Joh et al. 1991b).

As the loads on a joint increase beyond the point at which first eracking oceurs, the
hoop strains can be expected to continue 1o increase. However, the meaning of the
subsequent increases in strains with regard 10 the role of the hoops in joint shear transfer
are the subjects of debate. Two of the viewpoints in this debate are discussed next.

Cheung et al. (1991) conducted experimental tests on subassemblages in which the
joints were designed to carry shear primarily through the truss mechanism. Cheung et al.
inferred that, as specimen displacements grew, increasing strains in the hoops indicated that
the participation of the hoops was increasing in the transfer of Jjoint shear {as portions of the
truss mechanism), and in the confinement of the joint core,

In experimental tests on subassemblages by Leon (1990), the joints were detailed to
resist shear primarily through the strut mecbasl;im, While Leon does not mention the strain



in the hoops, he does state that he believes that most of the force transfer through the joints
was accomplished via the strut mechanism. Accordingly, as the joint regions of Leon's
specimens deteriorated (one specimen actually suffered a joint shear failure), it is rational to
attribule the increase of strains in the hoops to the hoops' failure to confine the joint cores
{because confinernent is the primary role of the hoops in the strut mechanism),

Stevens et al. (1991) tested reinforced concrete panels in reversed-cyclic shear.
These tests produced dala on the stresses in both the panel concrete and in the
reinforcement. The conclusion made by Stevens et al. was that when shear stress levels
cause reinforcement yielding, the eventual failure is by concrete crushing. Stevens et al.
recommend that joint hoops should be designed to remain elastic, and preferably the steel
used should transition directly from elastic behavior to strain hardening (i.e., not have a
yield plateau)..

Pantazopoulou et al. (1992) warn of two scenarios that can occur in B-C joints: 1.}
the concrete diagonal struts can crush before the hoops yield, and
2.) the concrete diagonal struts can crush and the column intermediate bars can yield after
the hoops yield.

In experimental research conducted by Sugano et. al (1991), a specimen (J4-0)
with pg = 1.1%, Bl = 1.6 suffered a joint shear failure and showed strains in the joint
hoops that continued to increase as the specimen approached failure. However, the hoops
never reached yield. Sugano et al. concluded that the hoops did not function effectively
due to the failure of concrete struts in the joint.

Joh et al. (1991a), in their experimental research involving six specimens, noticed
that in the specimen with the lowest pg value (LH; pg = 0.3%) only.a few wide diagonal
cracks existed in the joint region when the ultimate strength of the specimen was reached.
Conversely, shear cracks in the specimens became smaller and more dispersed at ultimate
as the value of pg was increased (up to a value of about 1% in specimen HH). The values

of pg, and the respective crack patterns, affected the behavior of the specimens, as proven
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by the shapes of the hysieresis loops. The hysteresis loops for the specimens exhibited
more pinched shapes, as values of pg went from high to low. Figure 21 shows the
normalized hysteresis loops, one from an elastic cycle and one from the maximum-strength
cycle, for the specimens HH and LH. The "maximum strength cycle” loop for specimen
HH is spindle-shaped {preferred), while the same loop for specimen LH is flattened

{undesirable). Since the details for both of the specimens were identical, except for the

values of pg, the differences in the joint crack patterns and in the shapes of the hysteresis

loops must be atiributed to the values of pg that were used.

3.6.5 Other Factors That Affect Shear Transfer

The strength of the concrete used in the joint, the cross-sectional dimensions of the
members, the deformation of the members, and the amount of column axial load also

influence B-C joint shear transfer.

JoinL C . ive Strengt

Some rescarchers (Otani 1991, Sugano et al, 1991) have found that when B-C

subassemblages experienced joint shear failures the joint shear strength was heavily

dependent on the value of f¢.

Member Cross-Sectional Dimensi

Meinheit et al. (1981) found no trends related to the variation of the joint aspect
ratio (for 0.72 S dg/hyy < 1.0) in their experimental tests. However, Otani (1991) noted that
when dg/hy, S 0.5 the shear resistance of the joint decreases, This scenario also produces

the undesirable "strong beam-weak column” behavior.
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Paulay (1989) claims that the width of the beam can be greater than that of the
column, as long as most of the beam burs pass through the column. On the other hand,
Paulay (1984) noted that when the width of the column gets much larger than that of the
beam, the interaction of the beam with the column will not be fully effective, since neither
the concrele nor the bars that are far from the vertical fuces of the beam will participate
efficiently in resisting the beam moments. Experimental research by Leon et al. (1Y86)

corroborates Paulay's (1984) findings.
Member Deformation

Experimental work done by Joh et al. (1991b) suggests that the more the joint shear
capacity of a specimen exceeds the joint shear required to develop plastic hinges in the

beams, the larger the ductility capacity of the specimen will be.

Currently there seems to be litde consensus regarding the effects of column axial
campressive load on B-C joint shear transfer. The lack of agreement stems from the fact
that column axial compressive load may interact with other aspects of joint shear transfer
{e.g., joint shear swess demand, bar bond, joint reinforcement, etc.). With one exception
{Pantazopoulou et al. 1992), none of the work reviewed indicates that larger column axial
compressive load is detrimental to B-C joint shear transfer. Paulay (1986, 1989) believes
that if the axial load becomes o small, then there is a detrimental effect on Joint shear
transfer. Fujil et al. (1991), Meinheit et al. (1981), and Jirsa ct al, (1975) believe that the
level of axial load has no influcnce on the shear capacity of a joint. Bonnaci et al. (1993)
found that the effect of column axial load on joint shear transfer was inconclusive. Leon el

al. (1986) noticed that the difference in joint shear capacity of specimens with and without
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axial load was negligible. Whether or not joint shear capacity or joint shear transfer is
helped or hindered by the presence of column axial compressive load, most of the
researchers agree that increased column axiai load increases joint stiffness, increases the
joint shear corresponding to first cracking, and decreases cracking and hoop strains. All of
these effects are beneficial,

Thus far, the review of the topic of reverse-cyclically loaded B-C joints has focused
primarily on the transfer of shear in B-C joints and on the ability of B-C joints to influence
frame/subassemblage performance. In the last portion of this review, attention will be
given the development of a semi-empirical method for the prediction of B-C joint

performance.

3.6.6 An Empirical Method for Prediction of B-C Joint Performance

Given the large body of B-C joint subassemblage test results available, it is
common for researchers to incorporate as many of the results as possible in empirical
relations. One such method is developed here: the bond index versus the joint volumetric
hoop ratio (%), BI - pg, graph. From the review of the literature presented in this work, it
is expected that the performance of joints can largely be predicted if the values of BI and pg
are known for a given specimen. The accuracy of this method will be shown to be
dependent on the drifts to which a given subassemblage is cycled to.

The application of the BI (Equation 5, Sec. 3.6.3, "Criteria for Bond for Seismic
Performance™ and pg (Equation 7, Sec. 3.6.4, "Specific Amounts of Joint
Reinforcement™) to a large body of test results was performed by Bonnaci et al. (1993),
where these parameters, along with several others, were tabulated for a battery of 86
subassernblage test results. Figure 22 is a plot of the Bl and pg values from many of the 86
test specimens. Additionally, pairs of values taken from other sources are plotied. In

keeping within the constraints of this work, the only data used were those from research
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where the specimens consisted of planar B-C subassemblages (i.e., no slabs or transverse
beams}, and where beam hinges were not restricted to form away from the joint faces (i.e.,
no "hinge-relocation” specimens). The abbreviations in the legend describe the mode of
specimen failure and are defined as follows:

S.F.— joint shear failure (detected by yielding of the joint hoops),
B.H.— beam hinging,

B. H,, §. F.— beam hinge(s) developed first, then joint shear failure occurred,
B. H., A, F, —beam hinge(s) developed first, then anchorage failure occurred,

the rest of the abbreviations are similar,

The graph, with a few exceptions, supports two of the limits suggested for values
of Bl and pg. In Section 3.6.3, "Criteria for Bond for Seismic Performance”, Bonnaci et
al. (1993) proposed the limit BI < 1.7 for joints with Gr 60 bars. Only one specimen (the
"B. H., A. F." specimen) suffered an anchorage failure despite being below the BI limit.

However, the specimen had a BI = 1.62, which is just below the limit. With respect to
value of pg, in Section 3.6.4, " i i

(1991) iraplied that joint shear failures could be prevented if the value of pg 2 0.5%. Only

cement”, Kitayama et al.

one specimen that was in accordance with this pg limit, and had a value of BI < 1.7,
suffered solely from a joint shear failure (one of the "S. F." specimens). However, the
value of pg was 0.5% for this specimen, which is right at the limit. There are five "B. H.,
S. F." specimens that met both limits, yet still suffered joint shear failures following beam
hinging. Further investigation of the five specimens indicates that they all performed 1o
drifts in excess of 4% prior to experiencing joint shear failures. All of the rest of the
plotted points that meet the BI and pg limits represent subassemblages that failed in the
preferable beam-hinging (B. H.) mode, Thus, use of Figure 22 with the limits BI < 1.7

and pg  0.5%, seems reasonable for the prediction of subassemblage joint performance,
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§

with respect to ensuring the "B, H." failure mode, provided that specimens are not cycled
to unreasonably large drifts.

This concludes the summary of the literature that was reviewed concerning B-C
joints. As mentioned earlier, APPENDIX A contains additional detail on some of the
issucs that were covered here. Next, the results of a literature review on poorly confined

column lap splices are presented.

3.7 Poorly Confined Column Lap Splices

In what follows, the behavior of poorly confined lap splices under conditions of
reversed cyclic loading is considered. First, flexural behavior is reviewed. This is
followed by a discussion on the behavior with shear. It is now commonly accepted that lap
splices should not be used in regions where flexural hinges are expected to form because
such splices have proven to have unreliable ductility capacity. Nevertheless, lap splices in
older structures occur in regions of high moment. Thus, the emphasis herein is on poorly

confined lap splices in column regions subjected to inelastic demands.

3.7.1 Flexure

The Effect of Poor Confinement

The experimental and analytical research done by Priestley (1991), indicates that lap
splices of column bars above a B-C joint can be considered "unlikely to be adequately
confined" if the hoops consist of #4 bars spaced at 304.8 mm (Fig. 23). The reason being
is that the amount of confinement stress afforded by such detailing will be insufficient to
develop inelastic deformation capacity in, or perhaps even the yield strength of, the lap

splice.
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According to Priestley (1991), test results indicate that the clamping pressure
provided by detailing shown in Figure 23 is usually not adequate to prevent anchorage
failure of tﬁe bars. The progression ol the loss of bar anchorage is as follows, First,
vertical cracks develop paratie] to the column bars. Then "fracture surfaces” ("Section A-
A" in the fig.) develop as a result of the dilation caused by the vertical cracks. Next,
concrete spalls away from the fracture swrfaces and scparation can occur between the
column bar and the concrete that is attached to the starter bar.  Under the conditions
described, anchorage failures may resull at less than the {lexural strength of the lap splice.
Even if the yield strength of the lap-spliced bars developed, the ductility can be expected to
be smail.

The results from the experimental rescarch by Paulay (1982) and Lukose et al,
(1982) agree with Pricstley's findings with respect to the importance of hoops to the
integrity of lap splices. Additionally, Lukose et al. found that if the portions of columns
just outside of the plastic hinge regions are poorly confined, then the rate of bond
detertoration and the propagation of deterioration will increase.

Improper detailing of the ends of the hoops can increase the possibility of
anchorage failure, Once the fracture surfaces spall, the separation of the column bar from
the concrete attached to the sturter bar is likely unless the hoops continue to provide
confinement. Priestley etal. (1984) note that hoaps that have lapped eads can be expected
w unwind when the cover concrete spalls. Therefore, they suggest that hoop ends be
welded together or anchored into the core conerete,

With respect to detailing of the bars, Priestley ct al. (1984) noted that tour of the
five specimens that they tested that did not experience anchorage failures had radial fap
splices; the starter bars were straight and the spliced bars were bent in toward the center of
the column. The specimen that sulfered the anchorage failure had u circumierential lap

splice where the starter bars and the spliced hars were placed side by side.
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| Stremeth and Ductil

Priestley developed a model that he proposes describes the flexural strength and
ductility of columns with lap splices (Fig. 24). Each of the four lines in the figure
represents a different column (the initial stiffnesses of each of the columns are the same);

1.) Line I represents a well-confined column section without a lap splice. The response of

the column is modeled in a bi-linear fashion. At a displacement ductility (i) of unity, the

value of the flexural strength (Mp) is reached. At "j,;", the overstrength moment capacity
("Mg") is attained. Due to the good confinement and due to strain-hardening of the bars,
Mg > M.

2.) Line 2 represents a poorly-confined column section without a lap splice. The value of
My, is obtained at a value of p = 1, but there is no overstrength and the maximum ductility
occurs at "ia” (the ultimate value of the cxiwmc fiber concrete compressive strain, £y,
was assumed to be 0.0035 in the determination of the value of Hy). Values of pp =3 are
typical. Once the maximum ductility is reached, just as in the case of the column section
represented by line 1, the strength of the section quickly diminishes because the concrete
core crushes and the bars buckle.

3.) Line 3 represents a column section that has a lap splice. Here, the lap splice is not

designed to achicve the value of Mp. Ata value of p < I, the strength begins to degrade
from the maximum strength ("M") that was achieved. The degradation continues until the
residual strength ("M,") becomes effective at a value of g = 3. The reason that there is
residual strength is that the splice deteriorated prior to crushing of the concrete core or to
buckling of the bars.

4.) Line 4 represents a column section that has a lap splice. However, in this situation the
value of My is reached. At "yg" (g0y = 0.002), dcgradation begins. The degradation

ceases when the value of M is attained.
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Each value of M, was determined by taking the product of the axial load and the lever amm

between the axial load and the centroid of the compression zone of the confined column

core. Priestley claims that "M;" typically occurs at values of pt = 3.

3.7.2 Shear

The Effect of Poor Confinement

According to Priestley (1991), coluran sections that are expected 1o experience
demands of i 2 4 will receive little if any assistance from the concrete in resisting shear,
The loss of aggregate interlock with the development of wide flexural cracks will cause
most of the shear force to be carried by the hoops. This condition is exacerbated if axial
loads are small, thereby reducing the efficiency of compression zone shear transfer. Thus,
the inference can be made that in poorly confined lap splice regions with small axial loads
the degradation of shear strength will possibly begin at values of 4 < 4. Priestley argues
that as a result of degradation in shear strength, the flexural ductility capacity of a section
might be less than anticipated (in Sec. 3.7.1). Additionally, once the shear strength is
attained, the structural response will degrade rapidly.

Lukose et al. (1982} found that if the portion of column just outside of the plastic
hinge region is not well confined then failure can occur. The failure can take the form of
cover splitting along the splice or the form of localized deterioration at the section just

beyond the splice.



g Table 1 Characteristics of double-column bents with rectangular columns
- {DRC category).

- bent charucteristics

- age (yr.) 1925 - 1967

k height (m) n-42

- H strut Iength (m) 4-15

strut location grade - above mid-height
- column characieristics

dimensions (mm, dg x by} 610 x 762 - 2362 x 2134
- bars B-#6 - 40-#14

" hoops (spacing in mm) #2 @ 305 - #5 @ 457

- lap splice 30- 41dp,

- axial load (MN, ' in MPa)  0.015 - 0.0RSI‘cAg

- strut characteristics

¥ dimensions (mm, byxhp) 305 x 457 - 1219 x 3658
T main bars 246 - 14-#18

- intermediate bars none - 4 sets of 2-#5
stirups (spacing in mm)  #2 @ 610 #5 @ 140

: material propertics

" steel Gr 40

. concrete (' in MPa) 21-28
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Table 2 Characteristics of multiple-column bents with rectangular columns
(MRC Category).

bent characteristics
age (yr.) 1926 - 1969 (1945)
height (m) 6-17(12)
strut length (m) 1.7-4(2.5)
strut location grade - above mid-height (mid-height)
column characteristics
dimensions (mm, do xbe) 508 x 508 - 1069 x 1069 (508 x 914)
' bars 8-#7 - 28-144 in?2 (10-1 in?)
hoops (spacing in mm) iy in? @ 457 - 1 in?2 @ 305 (#3 @ 305) .
lap splice 20 - 50dy, (34)
axial load (MN, f'c in MPa) (.02 - 0.1f cAg (0.05)
strut characteristics

dimensions (mm, by x hy) 305 x 457 - 610x 914 (381 x 762)

main bars 2-#6 - 4-#11/4 in2 (3-1 in?)

intermediate bars none - 4 sets of 2-#5

stirrups (spacing in mm) #3 @ 457 - #5 @ 457 (#4 @ 305)

malerial properties
steel Gr 33 - 40 (40)
21 -28(25)

concrete (' in MPa)
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Table 3 Characteristics of double-column bents with circular columns
(DCC Category).

bent characteristics

age (yr.) 1965

height {m) 13-22

strut length (m) 4.5- 825

strut location below mid-height - mid-height
column characteristics

dimensions (mm, dia.) 1219 - 1524

bars 12-#11 - 18-#11

hoops (spacing in mm) #4 @ 305
lap splice 42.5dp
axial load (MN, ¢ inMPz} 0.01 - 0.02FCAg

strut characteristics
dimensions (mm, by x hp) 762 x 1219 - 914 x 1219

main bars 4-#10 - 5-#11

intermediate bars 2-#6

stirrups (spacing in mm) #5 @ 457

concrele ( ¢ in MPa)
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Table 4 Charactenstics of multiple-column bents with circular columns
(MCC Category).

bent characteristics
age {yr.) 1963, 1965
height (m) 4.5- 16
strut length (m) 4-5
strut location grade - above mid-height

column characteristics
dimensions {mm, dia.) 914 - 1219
bars 8-#10 - 12-#11
hoops (spacing in mm) #4 @ 305
lap splice 38 - 48dy,
axial load (MN, ' in MPa) .03 - 0.05f" cAg

strut characteristics
dimensions (mm, by x hy) 762 x 1219 - 762 x 1524
main bars 4-#9 - 4-#11
intermediate bars 2-#5 - 2-#6

stirrups (spacing in mm) #5@457
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Figure 11 Mechanisms of seismic shear transfer in B-C joints (from Kitayama et al.

1991).
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Figure 18 Joint shear deformation/mechanics (from Paulay 1989).
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Figure 19 Colurmn bar tension inside of a B-C joint (from Fujii et al. 1991).
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hH b | LH

pme = 20d cycle
oy ——— Ind cycle $th cycle

Fth cycle

——=— at 2nd cycle = at ultimate strength

Figure 21 “Normalized hysteresis loops in the relations of column shear -- story drift
angle” (from Joh et al. {991a).
86



‘(a5 ‘Sd) ones dooy dUIAUN]OA SNSISA () xopul puog

(1g) xapu) puog

¥ S'E 4 LA c 54 1 §0 0
" i A i j. .p i %, i m m B £ _— I S A asm. i ﬁa.w.u '} n,w wtvmvw i L .m i L i i -
o L

O L

o . ° 0%, 0? 8
e } I

. + + L

o o L

o “r + + !

- - o0 H

1

o !

o o &

4V"4'S - ”
'AVUdSH'E » ot i
4V"HB 0 L
‘H'8 + L

48'H'E o I

'y k.

‘ b

‘4'8 v | L

£ g £ B A L L] o E & B ..

s'0

w
-

™

!
o

St

7T andy

{%) oney suswnjop dooy

87



Figure 23
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CHAPTER 4
RESEARCH APPROACH

In this chapter the inventory of bridges containing strutied-column bents is
evaluated. The criteria used in this evaluation and the results of the evaluation are
presented. Additionally, the selection and the design of the prototype subassemblages arc
discussed. Finally, the experimental tests are considered, including the design of the
specimens, the materials used in the specimens, the construction of the specimens, the

instrumentation used for the specimens, the test set-up, and the testing procedures.

4.1 Evaluation of the Inventory

In order to fulfill objectives “2.)" and "3.)" (Chap. 3, Sec. 3.2.4) it was necessary
to supplement the information obtained from objective "1.)". This was done by evaluating
the bridge inventory using several criteria. Herein, the criteria are reviewed and the results
from the application of the criteria to each of the four bent categories (DRC, MRC, DCC,
and MCC) are presented. In what follows, the tributary portion of a superstructure for a

given bent shall be considered a part of the bent.

4.1.1 Criteria

“The criteria that were used to evaluate the bridge inventory were chosen on the basts
of the background presented in Chapter 3:
1.) The ratios of the column and the strut flexural strengths were determined in order to
assess which type of hinging mechanism could be expected in the bents (ie., strong

column-weak beam or weak column-strong beam). These criterion would also indicate
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whether the struts or the columns would place demands associated with hinge formation on
the B-C joints.
2.) The shear stress demands on the B-C joints were determined in accordance with the
forces associated with strut hinging in order to have a benchmark for how severely the
joints could be loaded.
3.} The shear stress demands on the struts were determined in accordance with the forces
associated with strut hinging in order to compare with the strut shear stress capacitics.
4.) The member bar anchorage details were reviewed in order to determine whether or not
anchorage failures could be expected.
3.) The sequences of hinge formation were determined in order to find out which regions
of the bents will have the greatest ductility demands.
6.) The transverse fundamental periods (T,) were estimated in order to assess relative
spectral demands.

In many of the criteria, the concrete strength (f';) was called for. The values of
f'c that were used were those values specified in the structural drawings. However, they
were increased by fifty percent to account for the strength gain of the concrete with age
(Priestley 1991).

Elexural Suyength Ratios

The ratios of the column and beam flexural strength capacities (Mpo/Mpp for
exterior joints and 2 Mpo/EMpy, for interior joints) were computed based upon ultimate
concrete compressive strain (Ecy) values of 0.003. This value was used in order 10 have
consisiency in the ratio; a common value of &¢, was required for My, and My. The shape
of the moment-curvature relations (M-¢) for the columns tended to peak at values of £, =

0.003, after which the curves "roll off” quite suddenly (Fig. 25).
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Joint Shear Stress Demands

The values of the joint shear siress demands (vj;) that were calculated are the
maximum expected joint shear stress demands (vj'). The determination of values of
v;;*wcre based on the formation of flexural plastic hinges in the struts (Figs. 26 and 27),
since the flexural capacities of the columns (Mp.) typically exceeded those of the struts
(Mpp). The struts were assumed to be located at mid-height for those cases where the
actual sirut location is above grade. Symbols used in Figures 26 and 27 are defined as

follows:

Mpp = the amount of moment required to form a plastic hinge.

M  =the moments in the column above and below the joint,
M was assumed to be equal to Mpp/2 in Figure 26, and
M, was assumed to be equal to (Mpy) + Mpp2)/2 in Figure 27.

Ve = the shears in the column above and below the joint = 2My/l., where
lc = tn(bent height) - hy,

Pc = the applied axial compressive column load.

Ag'  =the total area of bars in the top of the strut

Ag = the total area of bars in the bottom of the strut.

Ty = Ag'(1.25fy), where "1.25" accounts for strain hardening and possible
overstrength of the bars,

Cco = the resultant force from the concrete compressive stress block.

Cgh = the compressive steel force.,

In Figures 26 and 27 it is assumed that Cop + Cgp, =Cp =T

The joint shear at mid-depth (x-x) of exterior joints (Fig. 26) is determined as follows:

Vit=Tp- V¢ {Equation 8)
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The joint shear at mid-depth (x-x) of interior joints (Fig. 27) is determined as follows:
Vit=Tht + Cp2 - Ve (Equation 9)

The value of vj;* is then calculated in accordance with Equation 1 (Chap. 3, Sec. 3.6.2,
“Applied Shear Stress"). What follows is the basis used to determine values of ‘fjt* as
described.

The struts were located at mid-height in those instances where the actual strut
heights were above grade because:
1.) There were many instances where a given bridge had bents where the strut heights
varied from bent to bent due to the changing grade elevation,
2.} There were many instances where the strut heights changed within a given bent due to
changing grade elevations across the bent.
3.) The degree of fixity provided by the soil at grade was unknown since the soil is usually
fill material, the degree of compaction of which was not recorded.
Given the variability in the strut locations and the uncentainty surrounding the restraint

provided at the varying grade locations, the mid-height location for the strut was selected in

order to obtain a reference for comparing Vj;" from bridge to bridge. In addition, based on
the mechanics involved, the strut location that yields the greatest value of vjf is mid-
height,

In each analysis the value of My}, was determined by consideration of the M-¢
relation for the respective strut (Fig. 28). The criterion used for selecting a given value of
Mpp was as follows: My < Mpp < Mpy, where Mp; and My, are the amounts of
moment at ¢p; and ¢y, which comespond to values of gop = 0.004, and = 0.006,
respectively. The reasons for selecting My}, based upon 0,004 < gcp < 0.006 were:

1.) For the typical lightly-reinforced strut analyzed, the M-¢ relationship is such that the

value of My}, is ofien reached after the bars have strain-hardened and the value of ggp, is
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quite large (i.c., 0.004 < gcp < 0.006%). In other words, the values of £y, from first yield
10 the onset of strain hardening are often too small to presume the occurrence of plastic
hinging (i.e., Ecy} is not reached until post-strain hardening).

2). Itis commonly accepted that poorly confined sections can obtain ey, values of 0.005%
(Priestley 1991).

The values used for the effective joint area (Ajy) in Equation 1 consisted of the
confined cross-sectional areas of the columns. The values of Aj; were determined in this
manner because it was assumed that by the time plastic hinges had formed in the beams
there would be considerable cover spalling in the columns. The relative shapes of the M-$
curves for the columns and struts (Fig. 25), together with the results from the bent hinge
formation sequence analyses (Sec. 4.1.2, "The Bent Hinge Formation Sequences™),

indicates that the moments in the columns are typically well in excess of their cracking
moments by the time the struts reach M3,

In those instances where the struts were located at grade, vj;" was determined in a
manner similar to that which has been described (i.c., the lower column was removed from
Figs. 26 and 27). Note that in these cases the hinge will likely form in the column above
the strut. However, the forces input to the joints in these analyses were those that would
arise from hinge formation in the struts because this represents the worst scenario. The
same methodology was employed in the rare instances where the struts were above grade
and were stronger than the columns.

Vertical joint shear stress demands were not evaluated (Chap. 3, Sec. 3.6.2,
"Applied Shear Stress™).
Strut Shear Stress Demands

The values of the strut shear stress demands (v};) that were calculated are the
maximum expected strut shear stresses (vh‘) when hinges from at both ends of the struts.
Just as was done in determining values of vjt", vp" was based on Mpp, beginning with:
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Vo= —— (Equation 10}

where:
lg = the strut clear span

The equation used to determine vi,* was as follows:

= pJf e (Equation 11)

Y = a constant = Vp/(bpdpm Vv o)
by = the strut width
dpm = the strut effective depth

and the other terms are as previously defined.

The values of vh* were compared with the strut shear capacities (Vp), Where vpp
1s equal 10 Vpp/(bpdpny,). Values of Vip, were computed in accordance with ACI 318M-89:

Vb = Ve + Vs = 0.17Jﬁ:-bbdhm + é:%-dﬂ (Equation 12)

where:
Ve = the shear carried by the concrete
Vs  =the shear carried by the stirrups
fc  =the concrete strength in MPa
s = the spacing of the strut stirrups
Ay  =the area of the strut stirrups within s

and the other terms are as previously defined.
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It should be noted that in the first term of Equation 12 the "0.17" factor has proven in static
monotonic tests to be unconservative when the longitudinal reinforcement ratio of a beam
(A’g or Ag divided by bydpyy) is less than approximately 1.2% (Ferguson 1979). Tables 1
- 4 indicate that all of the struts in the inventory have longitudinal reinforcement ratios that
are below 1.2%. Thus, even those struts that are evalvuated as having adequate shear
capacity might be susceptible to shear failures.

The shear capacity versus the shear demand in the columns was checked by
inspection, Usually, the contribution of the steel (hoops) toward resisting shear in the
columns is small. However, due to the typically long clear spans of the columns, the
shears are small enough for the contribution of the concrete alone to resist most, if not all,
of the column shear (i.e., the column cross-sections are relatively large compared to those
of the struts). While shear in the columns of the bents was not considered as one of the
criteria, it should be noted that in the lap splices above the joints any shear could be o

much if the effects of flexure have degraded the lap splice (Chap. 3, Sec. 3.7.2).

The member bar anchorage detzils were rated either "satisfactory” or
"unsatisfactory” based on consideration of the values of development length (14) of the
member bars. For exterior joints, the detailing of the member bars was considered as well.
Strut bar anchorage details at exterior joints were considered “satisfactory” if the bars were
detailed with 90° hooks and had Iy values that were in accordance with the guidelines in
ACI 318M-89, Section 21.6, "Development length of bars in tension”. No attention was
given to bar tail lengths because in most cases this information was not provided in the

construction plans that were reviewed. However, as was noted in Chapter 3, Section 3.3,
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in no case were the tails on the bars in accordance with guidelines recommended by Paulay
(1975¢).

Strut bar ancherage details at interior joints were considered "satisfactory” if the Ig
values of these bars were in accordance with the guideline established by Leon {(1990): the
column width should be at least equal to 24d, (i.e.. be 2 24dp). Leon's guideline came
from experimental tests that he conducted on subassemblages with very light joint

reinforcement.

Column bar anchorage details were considered "satisfactory” if the g values of

these bars were in accordance with a similar guideline that came from the same research

(Leon 1990): the height of the strut should be at least 24dy, (i.e., hy 2 24dp).

The bent flexural plastic hinge formation sequences were determined through the
use of static, monotonic, limit analyses (i.e., “push-over”). Only material non-linearity
was considered. While the goal of most limit analyses is to find the collapse load of a
structure, the emphasis here was on determining the sequence of hinge formation. The
poor confinement and bar anchorage details used in the inventory raises questions about the
ability of expected hinge locations to withstand large inelastic demands. However, as was
mentioned in Chapter 3, Section 3.2.1, attention was focused on those bents where the
analyses indicated that hinges could be expected to form adjacent to a B-C joint early on in
the hinge formation sequence. Those bents where the analyses indicated that hinges are
expected to form solely in the columas, at either the foundations or the superstructure
soffits, were disregarded as candidates for further consideration in this work. The tools

used to conduct the limit analyses were:
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1.) SAP90 (Computers and Structures Inc., SAPY0 1989): a series of computer programs
for the static and dynamic finite element analysis of structures.

2.) EPFO (Harrison, H. B., "Automatic Elastic-Plastic Analysis of Plane Frameworks."
Computer Methods in Structural Analysis, Prentice-Hall, Inc., Englewood Cliffs, NJ,
1973, pp. 207-234): a program for the elastic-plastic analysis of plane frames.

3.) IDARC (Park, Y. J., A. M. Reinhorn, and S. K. Kunnath, IDARC: Inelastic Damage
Analysis of Reinforced Concrete Frame - Shear-wall Structures, Technical Report NCEER-
87-0008, Dept. of Civil Engrg., State University of New York at Buffalo, Buffalo, NY,
Jul. 1987): a program for the inclastic damage analysis of reinforced concrete frame -

shear-wall structures,

SAP90. Limit analyses using SAP90 requires step-by-step processing of results,
After each iteration the user must: check the demand moments against the moments
required for the formation of hinges (Mp). caleulate and apply the load factors, and nullify
the ability to resist bending moments in the ends of those members where hinges have
occurred. The user must also determine the gravity-load moments and add/subtract them
to/from (as required by the sense of the moments in the limit analysis determined from a
preliminary run) the M, values of the members. However, the extra work required by the
step-by-step process does have an advantage in that material properties can be changed as
increasing damage is interpreted to be occurring. Examples of where this advantage can be
used are:
1.} My values for columns change as the lateral loading increases due to the changes in
axial loading.
2.} The senses of the moments can change during an analysis. This influences whether or
not the gravity load moments are added (subtracted) to (from) the column M, values.
3.} Values of the moment of inertia (I), and the elastic modulus (E) change as the demand

moments increase beyond the cracking moments of the members.
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EPFO. The use of EPFO to conduct limit analyses was much faster than SAP90 in
that EPFO performs a complete analysis in just one application. The user must apply the
gravity-load moments to the My, values prior to the execution of the program, in accordance
with the initial sense of the moments (i.¢., a preliminary run is required to determine the
initial sense of the moments). However, the material properties that are used initially can
not be changed during a limit analysis.

IDARC. IDARC was the most comprehensive software used because the output
from a run includes: the stiffness of the members, the cracking and yield moments of the
members, and the Ty, values for the model. The yield moments of the members are used
by the program in the same run to determine the plastic hinge locations. However, there
are several drawbacks with using IDARC:

1.) IDARC requires input including: the member cross-sectional dimensions; the values of
f'; and E for the members; and the bar and the hoop sizes, spacing, cover, and strength.
2.) IDARC determines that hinges have occurred in locations where members have reached
their yield moments; the program does not consider whether or not concrete has reached the
crushing strain,

The latter drawback is important for the struts in this work (this sec., "Joint Shear Stress
Demands™)

The centerline-to-centerline member geometry used by the three programs leads to
unrealistically large deflection values. Consideration of the finite member sizes prevents
the overestimation of structure deflections, The capability to account for the actual finite
size of the members exists in each of the programs, directly or indirectly.

To begin with, all three programs assume the joints to be rigid. In SAP90, the user
can specify values of parameters in the input that tells the program the finite sizes of the
members. Specifically, the portions of the lengths of elements that are actually part of the
joint region are specified by the user. The user can then specily the portions of these

element lengths that are parts of the joints that are to behave as the rigid joints do (i.e., rigid
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links at the ends of the members). Conversely, in EPFO and IDARC the specification of
rigid links at the ends of the members is done in an indirect manner. The user must
manipulate the material properties input into EPFO and IDARC. Figure 29 illustrates how
the material properties input into EPFO and IDARC were manipulated in order to avoid
artificial flexibility. The terms used in the figure are defined as follows:
- "rigid links” are elements for which the flexural strength (Mp) = the moment of
inertia (1) = cross-sectional area (A) = oo
- the links adjacent to the rigid links were assigned properties in-accordance with
the relative sizes of the columns and the struts. For example, in those cases
where a column was much wider than a strut was deep, the link adjacent to the
rigid link in the strut was alse modeled as rigid, while the links adjacent to the
rigid links in the columns were assigned "normal” properties (the properties used
in modeling the portions of the members away [rom the joint region). On the
other hand, if the members were of similar depths, then the links adjacent to the
rigid links in all of the members framing into the joint were assigned values of
My =eo,and I = A= "normal”.

A typical model of a bent used in the EPFO and IDARC programs is shown in Figure 30.

The values of the likely transverse fundamental perods (Ty) were estimated for

individual bents. The calculation of the values of Ty, assumed the superstructure or deck 10

be rigid in the transverse direction. The calcuiation did not account for the stiffness that
may be provided by the superstructure acting to transfer loads to the abutments, nor did it
account for the location of expansion joints in the superstructure. Typically there are two
or more bents located in-between expansion joints. Hence, the likelihood of a single bent

responding with only the portion of the superstructure tributary to that bent is remote.
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These factors would tend to produce lower Ty, vatues than those estimated here. Moreover,
only the translational flexural stiffness of the columns in a bent were considered, as the
struls and the superstructure were taken as rigid. The rationale behind this assumption
was:

1.) The clear spans of the columns are typically long enough such that their the flexural
stiffness will dominate their response (i.e., shear stiffness contribution will be relatively
small).

2.) Since many of the struts are deep beams, the stiffness of the struts will be large relative
1o the flexural stiffness of the columns.

3.) Superstructures are typically very stiff relative to columns.

These factors would tend to further decrease the T}, values estimated here,

Under all of the assumptions described, in addition to the assumption of elastic

response, the likely transverse values of Ty, of the bents was estimated as follows:

T = 2m. (Equation 13)

w|§

where;
m = the tributary portion of the superstructure for a given bent

k = the stiffness for a given bent

Values of k were determined in accordance with Figure 31, Figure 31a represents bents
with struts located at grade, while Figure 31b represents bents with struts located above

grade. The symbols used in Figure 31 are defined as follows:

Vv, V], Vo = unit displacements/degrees of freedom

f = the force required to impose a unit displacement for the bent
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n = the number of columins in the bent

Applying the following:
f = kv (Equation 14)
1o the bent in Figure 31a yields:
K = n( ! 2Eleﬁ) (Equation 15)
1.3
where:
E  =theelastic modulus = 5000V f'; ('c in MPa, Priestley 1991)

Lefr = the effective moment of inertia (a percentage of the gross
moment of inertia, Ig)

The values of L.sr that were used come from a chant (Fig. 32) developed by Priestley
{1991). The chart is a plot of values of the moment of inertia ratio (Ieffﬂg) versus values
of the axial load ratio (P/f'cAg; where P is the axial load and Ag is the gross cross-sectional
area of concrete) for four different longitudinal reinforcement ratios (Ag/Ag; where Ag is
the area of the bars). The chart accounts for the distributed cracking over the length of a
column at the time of first yield of the bars.

In Figure 31b, weatment of vjand v, require the matrix form of Equation 14:

f L3 L3 V1
= 12Eleff (Equation 16)
0 L3 WP+ |lve
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Based on the length of Ly with respect 0 Ly, vo can be expressed in terms of vy. In this
manner, vy can be condensed out of the equations and a single expression for k will result.
It should be noted that in order to apply Equation 16 to a strutted-column bent, the right
side of the equation must be multiplied by the number of columns in the bent (n),

The assumptions made in the computation of T;, values may be reasonable if the
increases in stiffness created by the assumptions described earlier are offset by the Logg
values that were selected for use here, The reason being that these L.¢r values probably
decrease the stiffness below the actual value. The relative shapes of the M-¢ curves for the
columns and struts (Fig. 25), together with the resuits from the bent hinge formation

sequence analyses (Sec. 4.1.2), indicates that the moments in the columns are usually
below yield when the struts reach yield. Therefore, the values of I.¢f used here are

probably smaller than the actual values of Ly

4.1,2 Evaluation of Results

DRC Caegory

As a reminder, there are six bridges in the category with double-column bents with
rectangular columns. The ranges of resuits from applying the criteria (Sec. 4.1.1) to this
category are as listed in Table 5 (strut and column bar anchorage detail ratings are shown as
"SAD", and "CAD", respectively). The results from the bent hinge formation sequence
analyses do not appear in Table 5. However, they are discussed in the following summary
of all of the results,

Flexural Strength Ratio. One recommendation for the desirable range of values of
the flexural strength ratio (Mpo/Mpp) is 1.8 - 2.5 (Leon et al. 1986). With one exception,

the values of Mpo/Mpp, were near or slightly higher than the suggested criterion.
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Maximum Demand Joins Shear Siress. ACI 318M-89 requires that the maximum
demand joint shear stress (vj¢*) be less than or equal to 1.0V T (£ in MPa) for exterior
joints, and requires vjt* € 1.25V T for interior joints. AASHTO (1991) does not
distinguish between interior and exterior joints, and in that specification vj¢* S 12.0V T (s
LOVT: £ in MPa) for all joints. The values of vj;" in the DRC category, where all of
the joints are exterior-type, are small compared to 1.0V T¢. This is duc to the small values
of M}, relative to the large values of the effective joint area (A;y), found in these bents.

Maximum Strut Shear Stress Demand. For most of these bents the large spacing of
the stirrups causes Vg << V (Equation 12). However, the siruts are usually deep enough
such that the concrete alone can provide adequate shear capacity. In two of the bridges the
shear siress capacity is less than the demand corresponding to flexural hinging in the struts
{i.e., vph < vh').

Member Bar Anchorage Details. Most of the unsatisfactory SAD ratings were due
to the fact that the majority of these bents have strut bars that terminate in the columns
without hooks (Fig. 5a). However, in many of the bridges that have this type of detail, the
relatively large-sized columns provide anchorage lengths (14) that are long encugh 1o
develop the bars in tension according to ACI 318M-89, Section 21.6, "Development length
of bars in tension”. Only one of the six bents had column bars that received an
unsatisfactoty CAD rating.

Bent Hinge Formation Sequences. The typical hinge formation sequence will be:
the tops of the columns (at the superstructure soffits) will hinge first, then hinges will form
in the struts at the joint faces, followed by hinge formation in the bottoms of the columns
(at the tops of the foundations). The order in which the latter two sets of hinges form
depends on the restraint provided by the backfill material at the lower portions of the
columns. If the hinges at the ends of the struts form prior to the hinges in the bottoms of
the columns, then large ductility demands may be placed on the strut ends.
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Transverse Fundamental Periods. The estimated transverse fundamental periods

(Ty,) for these bents are "long” relative to those of the bents in the other categories. The
spectral demands on structures with such values of T, (ie., 1 - 2 5) usually cause
increased response and decreased force demands.

Conclusions. What follows are the conclusions that were drawn based on the
evaluation of the bents in the DRC category, and based on their characteristics and
construction details. References made to "failure” are based on the assumption that the
bents will respond well into the inclastic range {(i.e.. several plastic hinges will have
formed).

1.) The beats will probably not experience joint shear failures due to the small expected
values of le'. However, failure may occur in the joints in the form of loss of bar
anchorage. The reasons being that the strut bars are poorly detailed where they terminate,
the joints lack adequate con{inement, and there is the possibility of yielding from the strut
hinges penetrating into the joints.

2.} The bents may suffer failure at strut plastic hinge locations due to the possibility of
large ductility demands coupled with the poor confinement in these regions.

3.) The bents could experience strut failures due to either high values of the shear stress
demands or the fact that the struts may experience large ductility demands. The poor
confinement of the strut hinge regions adds 1o the likelihood of shear failures occurring,
The low longitudinal reinforcement ratios may also contribute to shear failures.

4.} The bridges could experience period elongation due to strut shear failure, and/or the
degradation that may occur in the strut hinges and in the bond of the strut bars, Given that
the Ty values are approximately one to two seconds, such period elongation should
increase the response of these hents but decrease the force demands.

Because there is little chance of either 2 lap-splice failure in the columns above the joints
or a joint shear failure, bents from the DRC category were not given further consideration

in this work,
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MRC Calegory

As a reminder, there are thirty bridges in the category with multipie-column bents
with rectangular columns. The ranges of results from applying the criteria to this category
are as listed in Tuble 6 (average velues are in parentheses, and subscripts "ext” and "int"
imply “exterior” and "interior” joints, respectively). The results {rom the bent hinge
formation sequence analyses do not appear in Tuble 6. However, they are discussed in the
following summary of all of the results.

Flexural Strength Rario. The typical value of ZMpo/2Mp meets the guideline
established for use here (1.8 - 2.5).

Maximum Demand Joint Shear Stress. The values of Vj{* shown were calculated at
interior columns. Values of Vj[* at exterior columns did not warrant calculation, as visual
inspection and the experience obtained in working with the double-column bents revealed
that values of "ji* would be very small. With a few exceptions, the values of Vjt* at
interior joints were well below the limits specified by ACI 318-89 (1.25\[?(;) and by
AASHTO (1991) (I.G‘\rf?c). This is due to the small values of My, relative to the large

values of the effective joint area (A;y), found in these bents,

Maximum Strut Shear Stress Demand. For half of these bents, the small
contributions of the stirrups to the shear capacitics (caused by the large stirrup spacing that
is typical of ail of the bents) resulted in their shear capacities being less than the demand
shears associated with the formation of flexural hinges in the struts (i.e., vpp < vb’),

Member Bar Anchorage Details. The average strut bar anchorage detail rating at
exterior joints (SADgyy) is "unsatisfactory” because the poor details shown in Figures 5a
and 5c are used. Moreover, many of the bents that received "satisfactory” SADgy, ratings

have square reinforcing bars. Thus, those bents also have questionable strut bar anchorage

potential. While the typical bent received a “satisfactory” SADjy rating, the prevalent use
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of square bars renders most of the "satisfuctory” ratings questionable. The same holds for
the column bar anchorage detail (CAD) ratings.

Bent Hinge Formation Sequences. Due to the large number of bndges in this
category and the broad ranges of both the characteristics and the evaluation results, limit
analyses were not performed on specific bents. Instead, the values of the average
characteristics (Table 2) were used (o construct a model of a multiple-column bent that
would best represent the hinge formation sequence of this portion of the inventory. An
exception was made in the "strut height" characteristic. Although the average value of the
strut height is listed in Table 2 as "mid-height”, in the model bent used in these hinge
formation sequence analyses the strut was placed below mid-height. This was done 1o
determine whether large moments would result in the lap splice regions of the columns
above the joints.

As a check on the accuracy of the model bent, a sensitivity analysis was done in
order to determine the effects of averaging the characieristics. The parameters that were
studied in the sensitivity analysis were: the strut height, the column tlexural strength
(Mpe), the volumetric ratio of the hoops (stirrups) and the core concrete of the column
{strut), the bar diamcter in the columns and in the beams, the weight of the superstructure,
the number of columns, and several material propertics. The results from the sensitivity
analysis indicated that as long as the parameters were varied no more than ten to fifteen
percent, there was not much effect on the hinge formation sequence in the model bent.

The results from the limit analysis are indicated 1n Figure 33, which also shows the
model bent and its dimensions. The dots indicate the plastic hinge locations and the
numbers above/next to the dots indicate the sequence of hinge formation. Where hinging is
expected to form carly on, the inclastic demands may be large. The figure shows the
ductility demands are expected (o be relatively small in the upper columns just above the
struts (lap splice regions). However, when the height of the strut is lowered in excess of

fifteen percent of that height used in the model bent, the ductility demands in those regions
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will be much larger. Additionally, the columns tend to be axially loaded relatively lightly.
Thus, as hinges form in the splice regions, shear may become a problem (Chap. 3, Sec.
3.7.2). This is particularly true in the case of one of the two exterior columns, where the
axial load will be reduced depending on the direction of motion,

Transverse Fundamental Periods. The average value of Ty, indicates that most of
these bents are considerably stiffer than the bents in the DRC category. However,
structures with values of Ty, = 0.8 s might still experience spectral demands associated with
flexible structures (i.e., increased response, and decreased force demands). The effect on
the periods of the unreinforced filleted strut ends (typically found in these bents) has not
been considered. The fillets will certainly decrease the values of Ty, and may contribute to
period elongation as they degrade.

Conclusions. What follows are the conclusions that were based on the evaluation of the
bents in the MRC category, and based on their characteristics and construction details.
References made to “failure™ are based on the assumption that the bents will respond well
into the inelastic range (i.c., several plastic hinges will have formed).

1.) The bents will probably not experience joint shear failurcs due to the small expected
values of Vj[*. Many of the joints in the bents may undergo bar-anchorage-type joint
failures. The reasons heing that the strut bars are poorly anchored/detailed, the Jjoints lack
adequate confinement, and there is a possibility of yielding from the strul hinges
penetrating into the joints. Similar detrimental waits are found in the columns of some of
the bents; these could also cause joint anchorage failures.

2.) The bents may experience strut hinge ailures at exterior joints due to the fact that the
strut ends at exterior joints mat undergo several inclastic cycles, and due to the fact that the
hinge regions are poorly confined.

3.) Half of the bents do not have the shear capacity required to develop plastic hinging in
the struts. Additionally, high shear demands (relative to the shear capacities) are expected

in many of the other haif of the bemts. Therefore, there is a strong likelihood for strut shear
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failure in most of this portion of the inventory. Other rcasons for this possibility are the
likelihood of large ductility demands in somc of the strut hinges and the poor confinement
detailing of the struts in most of the hinge regions, The low values of the longitudinal
reinforcement ratios might also contribute o shear failures.

4.} The bents with struts close to grade might experience shear or flexural hinge failure in
the lap splice regions in the columns above the joints. The reasons for this are the high
moment demands that may occur, the relatively small amounts of axial column loads that
may be present, and the poor confinement detailing of these lap splice regions.

5.) The bridges could expericnce period clongation due to strut shear failures, or to
degradation of the strut hinges, of the column lap splices, and of the bar anchorages.
Given that the average values of Ty, are approximately 0.8 s, such period elongation should
increase the response of these bents but decrease the force demands.

Because of the potential for problems to occur in the lap-splice regions in the columns
above the joints, multiple-column bents with rectangular columns were given further

consideration in this work.

DCC Category

As a reminder, there is one bridge in the category with double-column bents with
circular columns and there are six strutted-column bents in this bridge. The ranges of
results from applying the criteria to this category are as listed in Table 7. The results from
the bent hinge formation sequence analyses do not appear in Table 7. However, they are
discussed in the following summary of all of the resuits,

Flexural Strength Ratio. The value of Mpco/Mapp, is below the guideline established
for use here (1.8 - 2.5).
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Maximum Demand Joint Shear Stress. The value of Vj{" is small relative to
l.G\IFc (ACI 318M-89, AASHTO 1991). This is due 10 the small values of My, relative
to the large values of the effective joint area (Aj). found in these bents.

Maximum Strut Shear Stress Demand. For these bents the large spacing of the

stirrups causes Vg << V¢ (Equation 12). However, the struts are decp enough such that
the concrete and the small contribution from the stirrups can provide adequate shear
capacity. In all of the bents vpp > Vb*-

Member Bar Anchorage Details. The SAD and CAD ratings were "satisfactory” for
all of the bents. It should be noted that because the rectangular struts frame into circular
columns the Ig values of the strut bars vary (.., the corner bars have smaller 14 values
than do the interior bars). Only one of the six bents had column bars that received an
unsatisfactory CAD rating,

Bent Hinge Formarion Sequences. The results from the limit analyses conducted
on these bents indicates that the hinge formation sequence is expected o be as follows.
Hinges will form in the struts at the joint faces relatively early, followed much later by
hinge formation at the top of one of the columns (at the superstructure sofTits), then hinges
will form in the bottoms of the columns (at the tops of the foundations) and, finally, the Iast
hinge will form at the other column top. The early formation of hinges expected in the
struts may impose large ductility demands in these regions.

The variation that exists from one bent to the next with respect to the locations of
the struts alters the hinge formation sequence slightly. As the strut hei ght decreases toward
grade, both of the column tops are expected to hinge prior to the column bottoms.
However, as the strut height is towered, the timing of the formation of the hinges changes
substantially, as docs the magnitude of the moments in the columns just above the joints
(column bar lap splice regions). Under these conditions, the hinges in the column tops are

expected to form soon afier the strut hinges, and the moments in the lap-splice region of the
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4.) The bents with strut heights close to grade might experience shear or flexural hinge
failures in the lap splice regions in the columns above the joints, The reasons for this are
the high moment demands that may occur, the relatively small amounts of axial column
loads that may be present, and the poor confinement detailing of these lap splice regions.
5.) The bents will probably experience period elongation due to strut shear failures, or due
to the degradation of strut hinges, column lap splices, and bar bond. Given that the values
of T, are approximately 0.4 s, and that period clongation is likely, the behavior of these
bents might transition from "stf{" to "llexible".

Because of the potential for problems o occur in the lap-splice regions in the columns
above the joints, coupled with the fact that this bridge is a part of the US interstate system,

double-column bents with circular columns were given further consideration in this work,

MCC Category

As a reminder, there are two bridges in the category with multiple-column bents
with circular columns. The ranges of results from applying the criteria to this category are
as listed in Table 8. The results from the bent hinge formation sequence analyses do not
appear in Table 8. However, they are discussed in the following summary of all of the
results.

Flexural Strength Ratio. The values of EMpo/EZMpp range from very low o
acceptable.

Maximum Demand Joint Shear Stress. The values of le* shown were calculated at
interior columns. Values of le* atexterior columns did not warrant calculation, as visual
inspection and the experience obtained {rom the double-column bents revealed that Vjt*
would be very small. All of the strutted-column bhents in these bridges had smail values of
Vj[* at interior joints. This is due to the small values of Mpy, relative 1o the large values of

the effective joint area (Ajl), found in these bents.
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Maximum Strut Shear Stress Demand. For these bents the large spacing of the
stirrups causes Vg << V, (Equation [2). However, the struts are deep enough such that
the concrete and the small contribution from the stirrups can provide shear capacity that
exceeds the maximum demand.

Member Bar Anchorage Details. The SAD and CAD ratings are "satisfactory”.

Bent Hinge Formation Sequences. The results from some of the limit analyses that
were conducted on the three- and four-column bents are shown in Figure 34, The dots
indicate the plastic hinge locations and the numbers above/next to the dots indicate the
sequence of hinge formation. In the analysis results shown, only the ends of the upper
columns are expecied to form hinges. In these columns, the regions just above the struts
(lap splice regions) appear to be particularly susceptible 10 experiencing large inelastic
demands; the first hinges will probably form in these locations early on in the sequence.
However, while the results in Figure 34b arc typical (the bents are all alike with 914 mm
diameter columns joined by 762 mm x 1219 mm struts), the results in Figure 34a are not.
Half of the bents in the three-column-type bents are as shown in the figure (with 914 mm
diameter columns joined by 762 mm x 1524 mm struts), and the other half have struts that
are located at mid-height across the width of the bent (with 1219 mm diameter columns
joined by 762 x 1219 struts). The latter bents are expected to feature hinge formation at the
ends of the struts, rather than in the columns.

Transverse Fundumental Periods. The values of T, indicate that these bents are
“stiffer" than the bents in the MRC category, but they are more "tlexible” than the bents in
the DCC category.

Conclusions. What follows are the conclusions that were drawn based on the
evaluation of the bents in the MCC category, and based on their characteristics and
construction details. References made 1o "failure” arc based on the assumption that the
bents will respond well into the inelastic range (i.e., several plastic hinges will have

formed).
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1.) The bents will probably not experience joint shear failures due to the small expected
values of Vj{'. The bents will probably not experience member bar anchorage failures
because the anchorage lengths/detailing appear to be adequate. However, joint failures
might still result due 1o the effeet on bar anchorage from the poor joint confinement, and
due 10 the possibility of hinge penetration from the columns and/or struts into the joints.

2.) A few of the bents will probably experience strut hinge failures because hinging in the
struts is expected to be predominant. Large inclastic demands may be placed on these
regions and they have poor continement detailing.

3.) The benis will probably not experience strat shear fatlures because the struts have the
shear capacity required 1o develop plastic hinging in the struts. Howewer, large inclastic
demands may be placed on the regions where hinging is expected and these regions have
poor confinement detailing. This coupled with the low values of the longitudinal
reinforcement ratios may lead (o shear failures at a later point during the inelastic loading.
4.) The bents may experience shear or flexural hinge failure in the lap splice regions in the
columns above the joints. This is due to the fact that many of the bents have single suuts
with strut heights close to grade, and flexural hinges are expected o form carly during the
response. There is a good probability of having high moment demands, high ductility
demands, and relatively small amounts of axial column loads on the poorly confined lap
splice regions.

5.) Given that the values of Ty, are in the approximate runge of 0.5 - 0.8 s, coupled with the
period efongation that may occur due to the possihility of degradation of the column lap
splices, the strut hinges, and the bar anchorages, the spectral demands on these bents might
cause them to respond as "flexible” structures.

Because of the potential for problems to gccur in the lap-splice regions in the columns
above the joints, coupled with the fact that this bridge is a part of the US interstate system,

multiple-column bents with circular columns were given further consideration in this work,
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Having selected the MRC, DCC, and MCC categories for further consideration, the

next step was (o choose prototype subassemblages from these calegories.

4.2 Experimental Test Subassemblage Prototypes

Described herein is the sclection and the design of the prototype subassemblages for

the experimental {esting portion of this work,

4.2.1 Selection of the Prototypes

Prior to deciding which of the three categories of bents (MRC, DCC, MCC) would
be selected for use us prototypes, the number of subassemblages that would be tested had

to be considered.

fluen " the Test Matrix on Prototype Selection

At the outset of this work, testing three to four subassemblages was envisioned as
being feasible. Two to three subassemblage specimens, modeled afiter "as-built” prototype
subassemblages (Chap. 3, Sec. 3.2.4, objective "4.)"), would be tested initially. The one
or two rematning tests would be conducted on:

1.} rewrofitted version(s) of one (two) of the "initial” specimens, and/or
2.) repaired version(s) of one (two) of the “inital" specimens (i.c., damage done in the
“initial” tests would be repaired prior to the "additional” tests), if the findings from the
“initial” tests indicated that such "retrofitrepair” fests were worthwhile,
How this concept of the test matrix influenced the selection of the prototype

subassemblages will be explained in what follows.
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Testing of subasscmblages taken from the MRC category was ruled out for several
reasons.

1.) Because this portion of the inventory was so large and had such broad ranges of
characteristics and construction details (Table 2), it was decided that selecting just two to
three "as-built” subassembluges would not lead to enough test results to enable conclusions
1o be drawn about the entire calegory.

2.} Due to the broad ranges of results from the evaluation of this category (Table 6), it was
decided that in sclecting two to three “as-built” subassemblages it would be very difficult to
test for all of the potential problems that might occur in these bents,

3.} Given the average age of the bridges in this category (almost 40 years), and the
reduced usage of most of the bridges since the udvent of the US interstate system, it is
doubtful that thesc bridges will remain in service much longer. Accordingly, focusing the
experimental testing portion of this work on such bridges was questioned.

With just the DCC and MCC categories Jeft to consider, the choice of prototype
subassemblage selection became much easier because there are just three bridges in these
two categories and these bridges are similar. However, in order 1o account for benls in
both categories, a minimum of three test specimens would be required because of the three
different column sizes that occur in these categories (1219 and 1524 mm - DCC, and 1219
and 914 mm - MCC). Additionally, there are many dilferences in the characteristics and
the construction detatls among the bents in the two categories (exterior versus interior
joints; bent heights and widths; strut sizes; numbers of member bags; member bar sizes:
Tables 3 and 4, respectively). Thus, it was decided that representation of the two
categories could not be achieved with only three subassemblages.

The DCC catcgory was not considered because of the large differences in the
characteristics and the construction details between this category the MCC category (i.e.,
the DCC category has much larger column diameters and bent heights, and it has exterior

joints only).
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Two prototype subasscmblages were selected from the MCC category: one
representative of the 1219 mm diameter columns in the thiee-column bents, and the other

representative of the 914 mm diameter columns in the four-column bents.

The Configuration(s} of the Suhassemblapes

There were three configurations that were viewed as candidates for the prototype
subassemblages, two featured exterior joints and one fealurcd interior joints.

“Exterior Joint” Configurations. The first exterior joint conliguration was a B-C
joint subassemblage obtaincd by cutling an upper and a lower exterior column from a bent
at the mid-height points, and by cutting the framing strut at mid-span (i.c., a “T" rotated
90°). The reason for "cutting” at mid-height of the columns and at mid-span of the strutis
that elastically the points of inflection (i.e., zero moment) typically oceur at these locations.
Such a configuration would allow (or study of both the B-C joint and column lap splice
behavior.

The second exterior joint configuration was the same as the first, except the entire
upper column is Jeft in-tact. Additionally. a picce of (he superstructure remains attached 0
the upper column. In addition to being able to study the B-C joint and column lap splice
behavior, such a configuration would allow for the study of the behavior of the column
where it connects 10 the superstruciure,

The second exterior joint configuration was a strong candidate because of the
versatility it offered. The evaluation of the MCC catcgory (See. 4.1.2) indicated that hinge
formation in the exterior columns at the superstructure in the three-column bents will likely
precede hinge formation clsewhere. In the subassemblage described, foad can still be
applied to the B-C jointlap splice region after the column hinges at the superstructure.

Thus. while modeling the realistic sequence of events in the case of the three-column bents,
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this configuration might also allow lor investigation of the potential problems in the B-C
joint and lap splice regions of three- and four-column bents.
However, the second exterior joint configuration was eventually discarded because

the space available at the testing facility dictated the use of a specimen scale on the order of

1/3. This scale was too small (Sec. 43,1, "
“Interior Joint" Configuration. The configuration of this candidate is identical to
that described in the fivst exterior joint configuration, except that the subassemblage would
consist of an interior B-C joint (i.e., "+"). Here also, joint and lap splice behavior could be
studied.
The Final Selection, The interior joint conliguration was chosen over the tirst exterior joint
configuration. The reason being that the interior joint configuration causes more shear to
occur in a joint than does the exterior joint configuration. Thus, the prototype that was
selected provided the greatest opportunity to study joint behavior, in addition to providing

the opportunity to study column lap-splice behavior,
4.2.2 Design of the Prototypes

With the removal of exierior joint configurations from censideration as candidate
prototypes, the next task was the design of two cruciform-shaped prototype
subassemblages that wese representative of the MCC category. One prototype had a 1219-

mm diameter column, while the other had a 914-mm diameter celumn.
The Location of the St
The design decision that caused the most deliberation was where to locate the struts.

The evaluation of the MCC category indicated that one concern might be the flexural

hinging anticipated in the column lap splice regions ubove the joints. Additionally, the
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analyses showed that the greatest ductility demands on these regions occurred when the
strut was close to grade. Thus, the prototype designs that would provide Lhe best
opportunities for studying possible degradation of lap splice regions would be ones where
the struts were well-below mid-height. However, another concern raised by the evaluation
of the MCC category was the possibility of farge inclastic demands occurring at strut
hinges. In these situations the struts occurred near mid-height. With the strut at mid-height
the joint shear demands are the largest, aithough relative to the limiting values they are
small. Also, the evaluation of the MCC culegory indicated that when column hinging in the
lap splice regions above the joints is expeeted to occur, the possibility of hinging exists
whether the strut is at grade (highest doctility demands) or at mid-height (smallest ductility
demands).

Thus, the decision was made that cach ol the prototypes would be designed with
the struts located at mid-height, thereby providing opportunities for the study of joint-
shear-related, strut-hinge-related, and of lap-splice-related problems.  Additionally, as
mentoned in Scction 4.1.2, while the struts in the bents of the MCC category successfully
met the shear capacity criterion, it was noted that the large ductility demands in the strut
hinges, the poor conlinement of the hinge regions, and the small longitudinal reinforcement
ratios could still result in shear laitures. Thas, strut-shear-related problems might be
observed in the prototypes as well

The joint-shear-, strut-hinge-, and strut-shear-related probicms are most assoared to
oceur in a "strong column-weak beam” design, while the lap-splice-reluted problems are
most assured 1o oceur in a "weak column-strong beam” design. In the interest of having
the opportunity to study the problems related to both types of designs, the geometry of the
prototype subassemblages was designed such that one prototype was a "strong columne

weak beam” subasscmblage and the other a "weak column-strong beam™ subassemblage.
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Member Cross-Section Geometry. The "strong column-weak beam" prototype had
the member geometry of the three-column bent-type in which strut hinging was expected
(1219 mm diameter column and 762 mm x 1219 mm struts; Unit IP), and the "wesk
column-strong beam” prototype had the member geometry of the four-column bents in
which column hinging was expected (914 mm diameter column and 762 mm x 1219 mm
struts; Unit IIP).

The rest of the design decisions involved issues such as:  the heights of the
prototypes, the strut lengths of the prototypes, the member bar layouts and sizes, the
member transverse reinforcement layouts and sizes, the column bar lap splice lengths, the
axial loads, and the material properties.

Column Heights. The bent height range (4.5 - 16 m) was large so it was decided to
use a value of 10.5 m {approximately the average clear height) for the heights of the bents
from which the prototypes would be taken from. With the strut dimensions chosen, the
lengths of the upper and lower columns of the prototypes were determined. The height of
the strut was subtracted from 10.5 m, then 14 of the difference was taken to obtain the
lengths of the upper and lower columns (2.32 m).

Strus Lengths. The strut lengths of the prototypes were based on the typical 5 m
clear span of the struts in the MCC category. The actual fengths of the prototype siruts
were determined by dividing 5 m in half (i.e., 2.5 m).

Member Bars and Bar Layouts. ‘The struts in the MCC category had bar layouts
such as the one shown in Figure 9¢ (ie., four bars top and bottom, with two layers of two
intermediate bars). The average size of the main bars is a #10, while the typical
intermediate bar size is a #6. These layouts and bar sizes were used in the prototype struts.

The layout of the eight column bars in the 914 mm diameter columns of the MCC

category 15 as shown in Figure 9b. The layout of the column bars in the 1219 mm diameter
120



s_—

columns of the three-column bents is similar. However, there are twelve equally-spaced
bars in these columns (i.e., a bar at each of the hours of twelve-hour clock). These layouts
were used in the prototypes as well. The bar sizes used in the prototypes coincide with the
bar sizes used in the MCC category: #10 and #1 1, for Unit ITP and Unit IP, respectively.

Member Transverse Reinforcement. The diameters and the spacings of the hoops

~ and the stirrups used in the prototype members were identical to those used in the members

of the MCC category: #4 hoops at 305 mm in the columns and 45 stirrups at 457 mm in
the struts. Since the number of joint hoops is not specified on the structural drawings, the

number that was used in the prototypes (four, with two between the top and bottom strut

- main bars) by invoking the 305-mm spacing beginning at the bottoms of the lower columns

of the prototypes (the inflection points in the "as-built” bents).

Column Bar Lap Splice. The column bar lap splices above the struts in the MCC
category are 1524 mm long (i.e., 43dy, for Unit 1P and 48dy, for Unit IIP) and this value
was used in the prototypes. Circumnferential lap splices were used in the prototypes.

Column Axial Loads. The axial load range for the interior columns in the MCC
caiegory is 0.03 - 0.05€Ag (f'c in MPa). The evaluation of this category indicated that the

effect of the use of one axial load or another (where the difference is about 0.02f cApg) did

not alter the moment capacities of the columns enough to change the sequence of hinge
formation in the bents. Thus, there was flexibility in the selection of the axial loads that
were to be used in the design of the prototypes. This flexibility was exploited as one axial
load was selected in the design of both prototypes. The load that was chosen was 1157
kN, which equates approximately to 0.025f'¢cAg for Unit IP and 1o 0.043f'cAg for Unit
HIP. The reason for the use of a 1157-kN axial load for both prototypes was the scale
chosen for the test specimens and the repercussions of this scale on the capability of the
system used for application of the axial load (Sec. 4.3.5, "Loading™).

Concrete and Steel Strengths. The prototypes were designed with Gr 40 steel {(bars

and transverse reinforcement) since that is what was used for the MCC bents, However,
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while f'c = 28 MPa was the specified concrete strength that was used for the MCC
category, f'c = 42 MPa was used in the prototypes. The reason for increasing the concrete

strength by fifty percent was to account for the strength gain with age that has occurred in
the bents.

Summary of the Designs. The results ;)f the design for Unit IIP are shown in
Figure 35. Unit IP was designed identically, unless otherwise noted by quantities in
parentheses. The roller supports at the ends of the struts and the pin support at the bottom
of the lower columin provide, in an approximate sense, the behavior of an actual bent. By
applying the reversed cyclic lateral load and the axial load at the top of the upper column,
the prototype is subjected to a loading similar to that it would see if it were integral with a
bent.

With the design of the prototypes completed, the next steps involved the

experimental subassemblage tests.

4.3 Experimental Tests

In what follows, the steps taken to obtain the test specimen subassemblages from
the prototype subassemblages are discussed, the maicrials that were used in the specimens
are reviewed, and the construction of the specimens is conmsidered.  Also, the
instrumentation used and the layout of the instruments on the s_pet:imens are discussed.

Finally, the test set-up is described as are the testing procedures.

4.3.1 Specimen Designs

Ihe Scale Factor

One of the objectives of this work was to evaluate the performance of "as-built”
construction (Chap. 3, Sec. 3.2.4, objective “4.)"). Given the size of the available lesting
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facility, full-scale testing of the prototype subassembiages was not possible. Thus, the
scale of the test specimens necded (o be as Jarge as possible so that materials used in full-
scale construction practice could be used and so that scale-related effects could be
minimized. A lower bound of approximately 1/2.5-scale was therefore established.

A geomctric scale factor of 1/2.5 was applied to the prototype subassemblages to
obtain the test specimen subassemblages. The reasons were as follows:
1.} This scale factor allowed for placement of the test specimens, the supporting fixiures
angd the load actuators, and for the full expected response of the est specimens within the
space provided by the existing test frume,
2.) With this scale factor the #10 bars used in the columns and struts in Unit IIP, as well
as the #10 bars used in the strut of Unit IP, sculed exactly 1o #4 bars. Therefore, the same
number and layout of the #10) bars used in the prototypes could be used in the specimens
without any effect from the scaling process.
3.) Application of this scale fuctor to the prototype axial loads resulted in an axial load for

the test specimens that was within the capacity of the axial-load delivery system (Sec.

4.3.5, "Loading").

The Specimens

The result of applying the scale factor to the prototype subassemblages is depicted
in Figures 36 and 37 (the prototype Unit IP became the test specimen Unit 1, and Unit HP
became Unit II; all dimensions are in mm), Note that there are two hoops in-between the
top and bottom layers of strut bars in the joint region of each specimen, just as was the case

with the prototypes (Sec. 4.2.2, "Geometry and Qther Issues Related 1o Prototype

Design™); the lower hoop is obscured in Figures 36 and 37 by the lower intermediate strut

bar.
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After the scale factor was applied to the prototypes, a few design features had to be
altered in the specimens: the bars in the column of Unit I, the geometry of both specimens,
and the transverse reinforcement used in both specimens.

Unit 1 Column Bars. The #11 colmﬂnhars of Unit IP (Fig. 36) scaled to a diameter
" that is approximately ten percent larger than a #4 bar, and thirteen percent smaller than a #5
bar. Therefore, since the decision was made to keep the total number of bars constant, a
choice had to be made between using twelve-#5 bars or using twelve-#4 bars. The
percentage differences between the scaled diameter and the diameters of #4 and of #5 bars
grow disproportionately when the total area of ail twelve bars is considered. Thus, #4 bars
- were selected for use.

The repercussion of using #4 bars was that the flexural strength ratio
(EMpo/EMpp) of Unit I was smaller than that of Unit IP. This reduction in the size of the
ratio made it possible for the behavior of Unit I to differ from that of Unit IP. While
hinging of the struts was expected in the design of Unit IP, hinging in the columns of Unit
I became a possibility. The analyses conducted on Unit I with SAP90 indicated that while
first yield for the subassemblage would occur in the struts, the formation of a plastic hinge
might occur in either the column in the lap splice region or in one of the struts at the joint.
The question regarding the location of the first plastic hinge would be determined by the
actual crushing strain of the concrete in the struts. The results of the analyses indicated that
if eqy for the struts did not reach 0.006, then the first plastic hinge would probably form in
one of the struts (Sec. 4.1.2, "Ioint Shear Stress Demands™ ). If the strut g¢y value were
to reach 0.006, the moment in the column would be near its maximum expected value.

Test Specimen Geometry. Another problem that was encountered upon scaling the
prototypes was that no allowance was made in the length of the upper column of the test
specimens (0 accommodate the finite size of the lateral load actuator (Sec. 4.3.5,
“Loading™). In the analyses conducted on the prototypes with SAP90, the lateral load was

applied as a point load at the top of the u;lagir columns. The lateral load actuator used



change in orientation (Fig. 38a shows the "as-designed/as-built” (est speeimen orientation
and 38b shows the “us-tested” specimen orientation). Only details considered relevant to
the issue are included in the figure, Thus, Figures 36 and 37 are applicable when rotated
180° in-plane.

Test Specimen Transverse Reinforcement. Non-standard bar sizes resulted from
the application of the scale factor to the hoops and to the stirrups of the prototypes: #2 bars
for the stirrups and a size that was smaller than #2 for the hoops. While these sizes of
standard deformed bars and hoops were not available, three types ol wire were: D3, D5
and 9 Ga wire (Scc. 4.3.2, "stecl”).

Several designs were considered in which cach of the types of wire was used as
hoops and as a stirrups.  The goal of the process was (o find a desi gn where the
contribution of the wire (V) toward the shear strength of the columns and the struts would
match the shear strengths dictated by the scale factor. Thus, in each of the designs
considered, the variables were the cross-sectional area. the value of fy, and the spacing (s}
of the wire.

The valuc of s served as the measure by which the final designs were selected. An
attempt was made to approximately preserve {on the low side) the scaled values of s for the
stirrups and for the hoops in the prototypes. The reason being that signilicant increases in
the values of s in the prototypes result in only a few stirrups/hoops in the shear spans of the
speeimens’ members. The designs that were selected are shown in Figures 36 and 37,
with the D3 wire serving as the hoops, and with the 9 Ga wire serving as the stirrups,
Note that two 9 Ga wire stirrups were designed o act as one "stirrup”. In "Section B-B”
of Figure 36, a 12.7 mm gap is specificd as the separation between the two 9 Ga wire
stirrups. This gap was used 10 allow concrete 1o completely envelop cach 9 Ga wire stirrup
to ensure that the capacities of both stimups could be fully mobilized if required.

‘There are two repercussions associsted with the wire that was used:
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1.) the value of fy for the D3 hoops is about [ilty pereent larger than that of the Gr 40 sieel
used for the prototype hoops, and

2.) the wire is mechanically deformed with dimples (D3 wire) or indentations (9 Ga wire).
With respect to the first point, hoops with higher yield strengths are beneficial to B-C joint

behavior (Chap. 3, Sec. 3.6.4, " "y, Thus, the

- performance of the B-C joints in the specimens might be better than that which would
actually occur. As (or the second point, dimpled wire will not develop the same bond
 stress as conventional reinlorcement (lugs are vital to mechanical anchorage as discussed in

Chap. 3, Sec. 3.6.3, "Bond in B-C Joints™. This should not be a concern with the 9 Ga

stirrups as the ends are hooked around the corner bar into the core conerete of the struts.
However, excessive stip or complete loss of bond of the D3 hoops could allow the B-C
joints of the speeimens 1o dilate sooner and more than they actually would in the
prototypes. It seems passible that concerns "1.)" and "2.)" could work to negate each

- other (i.e., some local slip of the D3 wire, below the value of fy, could simulate yield of Gr

40 steel).

4.3.2 Specimen Materials

The materials used in the design and analysis of the prototype subassemblages were
Gr 40 steel (bars and ransverse reinforcement) and conerete with a value of ' =42 MPa.
While the application of the scale Tactor (o the prototype subassemblages resulied in
changes in the yield strengths of some of the steel used in the specimens (i.e., the wire
used as transverse reinforcement), the scale factor did not result in changes in the average
value of the concrete strengih used in the specimens. A summary of the materials used
appears in Table 9. The bond index (BI) values listed in Table 9 for cach of the specimens

represents an average value (See. 4.1.2, "ROC Caegory™).
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| average value of I’ for the upper column was 46.5 MPa, while that for the lower column

was 39.9 MPa.

Steel

The bars used in the columns, as well as the "main bars” used in the struts, were
~#4 Gr 40 reinforcing bars with an average value of fy of approximately 362 MPa. The
"intermediate bars” in the struts were #3 Gr 40 reinforcing bars with an average value of fy
of approximately 402 MPa. The column and joint hoops consisted of D3 wire (ASTM
1985) that had an average value of I‘y of approximately 538 MPa. The closed stirrups used
in the struts were 9 Ga wire, The wire was annealed because the mechanical deformation
process increased the value of f},. The average valuc of fy was 317 MPa, alter annealing.
The average values of Iy for the #4 and #3 bars and for the D3 and D5 wire were

determined by tension tests, Prior o the ests, clectrical resistance sirain gages (ERSG)
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were mounted (o the bars/wire. During the test, load values were read off of the testing
machine display and strain values were vead from a strain-indicag ng instrument, The load

values were divided by the original cross-sectional arcas (determined at sections of the

_ bars/wire away from the ERSG's). Stress was then ploted against strain, and the values

of fy were determined from the plots. Figure 39 shows typical stress versus strain curves
for the #4 and #3 bars. Figure 40 shows typical stress versus strain curves for the D3
wire. The average value of fy for the 9 Ga wire was determined by tension tests. The
machine used for these tests was connected 1o 2 computer that displayed load versus
deformation. The load at which yicld of the wire occurred was read off of the display.
These loads were then divided by the original cross-sectional areas of the wire o determine

fy. A typical stress versus strain curve or the 9 Ga wire is shown i Figure 40,

4.3.3 Specimen Construction

The specimens were constructed in four phases. The first phase involved the
design and construction of lixtures. Then, shares and forms were built, In the third
phase, the reinforcing steel cages were assembled and placed in the forms. The final phase

consisted of the placement of the concrete,

Eixwres

In order 1o have the subassemblage specimens hehave nearly as they would in an
actual bent undergoing motion transverse 0 a bridge, several sieel fixwres were required.
In addition, steel fixwres were also required to brace the specimens against out-of-plane
motion, and to conneet the load actuators 1o the specimens. Herein, all dimensions are in

mm, "@" implics “diameter”, and "x" im plies "by".
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“Response” fixnures There were three Tixtures required o simulate actual response
conditions: two designed to behave as “rollers™ at the free ends of the struts in the
specimens, and one designed to behave as a "pin® at the bottom of the lower columns in the
specimens (Figs. 41 and 42).

Each of the "roller” structures consisted of;

1.) a445-kN, floor-mounted swivel,

2.} a 64 D x 318-long standard weight stee! pipe with threaded adapters at each of the ends
of the pipe (the threaded adapiers were welded to 25-thick steel plates that were welded to
the pipe ends),

3.) 2 445-kN load cell,

4.} a 45 & x 330-long, threaded rod, and

3.) a yoke assembly made from 152-wide x 102-long x 25-thick sicel plates, 152 x 508 x
25 steel plates, 127 x 127 x 6-thick whe steel, and 2 51 & x 381-long 4140 HT steel rod.

The tube stecl scrved as the base of the yoke assembly, while the plates served as
the sides. The stec] rod, which was held in the specimens by the steel "sleeves” that were
cast in the struts (Figs. 36 and 37; openings wt the free ends of the struts}), was cradled by
the 152 x 508 plates. The 152 x 102 plates were bolted to the 152 x 508 plates to prevent
the supported strut ends from pulling away from the fixtures. The plates were bolted
- together after the strut was positioned, aad after the stecl rod was passcd through the
greased "sleeve”. The threaded adapters at the pipe ends were connected to the swivel and
to the underside of the load cell. The threaded rod connected the top of the load cell 10 the

base of the yoke assembly {the wbe steet). Three 45 @ nuts were placed on the threaded
rod {one at the load cell, one underncath the tube steel, and one above the tube steel) to
allow for height adjustment of the yoke asscmbly while the specimens were being
positioning. The components of the two-foree "roller” structures were designed to carry
the axial load caused by the maximum expected reaction at the strut ends (determined from

SAP90 analyses of the specimens).
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The "pin” structure consisted ol a 222-kN [Joor-mounted swivel, and three 610 x
610 x 25 steel plates (Fig. 42). The botlom stecl plate was bolted to the top plate of the
swivel. The upper lwo steel plates were bolted to the bottom steel plate. These upper
plates had 508 & heles in their centers to accommadate the columns of the specimens. In
this way, the columns were prevented from sliding olt of the fixture. All connections were
designed for the maximum amount of shear anticipated {determined from SAP90 analyses).
The bottom steel plate was checked for corner warping (“dishing™). The dead load of each
specimen and the applicd axial load were summed and these sums were checked against the
swivel capacity.

“Brace” fixiures In ovder to prevent the specimens from moving out of the plane of
the applicd lateral load, a brace was required in-between the column and the ends of the
struts in each specimen (Fig. 43). The components of cach brace were:;

L) asteel W 8 x 18 column that was welded (o a oor plate,

2.) two picees of 5-thick tbe steel; 76 x 76 x 5U8-long horizontal section and 127 x 127 x
762-long vertical section,

3.) eight all-thread-mounted hail casters (four per side), and

4.y an 16 & x 1016 all-thread rod.

The horizontal section of whe steel was welded 1o the column flange, while the vertical
section of be steel was welded 1o the horizontal seetion, The ball easter assemblies on
one side were mouanted on the vertical section of tube steel, while those on the other side
were mounted on the column lange. The top of the vertical section of tube steel was
connected 1o the top of the column with the all-thread rod to strengthen that side of the
brace. The specimen was held in-plane by the sction of the ball caster assemblies rolling on
steel plates that were epoxied 1o the sides of the siruts. With the exception of the ball
casters, the components of the “brace” structures were desipned 10 catry loads resulting
from eight percent of the maximum anticipated Tateral load (i.e., the total capacity of two

braces was sixteen percent). The capacily of cach group of four ball caster assemblies was



~ about three percent of the maximum anticipated fateral load. However, 1o ensure against
the ball casters "locking up", grease was applied to the strut-mounted plates.

"Load actuator” fixtures The fixtures required o attach the axial and lateral load
actuators to the specimens consisted of swivels and steel plates. In the case of the axial
load actuator, the actuator piston was connecled o the top ol a swivel. A plate that rested
on top of the columns was bolted 1o the swivel base plate.  The swivel allowed for the
" lateral displacement of the specimens. To prevent the plate that rested on top of the
columns from stiding, steel tabs were welded on the plate in a circular pattern in accordance
with the respective column diamelers.

The lateral load actuator has swivels pre-attached to botly ends. Thus, two 610-
wide x 407-long x 25 steel plates and Tour 32 & x 914 all-thread rods were requived to hold
the specimen-end of the actuator W the tops of the upper columns (Fig. 44). The plates and
the rods in effect "sandwiched” the columns, To assist the {lat plates in “grabbing” the
circular-shaped columns, iwo 762 x 76 x 6, 406-long steel angles were welded on 1o each
plate.

Figure 45 shows all of the fixtures in place {45a is a front view and 45b is a rear

view).

Shoring and Formwork

In order to duplicate "as-huilt” construction practice the specimens were constructed
standing upright. Thus, to support the formwuork and the concrete [or the struts, shores
were built. Figure 46 shows the shoring and the formwork after concrete from the first
pour was placed (resulting in the "T"-portions of the crucilorms). The upper column forms
were put in place alter the fivst concrete pour. Figure 47 shows the upper column form for

Unit I and the associated braciag prior to placement ol the conerete from the second pour.
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infi ant Cages

The sequence of events in the construction of the reinforcing steel cages was as
follows. Each har and wire wus bent, the ERSG's were mounted (Sec. 4.3.4, "Bar and

Hoop Strain Measurements™), and linally the reinforcement cages were assembled.

Bar/wire bending All bend diwmeters and il and lap lengths were as specified on
the structural drawings (with account taken for the scale factor for 1ail and lap lengths). In
those instances where specifications were not provided on the structural drawings, the
building codes that were in affect at the tme that the bridges were designed were consulted
{(Washington Standard Specifications 1963).

Cage asyembly The cages for the struts and for the columns were assembled

- separately. The two strut cages (one for each specimen) were cach assembled horizontally

with the aid of three wooden stocks that were placed near the cenwer and the ends of the
cages. The stocks were constiucted such that the muin bars and (he intermediate bars could
be held in the proper alignment while the stirrups were positioned and tied in place.

The "stirrups” (two 9 Ga wire stirraps = a "stirrup”, Figure 36) were positioned on
each cage starting from a4 mark established at the centerline (this represented the centerlines
of the columns as well), The column radius was marked off on each side of the centerline

mark. Approximately 25 mm were added in cach direction 1o account for the likelihood that

~in the "as-built” hents the first stirvup on cuch of the column sides is located some distance

away from the column (the actual location of the first stirrup was not shown on the
structural drawings). The first "stirrups” on each of the column sides were then tied on to
the cage. The remaining "stirrups™ were then tied in place in accordance with the spacing
shown in Figures 36 and 37.

Once the stirrups were ted, the cages were released from the stocks. The two

hoops in the joint region of cach specimen were then appropriately placed and tied into the
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cages. The last step in the assembly of the strut cages involved attaching the "sleeves” for
the "roller” support tixtures to the cages.

The upper and lower column cuges were assembled separately (to allow the lap
splice to be built following the first concrete pour). The column cages were assembled
upright with the aid of two plywoeod disc forms that were placed at points along the heights
of the cages. The forms had semicircles cul at appropriate locations around their
circumferences. The depths of the semicireles were approximately one-half of the diameter
of a #4 bar. This allowed the #4 bars to be sceured against the forms with steel bands
while the hoops were being positioned and tied in place. The procedure for tying the hoops
in place was similar to the procedure used {or the strut stirrups, except that the two hoops at
the edges of the joint region (top and bottom of joint, Figs. 36 and 37) were positioned
first. As shown in Figs. 36 und 37, this resulted in the hoaps being located at the design
spacing, with the exception of the hoop at the bottom and the hoop at the top of the
columns. Once the hoops were tied in place, the bands holding the bars against the wood
forms were cut and the forms wese taken out, Figures 48-51 show the finished cage for
the Unit I struts, an cnd-on view ol a “sleeve” region in the finished cage for the struts in
Unit 1, the finished lower column cage for Unit 1, and the finished lower column cage for
Unit I, respectively,

Once all of the cages were construcied, they were placed in the forms as follows.
First the lower column cages were placed into the lower column forms. The tops of each
lower column cage extended above the top of the strut forms by a distance cqual to the lap
splice length. Then, each strut cage was put into the strut forms by lowering the cage
through the intersccting column bars. At this time, the two joint hoops that were attached
to the strut cage were freed and tied to the column cage. Figure 52 shows the cages for the
lower column and the struts inside the forms of Unit 1. Figure 53 is a similar 1o Figure

52, except that it focuses on the joint region. Prior to the second concrete pour, the upper
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column cages were placed on top of the joints and tied to the lower column cages (kg 47,
foreground).

Concrete Placement

The concrete was placed in two pours. The first pour consisted of the struts and the
lower columns. One week later, the upper columns were poured. The upper columns
were allowed to cure in the forms for one week, then all formwork was removed (Fig. 54).
Vibrators were used to consolidate the concrete in both pours. The specimens then cured
for an additional 2-1 months before Unit I was tested. Unit 11 was tested approximately
one month later. The test cylinders for each of the specimens were tested when the
specimens were tested. Additionally, each specimen received a coat of flat, white-white,
interior latex paint to enhance the visibility of cracks in photographs taken during and after

testing.
4.3.4 Specimen Instrumentation
Throughout the tests, measurements were made of applied loads, lateral displacements of

the tops of the upper columns, joint distortions, member rotations, bar and hoop strains,

and reactions at the free ends of the struts in both specimens.

The loads from the lateral actuator were measured with a load cell that was mounted
on the actuator. The configuration of the specimens made it possible to use the actuator
LVDT (linear variable differential transformer) for the measurement of the displacements of

the specimens (i.e., since the bottom of cach}.;pecimen was pinned at one column inflection
S



point and the actuator was mounted at the other, the LVDT was meuasuring “inter-story
drift").

The hydraulic pressure required o defiver the axial Toad of 177.9 kN for both of the
lest specimens was sct with a pressure gage. The appropriate pressure was determined

using a calibration curve for the system.

Additional comments regarding the laterat load and the axial lead actuators are made

in Section 4.3.5, "Loading”.

The joint distortions and the member rotations were measured with an array of
potentiometers (pots.) and LVDT's (Fig. 55). The pots. that were used have a 50.8 mm
stoke, while that for the LVDT's that were used is 101.6 mm. Each pol/LYDT measures
the change in distance between the two fixed points (all-thread anchors) to which it is
attached. Specially designed rigs were used to mount the pots/LVDT's beiween the
anchors (Fig. 56).

| Each of the LVDT rigs was composed of iwo self-aligning bearings, two anodized
aluminum angles, and four nylon clips. The buse of the bearings were attached to one end
of the angles. The heads of the heari ngs were shid over the all-thread anchors, where they
were held in place with nuts. Spacers were used on the anchors o separate the bearings as
necessary 1o prevent interterence. The free ends of the two angles were "lap spliced” using
the nylon clips. The nylon clips were ri gidly attached to one angle and allowed the other
angle to slide freely. In each rig, the LVDT housing was mounted on one angle, while the
core was mounicd on the other, With the ends of the gs free {o rotate at the all-thread
anchors, the slip between the angles (hence the measurements by the LYDT's) was due

only to the lincar displacements between the anchors. Prior to conducting the specimen
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tests, the LVDT's were calibrated in the rigs to ensure that the rigs were not altering the
performance of the instruments.

The pot. rigs were the sume in principle as the LVDT rigs. However, the lighter
weight of the pots. allowed lor simpler rigs. On one end of each rig, a piece of PVC pipe
- connected the bearing 1o the pot. housing. Oo the other end of a rig, the pot. core threaded
into an adapter that was attached to a bearing. The rigs were then positioned by placing the
heads of the bearings on the all-thread anchors.

Each of the all-thread anchors was mounted into the core of the members so that the
anchors would be isclated from spulling of the concrete cover. The all-thread anchors
located nearest Lo the thiee reaction points were situated as shown in Figure 55 in order o
prevent disturbance either during placement of the specimens in the fixtures or during the
response of the specimens during the tests. The anchor at the top of the upper column was

located as shown in order to be at the line of setion of the latera) load actuaor,

Bar and Hoop Strain Measuremenls

The strains in the bars and in the hoops were measured with bonded precision
ERSG's. After mounting the ERSG's on the bars and on the hoops, the gages were coated
to protect them from water and shock damage. The locations of the ERSG's are shown in
Figure 57. The stirrups did not have any ERSG's. Therefore, the stirrups are omitted
from Figure 57 Tor clarity. Additivnally, Figure 57a shows the column bars radially lap-
spliced for clarity. As shown in Figure 57a, two strut bars and two column bars had
ERSG's. Figure S7b clarifics the locations ol these bars. Note the two adjacent ERSG's
in the lap splice region and the two ERSG's on cach of the two hoops inside the joint. In
general, the Tayout of the ERSG's was designed to get the most information possible by
using the maximum numbher of ERSG's that the daa acquisition system would permit. The

layout also features redunduncy in anticipation of gage failures.
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The ERSG's located farthest from the joint region were located in the positions
shown because it was expecied that these locations would approximate the ends of the
flexural plastic hinge regions. Two of these ERSG's were used adjucent to one another in
the fap splice region in order to discern [ailure in the splices (ie., inability to transfer the
same forces from bending action).

The ERSG's at the perimeter of the joint region were located in the positions shown
because it was expected that these locations would experience the largest moments, In
addition, these ERSG's, along with the ERSG's on the bars inside the joint, would give an
indication of how forces were being transferred through the joint, and of the bond
conditions in the joint,

The ERSG's located on the hoops were located in the positions shown because it
was expected that these locations would experience the Jargest stresses due 1o the
combination of sheur transfer and confinement. The use of two ERSG's on each of the

hoops in the joint was for redundancy.

Reaction Measyrements
The reactions at each of the free ends of the struts were measured usinga 444.8-
kN load cell (Fig. 41). Knowledge of these reactions was required to render the

subassemblages determinaic,
4.3.5 Test Set-Up

The "pin" and "roller” fixtures were mounted in the test frame, then the specimen
was positioned on the fixtures. The lateral and axial load actuators were then mounted 1o
the test frame and to the specimen. The lolfowing describes these features of the st set-up

in greater detail.
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Test Frame

Figure 58 shows Unit T in the test frame, along with the actuators and all of the
fixtures. While the struts were cast monolithically with the B-C joint region, there are light
vertical lines shown in the figure where the struts meet the joints, The lines were drawn to
represent the intersection of the rectangular struts and the round B-C joint. The height-
adjustable beam in the test Frame is a W18x119 seetion. The columns in the test frame are
W14x90 sections. The diagonal brace on the right-hand side of the test frame is 2 W8x18
section.

As discussed in Section 4.3.3, “Fixtares”, the fixtures were designed to allow the
specimens 1o displace laterally in the plane of the [rame only. As per Section 4.3.1, "The
Specimens”, the specimen as shown is rotated [80° in-plane {rom the position in which it
was constructed (i.c., the construction joint and column bar lap splice are below the B-C
joint). Thus, the distance from the line of action of the lateral load actuator to the top of the
B-C joint is less than the distance from the bottom of the B-C joint to the lower pin
support. Also, the length of the moment arm for the lower column (the distance from the
pivot point in the "pin” support fixture to the bottom of the B-C joint) equals:

914 mm (Fig. 38h) + 120.7 mm (the distance (rom the pivot point in the "pin™

support fixture to the bottom of the lower column) = 103.5 cm .

The load actuator systems shown in Figure 58 allowed horizontal shears {without
any moment) and the constant vertical load to be applicd. The following are descriptions of

the lateral and vertical load actuator systems,
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Vertical load acruator system The vertical load actuator system consisted of a
hydraulically-controlicd, 889.6-kN ram (152.4-cm stoke), mounted on a roller bearing
trolley device attached underneath the test frame beam. The ram was connected to the
specimen with a swivel. Thus, the toading system remained vertical and centered on the
upper columns of the specimens regardless of the lateral displacement. Prior to conducting
specimen tests with this system, the system was calibrated to determine the friction that
would be developed between the "roller deviee” and the test frame. The tests indicated that
the friction valucs weie negligible and repeatable values, as long as the axial load did not
exceed 222.4 kN. This value exceeds the 178 kN required. Once the design axial load
was applied, the system ran for the duration of the tests, with only occasional minor
corrections to maintain the constant axial load,

Lateral load acruator sysrem The lateral toad actuator system consisted ol a 978.6-
kN, MTS servo-controlled hydraulic actuator, with a 50.8-cm stoke. This actuator is
equipped with swivels at the head and base, and with a load cell and an LVDT. The
swivels allowed for the application of pure shear 1o the upper column tops of the
specimens. The load ccll and the LVYDT provided continuous signals corresponding to load

and displacement,
4.3.6 Testing Procedures
The testing procedures included the data acquisition process, the displacement

histories that the specimens were subjected to and the method by which the tests were

condugcted.
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In all, 44 channels of data were collected during each of the tests on an electronic
high-speed data acquisition system. All of the instruments were connected to a digital
computer, which collected and recorded the incoming data. A computer-based data
acquisition program also displayed the lateral load value and LVDT displacement
continuously on the monitor during the tests. These load versus displacement hysteresis

curves were the primary means of observing the progress of the tests, particularly with

regard to determining yield of the specimens. Data from the ERSG's located on the

member bars at the faces of the joint region were also monitored to aid in the determination

of specimen yield.

Each of the specimens was tested by subjecting it 1o quasi-static, reversed-cyclic
loading, via displacement-control of the lateral load actuator. Displacement-control of the

~ actuator was accomplished by the computer. Initially, each specimen was cycled twice 1o

displacements of 2.54 mm (displacement from 0.0 to 2.54 t0 -2.54 10 0.0 mm constitutes
one cycle) in order to obtain the initial stiffness of the specimens. These injtial cycles were
conducted 0 ensure that all aspects of the test were performing properly as well. Next, the
specimens were cycled three times at each of seven displacements from 5.08 to 20.32 mm
{where the displacements were incremented by 2.54 mm each time). Figure 59 depicts the
displacement histories used during the tests.

In both specimens, yicld was determined to have occurred during cycling to
20.32 mm. Thus, 20.32 mm was referred to as Ay. Determination of Ay was
accomplished by a combination of the following:
1.} consideration of the envelope of the hystlegsis loop peaks, and



2.) approximation of the hysteretic response as an elastic-perfectly plastic model.

Figure 60 depicts how "1.)" and "2.)" were used to determine Ay for the specimens. In
- words, Ay was presumed to have occurred when the envelope of the hysteresis loop peaks
indicated that a significant change in stiffness had taken place (relative to the changes in
stiffness up o that point).

Displacement cycling then proceeded at increments of 1.25, 1.5, 2, 2.5, 3,4, 5 and
6Ay, with three cycles conducted at each of the displacements. Finally, a "push-over”
sequence, consisting of two cycles to displacements limited by either the ram stroke, the
fixture ranges, and/or the specimen capacity, was conducted via manual-control of the
lateral Joad actuator,

Test Conduct Methodology

Prior to conducting the tests, the design axial load was applied to the specimens
with the "roller” support fixtures at the free ends of the struts released (i.c., the nuts above
and below the tube steel in the yoke assemblies were loosened: Figure 41). This procedure
allowed the entire structure to deflect under the action of vertical loads. Since resistance to
deflection at the free ends of the struts would introduce fictitious moments at the B-C joints
and would reduce the axial load in the lower columa, the "roller” support fixtures were not
"tightened” until the specimens were in the compressed positions.

Limit analyses with SAP90 indicated that Ay for the specimens would be
| approximately 6.35 mm. These analyses were conducted with the actual bar and wire
strengths. Because the test cylinders were not broken until afier the tests were conducted,
f'c values of 42 MPs were assumed {fortuitously, the average strength of the concrete
actually used was 42 MPa; Section 4.3.2, "Concrete®). Thus, after cycling twice to 2.54
mm with Unit I to obtain the initial stiffness, the test plan called for cycling three times to

5.08 and then t0 7.62 mm. With this method it was anticipated that the actual value of Ay
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for Unit I could be determined. Once Ay was determined, each displacement increment
was 1o consist of three cycles at multiples of Ay, depending on how the degradation in the
behavior of Unit I proceeded. Due to the fact that Unit I was much more flexible than what
was predicted by SAP90, Ay did not occur by the time cycling to 7.62 mm was completed.
The methodology then employed was to.continue to increment the displacement cycles by
2.54 mm until Unit T was determined to have yielded. Finally, at cycles 10 20.32 mm, Ay
occurred. Unit I was then cycled three times at each of the various multiples of Ay shown
in Figure 59. In order to maintain uniformity in the testing procedure for both specimens,

thereby enabling direct comparisons in the behavior of the two specimens to be made, it
was decided to subject Unit I to all of the cycles below Ay that Unit I was subjected to. As

it turmed out, Ay for Unit I was identical to that for Unit I Thus, the same multiples of Ay

- were used for Unit I1, post-yield, as were used for Unit I.

Due 10 length of time involved with the execution of each set of three cycles and due
to the number of sets of three cycles, each subassemblage test took several days to
complete. At the end of each day, with the specimens at zero displacement (i.e., the lateral
load actuator was at 0.0 mm displacement and at some force greater than 0.0 kN), the axial
load was released with the strut *roller” fixtures “loosened”. Then, the strut "roller”
fixtures were "tightened” and the lateral load actuator was turned off. In this way, the
specimens were kept in the "zero-displacement” position until the testing was resumed the

next day.
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Table 5 Results from the evaluation of douhle-column bents with

rectangular columns (DRC).

0.04 - 0.684T

v (MPa) 0,06 - 0.4VF,
SAD unsatisfactory
CAD salis{uctory

1-2

Table 6 Results from the evaluation of mulidple-column hents with

rectangular columns (MRC category).

M/ 2 Mph 18-4002.0

vie" (MPa) (0.08 - 0,981, (0.4)
v (MP) 0,08 - 0.86VT, (0.34)
SAD . unsat. - sl (unsat.)
SAD;p unsat, - sat. {sat)
CAD unsal. - sat. (sat.)

Tq (38 0.08 - 4.4 (0.80)
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: Table 7 Results from the evaluation of double-column bents with
o circular columns (DCC category).
o
| Mpo/Man 1.6
" vit (MP2)  0.15F
vh (MPa) 0.1V,
> SAD satisfaclory
CAD sutisfactony
il
Th (s) (.4
oo
Table 8 Results from the evaluation of multiple-column bents with
o
: cireular columns (MCC category).
e
| Mo/ EMpp, 0.5- 1.9
il vit" (MPa) 017 - 0.41T,
vy, (MPy) 041 - 02181,
-
: SADsy satistuctory
m SAD;p satisfactory
CAD salisfactory
- Th (5} 0.5-08
-
-
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- Tabled Material properties of Units 1 and IL.

Unit { Unit H

Strut (304.8x482.6 mm) (304.8x482.6 mm)
£ (MPg) 492 465

Main Bars 444 444
Ag/As’ (mm?2) 516.1 516.1
t (%) 0.37 0.37
fy (MPa) 362.8 355.1
Intermediate Bars 2% 2-¥3
Ay/A; (mm?) 141.9 1419
f, (MP2) 4016 401.6
Stirrups 29 Ga @ 120.7 2-9Ga @ 120.7
w (%) 0.2 02
fy (MPa) 3172 317.2

Column (482.6 mm dia.) (335.6 mm dia.)
£ (MPa) 41.1 432
Total bars 12-44 844

Agy (mm?) 1548.4 10322

(%) 0.9 1.0

?y (MPa) 362.4 366.4
Hoops D3 @ 178 D3e@ 178

w (%) 0.1 0.1

fy (MPa) 537.8 5378
Axial load (kN) 1779 1779

43.7 46.5

Bl 0.8 1.1

Hoops 2-D3 2-D3
Ay (mm?2) 39.9 399
s (%) 0.1 0.1
fy (MPa) 537.8 5378

Note: ~ AJA;’ = area of bom/top bass,
t =!msimrdnfamwntmﬁoforbonomprm
w (%)} mwebmm‘mwnemraﬁo(mﬁofvolmeofmlmvahmeo{conﬁnedm),
AyiAy = area of upper/lower layer of intermediate bars,
Ag = total area of column bars,
P = gross reinforcement ratio,
Ap =mm:mofhoopsplacedhetwem:hcmp&bmombcambmﬁathe}0int
s nvoimicmpmiodei'meﬁbyﬁqmﬁous(@ap,B),
f, = steel yield strength,
l{ = concrete compressive strength,
BI = bond index defined by Equation 9.
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Figure 28 Typical M-¢ relation for the struts in the inventory.
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- Figure 29 Actual finite member sizes at a joint and the centerline-to-centerline

geometry used by the EPFO and the IDARC software.
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o = "rigid" element

= = element with
properties that
can vary from
l!rig n - 'lnonn "

— = "normal" element

N I

Figure 30 Typical model of a bent used for limit analyses in the EPFO and the

IDARC software.
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Figure 31 Determination of bent stiffness (k) vatues for computation of Ty, values.

153



2

ELASHIC SHFFNESS RATIO, lellfig
o [=]
8 3
ig,.uauauahuumah&mmdwmwm‘umul

Ast/Ag=.04

Ast/agw.03

Ast/Ag=.02

,/ o Aat/Agm. 01
/

Y T N S R I A X > A T
AXAL LOAD RATIO P/Fesq

8

o
&

i

e
b
[+

D

(a) Circular Sections

Q.50 =
Ast/Agm D4

Q.70 -
f_g o Aat/Agm O3
-
3
é‘ 00 //i Ast/Ag=.01
=
S
]
¥ 0.40
3
3oz

.20 Tvrvvery v T v " v - o

a.6a Q.c3 0.10 0.:3 0.20 &23 G.30 .25

AXWAL LOAD RATO 2/fcaq

(b) Rectangular Sections

Figure 32 Determination of values of the effective moment of inertia (L.fp). (from
Priestiey 1991)
154



superstructure

multiple-column bents with rectangular columns.
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Figure 33 Model bent used to represent the flexural hinge formation sequence in




b5 3 11

a} A hinge formation sequence in a three-column bent

”8 . 03 }4 . 05

b) Typical hinge formation sequence in a four-column bent

Figure 34 Some of the results from the flexural hinge formation sequence analyses

for multiple-column bents with circular columns.
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b) Typical column cross-section

Figure 35
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174, typ.

2311

24 } _51 fYP. k...,.,.,éW.“.“.‘.“.,,.W.V.V.MMM
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@ 120.7

£4-D5, top & bot. typ.

D3 hoops
Lap ends 220

25 cl. typ. 305 —
cover \ [""'" _ 2_? o

b L
— No. 4 bars L-__t
. 4 No. 4 bars cl. cover
@ = Original bar typ.top, bottom
O = Splice bar (upper col.)
Section A- A Section B- B

Figure 36 Unit [ details.
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* Ref, Fig. 36 for all
dimensions and

| D information not shown

2794

25 cl. cover

D3 hoops
Lap ends 220

356

Section A- A

Figure 37  Unit [T details.
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a) The "as-designed/Zas-built” specimen orientation
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Construction joint
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b} The "as-tested” specimen orientation

Figuore 38 The orientations of the test specimens,
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[ :] <"‘ steel rod

steel plate -2

{ tube steel

_ &~ threaded steel rod
load cell "9 w/3 nuts

e

&— steel pipe w/threaded
adapters at each end

floor-mounted swivel
(moves in and out of
pageonly) b strong floor

- Figure 41 Sketeh of the structure used as a "roller” support lixture at the free ends of

the struts in the specimens,

top plates N [ ; p
cored 7 - I < 3sieel plates

swivel w/lloor
& upper plates

strong floor

Figure 42 Sketeh of the structure used as a "pin” support fixture at the lower columns

of the specimens.
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all-thread steel rod

ball caster assemblies
(2 more beyond)

tube steel members .
& steel WF section

strong floor

-

Figure 43 Sketch of the fixture used to brace the specimens against out of plane

motion.

all-thread steel rod
(another beyond) specimen
connect lateral load

actuator here  — &— steel plate wi2

steel angles

Figure 44 Sketch of the fixture used to connect the lateral load actuator to the
specimens.
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Figure 46

The shoring and the formwork after the first concrete pour.

Figure 47

The shoring and the formwork prior to the second concrete pour (upper

column of Unit ).
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Figure 48

Figure 49

The reinforcing steel cage for the struts of Unit L.

An end-on view of the reinforcing steel cage for the struts of Unit I near

the sleeve region.
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Figure 50

Figure 51

The reinforcing steel cage for the lower column of Unit 1.

The reinforcing steel cage for the lower column of Unit 11
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Figure 52‘ The reinforcing steel cages for the lower column and for the struts in the

forms for Unit 11,

Figure 53 The joint region of the reinforcing steel cages in the forms for Unit 11.
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Figure 54 The specimens following removal of ail formwork.
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Lateral Load Ram 203
LineofAction = """k~

All joint anchors underneath A
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Z
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— e {27, .
both strut ends Pin Support. .
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All dimensions in {rmm)
25
Lt

64 mm dia. 2ll-thread anchors

= Potentiometer

Figure 55 Layout of the instrument array used to measure joint distortion and
member rotation (pot.'s and LVDT's).
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Figure 56

The pot. and the LVDT rigs.
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a) The locations of the ERSG's
Gaged bar, typ. both column sides

— /;
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L A\
7

Gaged bar, typ. top and bottom
b) The locations of the gaged bars

Figure 57 The locations of the ERSG's used in the test specimens.
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Figuare 60 Elastic-perfectly plastic model used to de:enmneAy of the test specimens,
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CHAPTER §
EXPERIMENTAL FINDINGS

In this chapter the resuits are presented from the two experimental tests that were
conducted. The test results for Unit I are considered first, followed by the results for Unis
Il. Both specimens suffered severe damage within the B-C joint regions, although they
were able to sustain the axial load throughout the tests (which ultimately imparted
displacement ductility demands in excess of 9.0). In several instances, the data obtained
from the electrical resistance strain gages (ERSG) were used in plots in this chapter 1o
demonstrate certain behaviors that occurred during the tests, However, in neither test did
the ERSG's function for the entire test. Thus, the plots described above terminate
suddenly, unless otherwise noted.

Prior to presentation of the test results, the displacement convention that was used
for "positive” and "negative” displacements is explained. This will provide the frame of
reference for the discussion of the results and for the figures and graphs that compliment

the discussion,

5.1 The Displacement Convention

In Figure 58 both the ram on the MTS actuator and Unit I are shown in their zero-
displacement positions. In the remainder of this chapter, references made to the "retract”
direction imply that the ram had pulled the specimen to the left. This direction of
displacement represents “positive” displacements, Conversely, references to the "exiend”
direction imply displacement to the right ("negative” displacements). Figure 61 is a sketch
that clarifies this convention. Figure 61a shows a subassemblage displaced in the retract
direction ("+" displacements), while Figure 61b shows a subassemblage displaced in the

extend direction ("-" displacements). The following is an exam ple of how the convention
177



is used in the presentation of the test resulis: For acycie 1o 1.0 mm, references made to the
retract portion of this cycle are related 10 behavior/events that occurred at displacements
between 0.0 mm and +1.0 mm. On the other hand, references made to the extend portion
would refer 1o behavior/events that occurred at displacements between 0.0 mm and -1.0

mm,

5.2 Experimenta]l Test Results From Unit I

In Unit 1 the specimen stiffness degraded dramatically as testing progressed, The
B-C joint was the site of most of this degradation, since damage was confined primarily to
the joint region. While the nominal moment capacity (Mpp) of the strut was not reached,
there was some strut spalling due to large strut fixed-end rotations. Herein, a summary of
the findings is given, followed by a full description of the findings in accordance with the
following sequence of behavioral milestones: joint shear cracking, specimen yield, and
post-specimen-yield. In what follows, the "load" and the "displacement” were obtained
from the MTS actuator (Chap, 4, Sec. 4.3.5, "Loading"). The "load" data was correcied
for the contribution of the axial load to the lateral load (i.e., the product of the axial load
and the corrected MTS displacement, divided by the specimen height from the swivel pin at
the base to the line of action of the MTS actuator).

3.2.1 Summary of Findings

The first major event in the test of Unit I was B-C joint shear cracking. The strains
in the hoops in and adjacent to the B-C joint indicated that this probably first occurred
during the cycles to 7.62 mm. During the cycies beyond those to 7.62 mm, it was noticed
that the portions of the strut main bars at the locations adjacent o the B-C joini were

increasingly losing the capability to deve&;g g:ompressivc strains {(when the sense of the



moments dictated that corapressive strains were appropriate). The cycles to 17.78 mm
brought about yielding in the lower main bars in the struts and in some of the column bars
in the lower column. Also, the bond force developed by the strut bars on the bottom of the
B-C joint began to deteriorate, and long B-C joint shear cracks appeared.

The next major event was the attainment of yield by Unit I. During the cycles to
20.32 mm, the upper main bars in the strut yielded, and the hysteretic behavior of Unit I
indicated that the specimen had yielded. Also, the bond force developed by the upper main
bars of the strut began to deteriorate.

There were several major events in the post-yield portion of the test of Unit I,
Hysteretic pinching at small displacements becamne apparent during the cycles to I.ZSAy.
Also, the growth of visible cracks concentrated in the B-C joint region, there were
relatively large increases in the strains in the hoops in the B-C joint, and the strains in the
extreme bars of the lower column at the underside of the B-C joint indicated that these bars
were slipping {as a result of bar bond deterioration in the B-C joint, not as a result of
deterioration of the lap splice). During the first cycle to 24y, the maximum strength of Unit
I was reached in the extend direction. At the displacements equal 10 124y the cracks along
the major diagonals of the B-C joint became the dominant shear cracks. During the first

cycle to 4Ay, the maximum strength of Unit I was reached in the retract direction. This
strength was not enough for plastic hinges to develop in the members, and it resulted in a
relatively small value of B-C joint shear stress (vj = 0.5VFc).

During the rest of the test, Unit [ was able to develop strength and stiffness at the
larger displacement levels when the strut main bars were developed outside of the B-C
joint. The largest vaiue of displacement ductility reached by Unit I was approximately
12.5. Based on the data that was obtained and the observations that were made, it is likely
that the lap-splice in the lower column performed well throughout the test.
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5.2.2 B-C Joint Shear Cracking

Initial Stif6

The initial stiffness of Unit I was determined from the hysteresis plots from two
cycles to 2.54 mm (Fig. 62). The hysteresis loops indicate that the stiffness of Unit I in the
retract direction was approximately 9.7 kN/mm, while in the extend direction it was
approximately 9.1 kN/mm (as determined from the data at the respective displacement
peaks). The six percent decrease in stiffness from the retract direction 10 the extend

direction diminished as the test progressed (this sec., “B-C Joint Shear Cracking”).

Initial Cracki

Following the two initial cycles, three cycles were conducted at each subsequent
displacement increment (Fig. 59). The first visible cracks occurred during the first cycle o
3.08 mm. These were vertical hairline cracks at intersection of the strut sides and the B-C
joint faces in the comers of the B-C joint. During the second cycle, horizontal hairline
cracks appeared on the sides of the upper column just above the tops of the struts. The
same type of cracking occurred in the lower column as well.

From the cycles to 7.62 mm through the eycles to 12.7 mm, the cracks described
above grew {primarily in length). Additionally, hairline flexural cracking was observed in
the struts. These flexural cracks occurred between the B-C joint sides and distances of hall
the strut depth away from the joint (i.e., dpp/2 =~ 230 mm). While these cracks were
initiated in flexure, they propagated as flexure-shear cracks. Figure 63 shows a skeich of
Unit I with the typical cracking observed during the test through the cycles to 12.7 mm.

180

o



3.C Joint Shear Cracki

Visible Cracks versus Hoop Strains. During the cycles to 15.24 mm, all of the
observed cracks grew. In addition, hairline diagonal cracks were noticed on both faces of
the B-C joint. These cracks began near the comers of the joint faces and were 50 - 100
mm long.

While cracks in the B-C joint became visible at this point, B-C joint shear cracking
probably occurred first during the cycles to 7.62 mm. The reason being that the strains in
the hoops in and adjacent to the B-C joint suddenly increased at the displacements equal to
+7.62 mm (Chap. 3, Sec. 3.6.4, "The Behavior of Joint Reinforcement”). Two examples
of this are shown in Figures 64 and 65. Each figure is a plot of lateral load versus strain in
a hoop at each of the displacement peaks reached in the beginning of the test. Figure 64 is
for hoop "AJ", which was the hoop just above the B-C joint (ref. Fig. 57). Figure 65 is
for hoop "JB", which was the hoop in the lower half of the B-C joint (ref. Fig. 57). It
should be noted that hoop "JB" had two ERSG's and Figure 65 is for the ERSG on the
from face of the B-C joint. As Figures 64 and 65 show, significant increases in strain
occurred at the displacements equal to £7.62 mm, relative to the strains in the previous set
of cycles, and in some instances, relative 10 the strains in a previous cycle to 7.62 mm.

Shear Stress in the B-C Joint. Equations 1 and 2 were used to determine the
maximum value of the B-C joint shear stress (vj for the displacements equal to %7.62
mm. The result was: vy = 0.18\(?’; ('c in MPa). However, this value is only

approximately accurate because Equation 2 is based on a "7/8" factor that is applied to the
effective depth of the struts (dp;,) in the denominator of the equation. The use of this

factor presumes that the horizontal forces in the B-C joint are from two layers of bars, one
layer in tension and the other in compression, that are separated by a distance of 7/8dy,y,.
As Figure 66 shows, this does not accurately represent the situation in Unit I. The figure

shows the strain distributions in the lefi and right struts at the B-C joint sides at a peak
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displacement equal to +7.62 mm. The strains in the main bars were measured (ref. Fig.
57), while the strains in the intermediate bars were interpolated assuming the strain
distributions were linear,

The resulting bar forces, the concrete forces required for equilibrium in each cross-
section, the shear forces in the columns, and the shear forces in the upper and lower halves
of the B-C joint are shown in the figure also. The concrete compressive stress blocks (not
shown) are confined to very small regions because most of each of the strut cross-sections
are in tension. The resultants from these stress blocks (C¢) are actually locaied much closer
1o the layers of the main bars than is indicated in the figure. As such, the resultant couple
for each of the strut cross-sections are separated by lengths in excess of 1/8dpy,. With the
value of Vj; obtained from Figure 66 (154.1 kN), Equation 1 gives: Vit = O.iZNIFc. An
unrealistic value of "1.1" is required in Equation 2 (in lieu of "7/8") in order for the comect
value of Vj;, and thus Vjt, ta be obtained.

In subassemblages where the columns are much wider than the framing beams, the
interaction between the beams and the portions of the joint region that are far {from the sides
of the beams will be ineffective (Chap. 3, Section 3.6.5. "Member Cross-Sectional
Dimensions™). In Unit I, the crests of the joint faces are approximately 89 mm from the
sides of the struts, and half of the twelve column bars are located outside of the width of
the struts. In the event that Unit ¥ behaved as if the columns were too wide (refative to the
beams) for the entire column cross-sectional area to represent the effective B-C joint area
(Ajp), it was decided to study the effect of neglecting the portions of the joint heyond the
sides of the struts on the value of vjt. These portions of the B-C joint represent nearly 25%
of the value of Ay for Unit 1. When 75% of the value of Ayt is used in Equation I, the
.' result is: vy = 0.&6\/?;, Therefore, the effect of neglecting the portions of the joint
beyond the sides of the struts is a increase of approximately 33% in the value of vjt (over
the value that was calculated with 100% of the value of Ajp. In all likelihood, the value of
vjt is probably between the two values (i.¢., 0. 124;'_; Svir<0. 16\@;).

182



-

Hysteretic Behgvior. The hysteretic behavior of Unit I, through the cycles where
B-C joint cracking became visible, is shown in Figure 67. At the points labeled "probable
first cracking in B-C joint" the stilfness of Unit I had decreased by approximately ten
percent from the initial stiffness (in cach dircction). The sudden drop in stiffness in the
retract (positive displacement) direction during the cyceles o 12.7 mm caused the stiffness
in both direclions to become equal (this sec., "[nitigl Stiftness™). The B-C joint shear
cracking that was underway may hive caused decreases in stiffness during the cycles to
12.7 mm beecause:

1.) the cracking in the B-C joint had progressed to where it was visible at that point, and

2.) the cracking in the B-C joint had progressed to where the bond force was affected (i.e.,
the slopes of the curves in Figs. 70 and 73 had changed).

However, these factors would likely have caused decreases in stiffness in both directions.
Since the initial stilfness of Unit [in the retract-direction was larger than that of the extend-
direction, and since after the decrease in stillness in the retract direction occurred the
stiffness in both directions was ncarly identical, the cause was likely a change in the
performance of the support fixtures, und/or a chunge in the interaction between the support
fixtures and the specimen. There is reason Lo suspect the fixwires as the source of this
discrepancy since some slippage was noted between the fixture that attached the MTS ram
1o the columa (Fig. 44) and the column at the larger displacement increments (the slippage
was arrested by shoring this fixture against the top of one of the struts).

Strains in the Strut Main Bars. In the cycles {ollowing those to 7.62 mm, at the
locations adjacent to the B-C joint, the magnitudes of the compressive (negative) strains in
the instrumented strut main bars decreased. An example of this behavior, which was
typical for all of the instrumented main bars, is shown in Figure 68. In this figure, the
strain history is shown for the location adjacent to the right side of the B-C joint in the strut
lower main bar, As the cycling progressed through increasingly larger displacement

increments, increasingly larger compressive strain magnitades should have resulted. To
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the contrary, increasingly larger tensile strain magnitudes resulied, beginning with the
cycles to 12.7 mm. Figure 69 shows the strain versus displacement history near the edge
of the anticipated flexural hinge region for the same bar (approximately 230 mm outward
from the B-C joint). The figure is typical for all of the main bars that were instrumented.
As the positive displaccments increased, the values of compressive strain magnitudes
increased.

The reason that tensile strains could occur in all of the bars in the struts at a side of
the B-C joint simultancously was discussed in Chapler 3, Section 3.6.3, "The Effect of
Bond on the Shear Transfer Mechanisms®. When a beam has equal areas of top and
bottom bars and bar slippage occurs, reversing bending moment will not cause separation
between a beam and a B-C joint over the full depth of a beam cross-section. The concrete
on the compression portion of the beam cross-section will maintain contact with the B-C
joint side, and as such it can cquilibrate the tension forces in the bars, regardless of how

many bars are in teasion.

5.2.3 Specimen Yield

During cycles to 17.78 mm there were several significant occurrences, besides the
growth of previously formed cracks:
1.) some of the column bars in the lower column (ie., the splice region) may have yielded,
2.) the lower main bars in the struts yielded,
3.} the bond conditions for the strut bars on the bottom of the B-C joint deteriorated, and
4.) long shear cracks appeared across the B-C joint faces.

Bar Yielding in the Lower Column. The moment in the lower column reached the

valve corresponding to the theorctical first yield of the extreme tensile bar at the
184
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displacements equal 1o +17.78 mm. That yicld actually ovcurred in the rightmost column
bar at the bottom of the B-C joint was substantiated with strain data at that focation {ref.
Fig. §7). The strain there exceeded the yicld strain at the peak displacements equal 10
-15.24 mm. However, the strains at the bottom of the B-C joint in the leftmost column bar
were well below the yield strain at the displacements equal to +15.24 mm. The strain data
from this location were erratic during (he cycles 1o the subsequent displacement increments.
However, the trend of the data, through the cycles to 15.24 mm, indicaied that the yield
strain might have been reached during the retract portion of the cycles to [7.78 mm, The
displacements at which yield of the other column bars occurred were not determined
because of the difficulty presented by having to extrapolate strain data from the extreme
column bars to bars in a circular arrangement.

Yielding of the Strut Lower Main Bars. The theoretical yield moment for the lower
main bars in the struts was attained during the cycles w0 17.78 mm. The strains in the
instrumented fower main bar at the sides of the B-C joint exceeded the yicld strain at the
appropriatc displacement peaks (i.c., the portion of this bar at the left side of the joint was
beyond yicld at n displacement equal o +17.78 mm, and vice-versa). Thus, it is likely that
all four main bars yiclded because they were all in one layer, and their yicld strengths were
nearly identical. The upper main bars did not yield because the yicld moment for these bars
had not been attained (the value of Ty of the upper main bars was slightly greater than that
of the lower main bars). Additionally, none of the strain data indicated thal the yield sirain
had been reached in these bars.

Bond Deterioration at the Botrom of the B-C Joint. Typically, bond deterioration is
initiated by B-C joint shear cracking and member bar yielding (Chap. 3, Sec. 3.6.3, "Bond
in B-C Joints"). Once the displacements had rcached £17.78 mm, both B-C joint shear
cracking and yicld in the strut lower main bars had occurred. Therefore, it was likely that
bond deterioration was well underway. To investigate this, the strains at the sides of the B-

C joint in the strut fower main bar were used to compute the bar forces. The bar forces
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were in turn used to determing the bond force (Fy, Equation 4) that was transferred through
the B-C joint. Figure 70 is graph of the values of F, versus displacement for the peak
displacements in each cycle. The sct of cyeles in which the bar yiclded in tension are
labeled for both displacement directions. The figure shows that the values of Fy begin to
continuously decrease at the displacement peaks equal 1o +17.78 mm and -15.24 mm.

Figure 70 also has labels for those displacements at which the lower main bar
yielded (£17.78 mm). Additionally, the value of Fy, is given for the hypothetical situation
where yielding occurs on the tension-side of the B-C joint and there is no contribution from
the compression-side of the joint (i.c., "C" = 0.0). Figure 71 explains the terms "tension-
side of the B-C joint" and "compression-side of the B-C joint” and shows three different
bond-condition scenarios for B-C joints. In Figure 71a shows the scenario where the bond
conditions arc "optimum”, meaning that a bar passing through a B-C joint can yield in
tension on onc side of the joint and in compression on the other side. Figure 71b is the
scenario referred to carlier where the bond conditions are only good enough for a bar to
yield on the tension-side of the joint. This scenario represents bond conditions that are less
than optimum (“moderate”). Lastly, Figure 7lc is the scenario where the bond conditions
in a B-C arc still favorable enough (or the bar to yield on the tension-side of the joing, but
there is a signilicant amount of tension in the har on the compression-side of the joint. This
scenario represents "poor” bond conditions. In the extreme case of “poor” bond conditions
there is no bond provided through the B-C joint at all. With no bond in the B-C joint, a bar
pulled from the teasion-side of the joint can only be developed in the beam on the
compression-side of the joint. Yicld strains may then be distributed over the entire joint
region in such a bar,

For the retract direction in Figure 70, the bond conditions could he described as -
"moderate 1o poor”, in accordance with Fi gures 71b and 7le. The reason being the value

of Fy at the first displacement equal to +17.78 mm was less than 46 kN (i.e.,

approximatcly 44 kN), This means that lhc; ggr;ion of the bar on the compression-side of
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the B-C joint was in tension when the portion of the bar on the tension-side of the joint was
yielding (.c., 44 kN =46 kN - 2kN; "C" = -2 kN). In the extend direction, the situation
was worse, as the bond force was decreasing even betore the bar on the tension-side of the
B-C joint had yiclded. Thus, the bond conditions for this bar, for both displacement
directions, were clearly on the way 10 becoming “poor” shortly after yicld occurred.
Morcover, it is Tikely that the same bond conditions existed in the B-C joint for the other
strut lower main bars during the cycles to 17.78 mm (because all of the bars were in one
layer).

B-C Joint Shear Cracking. Umil eycling to 17.78 mm, all of the visible cracks in
the B-C joint were of relatively short length. However, when the displacements equal to
+17.78 mm were attained, a long diagonal crack formed in the lower portions of both faces

of the B-C joint.

Specimen Yield

Yielding of the Members. During the cycles to 20.32 mm, the strul attained its
yield moment for yielding of the upper main bars. The yielding of these bars was
confirmed with the strain data. Therefore, three out of the four members in Unit I (hoth of
the struts and the Tower column) had yielded beforc/during the cycles 1o 20.32 mm. The
hysteretie behavior of Unit Ereflected this finding,

Change in the Hysieretic Behavior. The hysterctic behavior for Unit 1 for the cycles
through 25.4 mm is shown in Figure 72. By comparing the hysterctic behavior of Unit I
through the cycles to 20.32 mm with the subsequent set of cycles, it s clear that a change
occurred following the cycles to 20.32 mm that is indicative of yielding (i.e., the strength
and the stilTness began Lo "roll of ™), particularly in the extend direction.,

Additionally, From the start of testing through the cycles to 20.32 mm, the stiffness

of Unit I degraded by about 10% for cach 5.08-mm increase in displacement (in each
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direction). This trend was maintained for the first displacement equal to +25.4 mm, but
was not for the first displacement equal to -25.4 mm, where the stiffness degradation
increased in the extend direction. Then, during the second displacement equal to +25.4
mm, the stiffness degradation increased in the retract direction as well.

The occurrence of yielding in most of the members of Unit I and the degradation of
its hysteretic behavior lead 1o the identification of £20.32 mm as +Ay, respectively. There
are two other topics relevant to the cycles to 20.32 mm that warrant consideration: the
deterioration of the bond conditions in the top of the B-C joint, and the B-C joint shear
stress.

Bond Deterioration in the Top of the B-C Joint. Figure 73, developed in the same
manner a8 Figure 70, shows that the bond force developed by one of the upper main bars
of the strut began to deteriorate at the displacements equal to -20.32 mm (the displacements
which caused yiclding). However, unlike the lower main bars, when yielding occurred in
the upper main bars there was some compressive force at the compression-side of the B-C
joint (for the first displacement equal to -20.32 mm). While the values of Fy, at the
displacement peaks beyond +20.32 mm did at times exceed 48 kN, Figure 73 shows
clearly that these values had began to “roll off” in the retract direction. Moreover, the
higher values of Fy, occurred only sporadically (and still well below the optimum level of
96 kN). Thus, while the bond index (BI) values for both of the layers of the main strut
bars (approximately 0.8, Table 9) were well below the adopted limit (ie., 1.7, Chap. 3,
Sec. 3.6.6), bond deterioration was advanced before, or certainly immediately after, these
bars yielded.

Shear Stress in the B-C Joint. The maximum value of v for the displacements
equal t0 £20.32 mm was determined with Equation 1, A procedure similar 1o the one
outlined in Figure 66 was used to find the value of Vjt, which was then substituted into
Equation 1. The result was: vj = 0.26VF (fc in MPa). When the areas of the portions
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of the joint beyond the width of the struts were subtracted from the value of Aj¢, the
following result was obtained: vj¢ = 0.35VF.

If "1.0" was used in lieu of “7/8" in Equation 2, then the correct value of Vi, and
thus vy, was obtained. A check of the accuracy of Equation 2 at the peak displacements
from the previous set of cycles (i.e., £17.78 mm) indicated that the value of the factor that
was required to obtain accurate results was "1.04", Therefore, from the first analysis of
this equation (i.e., for displacements equal to £7.62 mm the required factor was "1.1%)
through the next two analyses, the value of "7/8" became more accurate. This finding is
important because Equation 2 was used (with the “7/8") 1o determine the values of V;q at the
peak displacements subsequent to $Ay. This was done because the strain distributions in
the strut cross-sections at the B-C joint sides were no longer linear at the peak
displacements subsequent 10 $Ay. In the absence of linear strain distributions, the forces
from the intermediate bars could not be determined. Also, within a matter of a few
displacement increments beyond tay the ERSG's had failed. For these reasons, the
methodology depicted in Figure 66 to determine the value of Vj; was no longer a viable

altemnative to Equation 2.

5.2.4 Post-Specimen-Yield

Cycles 1o L25A,

There were many significant behavioral changes in Unit I during the first set of
cycles following specimen yield. The three cycles to 1.254y saw changes in the behavior
of:

1.) the hysteresis of Unit I,
2.) the cracking in Unit I,
3.) the hoops in and adjacent to the B-C joint, and

4.) the lower column bars at the underside of the B-C joint.
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Hysteretic "Pinching®. Figure 72 shows that the hysteresis loops that developed
during the cycles to 1.254y began to noticeably pinch at small displacements.
Additionally, the strength and the stiffness of Unit I were noticeably less in the second
cycle than they were in the first cycle,

To this point, the energy dissipated by Unit I in the second cycle compared to the
first was always less by a consistent amount. However, the dissipated energy dropped
even more during the cycles to i.ZSAy.

Concentration of Cracking. During the cycles w 1.254y, most of the growth and
the spread of visible cracks was in the B-C joint region, as compared to the previous cycles
when cracking randomly occurred throughout much of the subassemblage. As was the
case earlier, most of the visible cracks in the B-C joint were in the lower portion of the
joint.

Strains in the B-C Joint Hoops. The strains in the hoops in the B-C joint began to
increase at cach successive displacement equal to £1.25Ay. This behavior is evident in
Figures 74 and 75. The figures are similar to Figure 65, except that the data for both
ERSG's on both B-C joint hoops are presented here: Figure 74 shows the load versus
strain plots for the hoop in the upper portion of the joint ("JT"; two ERSG's), and Figure
75 shows the plots for the hoop in the lower portion of the joint ("JB"; two ERSG's). For
comparison, Figure 76 shows the plots for the hoops above and below the B-C joint ("AJ"
and "BJ”"). Increasing strains from cycle to cycle for the displacements equal to 11.25A¢
was common for hoops JT and JB. Also, the strains in these hoops at the first
displacements equal to £1.25A increased significantly from the strains in the preceding
three cycles to +Ay. Since hoops AJ and BJ were outside of the B-C joint, these trends did
not occur until the displacement increments were increased.

The Lower Column Bars at the Underside of the B-C Joint. During the cycles to
1.25Ay, the strains in the extreme bars of the lower column at the underside of the B-C
joint indicated that these bars were 31‘911’;“03 The reason being that under loading



conditions that had been producing compressive strains, tensile strains occurred.
Therefore, it can be concluded that bond had locally deteriorated at the B-C Jjoint for the
column extreme bars, and perhaps for the other lower column bars nearby.

Shear Stress in the B-C Joint. With the increase in strength of Unit I during the
cycles to 1.254y, the maximum value of vjt for these cycles exceeded the maximum value

of vj; for the cycles to Ay. The new value was: Vit = O.BSV’FC. Whea the areas of the
portions of the joint beyond the width of the struts were subtracted from the value of Ajt,
the result was: vjy = 0.46‘&7(;.

Cycles 10 .54y

During the cycles to 1.54y, the hysteretic behavior of Unit I worsened, diagonal
cracks appeared in the upper portion of the B-C joint, and the hoop in the upper portion of
the B-C joint (JT) yielded.

Hysteretic Behavior. Figure 77 is the hysteresis plot for the entire test. As the
figure shows, the stiffness of Unit I during the cycles to 1.5Ay decreased, although the
strength remained essentially the same relative to the stiffness and strength at 1.25Ay.
Also, thete continued 1o be significant decreases in stiffness, strength, and in dissipated
energy during the second cycle relative to the first cycle. The hysteretic pinching during
each of the cycles at small displacements continued to worsen as well.

B-C Joint Cracking. Until the cycles to 1.5Ay began, any large visible cracks in the
B-C joint were diagonal cracks in the fower portion of the joint. However, as Figures 78
and 79 attest, long diagonal cracks occurred approximately along the major diagonals of the
front and the back faces of the B-C joint, respectively, at the displacements equal to
:!:I.SA),.

8-C Joint Hoop Yielding. Hoop JT, the hoop in the upper half of the B-C joint,
exceeded its yield strain at the first displacements equal to $1.54y (Fig. 74).
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Cycles 10 24y shrough Cycles in Excess of 64,

Cycles to 24y. During the first cycle o 2Ay, the maximum strength of Unit I was
reached in the extend (negative displacement) direction (Fig. 77). The strength increased in
the retract direction as well. The largest value of vjt that was attained in either direction
during this cycle was 0.36VF"c (vjy = 0.48VE, without the portions of the joints that extend
beyond the sides of the struts).

By the final displacements equal to :t2Ay, the hoops in the B-C joint experienced
decreasing strains. Figure 75 shows this behavior for hoop JB.

The cracks along the major diagonals of the B-C joint became the dominant shear
cracks at the displacements equal to $2Ay. Figures 80 and 81 show these cracks in the B-
C joint on the froat and back faces, respectively. Moreover for the first time, these cracks
did not close at small displacements. In other words, both of the major diagonal joint
cracksonthe{msafﬁwB-C}ointmmamadupenmdispansequalmzacro.

Yield penetration into the B-C joint from the members was advanced during the
cycles 10 2Ay. The ERSG's on the member bars mid-way into the B-C joint indicated that
thescbmhadyi&ldedinﬂmelocaﬁonsatmepeakdisplacemems.

Cycles to 2.54y. The strength that Unit I attained during the cycles to 2Ay was
maintained in both directions during the cycles to 2.5Ay (Fig. 77). The stiffness of Unit I
continued to decrease, while the pinching of the hysteresis loops continued to affect wider
ranges of the disp}aeéments.

Spalling began to.occur during these cycles along the major joint diagonals of the
B-C joint, in the column where the upper column met the tops of the struts and where the
lower column met the bottoms of the struts, Also, the corners of the struts began to spall,
as did the corners of the B-C joint faces where the strut cdmers met the joint faces. The

spalling of the strut comers and of the joint face corners was caused by the large end
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rotations of the struts that resulted from the bond deterioration in the B-C joint (Figs. 70
and 73). In some instances this spalling resulted in the exposure of the strut comer bars.

The lap-splice in the lower column showed no signs of distress 10 this point, except
for some small flexural cracks. The strains in the two lap-spliced bars that were
instrumented were nearly identical. As such, no loss of bond was evident. Subsequent to
the cycles 10 2.5Ay, the ERSG's on these bars failed. However, observation indicated that
the lap-splice continued 1o performed well.

Cycles 10 3Ay. Unit I continued 1o maintain strength when the displacement was
incremented 10 3Ay, while degradation of the stiffness of, and the cracking and the spalling
in the B-C joint region worsened. These occurrences were to be expected given the
behavior indicated by Figures 70 and 73. Figure 70 indicates that the lower main bars in
the strut were pulling and pushing through the B-C joint at the displacements equal to
134y, as no bond force was developed in either of the displacement directions. For the
upper main bars in the strut, Figure 73 indicates that these bars were pulling and pushing
through the B-C joint at the displacements equal to -3Ay, as no bond force was developed
in the extend direction. This lack of bond resulted in an increase in the strut end rotations,
which was primarily responsible for the degradation in the stiffness of Unit I, for the
spalling of the strut corners and spalling of the comers of the faces of the B-C joint.

From this point on, the displacement ductilities attained by Unit I are not a good
measure of its performance. The reason being that the bar bond failures created conditions
where little energy was dissipated and the stiffncss had deteriorated to the point that very
little restoring force was available.

Cycles to 4Ay. The maximum strength of Unit I was attained at the first
displacement peak equal 1o +4Ay, as the strength in the retract direction increased from the
level of the previous three displacement peaks to the largest value for the test (Fig. 77).
This strength, however, was not sufficient to develop full plastic hinging in any of the

members, since the ultimate flexural capacities of the members were never attained. The
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value of the demand moment in the lower column exceeded 90% of the calculated value of
Mpec. and for the struts, the value of the demand moment was nearly 80% of the calculated

value of My (based on extreme fiber strains in the concrete of 0.004). Also, no
significant damage was observed in the regions of the columns and the struts that normally
would constitate plastic hinge zones.

Figure 77 also shows that the drop in the strength and in the stiffness of Unit I,
from the first cycle to 44y to the second cycle, is large relative 1o the decreases that had
occurred in the previous sets of cycles. The larger decrease in stiffness is in accordance
with what is indicated by Figures 70 and 73, where the implication is that both layers of the
main bars in the struts were pulling/pushing through the B-C joint after the second
displacement equal to +44y. The pulling/pushing of one of the corner bars through the B-
C joint was visually observed (the cover for this bar had spalled near the joint). From this
point, there was only one way for Unit I 1o develop strength and stiffness beyond the levels
attained in the pinched regions of the hysteresis loops: the displacements had to be large
enough for the strut main bars to be developed in the strut on the opposite side of the B-C
joint,

In accordance with the behavior described above, the cracking and the spalling in
the B-C joint region at the displacements equal 1o 14Ay were significantly worse than had
been the case earlier. Figures 82 and 83 show the front and the back faces of the B-C joint,
respectively, for peak displacements in each direction during the cycles to 44y.

The largest value of vj; that was attained in cither dircction for the entire test was
0.5VF¢. This value was calculated without the portions of the joints that extend beyond the
sides of the struts, given the extensive damage that these arcas had sustained. Thus,
despite the extent of damage in the B-C joint region, the shear stress there was very small
compared 1o values that have been associated with joint shear failures (i.e., 0.75VF < vjy

1.5¥F;; Chapter 3, Section 3.6.2, "Limits on Applicd Shear Stress™).
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Cycles 1o SA), and to GA},. During the cycles o 54y and to 6Ay, the decay of the

strength and of the stiffness of Unit I increased (Fig. 77). The damage 1o the B-C joint
region increased as well,

"Push-Over" Cycles. Having reached the displacements where the strength of Unit
I was steadily decreasing, Unit I was subjected 10 two additional cycles to determine the
maximum ductility displacement that it could achieve. Figure 77 shows that the value of
the maximum displacement ductility reached by Unit T in the first cycle in the retract
direction was approximately 9.0 (~ 8% drift), while in the extend direction it was
approximately 12.5 (=~ 11% drift). In both instances the displacements that Unit I was
subjected to were limited by the stroke of the ram. Figure 84 shows Unit I at the
displacement ductility of 12.5 in the extend direction. The hysteresis loop for the first cycle
remained pinched in-between displacements of -50 mm and +50 mm. Beyond that
displacement range, Unit 1 stiffened and eventually attained strengths in both directions that
exceeded that which was achieved during the cycles to 6Ay. The reason that such strength
was altained was because of the relatively large increase in the displacement increment.
Had the even displacement increments that were used earlier been maintained (e.g., 74y,
84y, 9Ay, etc.), Unit I would not have shown the strength that it did during the first "push-
over” cycle. The deformed shape of the lobe on the extend (negative displacement) portion
of the hysteresis loop was caused by a problem with the data acquisition software.

The displacement ductility that was attained in the retract portion of the second cycle
was identical to that of the first, while the strength and the stiffness decreased markedly.
The extend portion of the second cycle was stopped well-short of the displacement ductility
that was achieved in this direction in the first cycle because it was clear that Unit I was not
resisting load. Figures 85 and 86 show the front and the back of Unit I at the peak
displacement in the extend portion of the second cycle. A third cycle was begun in which
the displacement ductility of Unit I in the retract direction reached a value of 9.0 again,
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albeit with less strength and stiffoess than before. This cycle was not completed because
Unit I did not resist any load in the extend direction during the second cycie.

Figure 85 also shows that the entire lengths of the struts participated in beading
action. Thus, because the potentiometers and LVDT's were attached to all-thread anchors
that were mounted in the sides of the struts (Fig. §5), the data obtained from these
instruments could not be used (i.e., the bending and B-C joint shear deformation data was
convoluted).

Following the "push-over” cycles, all of the loose concrete was removed from the
faces of the B-C joint in order to determine whether or not the depths of the major diagonal
cracks were limited 10 the curved portions of the joint faces. Figures 87 and 88 show the
results of this procedure. The crack in the B-C joint in Figure 87 is on the front face of the
joint; this is the same crack shown in Figure 85. The depth of this crack extended into the
core of the joint. Figure 88 shows the back face of the joint. So much of this face was
removed that no single crack was prominent. This is consistent with what is shown in
Figure 86. The two large cracks shown in that figure caused the entire face of the joint.to
become loose. However, upon closer inspection of the joint, it was obvious that these
cracks had penetrated the joint core,

5.3 Experimental Test Results From Unit II

In Unit H the B-C joimt was severely damaged also. However, the lower colurmn
suength exceeded the value of M, and while full plastic hinging did not develop there,
the damage was extensive due to large end rotations. After the value of My was reached
in the lower column, the strength of Unit 1f continued to increase, although its stiffness
continued 10 decrease. The probable cause of the decay of the stiffness of Unit Il was the
degradation of the B-C joint. Herein, a summary of the findings is given, followed by a

full description of the findings in accordance with the following sequence of behavioral
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milestones: joint shear cracking, first specimen yield, and post-specimen-yield. Figure 89
shows Unit II prior to the start of testing. In what follows, the "foad" and the
"displacement” were obtained from the MTS actuator (Chap. 4, Sec. 4.3.5, "Loading™).
These data, as well as all of the other data, were corrected in the same manner as for Unit 1.

5.3.1 Summary of Findings

The first major event in the test of Unit Tl was B-C joint shear cracking. This
probably first occurred during the cycles to 5.08 mm (based on the data from the ERSG's
on the B-C joint hoops). During the cycles beyond those to 5.08 mm, it was noticed that
the portions of the strut main bars at the locations adjacent to the B-C joint were
increasingly losing the capability to develop compressive strains (when the sense of the
moments dictated that compressive strains were appropriate), During the cycles to 15.24
mm the lower column probably reached first yield, At the displacements equal to +17.78
mm the deterioration of the bond force developed by the strut bars in the B-C joint, and the
diagonal cracking in the B-C joint, was pronounced.

The next major event was the attainment of yield by Unit II. While the
displacements equal 0 320.32 mm were taken as TA,, respectively, neither the data nor the
visual observations clearly indicated that Unit II actually yielded at these displacements
because, to this point, the behavior of Unit I was governed primarily by the lower column
(only the lower column had yielded and its circular bar arrangement caused a gradual
rounding of the hysteresis loop peaks).

There were several major events in the post-yield portion of the test of Unit IL
During the cycles to 1.25Ay, the theoretical value of My was attained in the lower column
(plastic hinging never occurred in the lower column), the cracking in the B-C joint
worsened, and the specimen began 1o exhibit pinched hysteretic behavior at the smaller

displacements. During the cycles to 1.54y, the moment in the upper column exceeded the
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theoretical first yield moment, and the upper main bars in the struts yiclded in one
displacement direction. During the first cycle to 2Ay, the strut upper main bars yielded at
the locations adjacent to the B-C joint in both displacement directions, Also, the lower
main bars in the right-hand strut yielded as they were pulled from across the B-C joint by
the left-hand strut (i.e., there was no bond in the B-C joint). During the extend portion of
the first cycle to 2.5Ay, the lower main bars in the left strut yielded at the locations adjacent
to the B-C joint as these bars were pulled from across the joint. Unit I reached its
maximum strength in the extend direction at the first displacement equal to -2.5Ay. Atthe
ﬁrsxdisplacemcmequa_ztomythemaximm strength that Unit Il had attained at the first
displacement equal to +2Ay was reached again. The maximum strength of Unit II
produced a relatively small value of B-C joint shear stress (vjt = 0.48VF).

During the rest of the test, the strength and the stiffness of Unit II degraded more
rapidly than was the case with Unit I. However, as with Unit I, the strength and stiffness
that Unit If was able to develop at the larger displacement increments were the result of the
strut bars being developed outside of the B-C joint. The largest value of displacement
ductility reached by Unit II was approximately 1. Based on the recorded data and the
observations, it appears that the lap-splice in the lower column performed well throughout
the test.

5.3.2 B-C Joint Shear Cracking

Initial SEifS

The initial stiffness of the Unit I was determined from the hysteresis plots from
two cycles to 2.54 mm. Figure 90 shows these hysteresis loops. The hysteresis loops
indicate that the stiffness of Unit 1T in the retract direction was approximately 5.6 kN/mm,
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while in the extend direction it was approximately 8.3 kN/mm (as determined from the data
at the respective displacement peaks).

The stiffness behavior of Unit I in each displacement direction early in the test differed
from Unit 1. In Section 5.2.2, the performance of the fixtures were cited as the probable
cause of the difference in stiffness between the retract and the extend directions in Unit 1.
If the behavior of the fixtures differed from one displacement direction to the other at the
smaller displacement increments, then this should have had a greater effect on Unit II
because of its smaller diameter columns (i.e., Unit I was less stiff then Unit I). Also, the
8.27-kN/mm initial stiffness of Unit II in the extend-direction was about 91% of the initial
stiffness of Unit Iin that direction. Such a high percentage must have been a result of the
behavior of the fixtures, given the differences in the column diameters of the two
specimens. Finally, just as was the case with Unit I, the stiffness of Unit II in each

direction eventually became nearly identical.

Ynitial Cracki

The first visible cracks occurred during the first cycle to 5.08 mm. Al of the cracks
were very thin, and most of them were horizontal cracks where the upper and the lower
column transition into the faces of the B-C joint. There was a vertical crack at one of the
B-C joint corners where the strut side intersected the joint. Also, there was a flexural crack
in one of the struts at approximately 230 mm from the B-C joint.

From cycles to 7.62 mm through cycles to 12.16 mm, in addition to the growth and
the spread of the cracks noted earlier, hairline flexural cracks formed in the struts in-
between the B-C joint and a distance of 230 mm away. There was also a small flexural

crack in the lower column at a distance of approximately 140 mm (ie., = de/2 =

approximately one-half of the effective column depth) below the strut, Figure 91 is a
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sketch of Unit IT with the typical cracking observed during the test through the cycles to
12.7 mm.

B-C Joint Shear Cracki

Visible Cracks versus Hoop Strains. In addition to the cracks already considered,
the first visible B-C joint cracks occurred at the displacements equal 0 £12.7 mm. A short
diagonal crack formed in the center of the B-C joint, along with horizontal cracks that were
perpendicular exiensions from earlier vertical cracks (i.e., the cracks shown in Fig. 91 at
the intersections of the strut sides and the B-C joint faces).

While cracks in the B-C joint became visible at this point, B-C joint shear cracking
probably occurred earlier during the cycles 10 5.08 mm. The reason being that the strains
in the hoops in the B-C joint (JT and JB) suddenly increased at the displacements equal to
15.08 mm (i.e., similar behavior to that shown in Figs. 65).

Shear Stress in the B-C Joint. The maximum value of Vit at first cracking in the B-
C joint (for the displacements equal 10 5.08 mm) was determined with a procedure that
was similar to the one shown in Figure 66, The calculations yielded the following result:
vit=0.17F (¢ in MPa),

In Unit I, the crests of the joint faces were 25.4 mm outward from the sides of the
struts and the portions of the joint beyond the sides of the struts represenied just 7% of Ajt-
Additionally, only two of the eight column bars wete located outside of the width of the
struts. Thus, it was decided that the columns were not wide relative to the struts and the
portions of the joint beyond the sides of the struts were included in all calculations of the
value of Yit-

Hysseretic Behavior. The hysteretic behavior of Unit 11, including the cycles
where B-C joint cracking became visible, is shown in Figure 92. The stiffness of Unit If at
the peak displacements equal to +5.08 mg‘bg was over 10% larger than it was initially.
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However, at the displacements equal to +7.62 mm the stiffness of Unit I was nearly equal
to the inital stiffness. In the extend direction, the stiffness of Unit II at the displacements
equal to -5.08 mm was approximately 10% smaller than it was initially. However, at the
displacements equal 1o -7.62 mm the stiffness of Unit I was approximately 25% smaller
than it was initially. As mentioned earlier in this section ("[gitial Stiffness”), the erratic
behavior of the stiffness of Unit II in the two displacement directions early in the test was
likely a result of the behavior of the fixtures.

Strains in the Strut Bars. For the cycles subsequent to those to 5.08 mm, the
strains at the locations adjacent to the B-C joint in the strut main bars exhibited behavior
similar to that shown in Figure 68 for Unit I. However, unlike Unit I, where the bars
adjacent to the B-C joint were in compression (when the sense of the moments so dictated)
until displacements of 12.7 mm, the bars in Unit IT showed increasing values of tensile
strains at the start of cycling to 7.62 mm, Thus, the main bars adjacent to the B-C joint
were in tension, regardless of the sense of the moments, from the start of ¢ycling to 7.62
mm throughout the rest of the test. To the contrary, at the locations near the edge of the
anticipated flexural hinge regions, the compressive strains in the strut bars increased as the
displacements increased, when the sense of the moments was such that the respective

locations were in compression. (as was the case in Unit I; Fig. 69).

5.3.3 Specimen Yield

p Specimen Yield

Cycles 10 15.24 mm. During the cycles to 15.24 mm, the lower column probably
yielded and bond deteriorated in the bottom of the B-C joint.
The calculated first yield moment for the lower column was reached at the

displacements equal to $15.24 mm. At these displacements, the strains in the column
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extreme bars at the underside of the B-C joint were beyond the yield strain. Hence, it is
probabie that some of the other bars wese atbeyond the yicld strain as well. Also, new
flexural cracks appeared on both sides of the lower column at a distance of approximately
do/2 below strut. These cracks extended around the column 10 the front and the back faces.

Unlike Unit I, the bond deterioration in the bottom of the B-C joint in Unit I was
advanced without the occurrence of strut bar yielding. Figure 93, a plot of the values of Fp
at the displacement peaks versus displacement for the instrumented strut lower main bar,
substantiates this. The figure shows that the values of Fp, began to "roll off” at the
displacements equal (0 £15.24 mm; this happened without the occurrence of yielding of the
bar at the tension-sides of the joint (Fig. 71; the tension-side of the B-C joint for retract
direction displacements is the Jeft side, and vice-versa for extend direction displacements).
As a matter of fact, this bar never yielded at the tension-sides of the B-C joint. The bond
deterioration in the bottom of the B-C joint became so severe at the larger displacements
that this bar yielded only on the compression-sides of the B-C joint. This occurred during
the retract portion of the first cycle 1o 24y, and in the extend portion of the first cycle to
Z.SAy (Fig. 93). Thus, the peaks of the curve in Figure 93 are not near the value of Fy, (45
kN):hatwoaldhavemwmdhadthisbatyiﬁldedﬁnthewnsionwsidesoflhcjoinn without
any contribution from the bar at the compression-sides of the joint. Based on the bond
conditions for this bar, it is likely that the bond conditions were poor for all of the strut
lower main bars in the B-C joint for the majority of the test.

Cycles to 17.78 mm. At the displacements equal 10 +17.78 mm, bond deterioration
in the top of the B-C joint was advanced, and the diagonal cracks in the B-C joint spanned
the faces of the joint.

Figure 94 shows that the values of Fy, for the instrumented strut upper main bar
began to "roll off” at the displacements equal t0 £17.78 mm. This occurred before the
upper main bar yielkded. However, unlike the lower main bar, the upper main bar did
eventually yield at the tension-sides of the 2%’2(: joint during the cycles that are labeled in



Figure 94 (i.e., during the first cycle 1o 24y in the retract direction, and during the cycles to
I.SAy in the extend direction), but this occurred after significant tensile forces were in this
bar on the compression-sides of the B-C joint. In the extend direction for example, the
values of Fj, during the cycles to 1.5Ay are approximately 10 - 12 kN. The value of Fy
required for bar yielding with no compression force is shown in Figure 94 to be equal 10 48
kN. Therefore, the part of the upper main bar on the compression-side of the B-C joint
was experiencing 36 to 38 kN of tensile force when the part of the bar at the tension-side of
the joint yielded. As mentioned earlier, this type of behavior represents significant bond
deterioration in the B-C joint.

The diagonal cracks on the faces of the B-C joint lengthened at the displacements
equal to £17.78 mm. These cracks extended across the faces of the B-C joint and then
continued into the sides of the struts. The cracks were “anchored” in the sides of the struts
at the projections of the apexes of the columns (this behavior is clearly depicted in Figs.
101 and 102, which are photographs that were taken at a larger displacement increment).
In other words, the cracks in the B-C joint were behaving as if the joint were part of a 356-

mm square column, rather than a 356-mm diameter column.

Specimen Yicld

While the displacements equal to £20.32 mm were taken as tAy, respectively,
neither the data nor the visual observations clearly indicated that Unit IT actually yielded at
these displacements. The difficulty that was encountered in clearly identifying the yield
displacement is explained by the hysteretic behavior of Unit I prior to and just following
the cycles 10 20.32 mm.

Hysteretic Behavior. Figure 95 is the hysteresis plot for Unit II through the cycles
to 1.25Ay. The peaks of the three cycles at which Unit 1 was considered to have yielded
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are labeled for each displacement direction (*Ay). Figure 95 does not indicate that there
was as sudden a change in the strength or in the stiffness of Unit I, from the cycles to Ay
to the cycles to 1.25Ay, as was the case with Unit I (Fig. 72). The fact that the shape of
the envelope of the hysteresis loop peaks in Figure 95 forms a smooth curve is not
coincidental, From the start of the test through the cycles to Ay, only the lower column of
Unit II had yielded. Thus, the shape of the envelope was defined by the circular
arrangement of the column bars and the associated differences in the occurrence of bar
yield. It should be noted that the difference that existed early in the test between the retract
direction stiffness and the extend direction stiffness was nearly gone during the cycles to
Ay.

Shear Stress in the B-C Joint. For purposes of comparison with Unit I, the
maximum value of vj; was determined for the displacements equal to 1Ay for Unit IL
Using a procedure similar to the one outlined in Figure 66, the value of Vi was determined
and used with Equation 1. The result was as follows: vj¢ = 0.31VF .

5.3.4 Post-Specimen-Yield

Cxcles to 1.254y

There were several significant behavioral changes in Unit If that occurred in the first
set of post-yield cycles. The three cycles to 1.25Ay brought about changes in the behavior
of:

1.) the lower column,
2.) the cracking in the B-C joint, and
2.} the hysteresis of the specimen.
The Lower Column. The theoretical value of My, in the lower column was attained

during the cycles to 1.25Ay. However, iggre were no visible signs of plastic hinge



formation when the displacements equaled +1 254y. Therefore, the capacity of the column
may have been larger than the theoretical capacity. Figure 96 shows the extent of the
flexural cracking in the anticipated plastic hinge region on the back face of the lower
column at a displacement equal 1o -1 254y.

Cracking in the B-C Joint. Several new B-C joint cracks appeared during cycling
to 1.25Ay, and several of the old cracks grew. Many of the new cracks were concentrated
in the upper portion of the back face of the B-C joint. Figure 97 shows some of the new
cracks at a displacement equal to -1.254y. Figure 98 shows the extent of cracking on the
front face of the joint at a displacement equal to +1.25Ay. The "anchoring” of the B-C joint
cracks in the struts is also shown in this figure. The older cracks in the lower portion of
the B-C joint also grew.

Hysteretic Behavior. As is shown in the hysteresis plot in Figure 95, during the
cycles to 1.25Ay the pinching in the hysteresis loops began to become more pronounced at
the smaller displacements. However, this was more difficult to detect in Unit IT than it was
in Unit I (Fig. 72). The reason being that in Unit If the change in the shape of the
hysteresis loops from the preferred "spindle"-shape to the pinched-shape is much more
gradual than was the case with Unit I This difference in the onset of "pinching” between
Units L and I is due to the fact that bond deterioration progressed in Unit Il in the B-C joint
for the strut main bars without the occurrence of yield in these bars (Figs. 93 and 94). In
Unit I, bond deterioration did not progress until after the main bars in the struts had yielded
(Figs. 70 and 73). Thus, in Unit II, the Ioss of bond, and the occurrence of the pinched-
shape of the hysteresis loops, was gradual. Conversely, in Unit I the loss of bond and the
occurrence of "pinching” was more sudden.

The decrease in the energy dissipated by the Units in the second cycles versus the
first seemed to be independent of the way that bond deterioration progressed. Both Units
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experienced consistent decreases in the amount of energy dissipated in the second cycles
compared to the first until the cycles to 1.25Ay, at which point the trend became worse.

Cycles to LAy

During the cycles to I.SAy, the following significant events occurred:
1.) the moment in the upper column exceeded the calculated yield moment,
2.) the upper main bars in the struts yielded in one displacement direction only,
3.) the hysteresis plot indicated that there was a relatively large decrease in the strength and
in the stiffness of Unit I from the first cycle to the second cycle.

The Upper Column. While the calculated yield moment for the upper column was
exceeded at the displacements equal to $1.5Ay, the bar strains above the B-C joint in the
column extreme bars did not indicate that vield occurred. As cycling progressed to larger
displacement increments, the ERSG on the column left extreme bar never indicated that the
yield strain was attained at that location above the B-C joint. As for the ERSG on the
column right extreme bar, no information was obtained at the larger displacement
increments as the instrument failed during the cycles 1o 24y.

The Struts. The strut upper main bars yielded during the extend portion of the
cycles to 1.5Ay {(on the left side of the B-C joint only; Figure 94), as indicated by the
instrumented upper main bar of the struts,

Hysteretic Behavior. Figure 99 shows the hysteretic behavior of Unit I for the
entire test. The hysteresis loops that correspond to the cycles at 1.5Ay showed a strength
gain in the first cycle, relative to the strength attained during the cycles to 1.254y.

However, the significant drop in the strength and the stiffness of Unit II, and in the energy
dissipated by Unit II, in the second cycle to 1.5Ay was the start of a trend that continued

for the duration of the test,
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B-C Joint Shear Stress. Since some of the ERSG's on the strut bars failed after the

cycles 1o 1.5Ay were concluded, the maximum value of vji was determined from the bar
strains (Fig. 66) for the final time. The value of vj was O.sﬂ\[ch. However, as was the
case in Unit [, as the bending moments in the struts at the B-C joint in Unit IT increased,
Equation 2 became more accurate in predicting the value of Vjt- Therefore, the resulis from
Equation 2 were used for all of the subsequent calculations of Vit

Cygles to 24y through Cycles in Excess of 64y

Cycles 10 2Ay. The calculated first yield moment for the struts was attained at the
displacements equal to 12Ay. During the first cycle to 2Ay, the strut upper main bars at the
locations adjacent to the right side of the B-C joint (Fig. 94) actually yielded. At
approximately the same point, the lower main bars in the right strut also yielded as they
were pulled from across the B-C joint by the left strut (Fig. 93). It should be noted that
after the displacement equal 10 +2Ay was reached for the first time there was no longer any
bond force transferred through the bottom of the B-C joint in the retract direction.

Unuit I reached its maximum strength in the retract (positive displacement) direction
at the first displacement equal to +2Ay (Fig. 99; note that the same peak strength is reached
later on in the first displacement equal to +4Ay).

The load versus strain plots for the hoops in and adjacent to the B-C joint indicated
that the strains in these hoops grew suddenly at the displacements equal to isz. Figure
100 shows the plots for the hoop FT. JT1 and JT2 clearly indicate significant increases in:
1.) the strain at the first displacements equal to 12Ay, relative 1o the strain at the last
displacements equal to *1.5Ay, and
2.) the strain at the second and third displacements equal to $2Ay, relative to the first
displacement equal to 124y,



At the displacements equal to 124y, the ERSG's in the lap splice indicated that the
bar in the lap splice extending through the B-C joint (starter bar) yielded in tension, while
the splice bar was at about 85% of its yield strain. The magnitudes of the compressive
strains in these bars at this location (approximately half of the column depth below the
bottom of the strut) were significantly larger relative 1o the magnitudes experienced by the
bar locations in and adjacent to B-C joint. The spliced bar was consistently able to develop
85% of the compressive strain developed by the starter bar (the value of which was in
excess of 75% of the yield strain). Additionally, no distress was seen in the splice at this
point, or for the duration of the test.

Cycles 10 2.5 Ay. During the extend portion of the first cycle to 2.54y, the lower
main bars in the left strut yielded at the locations adjacent to the B-C joint as these bars
were pulled from acrdss the joint (Fig. 93). It should be noted that once a displacement
equal to -2.54y was achieved there was no longer any bond force through the bottom of the
B-C joint in either direction. The upper main bars in the left strut were beyond yield at this
point. From this point on, the displacement ductilitys attained by Unit II are not a good
measure of its performance (Sec. 5.2.4, “Mwmm
64y").

Unit II reached its maximum strength in the extend (negative displacement)
direction at the first displacement equal w0 -2.5Ay (Fig. 99). This strength was ncarly
identical to that attained in the retract direction at the first displacement equal to +2.54y.
Once the maximum strength of Unit 1l was attained in the extend direction, Unit II
experienced consistent strength and stiffness decay in each of the subsequent displacement
increments, particularly in the second and third cycles at each increment.

The strength attained by Unit II was barely adequate to develop first yield in the
struts (approximately 60% of the value of Myup was developed). While the strength

attained by Unit II was more than enough to cause yield in the upper column, whether or
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not yielding actually occurred could not be verified (this sec., "Cycles 10 154y").
However, the maximum strength of Unit II was sufficient to develop approximately 90%
of the value of My, in the upper column. The lower column did yield, and Unit I attained
enough strength to exceed the value of My by over 10%, although there were no visible
signs of plastic hinging (i.e., there was no significant damage to the concrete).

Finally, the strength that Unit 1l was able to attain resulted in a maximum value of
vt of 0.48VE G (€ in MPa). This is similar to the value that was determined for Unit I

(Sec. 5.2.4, "Cycles 10 24y through Cycles in Excess of 64y"). Such B-C joint shear
stress values are relatively small considering the amount of damage that was sustained by
the B-C joints in Units [ and IL

Figures 101 and 102 show the condition of the front and back, respectively, of Unit
11 at the last displacement equal to -2.5Ay. By this point in the test:

1.) Unit 11 had attained its maximum strength in both directions,

2.} the lower column was beyond the value of My,

3.) the upper column was beyond the first yield moment,

4.} the lower main bars of the struts were slipping through the B-C joint, and

5.} the hoops in and adjacent to the B-C joint had experienced large increases in strain (the
hoop in the upper portion of the joint was beyond yield).

Note that in each figure there is one large B-C joint shear crack that is closely
aligned with the major joint diagonal. Additionally, during the cycles to 2.5Ay these cracks
did not close when the displacements were zero. There is no indication in either Figure 101
or 102 of plastic hinge formation in the lower column.

Cycles to 34, The column extreme bar on the right side of the B-C joint yielded at
the mid-height of the joint at the displacements equal to -34y. At the same point, the ERSG
in the B-C joint on the left extreme bar was reporting questionable data. However, from
the trend seen in the earlier data from this ERSG it was possible that yielding occurred on

the left extreme bar in the B-C joint. 209



Figure 103 shows the spalling that began to occur in the lower column at the cycles
to 3Ay. Just as the large end rotations of the struts in Unit I were responsible for most of
the spalling in that specimen, the large end rotations of the lower column were responsible
for the majority of the spalling in Unit II. In both instances, the end rotations resulted from
bond deterioration of the member bars in the B-C joint. Figure 103 does not give any
indication that a plastic hinge had formed in the lower column.

Figure 100 indicates that at the displacements equal to 13Ay the strains in hoop JT
began to decrease. By this point in the test the ERSG's on the other hoops (AJ, JB, and
BJ) had failed.

Cycles to 4Ay. At the first displacement equal to +4Ay the strength that Unit I had
attained during the first displacement equal to +2Ay was reached again (Fig. 99). This
coincided with a considerable increase in the damage in the B-C joint. Figure 104 shows
the back face of B-C joint at the first displacement equal 1o +4Ay. The cracks with the
slopes up and to the right were open because of the forces imposed by the displacement in
the retract direction. Spalling began in the crack with the slope up and to the left (the crack
closely aligned with the major joint diagonal) as the compression parallel to that crack
became large.

Also in Figure 104, the concrete on the compression-side (left) of the lower column
is pushing away from the column. This is probably a continuation of the spalling that had
begun during the previous sets of cycles, since the rotation of the lower column had
become quite large.

Figure 99 shows that for the remainder of the cycles to 44y the specimen exhibited
both decreased strength and stiffness, particularly in the case of the last two cycles, where
these quantities reached new lows.

Cycles 1o 3Ay and 1o 6Ay. During the cycles to 5Ay and to 6Ay, the decay of the
strength and the stiffness of Unit Il continued to occur (Fig. 99). Also, the range of
displacements over which the hysteresis ioog? g;ere pinched became larger. The damage to



the B-C joint region increased, and it became evident that the curved regions of the joints
were being pushed away from the joint core by the sides of the struts. On the back face of
the B-C joint, the curved portion eventually spalled off. Figure 105 shows sketches of a
cross-section through the B-C joint of Unit I before and after the curved portions of the
joint were pushed away from the joint core.

"Push-Over” Cycles. Having reached the displacements where the strength of Unit
IT was steadily decreasing, the specimen was subjected to two additional cycles o
determine the maximum displacement ductility that it could endure, Figure 99 shows that
the value of the maximum displacement ductility reached by Unit 1T in the first cycle in the
retract direction was approximately 10 (~ 9% drift), while in the extend direction it was
approximately 11 (~ 10% drift). In both instances the displacements that Unit II was
subjected 1o were limited by the stroke of the ram. Figure 106 shows Unit I at its
maximum displacement ductility in the extend direction. The hysteresis loop for the first
cycle remained pinched over the range of most of the displacements that were previously
attained. Then, Unit H noticeably stiffened and showed levels of strength in botk
directions that approached the strengths attained in the cycies to 6Ay (note that this
“apparent sirength” is a result of the relatively large increase in the displacement increment).

The displacement ductility applied in the retract portion of the second cycle was less
than 70% of that attamed in the first cycle, and the strength and the stiffness of Unit I
decreased markedly. The reason that the displacement ductility in the retract direction was
decreased was because & true hinge had formed in the lower column. As Figure 107
shows, the hinge in the lower column resulted in the concentration of all of the
subassemblage deformation at the “hinge”. As a result, the brace fixture on the right side
of the Unit II interfered with the travel of strut "roller” support fixture, A “hinge" also

formed in the lower column in the extend portion of the second cycle but this did not
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prevent Unit I from reaching the same displacement ductility that was achieved in this
direction in the first cycle.

Figure 106 shows that the all-thread anchors located near the B-C joint region in
Unit II were too far from the joint for the potentiometer and LVDT data to be useful, just as
was the case with Unit I (Sec. 5.2.4, "Cycles to 24y through Cycles jn Excess of 64,").

After the conclusion of the "push-over” cycles, all of the loose concrete was
removed from the faces of the B-C joint region in order 10 determine whether or not the
depth of the major diagonal cracks were limited to the curved portions of the joint faces.
Figures 108 and 109 show the resuits of this procedure. The crack in the upper portion of
the B-C joint in Figure 108 is on the front face of the joint. This crack is the same crack
shown in Figure 101 and the depth of this crack extended into the core of the joint. Figure
109 shows the back face of the joint after the loose material had been removed. The Jarge
crack in this figure is the same crack shown in Figure 104 (i.e., the crack with the negative
slope). This crack penetrated the joint core as well.
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Figure 61

a) Specimen undergoing positive displacement

ram extends =
negative displ.

[)

b) Specimea undergoing negative displacernent

The displacement convention used in the tests.
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Figure 63 Cracking typically observed in Unit | through the cycles to 12.7 mm.
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Figure 66 Determination of the value of the horizontal shear force at the mid-depth of the
B-C joint in Unit I at a peak displacements equal to +7.62 ram.

218



(%} peo

(ww $z g [ Y8nong saj249) | nup 10) sdoo| s1ss015A] Ly 2ndug

{ww) yuawedwdsig

]! ci g ¥ 0 L 8 2i- gi-
g A S A e e LA B e Lmale 2al S R St SR B S e e R e S S [47 4%
1QISIA SHioRIY t
wol ol TP ]
-~ ]
,,,,,,, Qw;
L \\ I
A .
A o
\ :
. ~ 0o @
=
v I =
\ s
" \\\ - U N LT S 4] 2
\ = _:1.!111{5%,,(,....%,?1“.c_om O-g ul I
.\\\ Z g~ S e Buioe Jsuy
e ajgeqoid !
%&‘ & 08
X ; : o ; ; ; s 02
£90 Ly FA) a1’0 0 91°0- ce0- ivo- £8'0-

(u) ewedrjdsiq

219



(518 UTBUI JOMO] 34} JO U0 W IS WBU 341 JO PUI-paxy

3L} 18) | Muq) U1 SIANS Y} UL SIUQ UTB Y} J0j 3u10f 1)~ 3} O} 1ud0B{pE SUONEOO] Iy} J8 AIOISHY uteLs [edidAL
{wa) usweoeidsiq
ot
L'y gL'0 6t°0 0 620" gL iV

{uy) waweowidsig

89 2.ndt,{

220



(JBq Urew! J3MO] Sy} ul 1ugs Iy 9y JO pUI-Paxy A1 Jedu) | wuN

ul SITUIS Sy Ul sIvq wew 9y} 10 suoiFaa aBuy onseid paradxa ayi Jeau suUONEIO| AL JB K10ysty uresys jRordA g,

(wuws) yueweseydsiq
003 Gl 0% 52 0 T 0% Gi- 003~
i . i n k i L 3 i L il . A 1 H A b g A " 38—,'
P 4/// - 005~
/r//r o e - - 0
5 Jﬂ.w.:/sf// / L
<z ; / /fz/j/ - 00§
A
R AN
uIRns oA \\
0082
¥6'¢ oA 18} 86'0 0 96°0- Fi.o % 82 8¢
{u1) uewwsedsig]
.. 8o 2R L E. mn.:n %M A

69 281y

{arl) umag

221



(%) 93104 puog

'z

'y

98’9

89’8

(syusd juswaoeydstp ay; 18) | s 10) WRIR|dSIP SNSIPA Jeq U Jomo] IS © Ul 9210) puog 0L anJig

{unw) yusweowdsiq .
0L 09 0s of 0t 0z 0L 0 0l- oe- 0¢-
///H
iiiim | 0t
" oz § N
,/m ] | w &
(wit g/ 41- = dsip) + Y
\ EE e .‘.wo_aeoxom g
"Wiof O-g ey} Jo SepIS-Uoisue) —T 0¢ M
a1y} uo peunocoo Buipiaik Jeq yoym Buunp c/
SIOAD Bu) 8Jr SjagE] YIm S04 BU) J L ON .
_ | | /m y  or
g g e
NY 0°0 = .0, M |
Wwerzie ="Wsip) .~ | q >
Ww gL /) ol sepko ¢ Jeq pjaik o} pbas _.%ili. T |
1 1 ] S SN SRS S, 0%

8.2 9T L1687} g1 gL 6L°0 60 0 6£°0- 840~ 8 T
{u1) yuswaaedsig



B-C joint; only one bottor main bar shown for clarity

P!
Fp=46 + 46 =92 kN
dﬁN = 46 kN
tension-side of B-C joint ;"\r’
for this bar V
compression-side of B-C joint
for this bar
a) Optimum bond conditions
A
M

Fb=46+0=46kN

T
tension-side of B-C jodnt—-z-'j——/\/ '\
V

for this bar
compression-side of B-C joint
for this bar

b) Moderate bond conditions
21
Fb: 46 -30 = 16 kN 46
é"‘ : ;->

tension-side of B-C joint ‘\VI

for this bar 7
compression-side of B-C joimt
for bar

¢} Poor bond conditions
Figure 71 Three B-C joint bond-condition scenarios; retract-direction displacement,
yield force for bar = 46 kN.
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Figure 78

Figure 79

Cracking along the major joini diagonal of the front face of the B-C joint at
the displacements equal to -1.54y, for Unit L.

Cracking along the major joint diagonal of the back face of the B-C joint at
the displacements equal to -1 54y for Unit L.
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Figure 80

Cracking along the major joint diagonal in the B-C joint during the cycles
to 24y for Unit I (front face of the B-C joint).

Figure 81

Cracking along the major joint diagonal in the B-C joint during the cycles
to 2Ay for Unit I (back face of the B-C joint).
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Figure 82 Spalling in the B-C joint region at a displacement equal to -4Ay, for Unit 1
(front face).

Figure 83 Spalling in the B-C joint region at a displacement equal to +4Ay for Unit I
(back face).
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Figure 84

Unit I at the peak displacement reached in the extend portion of the first

“push-over" cycle.
cy
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Figure 85 The front face of the B~C joint of Unit I at the peak displacement reached
in the extend portion of the second "push-over” cycle.

Figure 86 The back face of the B-C joint of Unit I at the peak displacement reached

in the extend portion of the second "push-over” cycle.
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Figure 87

The front face of the B-C joint of Unit I following the removal of loose

concrete.

Figure 88

The back face of the B-C joint of Unit I following the removal of loose
concrete.
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Figure 89

Unit II prior to the start of testing.
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flexure-shear cracks
in struts over this range}
typ.

\ dbm 12, typ.
A il

v 8

I ¢

cracks in column sides;
directly below struts

A oo

crack where strut side
meets B-C joint, typ.
Lo

only (shown here forA ™ od

illustrative purposes

Figure 91 Cracking typically observed in Unit Il through the cycles 1o 12.7 mm.
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Figure 96

The extent of flexural cracking in the anticipated plastic hinge region of the

lower column at a displacement of -1 :25Ay in Unit IL
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Figure 97

Figure 98

IR G Svimer
M oe, Tiasmrem Counosrl
1O m. oamBcY o O

dibeeqr 0o

Shear cracks on the back face of the B-C joint that occurred at the
displacements equal to -1 254y in Unit I1.

Shear cracks on the front face of the B-C joint that occurred at the

displacements equal to +1 254y in Unit I1.
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Figure 101

Figure 102

The front face of Unit 1! at the last displacement equal to -2.58y.

The back face of Unit 11 at the last displacement equal to -2.54y,.
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curved faces of B-C joint
B-C joint core

AVE

a) B-C joint with curved faces in-tact

gap created as curved faces crack
& are pushed away
* "-.)ﬂ ] L %
% '
B-C joint core

b) B-C joint with curved faces pushed away

Figure 105  Sketches of the B-C joint of Unit II before and afier the joint faces are

pushed away from the core.
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Figure 106 Unit II at the peak displacement reached in the extend portion of the first

"push-over" cycle.

Figure 107 Unit II at the peak displacement reached in the retract portion of the

second "push-over” cycle.
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Figure 108

S T, St

AR -TE P S

fust-Tend

The front face of the

concrete.

B-C joint of Unit II following the removal of loose

Figure 109

The back face of the B-C joint of Unit II following the removal of loose

Concrete.
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CHAPTER 6
INTERPRETATION, APPRAISAL AND APPLICATION

To this point, this work has transitioned from assessing the seismic performance
potential of an inventory of bridges with a unique type of substructure to the experimental
testing of two subassemblages. Thus, the primary goal of this chapter is to interpret the
findings from the experimental tests such that an appraisal can be made with regard 1o the
seismic performance potential of the substructures in the inventory and of the bridges of
which the substructures are an important component. First, the experimental findings are
interpreted. Then, the empirical model presented in Chapter 3 (Fig. 22) is calibrated with
the results from the experimental tests. Finally, an appraisal is given of the seismic
performance potential of the substructures and the bridges.

6.1 Interpretation of the Experimental Findings From Unit I

Herein, an interpretation is given of the experimental findings from Unit I The
format that will be used is identical to the one used in the presentation of the findings in
Chapter 5: B-C joint shear cracking, spedxhen-yidd, and post-specimen-yield.

6.1.1 B-C Joint Shear Cracking

The occurrence of first B-C joint shear cracking is an important milestone because
of the detrimental effects of joint cracking on bar bond (Chap. 3, Sec. 3.6.3, "Bond in B-C
loints™). For a B-C joint that is as lightly confined as the one in Unit I (ie., two hoops),
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the repercussions on bar bond from cracking in the joint may be very severe. Accordingly,
this topic received much attention in Chapier 5.

Visible Cracks versus Hoop Strains. The sudden increase in the strains in the B-C
joint hoops at the displacement peaks in the cycles to 7.62 mm identified first joint
cracking. A reason that B-C joint cracks were not visible until the cycles to 15.24 mm
might be that the interaction between the regions of the joints beyond the width of the struts
and the struts was less effective than the interaction between the joint core and the struts
(Chap. 3, Sec. 3.6.5, “Member Cross-Sectional Dimensions”).

Strains in the Strut Main Bars. A pattem of decreasing compressive strains at the
locations adjacent to the B-C joint in the strut main bars were noted in the cycles
subsequent to those o 7.62 mm (Fig. 68). The reason that this occurred must have been
the onset of bond deterioration in the B-C joint (Fig. 69 versus Fig. 68). Bond in the B-C
Joint began w deteriorate soon after the first shear cracks occurred because the two hoops in
the joint were unable to prevent the spread and the growth of these cracks. Once the main
bars yielded the deterioration of bond in the B-C joint became worse. This is not
surprising given the actual volumetric hoop ratio, pg, was 0.1% rather than the 0.5%

recommended based on Figure 22,

6.1.2 Specimen Yield

P Specimen Yicld

Three of the significant occurrences during the cycles to 17.78 mm were related:
the yielding of the strut lower main bars, the start of the deterioration of the values of Fy,
{(Fig. 70), and the long shear cracks that appeared across the B-C joint faces. The
relationship among these occurrences is clear: once the bars yielded, the bond deterioration

in the B-C joint increased to the point where the concrete began to assume a larger role in
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shear transfer in the boitom of the B-C joint (Chap. 3, Sec. 3.6.3, "The Effect of Bond op

the Shear Transfer Mechanisms™). It follows that long shear cracks occurred (Chap. 3,
S@C. 316.3. ¥ [{ect of :.I.H.! RILING SEEL IanSsCL Miechs l.‘ 1 "),

Bond Deterioration in the Top of the B-C Joint. Once the specimen had reached
displacements equal to Ay, the bond conditions in the top of the B-C joint had began to
rapidly deteriorate (Fig. 73). Thus, whiie the bond index (BI) value for the strut main bars
(i.c., approximately 0.8) was low relative to the standard adopted from Fig. 22 (i.e., Bl
S1.7), the bond conditions in the B-C joint in Unit I became poor as soon as the bars
yielded. With poor bond conditions in the top and the bottom of the B-C joint, the strut
mechanism began to play a larger role than the truss mechanism in the transfer of joint
shear stress. The result was the strut mechanism of joint shear stress transfer dominated
the post-specimen-yield stage for Unit 1.

6.1.3 Post-Specimen Yield

Cycles to 1254y

The four “significant behavioral changes” noted at this point in Chapter § (the
hysteretic pinching, the concentration of cracking in the B-C joint, the large increase in the
strains of the hoops in the B-C joint, and the slippage of the lower column bars) were all
induced by the effects of the strut mechanism and by the effects of the deteriorated bond
conditions in the B-C joint

Hysteretic "Pinching”. Figure 72 showed that the hysteresis loops during the

cycles to 1.25Ay (= 1% drift) began to noticeably pinch at small displacements. This was
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to be expected given the increases in both the cracking in the B-C joint (see below) and in
the increased bond deterioration in the B-C joint that had occurred during these cycles
(Chap. 3, Sec. 3.6.3, "

Also, a trend where the stiffness and the strength of Unit I in the second cycle were
noticeably less than those quantities in the first cycle had begun, This behavior is also
largely atributable to the increases in the B-C joint cracking and the deteriorating bond
conditions in the B-C joint. For the cycles to 1.254y through the next several displacement

increments, its strength increased slightly or remained the same, and its stiffness
incrementally decreased, when Unit I was pulled/pushed to a new positive/negative
displacement peak . However, upon returning to the peak for the second time, the bond
deterioration sustained in displacing to the peak for the first time softened the
subassemblage. The response of Unit I during the third cycles did not degrade from the
response in the second cycles because Unit 1 had not attained its maximum strength. Once
Unit { was pushed/pulled to displacements that caused its maximum strength to be
exceeded, then each of the three cycles caused damage that softened the specimen more
than the preceding cycle.

The trends in the hysteretic response with respect to the strength and to the stiffness
of Unit I generally apply to the energy dissipated by Unit I. While the encrgy dissipated by
Unit I was noticeably less in the second cycles compared to the first cycles throughout the
test, the trend seemed to worsen in each set of cycles starting with the cycles to 1.25Ay.
Early on, the decrease is attributable to the typical degrading-type behavior exhibited by
cyclically-loaded, lightly-confined reinforced concrete structures, During the cycles to
1.254y and beyond however, the B-C joint cracking and the bond deterioration in the B-C
joint were the cause of most of the degradation in the response of Unit I Thus, it is also
the likely cause of the change in the tread of the energy dissipated between the first and the
second cycles.
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Concensration of Cracking. Since the strut mechanism became prominent as bar
bond deteriorated, the B-C joint became the "weak link” in the subassemblage. Crack
activity (opening and closing) outside of the B-C joint virmally ceased, and it intensified in
the joint.

Strains in the B-C Joint Hoops. As noted in Chapter 3 (Sec, 3.6.4, "The Functions
of Joint Reinforcement™), when the strut mechanism becomes the predominant means of
shear transfer through a B-C joint, the role of the hoops becomes one of confinement. In
Unitl,theincmaaeincm:kinginﬂxeBCjoimwueﬁdcmethatﬂmjoimwasuyingto
dilate. Thus, the large increases in the strains in the B-C joint hoops (Figs. 74 and 75)
were a result of these hoops acting to confine the dilating B-C joint. The onset of this
behavior probably marked the complete transition from the truss mechanism to the strut
mechanism,

Slippage of the Lower Column Bars. With damage done to the bottom of the B-C
Joint by cracking, both from joint shear and the process of bond deterioration for the strut
lower main bars, the slippage of the column extreme bars that was noted in Chapter § is
essentially assured, ﬂwsﬁppngeofﬂiesebarsisﬂ!memmﬁkclym&wyhadyidded
prior to the cycles to 1.25Ay. Additionally, it is reasonable to assume that some of the
neighboring bars in the lower column were beyond yield at this point and were also

slipping.

Cyclesto 154,

At the peak displacements to 11.5Ay, the repercussions of having the strut
mechanism transfer all of the B-C joint shear in a lightly-confined joint became evident, as
cracking along the major joint diagonals and yielding of the hoop in the upper portion of the
B-C joint occurred. The fact that the hoop in the lower portion of the joint did not yield

was unexpected.
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Given that the first large diagonal cracks occurred near the bottom of the joint, it
was reasonable (0 expect that the hoop in the lower portion of the joint should have yielded
before the hoop in the upper portion. A reason that the hoop in the lower portion of the B-
C joint did not yield is a lack of adequaie bond. At displacements near the peak
displacements, it is possible that the dilation of the B-C joint and the lack of ribs on the
hoop did not aliow for enough bond to be developed for the hoop to yield (i.c., the lap-
splice of the ends of the hoop failed).

Cycles to 24y through Cycles in Excess of 6A,

Cycles o 2Ay. The fact that the strains in the hoops in the B-C joint began to
decrease at the second and the third peak displacements equal to 12Ay agrees with the fact
that new strength levels were attained by Unit I at the first peak displacements equal to
12Ay. Because the B-C joint the was the "weak link” in Unit I, any gains in specimen
strength resulied in damage occurring in the joint. Decreasing strains in joint hoops at peak
displacements are a result of concrete crushing (Chap. 3, Sec. 3.6.4, "Behavior of Joint
Beinforcement™). It should be noted that because the yield strength of the hoops used in
Unit I were high compared to the "as-built” yield strengths (i.e., 538 MPa = 78 ksi versus
Gr 40), crushing of concrete in the B-C joint was probably delayed (Chap. 3, Sec. 3.6.4,

The penetration of yield of the member bars mid-way into the B-C joint was part of
the advanced stage of inelastic behavior that the B-C joint was experiencing during the
cycles o 24y, (Chap. 3, Sec. 3.6.3, "Eactors that Influence Bond*).

Cycles to Z.SA,, through Cycles to 4Ay. In this range of cycles Unit I was able to

maintain its strength at the first peak displacements in each ¢ycle, with the exception of the
first peak displacement equal to +Ay, where the strength attained was the largest for the
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test. However, these cycles caused continued deterioration of the B-C joint that lead to
worsening hysteretic behavior,

The B-C joint in Unit I can be considered 10 have failed at the first displacements
equal to $44y (= 3.6% drift) for two reasons (Fig 10d and 10e):

L) There was no bond of the strut main bars in the B-C joint at all. This was evident in
the data (Figs. 70 and 73), and was observed visually in one instance.

2.) The B-C joint had failed in shear. This was visually evident from the extent of the
cracking in the B-C joint (Figs. 82 and 83), and the continued decrease in the strength of
Unit I in the subsequent cycles suppons this assertion as well.

Due 10 the bond and the shear failures in the B-C joint, no attempt was made to
either repair this specimen and continue testing, or construct and test a retrofitted version of
Unit I Repair and retrofit schemes that might have improved conditions in the B-C joint
region would probably have been quite elaborate, expensive and time consuming {(e.g.,
encasing the region with a specially fabricated assembly of steel plates; or with a reinforced
concretc “jacket”™). Moreover, the improvement that would have been provided by such
schemes was questioned since they might not have been able to provide the confinement to
the B-C joint required to prevent the deterioration of bar bond. Finally, by testing Unit I to
failure, the performance of the unrepaired specimen during large inelastic displacements
was determined

6.2 Interpretation of the Experimental Findings From Unit II

Given the poor performance of the B-C joint in Unit I, and given that Unit II was
tdentical to Unit I with the exception of a smaller diameter column, the interpretation of the
test results for Unit I closely follows that of Unit L As such, only the differences that
existed between the test results for the two specimens are discussed in what follows.
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6.2.1 Bond Deterioration in the B-C Joint

In Unit 1T bond deterioration in the B-C began earlier than was the case in Unit I
(i.e., cycles o 5.08 mm versus cycles to 7.62 mm), and the complete loss of bond
occurred earlier 100 (e.g. cycles 1o 2.5y versus cycles to 4Ay). There were two reasons
for this:
1.) The effective B-C joint area of Unit Il was nearly fifty percent smaller than that of Unit
I (nearly 30% smaller if the portions of the B-C joint beyond the width of the struts in Unit
I are neglected).
2.) The Bl value of Unit I was 37.5% larger than that of Unit 1 {e.g. 1.1 versus 0.8).
Thus, with both specimens having similar small amounts of B-C joint confinement (i.c., Ps

=0.1%), the faster deterioration and loss of bond in Unit II should be expected.

6.2.2 The Role of the Strut Mechanism

Despite the fact that bond deteriorated faster in Unit 11, the detrimental effects of
the strut mechanism did not occur as quickly as they did in Unit I. In Unit I the strut
mechanism had caused the strains in the hoops to increase significantly at the peak
displacements equal to 11.25Ay, and cracking along the major joint diagonals became
prominent at the peak displacements equal to $1.5Ay. In Unit Il these events occurred at
the peak displacements equal to $2Ay, and iz.SAy. respectively (Figs. 100, 101 and 102).

The reason that the effects of the strut mechanism were delayed in Unit 1T relative to
Unit I was that in Unit 11 the lower column yielded (i.e., cycles to 15.24 mm) prior to the
increase in the role of the strut mechanism, This occurrence limited the amount of
horizontal shear applied to the B-C joint of Unit I at each set of peak displacements,

However, once the effects of the strut meghanism became apparent in Unit 1], the
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- degradation ofbothlheB-CjoiminUnitHandibemponsenfUnithmgressedmom
rapidly than was the case in Unit L.

6.2.3 B-C Joint Failure

The B-C joint in Unit H failed at the first peak displacements to +24y (~1.8% drift)
and {0 -2.54y (= 2.3% drift). The failure referred to here is loss of bar bond in the B-C
joint (Fig. 10d). Were it not for the fact that the strength attained at +24y was matched at
the first peak displacement equal to +44y, then the joint shear failure mode (Fig 10e) would
have applied as well (at +2Ay and at -2.5Ay). The reason being that with the exception the
first displacement peak equal 1o +44y, the strengths auained by Unit 1l at the peak
displacements in the retract direction clearly degraded in each of the cycles subseguent to
the first cycle 10 2Ay. As for the extend direction, the strength of Unit II degraded
subsequent to the first peak at -Z,SA},.

As was mentioned in Chapter 5, over-strength prevented the formation of a plastic
hinge in the lower column of Unit II. Had a plastic hinge formed in the lower column in
accordance with the theoretical calculations (i.e., during the cycles to 1.254y), then the
degradation of the response of Unit II would likely have been different. The poor
confinement detailing in the plastic hinge region of the lower column probably would have
allowed for failure there (Fig. 10b) before the B-C joint failed. Regardless, any of the
possible failure modes for Unit I (10b, and/or 10d and 10e) are all undesirable (Chap. 3,
Sec. 3.4). Finally, the lap splice in this region did not deteriorate despite the high moment
demands there. The reason was probably the length of the lap splice (48dy,). This length is
long relative to the lap splices used in most of the bents in the inventory. A shorter lap
splice length would likely not have faired as well.
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Due 1o the bond and the shear failures in the B-C joint, no attempt was made to
either repair this specimen and continue testing, or construct a retrofitied version of Unit 11

(ref. Sec. 6.1, "Cycles 10 2Ay through Cycles in Excess of 64y").

6.3 The Test Results Versus the Proposed Empirical Method

In Chapter 3 (Sec. 3.4.6) an empirical method was proposed for the prediction of B-C joint
performance in B-C joint subassemblages. The method consisted of determining the type
of failure that a B-C joint subassemblage would experience based on whether or not the
following limits were met: pg 2 0.5%, and BI € 1.7. It was found that if a subassemblage
met these limits that it could be expected 10 develop flexural hinges in the beams (Fig 22),
Exceptions occurred in a few subassemblages that were cycled to drifts in excess of 4%,
Figure 110 is & version of Figure 22 that has been updated to include the results from the
tests of Units I and IL. The figure indicates that Unit I adds an addiional data point to the
“S.E,A F.“-cazzgory, while Unit IT adds a new category of failures 10 the legend - - "A.
F., 8. F.". The reason that Unit I does not appear in this new calegory, in accordance with
the experimenial findings, is that "S. F." in the figure corresponds to a B-C joint shear
failure indicated by yielding of the hoops in the B-C joint (Chap. 3, Sec. 3.4.6). Despite
the fact that the B-C joint in Unit I was determined to have failed in shear after anchorage of
the strut bars in the B-C joint was lost, yielding of the hoops in Unit I occurred first.
Regardless of how a shear failure in the B-C joint is defined, these results suggest
that regardless of how low the value of BI is, if the value of ps in the subassemblage is too
small then a bond/anchorage failure is possible. Thus, this performance prediction method
is probably not useful for the inventory studied in this work. In order for a B-C joint with
#4 hoops spaced at 305 mm to have a value of pg 2 0.5%, Equations 6 and 7 reveal that
the diameter of the column (or the length of a column side in a square column) would have

to be less than approximately 230 mm (the hécéight of the strut and the number of hoops used
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are related by the 305-mm hoop spacing). The column dimeasions and the hoop spacings
shown in Tables 2 and 4 reveal that the values of py in the interior B-C joints in the
inventory are far less than 0.5%. Thus, the performance prediction method would indicate
that the interior B-C joints in the inventory all have the potential for loss of baz boad.

6.4 Appraisal of the Seismic Performance Potential of the Inventory

The transition from the findings that were obtained from the experimental tests of
wmwmmmmmmammmmwdmm
in the inventory will be done in three increments: 1.) appraisal of the seismic performance
potential of multiple column bents with circular columns (MCC category), 2.) appraisal of
the seismic performance of the three other types of bents (i.e., DRC, MRC, and DCC
categories), and 3.) appraisal of the seismic performance of the bridges in the inventory.
ltems 1.) and 2.) will be performed by comparing the experimental findings with the results
of the evaluation of the various categories of bents (Chap. 4, Sec. 4.1.2).

The various appraisais were developed based on the following perspectives
conceming the experimental findings:

1.} While the B-C joints in Units I and II experienced shear failures, the flexural strength
ratios (ZMpc/EMpp) were approximately equal to one and less than one, respectively.
Most research has proven that larger ratios (e.8., TMpc/SMyp, 2 1.8) increase the
likelihood of good joint performance (Leon et al, 1986). Additionally; the relative sizes of
the members in Unit I were proportional, and in Unit 11 the columns were substantially
smaller than the struts. Research on subassentblages that did not have significant amounts
of joint hoops indicated that large effective joint areas are important in ensuring good joint
performance (Chap. 3, Sec. 3.6.4, "The Functions of Joint Reinforcement”). Note that
the research findings related to the flexural strength ratios are not necessarily related to the

research findings related to the effective joimé ;im. For example, a column and a beam of
2



similar size might have a large flexural sirength ratio, if the reinforcement index of the
column relative to those of the beam is large enough.

2.) As mentioned in Chapter 3 (Secs. 3.5.1 and 3.5.2), post-earthquake reconnaissance
has shown that B-C joints are often not the weak links in structures typically suggested by
experimental studies. Also, B-C joint subassemblages tested in experimental studies do not

account for the redistribution of forces that may occur in actual indeterminate frames.

6.4.1 Appraisal of the Seismic Performance Potential of the MCC Category

The comments that follow are made with reference to Chapter 4, Sec. 4.1.2, "MCC
Category”. Conclusions "1.)" through "5.)" are addressed.

"1.)" The interior B-C joints in these bents are susceptible to bond deterioration,
perhaps at member displacement ductilitys (1) not much greater than 1.0, as a result of the
poor joint confinement. The weak column-strong strut bents are susceptible to B-C joint
shear failures, although it is not tikely that the values of p will become large enough (i.c.,
four or more) for these failures o occur (given the redundancy in these bents and the
redistribution of forces that may result from this redundancy).

"2.)" The weak column-strong strut bents will probably not have large inelastic
demands on plastic hinges in the struts. B-C joint anchorage and shear failures may occur
prior to the formation of plastic hinges in the struts of these bents.

"3.)" Since the struts in the bents in this category have the shear capacities required
for plastic hinges to form, and since plastic hinges will likely form only in the struts of the
strong columna-weak strut bents, strut shear failures probably would be limited to the strong
column-weak strut bents,

"4.)" Failures of the column lap-splice regions for those bents/portions of bents
with single struts that are located near grade are possible if the flexurai ductility demands

become large in the portions of the columns 6_|ust above the struts. Also, the likelihood of
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having small amounts of axial column loads on the poorly confined lap splice regions adds
10 the potential for such failures.

"5.)" These bents should respond as *flexible” structures (i.e., the spectral
demands will cause increased response and decreased force demands) because period
elongation seems likely, regardless of whether or not there is degradation of column lap
splices or of strut plastic hinges. The reason being that bond will likely deteriorate in the
B-C joints (relatively early on in the case of the weak column-strong strut bents).
Additionally, it is not likely that the weak-column-strong-strut bents will be able o form s
full mechanism because:

1.} B-C joint failures may occur: loss of bond at gt = 1,25, and shear at B=4.0,

2.) the formation of enongh plastic hinges at the ends of the struts is not likely, and

3.) the plastic hinges that form early on will not have the ductility required to remain viable
while the other hinges are forming.

6.4.2 Appraisal of the Seismic Performance Potential of the Other

Categories

DRC Caegory

The comments that follow are made with reference to Chapter 4, Sec. 4.1.2, "DRC
Lategory™. Conclusions “1.)” through "4.)" are addressed.

“1.)" Because the B-C joinls in the tcst specimens performed so poorly with such
small shear stress demands, there is cause for concern regarding the exterior joints as well
(these joints were originally dismissed from consideration because the demands were even
smaller than the demands on the interior joints). With just one framing strut, exterior joints
are afforded less confinement than interior joints and as such they could fare worse,
However, with a couple of exceptions, thfﬁ columns in most of these bents are much
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stronger and larger relative to the struts. Thus, most of these B-C joints are probably not
susceptible to shear failures. Deterioration or the loss of strut bar bond in the B-C joints in
these bents is far more likely w0 occur, since the B-C joints lack adequate confinement and
the strut bars do not terminate properly in the columns.

"2.)" If large ductility demands occur at the ends of the struts, then it is possible
that plastic hinges may fail in those locations, provided that bar bond is not lost in the B-C
joints first,

"3.)" If strut shear failures occur they will probably be limited to those bents where
plastic hinges form in the struts, since most of the bents in this category have an adequate
shear siress capacity required for plastic hinges o form.

"4.)" The response of these bents will likely increase and the force demands on them will
likely decrease from the deterioration of bar bond, whether or not damage occurs
elsewhere.

Additionally, it does not seem likely that these bents will attain a {ull mechanism because of
the limited ductility of the plastic hinge zones and becanse enough plastic hinges might not
form in the struts due to bond deterioration in the B-C joints.

MRC Caegory

The comments that follow are made with reference to Chapter 4, Sec. 4.1.2,
"MRC Category”. Conclusions "1.)" through "S.)" are addressed.

"1)" The typically small expected B-C joint shear stress demands in these bents
does not preclude shear failures. Some of these bents feature weak-column-strong-strut
construction, which has be shown in this work to be susceptible to B-C joint shear failures.
Even in the bents with strong-columa-weak-strut <construction, the narrow dimension of the
columns may serve as the column depth. Thus, the effective B-C joint area may be small if
the portions of these joints beyond the Mg!éhss of the struts are not effective in resisting



shear, Also, it is possible that B-C joint bar bond failures may occur due to the
consistently poor joint confinement. Bond failures may occur at small values of in those
cases where square bars are used.

"2.)" Strut hinge failures at the exterior joints of most of these bents are not likely
since the exterior B-C joints may not withstand enough inelastic cycles. Moreover, the
possibility of bond deterioration may prevent plastic hinging form occurring.

"3.)" Strut shear failures are possible in those struts where the shear capacity is
less than the demand associated with the formation of plastic hinges. However, in many of
the other cases, the possible degradation of the B-C joints may preclude the formation of
strut plastic hinges, thereby decreasing the likelihood of shear failures,

"4.)" In the cases where the struts are located near grade column lap splices may
degrade if the flexural ductility demands become large in the portions of the columns just
above the struts (Chap. 3, Secs. 3.7.1 and 3.7.2). Also, the likelihood of having small
amounts of axial column loads on the pooriy confined lap splice regions adds to potential
for failure.

"3.)" With or without damage in the members, the response of these bents will
likely increase and the force demands will likely decrease due to the probability of bond
deterioration in the B-C joints,

Additionally, the formation of a full mechanism in these bents does not seem probable for
reasons similar to those given for the other bent categories.

RCC Caegory

The comments that follow are made with reference to Chapter 4, Sec. 4.1.2,

“RCC Category”. Conclusions "1.)" through *5.)" are addressed.
"1.)" While the expected B-C joint shear stress demands for these bents are small,
the members are of similar proportion and dzzgé flexural strength ratios are smaller than that



preferred. As such, joint shear failures are a possibility at large values of {. Also, bond
deterioration at small values of Y is possible given the lack of adequate confinement of the
B-C joints (with respect to having just one framing strut and only a few hoops),

"2.)" Development of full plastic hinges in the struts are not likely because of the
poor confinement of the B-C joints.

"3.)" Strut shear failures are not anticipated since the shear capacities are adequate
and since strut plastic hinges may not develop.

"4.)" Failure in the column lap-splice regions above the struts near grade are
possible at large values of i for the reasons given for the MCC and the MRC categorics.

"5.)" These bents will more than likely respond as "flexible” structures given that
bond deterioration in the B-C joints is likely.
Additionally, the formation of a full mechanism in these bents does not seem probable for

the same reasons given for the other beat categories.

Other Considerai

To this point, the appraisal of the seismic performance potential of each of the four
categories of bents has been based on the conclusions that were drawn in the evaluation of
the bents in the inventory (Chap. 4, Sec. 4.1.2) and on the modifications of those
conclusions based on the Iateral testing performance of two subassemblages. What follows
arc considerations that affect the appraisals but could not be taken into account in gither the
experimental tests. These considerations are: vertical acceleration and vibration, both of
which are effects that the bents will experience in an earthquake.

Vertical Acceleration. The recent Northridge earthquake demonstrated the
vulnerability of bridges to the loads induced from vertical accelerations, The bents
considered in this work are typically very lightly loaded vertically, relative o the axial

capacities of the columns. Thus, these bents may have enough reserve capacity to
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withstand the loads from vertical accelerations. However, the poor detailing of the bents in
the inventory may negate any excesses in capacity and render the bents vulnerable 1o failure
(as was typically the case in the bridges that failed in the Northridge earthquake).
Momcwer.mmfmmofﬂwwmwnmmﬁblybeaﬁ‘mdifﬂwmm
loads were to become large (Chap. 3, Sec. 3.6.5, "Column Axial Load"), .

Vibration. - As mentioned in Chapter 5, loose concrete was removed from the B-C
joints of Units I and 1 in order o determine the extent of damage to the joint cores. This
material was removed quite readily because of the scarcity of hoops. Thus, if the B-C
joints in bents in the inventory are damaged in an earthquake it is possible that the
vibrations from the carthquake may cause the joints to perform worse than the B-C joints in
Units I an I did. The vibrations in an earthquake might be strong enough to dislodge
fractured concrete. This effect could be detrimental to the B-C joints in the bents if vertical
accelerations are substantial. Such conditions could conceivably result in the column-
crushing failure mode (Fig. 10c).

6.4.3 Appraisal of the Seismic Performance Potential of the Bridges

Based on the appraisals for the different beat categories, it is logical 10 conclude that
the seismic performance potential of the bridges in the inventory should be satisfactory for
small values of U (e.g., less than four) and suspect for large values of u {e.g., four or
more). However, there are several factors that this work has not addressed that need to be
considered in order for the expected performance of the bridges to be appraised: the
intensity and the duration of ground motion, the interaction between the soil and a bridge,
the way that seismically-generated loads are distributed throughout a bridge, and the
locations of strutted-column bents in a bridge. Herein, the seismic performance potential of
the bridges will be appraised in light of these factors.
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Intensity and Duration of Ground Motion. Two of the most important pieces of
information required to determine how a structure will perform in an earthquake are the
inteasity and the duration of ground motion. Each of the bridges in the inventory is old
enough to have experienced several earthquakes and yet they all remain serviceable. Thus,
these bridges have not been exposed to levels of intensity or duration of ground motion
sufficient 1o bring about significant damage. However, the inference that can be made from
this work is that if the intensity and the duration of ground motion cause inelastic behavior
in these bridges, namely in the strutted-column bents, particularly in the B-C joint regions
therein, there is the potential for poor performance in many cases. It can also be inferred
from this work that in some cases it is likely that the bridges will become more "flexible” at
small ductility demands due to bond deterioration in the B-C joints in the strutted-column
bents. If the intensity and the duration of ground motions do cause the stiffness of a bridge
to decrease then it is likely that the response of the bridge will increase, while the force
demands on the bridge will decrease, This effect may be beneficial to the performance of
the applicable bridges.

Soil-Structure Interaction. Another issuc that is very important in determining how
a bridge will perform in an earthquake is the interaction between the soil and the structure.
The degree of fixity of the foundations in the soil is a critical link between the ground
motions that occur and the forces that a bridge experiences. In longer bridges this topic is
complex since the spatial variation of ground motions may be a factor. In other words, in
each of the longer bridges, it is likely that the ground motions that the foundations in one
location within a bridge will experience may differ from the ground motions that the other
foundations may expericnce. Thus, not only will the energy input into the longer bridges
from the foundations vary, but the force distribution over the length of these bridges will
likely be affected as well. While research on the effects of soil-structure interaction on the
response of structures continues, the results from the early studies generally indicate that

structures that are flexible relative to the smé tiéax they are founded on experience relatively
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small effects from soil-structure interaction (Derecho et al. 1991). Therefore, the increased
flexibility that the bridges in the inveatory may experience as they respond to earthquakes
(as inferred from this work) could lessen or increase the effects of soil-structure interaction.

Distribution of Loads. Under earthquake excitation, the manner in which forces
are distributed throughout the bridges affects the performance. The construction of the
superstructures (¢.g., their stiffness relative to that of the bents and their continuity) will
largely dictate the damage sustained by each of the strutted-column bents. For example, it
is possible that much of the damage done to a bridge from an earthquake could be
concentrated in the superstructure if the superstructure is relatively flexible. Conversely,
for bridges with relatively stiff superstructures the damage will either be concentrated in the
bents or in the abutments. As far as the continuity of a superstructure is concerned, it is
possible that the damage sustained by a given bent will decrease as the continuity of the
superstructure increases. The reason being the damage will be distributed over more bents,
unless all of the bents are subjected to the same loading. The more that damage is diverted
from or distributed among the strutted-column bents, the more likely it will be that their
potential deficiencies will be suppressed.

Inconsistency in the Use of the Bents. As mentioned in Chapter 3, rarely do the
bridges in the inventory have substructures consisting solely of strutted-column bents.
Typically, only the shorter bridges are supported entirely by this type bent. In these cases,
the abutments will probably attract much of the force from ground motions. For the longer
bridges, the inconsistency in the use of struttéd-column bents and the change in the bent
heights that typically occurs when the bent-types change may act {o limit the response of,
and the force demands on, the strutted-column bents,

In conclusion, the interaction of several factors will determine how the bridges in
the inventory will perform in an earthquake. The nature of these factors is such that their
effects on the seismic performance of the bridges will likely vary from bridge to bridge.

Thus, the extent of an appraisal of the seismic performance potential of the bridges that can
27



be made based on this work is limited to the following: the strutted-column bents in these
bridges have many potential deficiencies that may prove beneficial or detrimental to the
performance of the bridges, depending on the ductility demands imposed by a seismic
event. The deterioration of bar bond in the B-C Joints of the bents may occur at small
displacement ductilities (i.e., less than four). This may result in increased response and
decreased force demands in the beats, both of which could be beneficial. On the other
hand, larger displacement ductilities could cause the Joss of bar bond in the B-C joints of
the bents (thereby presenting the possibility of B-C joint shear failures), and/or the failure
of plastic hinge zones (particularly those in the portions of columns where lap splices
occur). Such behavior could jeopardize the ability of the bents to support the

superstructure.
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CHAPTER 7
CONCLUSIONS, RECOMMENDATIONS AND IMPLEMENTATION

At the outset of this work, concerns were raised about the inelastic behavior of
strutted-column bents. An inveniory of bridges with these types of bents was identified.
The bents in the inventory were then reviewed concerning characteristics and construction
details, and evaluated with respect to inelastic demands and seismic performance criteria.
Experimental test prototypes were selected from the bents that were considered to have the
greatest potential for poor seismic performance and that were considered to have the most
importance (i.e., multiple-column bents with circular columns). The prototypes were
designed to be representative of as-built” portions of these bents (i.e. B-C joint
subassemblages). Test specimens were designed and built according to scaled-down
versions of the prototypes. These specimens were tested using cyclic, quasi-static loading.
The support fixtures were designed to account for the surrounding portions of the bents
and thus to produce the correct boundary conditions. Finally, the information that was
obtained from each of the steps outlined above was synthesized and appraisals were given
of the seismic performance potential of the various types of strutted-column bents, and of
the bridges, in the inventory. What follows are the important results that were obtained
from each of the "steps,” as well as the highlights of the appraisals. Also, some
recommendations are provided for implementing the results of this work.

7.1 Review of the Characteristics and the Construction Details of the

Bents

- The beat members are not confined adequately for ductile performance.
- The struts have small longitudinal reinforcement indices.
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- The positions of the struts in a given bent may vary from grade to above the mid-
height of the clear height of the columns.

- The columns typically have lap-spliced longitudinal bars above the B-C joints.

- The columns have small axial dead loads.

- The strutted-column bents are typically not the sole type of substructure used
along the length of a bridge.

7.2 Review of the Evaluation of the Benis

- The steel detailing in the bent members is inadequate for ductile performance.

- The columns are typically, although not always, stronger than the struts.

- The B-C joint shear stress demands associated with flexural hinging of the struts
are small relative to current limits.

- The strut shear-stress demands associated with flexural hinging of the struts
typically are nearly equal (o or exceed the expected capacity.

- The inelastic demands in the column lap-splice regions may be large to produce
degradation when the struts are focated near grade.

- The inelastic demands in the struts will be large when the struts are located near
mid-height.

- Each of the bents, with their tributary portions of the superstructures, will

probably experience spectral demands normally associated with more flexible

structures.

7.3 Review of the Findings/Interpretation of the Findings From the Tests

Unit I, which had members of similar size and nominal flexural strength, failed in

B-C joint shear and had suffered substantial loss of strut bar bond in the B-C Joint at a
274
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displacement ductility (1) of approximately 4.0. These failures occurred prior to the
development of the nominal flexural strengths of the members. The hysteresis loops began
to “pinch” at the smaller displacements soon after the specimen yielded due to the
deterioration of strut bar bond in the B-C joint. As the dispiacement increments increased,
this pinching worsened. After the bar bond was lost, the specimen developed strength and
stiffness during a given cycle only after the displacement was large enough for the strut
bars to become anchored at locations outside of the B-C Joint. The axial load was sustained
throughout the entire test (i.e., values of y greater than 9.0) and there were no signs of
deterioration in the column splice zone.

Unit I, which had struts that were much larger and stronger than the columns,
performed worse than Unit I Unit II suffered almost complete loss of strut bar bond in the
B-C joint by a value of u = 2.5. This specimen then failed in B-C joint shear at a value of
U =4.0. The theoretical nominal flexural strength of the column splice zone was attained
prior to the occurrence of the failures. The hysteretic behavior of this specimen was similar
to that of Unit I with the exception that the pinching phenomenon occurred sooner (as
indicated by the earlier loss of strut bar bond in Unit II). The axial load was sustained
throughout the entire st (i.c., values of p greater than 10.0) and there were no signs of

deterioration in the column splice zone,

7.4 Review of the Appraisals of the Bents and of the Bridges

The seismic performance potential of the strutted-column bents is limited by the
poor confinement and the poor detailing found in these bents, In most cases, the effects of
the poor confinement and detailing will probably result in bond deterioration of the member
bars in the B-C joints at small values of member displacement ductilities (1), If the severity
of the ground motion is such that only small values of H (e.g., less than four) are required,

then the bents may perform satisfactorily, Under such conditions the extent of damagetoa
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hent will probably be limited to bond deterioration, which may cause increased response of
the bent but decreased force demands.  However if large values of U (e.g., four or more)
are required, the performance of the bents will likely be poor. The bond deterioration will
probably: inhibit the development of the member flexural strengths, cause the B-C joints t©
behave inelastically, and limit the energy dissipation capacities of the bents. Large values
of 4 in those bents where bond deterioration does not play a large role may also cause poor
bent performance due to the poor confinement and detailing in these bents probably
producing brittle failure modes (e.g., member shear failures) or inadequate plastic hinge
ductility in the members.

The seismic performance potential of the bridges can not be fully assessed from this
work because factors such as earthquake intensity and duration, soil-structure interaction
cffects, the way that loads are distributed throughout the bridges, and the sporadic use of
strutted-column bents in the bridges must be addressed on a case-by-case basis. The
conclusion that can be drawn from this work is that the strutted-column bents in these
bridges have many potential deficiencies that may prove beneficial or detrimental to the
performance of the bridges, depending on the magnitude of the displacement ductility
demands in the B-C joint regions imposed by a seismic event. The deterioration of bar
bond in the B-C joints of the bents may occur at small values of the displacement ductility
demands in the B-C joint regions. This might result in increased response and decreased
force demands in the bents, both of which could be beneficial. On the other hand, larger
values of the displacement ductility demands in the B-C joint regions could cause the loss
of bar bond in the B-C joints of the bents (thercby presenting the possibility of B-C joint
shear failures), and/or the failure of plastic hinge zones (particularly those in the portions of
columns where lap splices occur). Such behavior could jeopardize the ability of the bents

to support the superstructure.
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7.5 Recommendations snd Implementation

As a result of this research the following actions are recommended:

Since the indication from this work is that the bridges in the inventory will perform
satisfactorily when the displacement ductility demands in the B-C joint regions of the
struticd-column bents are small, analyses should be conducted on the bridges in order to
determine if these demands are indeed expected 1o be small. It is recommended that
preliminary “push-over* analyses be used to "screen” the bridges of similar construction
and layout. The inelastic demands predicted by these analyses should be compared with
the inelastic deformation capacities of the subassemblages experimentally tested in this
work. When conducting these analyses it is important that consideration is given to the
following factors:

1.) the analyses may over-predict the stiffaess of the strutted-column bents unless some
account is taken of shear cracking and deterioration of bar bond in the B-C joints, and

2.) the analyses will not account for the potential "impact” loads that the bridges may
experience in an earthquake when the direction of motion reverses. In other words, the
hysteretic pinching that may occur at small displacements of the bents could create a
situation where the bents have little restoring force until the end of each half-cycle of
displacement,

When the results of these "push-over” analyses do not clearly indicate whether the
values of the displacement ductility demands in the B-C joint regions in the bents of given
bridges will be large or small, more extensive analyses of these bridges may be reguired.
Such analyses could be non-linear finite element analyses, where appropriaie hysteretic

models could be used w account for the deterioration of bar bond in the B-C joinis.
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In those instances where the bridge response analyses indicate that large values of
the displacement ductility demands in the B-C joint regions are anticipated in the members
of the strutted-column bents, the bridges should be analyzed again without the struts to
determine if the response is improved or worsened. In the bridges where the response
without the struts is improved, consideration should be given to removal of the struts in the
field. The reasons for removing the struts are:

1.) the struts are typically the source of the problems of the strutted-column bents (i.e., the
problems associated with the additional B-C joints and column lap-splices), and

2.) whether the struts are removed or not, large values of the displacement ductility
demands in the B-C joint regions in these bents will probably necessitate retrofits in the
columns at the superstructure soffits and at the foundations. If the struts are removed, then
the prospect of having to retrofit the B-C joints are climinated. If the struts are not
removed, then it is likely that the B-C joints will have to be retrofitied, since retrofits made
in other areas of the bents will likely cause the inelastic capacities of the B-C joints to be
exceeded.

In the bridges where the response without the struts is worsened, consideration
should be given to replacing the struts in the field with an altemative strut. For instance,
steel sections could be used instead of the existing struts. These sections would be
connected to the columns with partial-moment connections. The connections would be
strong enough to afford the bents with some lateral stiffness at the smaller displacements.
Al the larger displacements the connections would be designed 10 fail 5o as to not damage
the B-C joints. The magnitudes of these "small” and "large” displacements would be
defined by the bridge analyses,
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a) Conduct an experimental test on an interior B-C joint subassemblage from
the MCC category that has columns that are larger and flexurally stronger than the
struts. Since this type of subassemblage was not considered in the experimental
portion of this work, no information regarding the inelastic deformation capacity of
this type of B-C joint region was obtained. Such information may prove useful in
the bridge response analyses for the bridges with bents from the MCC category.

b) Conduct experimental tests on exterior B-C joint subassemblages from the
MCC category. These tests are recommended for the same reason as that given for

the test suggested in "a)".

c) Conduct experimental tests on B-C joint subassemblages from the DRC,
MRC, and the DCC categories. The B-C joint regions in the bents from these
categories have several potential vulnerabilities that were not persued in the
experimental portion of this work, Information from experimental tests regarding
the inelastic deformation capacities of the B-C Joint regions from the bents in these
categories would be useful in the respective bridge response analyses.
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APPENDIX A
ADDITIONAL INFORMATION ON B-C JOINTS

Contained in this chapter is additional information from the literature review on B-C
joints that was not included in Chapter 3. As before, emphasis is placed on planar,
reverse-cyclically loaded, interior B-C joints (i.e., no floor slabs, transverse beams, or bi-
directional loading). This description applys to the B-C joints referred 1o herein unless
noted otherwise. Additionally, the beams and columns that frame into a joint are referred 10
as "members”, the longitudinal reinforcing sieel in the members is referred to as "bars”,
and the horizontal transverse reinforcement in both columns and joints is referred to as
"hoops”. Finally, this chapter is organized in the same manner as Chapter 3. Therefore,
information that is listed under a given heading herein can be referenced directly to Chapter
3 under the identical heading, unless otherwise noted.

A.1 Seismic Shear Transfer in B-C Joints
A.1.1 Seismic Shear Transfer Mechanisms

As mentioned in Chapter 3, Section 3.6.1 there does not seem 1o be a consensus on
either the make-up of the strut and the truss mechanisms, or the relative contributions of the
two mechanisms to the transfer of joint shear at any given point in time. In this section, an
altiemnative description of the mechanisms is given, as well as an aliernative opinion on the

relative contributions of the mechanisms in the transfer of shear at selected points in time.
JThe Mechanisms

Figure 11 depicts the commonly excepted versions of the mechanisms. Figure A.1
shows the versions of Wong et al. (1990). }ggum A.1 indicates that the composition of the
6



two mechanisms is not as extreme as indicated in Figure 11. Figure A.la shows the forces
acting on the joint that must be transferred through the joint core, as well as the resulting
crack patiern in the joint core. Wong el al. surmise that the forces acting on the joint are
transferred through the icint core:

1.) partly by a version of the strut mechanism that transfers the concrete forces and some of
the bond forces from the member bars (Fig. A.1b), and

2.) partly by a version of the truss mechanism that carries the remainder of the bond forces
from the member bars (Fig. A.lc).

Both types of joint reinforcement (hoops and vertical bars) are considered necessary to

maintain the equilibrium of the compression struts of the truss mechanism

“"Strut” Versus "Truss” - After First Yield. Figure 12b showed the scenario where
bond conditions were good and the "truss” was predominant. However, the stipulation
was made that for the "truss™ mechanism to be predominant, the faces of the beams had to
be fully separated from the faces of the joint. This can be expected to occur anly when the
areas of steel at the top (Ag') and at the bottom (Ag) of the beams are not equal, as is

typically the case in building frames. However, the B-C joints in this work had Ag’ = Ag.

Thus, when the issue was explored further (Section 3.6.3, “The Effect of Bond on the
Shear Transfer Mechanisms®, "Joint Shear Transfer with Good Bond Conditions"), a full
explanation was given as to why the "situt” and "truss” contributions would likely be

similar in cases where A" = A, while it was only mentioned that under conditions with
Ag' # Ag, the "truss” will probably be predominant. Attention will now be focused on this
latter casa.

According to Leon (1990), with good bond conditions most bar yielding takes place
am\ejointboundarics.henccﬂweis}itﬁeogggslipnoranyyieldpemuaﬁon into the joint.



Under these conditions, Leon and Paulay et al. (1984) claim that as beams undergo flexure,
the flexural cracks in the regions with larger areas of bars will probably not close when
sense of the moments forces these bars.to go into compression. The reason being that
these bars must yield in compression in order for the cracks to close. Equilibrium of 2
beam cross-section near the face of a joint will usually dictate that the compressive force
that these bars must develope will be less than the force required to yield the bars. The
open cracks and the lack of bar slip will prevent the beam concrete compression blocks in
these regions from confining the joint. Moreover, the cracks in the regions with smalier
areas of bars will only close after these bars yield. Thus, during the majority of the loading
history, all compression forces will be transferred through the joint by bond stresses.
Hence, the "wruss” plays a much larger role than the "strut” in the transfer of joint shear in
typical building frames.

The bond forces that the "strut” is assumed to carry (Fig. A.1b) have implications in
the relative contribution of the mechanisms when "Joint Shear Transfer with Deteriorated
Bond Conditions” {(Secvon 3.6.3, "Lhe

Mechanisms™) is in effect. According to Paulay et al. (1984), if bond conditioas are still

good encough such that there is no slip yet, the role of the "strut” can diminish because of
the increased yield penetration that can be expected with increased inclastic cycling. Not
only are the compression blocks in the beam unable to react at the joint corners, but now
the possibility of bond transfer in the corners of the joint is taken away. Thus, the "truss”
will become more effective than was the case when bond conditions were good.

A.1.2 Quantifying the Shear Stress

This section begins with the presentation of maserial that provides detwil for a point
that was made in developing the equation for the applied shear stress (vjy) in Chapter 3.

Then, material is presented that supplements the point that was made in Chapter 3 regarding
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the different philosophies used in determining the shear stress capacity (Vnjp) in the building
codes of the countries most concemed with seismic design.

Applied Shear Stress

In Chapter 3, the equation for determining vjt was presented (Equation 1). One of
the variables in the equation was the cffectj\;e area of the joint (Ajy). It was said that in non-
code-related experimental work, the value of Aj; is typically taken as the gross cross-
sectional area of the column (Ag). However, when the goals of the experimental research
are 10 validate or advance code provisions, then the methods for calculation of Aj are in

accordance with those of the respective code, for instance:

A= dc-?-:’f-t-’----;--—b—i (Equation A.1)

where:
de = the column depth (the dimension parallel to the applied load)
by = the beam width
b = the column width

. bo+ be
A= Jo—m— (Equation A.2)

where;
jc = (.875d,, where dg; is the column effective depth
and the other terms are as previously defined.
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Equations A.1 and A.2:come from ACI-ASCE Committee 352 (ACI 352 R-1985) and from
the Architectural Institute of Japan (ALJ 1975), respectively.

Shear Stress Capacity

In Chapter 3, the different philosophies used in determining the value of Vnjt in the
design codes from the United States (US), New Zealand (NZ) and Japan were reviewed.
In B-C joint subassemblage tests done by Kurose et al. (1991), the Vpjt values from the
various codes were compared with the maximum values of ¥it (v}‘t*}. The test results
showed that values of Vj; were under-predicted by 10 to 35% with ACI 318M-89, and by
40 1o 80% with NZS8-3101. Kurose et al. proposed that the reason for the discrepancies
produced in the use of the two codes was the increased relative emphasis placed on the role
of the hoops in NZS8-3101. While the AUl expression for Vnjt contains a joint
reinforcement term, the emphasis on the role of the hoops, relative to that of the concrete, is
not as substantial as in the case of NZS-3101. Therefore, the results obtained from the use
of the ALJ-SRC expression tended to be similar to those obtained from the ACI 318M-89

expression.
A.1.3 The Effect of Member Bar Bond on Shear Transfer

This section begins with the presentation of material that supplements the material
found in Chapter 3 under "Boad in B-C JIoinis". ‘Then, material is presented that
supplements the material found in Chapter 3 regarding shear transfer with deteriorated bond
conditions. Also, some details behind a point made in Chapter 3 concerning the factors that
influence bond is presented, along with some supplementary material on the same topic.
Finally, material is presented that gives the detail behind a point made in Chapter 3 that
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dealt with the amount of bond that is required for stuctural peformance, along with material
that supplements the discussion on specific bond criteria_

The Mechanics of Bar Bond

Herein, "bond"” and "anchorage” will ixﬁpiy "bar bond" and "bar anchorage”,
respectively. According to Soroushian et al. (1989), when reinforced concrete is subjected
to reversed cycling, cracks are initiated in the concrete as bar lugs mechanically bear on the
concrete in front of them, and the cracked concrete in-between lugs takes the form of
"keys". As cycling progresses the concrete keys are crushed and sheared. Eventually,
increasingly larger portions of these keys shear off, until finally entire keys shear off.
Without keys for the bar lugs to bear on, the only thing preventing pull-out of a bar is
friction. Friction decreases with cycling so it is unreliable for force transfer. As the
effectiveness of force transfer between bars and the surrounding concrete decreases, bond
is lost locally and the bars slip (local-type of bond failure). If deterioration in the
effectiveness of force transfer continues, bars can slip along their lengths (global-type of

bond failure signifying loss of anchorage where bars will puil/push through a joint),

Joint Shear Transfer with Deteriorated Bond Conditions. Research done by Joh et
al. (1991a), on five bonded-beam-bar specimens (one of which was specimen MH) and on
one unbonded-beam-bar specimen (MHUB), had results that seemingly conflict with the
idea that the truss mechanism is preferable to the strut mechanism. The "M” in "MH"
corresponds to medium amounts of joint hoops and "H" corresponds to high amounts of
closed stirrups in the beam ends; both amounts were refative to amounts used in the rest of
the specimens tested. During construction zgt; the MHUB specimen vinyl chloride pipes



were placed around the portion of the beam bars in the joint. 'Ihisensumdﬂmjoimshear
transfer could only be accomplished via the strut mechanism.

At the conclusion of testing the MHUB specimen exhibited no joint cracking
(compared to a bonded-beam-bar specimen, MH; Fig. A.2). Bewm;, it is important to
note that the MHUB specimen had the poorest hysteretic behavior of all of the specimens
and it was the only specimen in which the beam bars did not strain-harden (the other
specimens failed in beam flexure at strengths greater than the My, values). The reason that
the MHUB specimen did not exhibit any damage or ultimate strength enhancement was
probably because the bar strains did not exceed the yield strain by much, even at large
specimen deflections. After the beam bars in specimen MHUB yielded, the deformable
length of these bars was at least as large as the column depth, and therefore the tension
stresses in these bars occurred uniformly across this length. Also, specimen MHUB
showed low siiffness, even in the elastic range. The authors mention that, in general,
because bonded-beam-bar specimens may have excessive damage in the joint, the joint
shear capacities may be less than those in unbonded-bar specimens. It is important to note
that the purpose of these tests was {0 investigate the influence of joint hoops on B-C joint
stiffness deterioration. Therefore, conclusions made about the performances of specimens
MH and MHUB must be viewed in accordance with the specific amoants of hoops used in
these specimens (Chapter 3, Sec. 3.6.4, "Specific Amounts of Joint Reinforcement”.
discusses the effects of specific amounts of hoops on structural performance in more
detail).

Other Considerations Regarding the Relationship Berween Bond and Joint Shear.
Joh et al. (1991a) developed 2 link between bond and the joint shear stress (vjo) at first
cracking. The vy for first cracking were calculated from principal stresses using:
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vip = fT1 1+ — (Equation A.3)
f4
where:
fy =8V T, the tensile strength of the concrete
8 =0.3 - 0.6, a coefficient which relates 'y & '

o9  =P/Ag, the column axial load divided by the gross cross-sectional
area of the column {note that the value of "P” is negative when the
column axial load is teasile, indicating the detrimental effect of this
type of load).

Joh et al. found that Equation A.3 accurately predicied the value of vj¢ at first cracking for
each of the specimens (the maximum shear stress in specimen MHUB = the first cracking

stress). The conclusion reached was that perhaps the diagonal tensile stress in a joint is
dependent on the bond stress along the beam bars within the joint,

Factors that Influence Bond

The Effect of Joint Design Details on Bond. One factor, discussed in the related

area of Chapter 3, Sec. 3.6.3, involved in the design of a specimen that affects bond is the
bar anchorage length (Iy). Herein, some additional comments are made that supplement

those of Chapter 3. Additionally, the ratio A'¢/A¢ in the beams is a design-related feature
that also effects bond. This was not covered in Chapter 3 but it will be here.

In Chapter 3, research by Leon's (1991) was reviewed that lead him to conclude
that the values of I and vj; had an influence on bond. It was mentioned that of the
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specimens he tested, only those that had values of g = 24, or 28d}, were able to develop
enough bond for the beams to reach their ultimate moment capacities. Although, vj; values
at the time of beam yield were all about equal, regardless of 1. Therefore, Leon concluded
that some account should be taken of the value of vjt in the determination of the value of the
sustained bond strength. He defined the sustained bond strength, Upy. a5 the minimum
value of uy, available after a bar has undergone at least four full cycles of loading beyond
yield. Leon derived an expression for the minimum desirable column depth (d.), based on

the development of upy, with a factor in it to account for the effect of vit:

25802
2 b .
d: - == (Equation A.4)
where,
Cy  =2-(y1.28)
Y = a constant = Vj/(Ajv Fc); Fc in MPa

and other terms are as previously defined.

Equation A.4 was derived under the assumption that beam bars yield at one joint
face and there is bar stress at the other (a condition that is reasonable for design purposes).
The equation is used by Leon in two hypothetical examples to illustrate the effects of the
values of 13 and vj; on bar bond deterioration. In the first example, 1 = 20dp, and Vi =
1.67V T, the maximum change in bar stresses from one side of the joint to the other side
would be only 70% of the value of fy after four inelastic cycles. In the second example, 1y
= 28dp and vj; = 1.33v/ T, 194% of the value of fy would be obtained (implying that the
bars would yield in tension and in compression even after four inelastic cycles).

Dai et al. (1987) showed that the ratio Ay/A’ can influence bar bond. Use of larger
dp values in the top of a beam is permissible when Ag is less than A’g (Fig. A.3). With Ag

= A, and good bond, increased reversed cyclic loading will produce full-depth flexural
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cracks at the beam-joint interface, and yielding in all bars at the interface. Under this
scenario, and increased Ievels of loading, deterioration of bond can be expected. However,
when Ag < A’ the flexure crack will not be full-depth on the side of the joint where the
loading produces compression in the bottom of the beam. In order to maintain equilibrium
at the beam cross-section at the interface with negative bending moment, the bottom of the
beam will have a concrete compressive force in addition to the steel compressive forces.
The presence of the concrete compressive force provides a better bond environment for the
bottom bars, as opposed to the situation described earlier (i.e., Ag = A'g; no concrete
compressive force). On the positive-moment side of the joint there may well be a full-depth
crack, however, equilibrium dictates a compressive force in the top bars that is below yield.

In this way, the bond environment for the top bars is also enhanced, versus the case where

As = A’S.

Criteria for Bond for Seismic Perf

The Amount of Bond Required for Structural Performance. Kitayama et al. {199])
claimed that some beam bar slip could be allowed and they quantified how much, based on
consideration of the energy dissipation capacity of beam ends and on the influence of the
energy dissipation capacity of beam ends on the seismic response of frames. The smaller
of two criteria, a beam ductility factor (1) of four or a story drift of 2%, were arbitrarily
determined to be acceptable levels of structural deformation prior w the occurrence of joint
shear failure and/or significant beam bar slippage.

Several multi-story frames, designed in accordance with Japancse Building
Standard Law, were subjected to carthquake response analyses, A portion of each of the
frames, consisting of a single column and the beams that framed into the column, was

taken from the prototype. The beams were cut at mid-span (the assumed inflection points),
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The members in each of the "fish-bone™ portions of the prototypes were represented by
one-component models. The B-C jbints were assumed to be rigid and the inelastic
deformations in the members were assumed to be concentrated in a nonlinear spring.
Several hysteresis models were selected to simulate the pinching behavior caused by bond
deterioration (one of the models simulated no pinching, implying good bond). The
additonal deformation caused by the pull-out of the beam bars from 2 joint was neglected.
Input ground motions were scaled to provide maximum values of i =~ 4 at the beam plastic
hinge zones. Kitayama et al. found that the effect of the hysteretic energy dissipated on the
response amplitudes was relatively small when the equivalent viscous damping ratio (heg)
was in-between 0.1 and 0.25 at p = 4, where,

heq = the ratio of the dissipated energy in half of a cycle from the actual system to

2n umes the strain energy from an equivalent linearly elastic system (for identical

peak values of displacement).
Thus, Kitayama et al. concluded that some bond deterioration within a joint may be
permnissible.

Based upon the results from the earthquake response analyses, Kitayama et al.
determined an allowable valuc of the bond index (BI) by comparing the B and heq values
at 2% story dnfts. Values for damping were seen to decrease as Bl increased (less energy
was dissipated with increasing bar slip). [t was determined that, for an allowable
deformation level equal to a story drift of 2%, BI should be < 1.4 in order to ensure that
hpg2 0.1,

Additional Research Results and Criteria. ACI 352 R-85 recommends that 14 2
20dp, be used in well-confined concrete (ACI Committec 408 1991). According 1o ACI
Committee 408, if critical member sections and joints are confined to levels two to three
times those required by current codes, and lg values are increased by 1.5 times over

provisions, then bond deterioration under conditions where uy, is large relative to the
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ultimate bond strength (i.c., up > 50% of 1.25up) can be prevented. However, bond
damage near the most highly stressed regions may still occur.

Darwin et al. (1992) state that ACI Commitiec 318 is currently considering revising
the provisions related to the development of deformed bars for those instances where
development of bars not confined by hoops occur.

Paulay (1986) and Sugano et al. (1991), based on their experimental research,
claim that consequences of bond deterioration during inelastic seismic response are
tolerable if d/dp, > fy/11. Bonnaci et al. (1993) conclude that for specimens with Gr 60
beam bars and BI values > 1.7, bond failures occurred.

Ichinose's (1991) criterion for bond for seismic performance is based upon his
description of the ways that shear can be transferred through a joint under a "weak beam-
strong column” scenario. His description is based on several idealized models that he
developed ("strut actions A, C, and D", "quasi-strut action A", "truss actions A and C”).
The three "strut actions™ are composed of different portions of the strut mechanism. The
two "truss actions" are composed of different portions of the truss mechanism. The
"quasi-strut action A" is composed of those portions of the strut and truss mechanisms that
were not used in the "strut actions™ or the "truss actions”. The local bond strength of the
beam bars in a joint and the amount of joint confinement determine the contributions of
each of the "actions” in transferring shear through a joint. Ichinose proposed that the local
bond strength of the bars plays a major role in the performance of a joint because of the
effect of the local bond sirength of the bars on the participation of the hoops in the ransfer
of joint shear. Ichinose claims that when more than twice the over-strength of beam bars
can be developed through bond in a joint, as the local bond strength gets larger the demand
on the hoops decreases (“strut actions” are predominant). Conversely, he claims that when
bond can only be developed up to twice the over-strength of the beam bars, as the local

bond strength gets larger the demand on the hoops increases ("truss actions” are
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predominant). Finally, Ichinose contends that when the bond that can be developed gets
too small, as the local bond strength gets larger the demand on the hoops becomes
excessive. As a result of these excessive demands on the hoops, joint core dilation takes
place. A decrease in the effective compression strength of the concrete will result from
joint core dilation, which, in tumn, can lead to joint shear failures.

Leon et al. (1986), based upon experimental research results, stated that for joints
10 remain "essentially elastic”, and for frames to exhibit stable-hysteretic performance, Ig
values should be 30 - 35dy (for beams with Gr 60 bars). In later work, Leon (1990)
| conducted experimental tests on subassemblages with lightly-reinforced joints in order to
study the performance of the strut mechanism (Leon was trying to validate ACI 318-83
provisions, which he claims emphasize the "strut”). Leon's research indicated that beam
bar 14's of 20d}, do not ensure that beams can develop any post-yield strength, The only
specimen that he tested that was able 1o achicve the ultimate flexural strength of the beams
(based on confined material properties) had 1g = 28dp. This specimen showed no post-
yield strength deterioration through drifts in excess of 3.5%. Applied to todays standard
(ACI 318M-89), the research also showed that cyclic loading to the code-ailowable shear
stress (1.25 V'T¢) does not produce substantial damage if 13 values are large. Finally,
Leon argued for bars with at least 244y, anchorage through a joint, only the minimum
amount of hoops required for column confinement are required in the joint (because he
believed that most of the joint shear in his subassemblages was transferred by the strut
mechanism).

Sugano et al. (1991), based on their experimental test results, proposed the criterion
Bl s L7, for beam bar bond performance in higher strength concretes (f¢ 2 35 MPa).
Additionally, for joints with normal strength concretes (21 $ ¢ £ 35), BI € 2 was

suggested by Sugano et al.

208



A .1.4 The Effect of Joint Reinforcement on Shear Transfer

In this section, background matedal is presented conceming the points made in
Chapter 3 regarding the roles of the joint hoops in the transfer of shear. Also, additional
details are provided concerning the shear and the confinement functions of hoops. Finally,
details and supplementary information is given about specific amounts of joint

reinforcernent that are required 1o perform the shear and confinement functions.

Bonnaci et al. (1993) propose that there are two theories describing the roles of
hoops in the B-C joint shear transfer mechanisms.
1.) The first theory focuses on interpretation of the stress state of joints subjected to lateral
forces. The hoops act as horizontal components of a truss equilibium model  (Fig.
A.lc). Asa part of the "truss”, the hoops carry a large portion of the shear applied to the
joint. The remaining portion of the shear is carried by a diagonal compression strut (similar
to the compression strut formed by the major joint diagonal in the strut mechanism; Fig.
A.1b) in the concrete core.
4.) The second theory centers around the flexural behavior of the column. The joint is
viewed as a segment of a column that has a steep moment gradient caused by the changes in
direction of bending that take place within the height of the joint. This viewpoint, with the
aid of arpuments similar to those used in the theory of column flexure, leads to the
conclusion that shear in the joint is predominantly carried by the strut mechanism and by
the column bars. The role of the hoops is to provide confinement to the joint concrete; this
both increases the capacity of the “strut” and maintains the integrity of the joint core.

Figure 17 in Chapter 3 was constructed in pursuit of determining the predominance

of one theory over the other, given certain amounts of hoops.
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The Functi ¢ JoinL Reinf

Shear Transfer. As a basis for Otani's (1991) claim that increases in the amount of
hoops will not contribute as much to shear transfer as believed by some {(e.g., researchers
from NZ), he presents a plot of the average value of vj (at shear failure) divided by o
versus the product of the hoop reinforcement ratio and the yield stress of the hoops (Fig.
A.4)y. The data for the plot is from experimental tests, conducted by others, on
subassemblages that failed in joint shear prior to beam flexural hinging. Points in Figure
A.4 connected by lines represent results from specimens tested as a series by the same
researcher(s). The {igure shows marginal strength gains for increasing amounis of hoops.
Fujii et al. (1991) report their subassemblage test results showed that an increase in the
amount of hoops gave a very minor increase in joint shear strength. Pantazopoulou et al.
(1992) claim that joint shear capacity is improved with more hoops 1o a point, and then
there is no further effect because once the joint shear capacity reaches a certain level it will
exceed the flexural capacity of the members (the majority of the actions that cause joint
shear comes from flexure from the members). Joh et al. (1991b) helieve that more research

is required on the roles of joint hoops in the shear strength of joinis.

Specifi ¢ Joint Reint

Experimental studies were conducted by Kitayama et al, (1991) on three test
specimens with varying joint reinforcement layouts (Fig. A.5), hoop volumeltric ratios
{ps: Chapter 3, Equation 6}, and Bl values. The purpose was to determine the pg values
required to transfer shear, and (o confine the core concrete, after bond deterioration of the
beam bars occurs at high joint shear levels. Specimens Bl and B2 were designed with pg
= (1.44%, and Bl = 1.6, while specimen B3 had pg = 0.95%, and Bl = 1.0. The

specimens were designed to develop joint shear stresses of 1.49v ¢ (f'c in MPa); B1 and
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B2 achieved 1.53v Pc and B3 achieved 1.39v Fc. Damage was concentrated in the panel
regions of all of the specimens at drifts (R) of 1/25 radians (= 4%).

Hysteresis plots for specimens B1 and B3 are shown in Figure A.6. Figure A.7
shows the bond forces along the beam bars within the joints of B and B3 versus the story
drifts. The bond forces for all three specimens began to drop off at drifts of 1/100 radians,
although the beam bars had not yet yielded.

Figure A.5 depicts the detailing for the joint reinforcement in the three specimens:
two schemes were used in the three specimens. B1 and B3 had cross ties in the two
orthogonal directions, while B2 had hoops. Figure A.8 represents the performance of the
“parallel” ties. Kitayama et al. claim that the ties paraliel to the loading direction
transferred joint shear and confined the joint core concrete through a story drift angle of
1/100 radians, The claim was also made that, through story drifts of 1/100 radians, the
"parallel” ties were performing as portions of the truss mechanism. As the drifts increased
from 1/100 radians to 1/50 radians, the strains in the "parallel” ties did not change much,
perhaps indicating a change from the “truss” to the "strut”. Even though B3 had a much
higher pg value than did B1, the magnitudes and distributions of the strains in the ties were
similar.

The ties perpendicular to the loading direction confined the joint core concrete
normal to the loading direction, according to Kitayama et al. Figure A.9 shows that the
strains in these ties increased markedly with drift, implying lateral expansion of the joint
core concrete. Figure A.10 shows the sum of the forces in the "parallel” (XF1) and
"perpendicular” (L F() ties versus the joint shear distortion angles for the indicated
direction of loading. For drifts larger than 1/100 radians, the point at which bond
deterioration begins, the contribution by the "parallel” ties toward the transfer of joint shear
decayed, indicating the decay of the truss reechanism, Kitayama et al. argue that once the
truss mechanism decayed the principal role of the lateral reinforcement became confinement

of the cracked core concrete. The conﬁnm%funcﬁon was fulfilled by the specimens until



yield of the lateral reinforcement normal to the loading direction occurred (approximately
0.1% strain at a story drift of 1/50 radians).

The conclusion drawn by Kitayama et al. from their tests was that values of pg <
0.44% may provide sufficient confinement to the core concrete. However, a minimum
value of py=0.5% is recommended. Lowering pg below 0.5% is considered acceptable
if vy << 125V T (¢ in MPa).

Bonnaci et al. (1993) recommended that the joiat hoop "potential”, as defined
below, should be at least as much as the "potential” of the beams, in order to prevent failure
by joint shear. _

“joint hoop potential” = Vp = the total yield force that can be developed by joint
hoops parailel to the direction of the applied load, divided by Aj, and normalized
with respect to vV Te,
"potential of the beams” = Vy = 1o the joint shear stress required to develop
nominal flexural yielding of bars in the adjacent beams, normalized with respect to
VT,
Figure A.11 shows that for the battery of subassemblage test results considered, when
Vp/Vy exceeds unity the mode of specimen failure was predominantly one of beam

hinging, versus the joint-shear mode of specimen failure for ratio values less than unity.
A.1.5 Other Factors That Affect Shear Transfer

In this section, supplementary information and details that support points made in
Chapter 3 are provided regarding the effect of: the strength of the concrete used in the
joint, the joint shear distortion, the cross-sectional dimensions of the members, the
deformation of the members, and the amount of column axial load on B-C joint shear

iransfer.
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According to many researchers, a2 most important parameter in determining the
performance of seismically loaded B-C joinis, is the strength of the concrete used in a joint
o)

Otani's experimental research (1991), as well as his review of the experimental

research done by others, revealed that when B-C subassemblages experienced joint shear

failures the joint shear strength was heavily dependent on the value of [, and not to a great
extent on the value of pg. Sugano et al. (1991) developed a graph (Fig. A.12) that relates

values of vj to values of fc. The values of vjr and f'¢ that are used in the graph are from

experimental subassemblage tests done by others. Each data point represents the test result
for one subassemblage. With the use of the plotied points and knowledge of the mode of
failure of each subassemblage, Sugano et al. created boundaries on the graph that separate
the joint shear failure modes prior to and after flexural yielding of the beams. The "lower
bound" boundary indicates that for vj < 2v/T¢ joint shear failures occurred enly after the
beams had yielded (the specimens that met this criterion performed in a ductile manner to
story drifts in excess of 2%).

Sugano et al. (1991) saw increasing joint shear distortion as f'; decreased from
high-strength (60+ MPa) values down to normal strength (30 MPa) values. Joint shear

distortion has been established as a measure of joint and structure performance.

joint Shear Distort

Joh et al. (1991b) state that more research is required concerning the correlation
between frame deformability and joint shear strength. However, from the research that has

been conducted, some believe that the deformations experienced by B-C joints (exclusive

303



of bar bond deterioration and of bar slippage), relative to the total deformation of the
{rame/subassemblage, is related to the performance of joints.

Leon's (1990) experimental tests revealed that joint shear lajlures can be expected
when the joint shear strain contributes 17 to 25% of the total frame/subassemblage
deformation.

In two of the specimens tested by Sugano et al. (1991), J6-O and J4-O,
relationships were noted between 'c values, the amounts of relative joint shear
deformation, and joint shear failure. Specimen J6-O was designed with ¢ = 61 MPa and
BI = 1.3, while specimen J4-O had f'c = 30 MPa and BI = 1.6. Both specimens were
provided with pg = 1.1%. Flexural hinges were expected to form at the beam ends of the
specimens.  Specimen J4-O exhibited a contribution in excess of 50% from joint shear
distortion, at a story drift of 2%. At the same drift, specimen J6-O had a contribution of
30% from joint shear distortion. Both of the specimens subsequently failed in joint shear at
story drifts in excess of 4%. However, J4-O failed prior 10 flexural yielding of beams,
while J6-O failed after plastic hinges had formed in beams.

In experimental tests on B-C joints by Cheung et al. (1991), in which the joints
were detailed in accordance with the NZ code, the subassemblages did not suffer joint
shear failures despite having relatively large joint deformation contributions (20 - 25%).
Cheung et al. concluded that the use of relatively large pg values, along with beam bars
with small d, values, enabled the joints in their subassemblages to perform satisfactorily.

Pantazopoulou et al. (1992) argue that the smaller the joint deformation contribution

is to the total structure deformation, the better overall structural response will be.

Otani (1991), based on his study of experimental research done by others, noted

that whea the depth of the intersecting beam, hy, exceeds twice the column depth, d, that
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the shear resistance of the joint decreases. However, this scenario also produces the
undesirable "strong beam-weak column” behavior,

Meinheit et al, (1981} found no trend related to the variation of the joint aspect ratio
(for 0.72 S do/hy, < 1) in their experimental tests. However, when beams were deeper than
the columns the diagonal cracks in the joint were oriented at angles exceeding 45°. This
implies that shear cracks propagated along lines parallel to the main joint diagonal
regardless of the joint dimensions.

Paulay (1989} claims that the width of the beam relative to that of the column is an
irrelevant parameter, as long as most of the beam bars pass through the column, because
beams dilate joint cores. In other words, as a beam undergoes flexure the effect on a B-C
joint is to allow the joint to expand, regardless of the width of the beam. Perhaps, the
typically small axial loads on beams is the reason. On the other hand, Paulay (1984) noted
that when the width of the column is too large, relative to the width of the beam, the
interaction of the beam with the column will not be effective (i.e., neither the concrete areas
nor the bars that are far from the vertical faces of the beam will participate efficiently in
resisting the beam moments).

Conversely, in experimental research by Leon et al. (1986), the widths of beams
relative to the column widths affected the behavior of test specimens. Two subassemblages
{BCJ11 and BCJ12) that had vastly different beam widths exhibited behavior that was
dissimilar. The widths of the framing beams in BCJ12 were 20% larger than the column
width, and the flexural strength ratio of the columns and beams (TMp,/IMyp) was 1.13
(Leon does not indicate the locations of the beam bars relative to the column width).
BCJ11 had beam widths that were one-half of that of the column, and EMp/IMpp =
1.25. In comparing the resulting performance of the two specimens, Leon found that in
BCJ11 the relatively early failure was due 1o spalled joint comers, along with the resulting
loss of section and bond of the beam comer bars. Because the strength of the beam could

not be mobilized, BCT11 had flexural hinging in the column above and below the joint, and
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it had relatively low values of vj;. In BCJ12; while the beams did not reach yield and the
hinging was in the column, there was no extensive joint damage, despite relatively high
values of vji. In BCJ12 the increased joint size permitted a large diagonal compression
strut to be maintained, thereby enabling more shear stress to be carried than was the case

with BCJ11.
Member Deformation

Experimental work done by Joh et al. (1991b) suggests that the degree of
deformation of the members, after plastic hinges have formed in them, influences the joint
shear strength. Figure A.13 qualitatively models the relationship between the total applied
horizontal shear force through the joints (“ng") and the story drift angles ("R") for three
test specimens (B1, B2, and B6) that were designed to have flexural hinges form in the
beams prior to flexural yielding in the columns or to shear failure in the beams, columnas, or
the joints. Details of the three test specimens are shown in Figure A.14, where all
dimensions are in mm. B was designed as the control specimen and it had beams with
widths that were 50% of the column width. B2 had beams that were equal in width 1o the

“columns, B6 had beams that were 50% as wide as the columns, and the beams framed into
the column eccentrically. All three specimens had pg = 0.3%.

The three specimens had identical values of the joint shear force required to develop
the flexural strengths of the beams ("Vy,f"). While all three specimens were able to form
plastic hinges in the beams at the joint faces, only B2 failed due to beam flexure (at drift
angle "Rp2"). Specimens BI and B6 failed in joint shear (at the respective drift angles of
"Rp1" and "Rpg") due to the inability of the joints in these specimens to sustain the plastic
hinges in the beams through increasing inelastic deformations and increasing load

reversals. The Rpy, Ry, and Rpg values were selected in accordance with the following
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criterion: the uitimate/limit story drift angle was the angle at the time the strength of a
specimen degraded such that the value of Vi, decreased 10 Viyy.

The curves in Figure A.13 model the relationship found between the specimen
ductilities (1 = R/Ry) and the increments of the potential joint shear strength ("Vjs-B1"
"Vis-B2" and "Vis B¢ each calculated using an empirical equation) above the Vi
values. The three falling branches (dashed lines), assumed by Joh et al. 1o be parallel 1o
one another, models the respective responses of the specimens after they reached their
respective values of Vjs. The actual respective R-values (those reached by the specimens in

the tests) are indicated by the model at the intersection of the respective falling branches and
the solid horizontal line (at V).

Column Axial Load

Currently there seems to be little consensus regarding the effects of column axial
compressive load on B-C joint shear transfer, The lack of agreement stems from the fact
that column axial compressive load may interact with other aspects of joint shear transfer
{e.g., joint shear stress demand, bar bond, joint reinforcement, ete.). With one exception
{Pantazopoulou et al. 1992), none of the work reviewed indicates that column axial
compressive load is detrimental to B-C joint shear transfer. Opinion seems to be split
between those who belicve that axial load enhances joint shear performance and those that
feel it has litde effect on joint performance.

Column Axial Compressive Load I's Beneficial. Tt is well established that "weak
beam-strong column”-frames generally provide betler seismic performance. “Weak heam-

strong column”-behavior is ensured by requiring that the ratio of column and beam flexural

strengths (AMpo/EMyp) exceeds some value that is greater than unity (different codes
specify different values). Many researchers agree that larger values of IMpo/EMph (e.8.

1.8 -2.5; Leon et al. 1986) are beneficial for ensuring elastic joint performance, and stable-
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hysteretic frame/subassemblage performance. Therefore, an extension of the logic would
be that increasing the column axial compressive load is beneficial. For a given set of
members at a B-C joint, increasing the axial compressive load will increase the value of
EMp/ZMpp until the column "balanced-failure-point” is reached.

The NZ code requires more joint reinforcement when column axial compressive
loads are small.  The rescarch, on which the code provisions are based, shows that when
column axial compressive loads are small the shear resistance provided by the strut
mechanism diminishes, while that provided by the truss mechanism increases (Cheung et
al. 1991).

Through theorctical considerations based on first principles, Paulay (1986) claims
that, all else being equal, axial compression on a member reduces the need for hoops.
Also, from experimental work he obsereves that the contribution of the joint core concrete
to the shear strength of interior joints, with plastic hinges in adjacent beams, deteriorales
rapidly when there is little or no axial compressive load on the column, The result is that
the value of pg must be increased. Paulay (1989) also demonstrated analytically that the
column axial compressive load will beneficially decrease internal vertical tensile forces at
the joint centerline.

Experimental tests by Jirsa et al. (1975) included column axial compressive loads
from 0.03-0.35{cAp. In these, the hysteretic behavior of all the specimens was nearly
identical. Increasing in the column axial compressive load from "0.03" to "0.35" had the
effect of increasing joint stiffness and had little effect on the joint shear capacity. However,
shear at first cracking for the "0.35f cAy" specimen was over double that of the most
lightly loaded specimen. This was attributed to the higher axial stress increasing the shear
at which principal diagonal stresses reached the tensile capacity of the concrete. It was also
observed that the specimens with higher axial compressive loads had steeper diagonal joint

cracks than did the other specimens. This was the result of the maximum principal tensile

stresses becoming more vertical as the axial load increased. In the case of the "0.03f cAg"
308



i

specimen, extensive joint cracking and spalling was noted at large deformations, along with
reduced joint shear stiffness and slippage of bars in the joint.

The experimental work of Fujii et al. (1991) and Meinheit et al. (1981) also
observed that increases in column axial load give an increase in joint shear comresponding to
first cracking, and had no influence on ultimate joint shear strengths.

Fuijii et al. (1991) also found that specimens with higher column axial compressive
load (0.25F cAy) had much lower hoop strains at lower specimen load levels (0.083f cAg).
They concluded that column axial compressive load is beneficial in that it can reduce the
amount of hoaps required in a joint. However, for the conclusion 1o be applicable, joint
shear failure must be designed against and column axial load must be kept constant during
the response.

Ichinose (1991) analytically argues that larger column axial compressive load will
increase the width of the column flexuraf compressive stress blocks above and below the
joint, thereby providing better bar bond conditions and lowesing the stresses in the hoops.

Bonnaci et al. (1993) conducted a review of 86 experimental tests and found that
the effect of column axial load on joint shear transfer was inconclusive. Whether or not
joint shear transfer is helped or hindered by the presence of column axial compressive load,
Bonnaci et al. state that it seems clear that increased column axial load increases joint
stiffness, increases the joint shear corresponding to first cracking, and decreases cracking
and hoop straing, All of these effects are beneficial.

Column Axial Compressive Load Is Negligible. Tests by Leon et al. (1986)
showed that the difference between subassemblages with columns with zero axial load and
one subassemblage with a column loaded to the "balanced-failure-point" axial compressive
load was negligible, in so far as joint behavior was concerned. The "zero-axial-load”
specimen showed less joint shear strain, more column rotation, and identical elastic

deformations and beam rotations.
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{a) Specimen Bi {b} Specimen B2 {c) Specimen B3

Figure A.5  Detail of B-C joint lateral reinforcement schemes (from Kitayama et al.

1991).
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1991).
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Figure A8  "Strains in joint ties parallel to loading direction” (from Kitayama et al.
a 1991).
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Figure A9  "Strains in joint ties orthogonal to loading direction” (from Kitayama et al.
1991).
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Figure A.10  "Total tensile force in joint ties* {from Kitayama et al. 1991 ).
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Figure A.11  The relationship between specimen failure modes and a shear stress ratio
{from Bonnaci et al. 1993).
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Figure A.13 "Relation of joint shear strength and ductility factor” (from Joh et al.
1991b).
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Figure A.14 Details of the specimens tested by Joh et al. (from Joh et al. 1991b).
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