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ABSTRACT

This paper describes an experimental study on beam-co joints

used typically to design the joint, and a st
strength.  However, prior and ch has shown that joint behavior is more

complicated than implied k that defining failure by static strength alone is
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Engineering Demand Parameters, such as shear stress and strain, and to obtain estimates of joint
stiffness for use in the seismic analysis of older structures.
Subject Headings: Seismic Evaluation, Beam-Column Joints, Reinforced Concrete Fra

Performance-Based Design

INTRODUCTION

Significant shear forces develop in the joints of reinforced c
are subjected to seismic loading. In frames built before t
contain no transverse reinforcement, so the shear resistan

alone. The joint shear demands also vary co

that are limited by code requirements, lui le to seismic damage. It is

ames lack joint reinforcement. Limited research has been

ervatively predicts strength which will result in some joints that are seismically
adequate to be deemed deficient. The economic consequences of such a conservative model can
significant because retrofitting joints is labor-intensive and expensive. The second major

shortcoming is that the ASCE-41 guidelines, like the corresponding design rules for joints in




O©CoO~NOUAWNE

ACI 318-08 (2008), treat joint shear strength as a single, static value that depends on the concrete
strength. Mosier (2000) surveyed the research literature on joints with and without transverse
reinforcement and found that the shear strength was a function of several parameters, particularly
the cyclic loading history, i.e., amplitude, number, and symmetry of loading, cycles.
Experimental work by Walker (2001) subsequently confirmed this findinggfor joints without
transverse reinforcement.

The research conducted by Mosier and Walker identifiedéSeveral unreselved guestions
related to joint capacity. The first concerns the relationship between the cyclicjoint shear
strength and the concrete compressive strength, /.. Jathe“United StateS; most seismic design
and evaluation documents for beam-column joints in buildings, e.g.,\ ACI 318-08 (2008), FEMA
356 (2000), and IBC (2003), suggest that the shear strength is relatéd to V7., but specifications in
other countries (e.g., NZ 3101 2006) are based on-other, different relationships. The differences
between these various approachestbecome impartant when the concrete strength is high. In older
buildings, the concrete strength will have increased over time, so an understanding of the effects
of process on the joinat responsexis needed (Wood 1992).

A second important issue 1S that joints tend to degrade gradually, rather than collapsing
suddenlygwhich implies‘that acceptable joint shear stress and strain limits should be a function
of the acceptable damage level. Because damage is a qualitative measure, a relationship is
needed between it and quantitative engineering demand parameters (EDPSs), such as joint shear
stress or strain, If it is to be used for seismic evaluation.

Finally, guidance is needed for the value of the joint shear stiffness to be used in analyses
of older frames. Walker (2001) showed that the joint deformations could contribute more than

half of the total story drift, in which case frame analyses that use rigid joints are likely to



underestimate the story drift. Models that account for degradation in the joint stiffness are

therefore needed.
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available. The experimental results alsc

analytical models.

TEST PROGRAM
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of psi. (No decimal points are used.) Thus test PADH-1450 uses the PADH loading history, has
a target joint shear stress of 0.14f";, and a target concrete strength of 5000 psi (35 MPa).

The complete set of study parameters consisted of the joint shear stress demand, the
displacement history, and the concrete strength. The Series 1 tests were reportediby Walker
(2001) and were designed to investigate the influence of displacement historyfon joint reSponse.
Seven specimens were tested using four different displacement historiesfshown indFigure 1 and
indicated in Table 1. The histories included a Symmetric Cyclic Displacement History (SCDH)
with monotonically increasing levels of drift, two histories with Constant Drift-ratio"amplitudes
of 1.5% and 3.0% (CD15 and CD30) and a Pulse<type“Asymmetric Displacement History
(PADH). The two target joint shear stress demand €oefficients vjllf'. were approximately 0.82
and 1.29 (MPa). The lower level corresponds to the FEMA-356 joint shear strength limit, and the
upper level represents the ACI 318-08 joint “shear,strength limit. Therefore the two SCDH
specimens from Series 1 servedgasyreference\specimens for the Series 2 tests, as indicated in
Table 1.

The Series 2 tests wereseonducted by Alire (2002) and are described in this paper. They
were designed 40 mvestigate the mfluences of concrete strength and joint shear stress demand.
Mosier (2000) reviewed 1Sstructures built on the West Coast of the US between 1920 and 1979,
anddound joint{shear stress demands that ranged between 0.19V7"; and 2.18V/’. MPa (2.3Vf". and
26.3\/"% psi). Veryfdifferent responses should be expected at the highest and lowest stresses
within this wide range. When the joint shear stress is low, the joints will remain relatively
undamaged and the majority of the inelastic component of the drift will result from yielding of
the beams. This mode of response is ductile, and is the one that contemporary joint designs are

intended to achieve. At intermediate joint shear stress values, the beams will yield and the joint
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will also suffer some damage, while, at high joint shear stresses, the joint may incur significant
damage without the beam yielding. The boundaries between these behaviors, expressed in terms
of joint shear stress level and other parameters, are at present unclear.

For Series 2, four specimens without joint transverse reinforcement were builtwith target
joint shear stress demands ranging from 0.47f": to 2.41Nf’. MPa (5.7f"c 40 29.0N/"c psi)y.as
indicated in Table 1. The Series 2 specimens were designed to complement Specimens SCDH=
1450 and SCDH-2250 of Series 1 with respect to the target joint shear stress demand (0850 and
4150) or concrete strength (0995 and 1595), so as to investigate in greater detail the“influence of
these parameters. (Table 1 shows that, in Specimen SEDH-0850, the measured joint shear stress
was significantly higher than the target value. This occurred beecause the beam bars strain-
hardened significantly). The target joint shear stress demands were chosen to investigate the
boundaries between the three different| behaviorsyidentified above (beam hinging alone,
combined beam hinging and inelastie,joint deformation, and joint deformation alone).

Older reinforced concrete frames often‘contain vulnerabilities in addition to the lack of
transverse joint reinfarcement, »The beams may be offset from the columns, the beam or column
shear strengthsdmay-be, insufficient, the bar splices may be inadequate, etc. Because the goal of
this study was to investigate joint shear performance, these other failure mechanisms were
preyented by 4sing heavy beam and column ties, a column depth of at least 20-bar diameters,
gontinugus  beam dand column bars, and a column-to-beam flexural strength ratio of
approximately'1.4. (In Specimen CDH-4150, bar congestion limited the amount of column steel
that could™be placed, and consequently the ratio was approximately 1.0). The axial-load ratio
Was maintained at 0.1 to approximate the average value of 0.12 found in practice by Mosier

(2000).



Table 2 and Figure 2 indicate the reinforcement and geometry used for the Series 2 test

specimens. The specimens were approximately two-thirds of full scale, where full-scale was
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defined by a representative building selected by Walker. As indicated in Figure 2, the

were 400 mm wide by 500 mm deep (16 in. by 20 in.), and the columns were 400
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Test Set-up and Instrumentation

The test setup and instrumentation used during testing were identical to those of Walker

(2001). During testing, the top and bottom of the column were fixed against translatio

then averaged. Further description of the

emblage components may be found in Walker

damage and quantitative EDPs such as strain and drift ratio. The damage states recorded were:
1. Center Joint Cracking in which diagonal cracks first appeared at the center of the

joint,
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2. Initial Spalling of the joint cover concrete, and

3. Extreme Spalling, defined here as exposure of the center column bar.

These damage states represent a subset of those reported by Pagni and Lowes

Figure 3 shows examples of the latter two damage states; Table 4 and Figure 4 she

bound to the one at which the event occurred.

Center Joint Cracking provided the first obs

ae X-pattern that was observed in the other test specimens. Furthermore, joint damage started

later in the displacement history, and it was less extensive, than was the case for the other
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specimens. This result indicates that low joint shear stress demand can limit the joint damage and

improve the frame performance.

Measured Data

The measured data were reduced to give the relationship between the c
stress (v;) and the joint shear strain (y). That relationship was used, in turn,
joint shear modulus, Gsec, and salient v; and y; values corresponding t

for each specimen.

The measured responses are presented both at the sub-assemb level in the form of

column shear force vs. system drift, and at the localdevel, as average joint shear stress vs. strain

relationships. Figure 4 shows the force-drift respanse curves for specimens SCDH-0850 and

SCDH-4150. The measured force-disp

an does a global demand parameter such as displacement ductility.
The low level of joint damage and extensive beam yielding in Specimen SCDH-0850
gest that that specimen lay approximately at the boundary between a joint-shear dominated

and beam-hinging dominated response mode. Similarly, the essentially elastic behavior of the

10
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beams in Specimen SCDH-4150 suggests that its peak joint shear stress was not controlled by

beam bar yielding and therefore that its joint shear strength represents approximately the

maximum possible joint shear capacity.

Selected damage states discussed earlier are shown on the figures. The res
important behavioral characteristics, as described below.

1.

The cyclic joint shear stress-joint shear strain (v; vs. v;) results are shown

lateral drift capacity in the

load. This result shows

a function of concrete strength. If it

e displayed a much higher peak load than

were the same size but made of concretes with

r deformations were responsible for the majority of the drift. By contrast, in the
beams and columns, typical signs of failure such as bar buckling and fracture were

completely absent.

11




2. At all levels of joint shear stress demand, the joint shear stress did not drop suddenly but

rather remained nearly constant for several levels of applied cyclic drift.
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3. A comparison of the cycles at a given drift ratio (indicated on the individual g

12 Figure 5) shows that, following initial spalling of the joint, the two spe€

31 Specimens SCDH-0995 and SC
34 degradation of the joint, .8 ess dropped, whereas that of the beam stayed
36 relatively constan i econd and third cycles of the set, a larger

d by joint deformation and the joint shear strain

pecimen SCDH-4150 the joint shear stress was so high that

ervations show the need for a basis for quantifying joint performance that
ec observed behavior better than does a model solely based on joint shear, e.g. the
MA 356 model. Figure 6 shows the relationship among drift ratio, normalized joint shear

58 stress (defined as v,-/\/f’c) and damage states, for all the SCDH specimens. Each curve

62 12
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corresponds to a single damage state. (For states in which specimens SCDH-0995 and SCDH-
1595 overlie one another, only five (5) points appear.)

The curves are separated vertically and slope down to the right, implying that damage“isa
function of both joint shear stress demand and drift. The slopes are relatively small, which
suggests that drift ratio is the more important variable. However, joint sheatgStress also plays a
role. This may be illustrated by considering the damage corresponding to 2% drift. For low
applied stress, the joint suffers little damage. For example, at thisfdrift level'SpecimendSCDH-
0850 had just experienced Center Joint Cracking. If a higher{drift levek, say 3%, were used, the
peak permissible shear stress needed to limit the damage“tc Center JomtyCracking could be
obtained by back-projecting the curve. Unfortunately the first cra€king curve is extremely non-
linear, so such back-projection is not quantitatively rebust, but{the joint shear stress would
clearly have to be less than the 0.47Vf. (MPa targét),,or 0.71Vf'c (MPa measured), experienced
by Specimen SCDH-0850. Algthenother extréme, the highly stressed Specimen SCDH-4150
sustained significant jointddamage (Extreme Spalling) at 2% drift ratio. In that specimen, the
beam bars yielded just'as the;peak load was reached. This suggests that the specimen could not
have carried agoint'shear stress mugh higher than the target value, 2.4vf. (MPa), or measured
value, 249F .. These two ‘specimens thus define approximately the limits of the two independent
damage modeS:; beam hinging and joint shear. Confirmation of this finding, by means of further
experiments with different joint shear stress demands and concrete strengths, is desirable.

Figure 6 also shows the limits specified in FEMA-356 (2001) and ACI-318-08 (2008),
which express the joint design in terms of joint shear stress alone. In design, the story drift ratio
iSwsually limited to approximately 2%, and this value can be used to illustrate the suitability of

the FEMA and ACI limits. If the design is intended to avoid joint damage altogether, Figure 6

13



shows that even the FEMA joint shear stress limit of 0.83Vf’. MPa (10Vf psi) is too liberal,

because the joint will suffer Center Joint Cracking before the 2% drift is reached. However, if
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SCDH-1450 at the same drift ratio. This difference may be due to the smaller bond stress
56 and in Specimen SCDH-0995, which in turn may have resulted in a lower bar-slip

component at a similar joint shear strain. Thus, evaluation of the joint performance may require

62 14



consideration of parameters in addition to joint shear stress demand, including the cyclic drift

and/or joint shear strain history and the bond demand on the beam bars.
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10 CUMULATIVE PROBABILITY CURVES FOR DAMAGE EVALUATION

mean and coefficient of variation (COV) of the data were used to determine the most
appropriate parameter. For each EDP, mean and COV values are provided in Table 5. In
res 8 through, 10, only CPCs for the best demand parameter are presented for each damage

59 state. Curves for the other parameters may be found in Alire (2002).

62 15
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For Center Joint Cracking, much the lowest COV (29%) was provided by the normalized
joint shear stress demand at cracking, which suggests that Center Joint Cracking is more closely
correlated with joint shear stress than with any other parameter. For the specimens testéd, the
mean joint shear stress at cracking was 86% of the 0.625Vf. (MPa) that AC1318-08 Hefines as f;,
the modulus of rupture. Table 5 shows that a slightly better correlation still was obtainedyby
normalizing v; with respect to Vf rather than f.. Figure 8 shows the ‘Cumulative” Probability
Curve for the Center Joint Cracking as a function of normalized joint shear stress.

The other two damage states considered, Initial Spalling and, Extreme Spalling, are
defined by the extent of damage to the joint. Joints"with Initial Spallingydamage state are
generally repairable. CPC relations were developed for drift ratig,\displacement ductility, and
joint shear strain for these two damage states. For Initi@hSpallings the smallest COV (34%) was
found using the local EDP of joint shear strain. On average, this damage state occurred at a joint
shear strain of 0.011 rad. Figuresd shews the‘relationship between Initial Spalling and joint shear
strain.

Extreme Spalling represents a damage state at which the joint would need to be replaced.
All of the testfspecimens eventually, exhibited damage patterns that could be categorized as
ExtremesSpalling. ExtremeySpalling was correlated with drift, displacement ductility, and joint
shear strain. Amalysis of the data shows that, if all the specimens are used, the Extreme Spalling
€PCs are most closely correlated to drift, because it leads to the smallest COV. However, if only
the SCDH specimens are considered, joint shear strain proves to be the better indicator. Joint
shear strain is the recommended parameter because use of specimens subjected to the same drift
history (i.e. SCDH) minimizes the effects of the demand history, which have already been shown

to influence the response (Walker 2001). Figure 10 illustrates the difference.

16
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The foregoing discussion showed that local demand parameters, such as joint shear stress
and strain, provide better estimates of local damage than do global parameters, such as drift. This
conclusion is based largely on the COV of the measured values of the different EDPsfat the
damage state of interest. It is also consistent with the fact that the global parameters include
components of unrelated response components, (e.g. story drift includes a.omponent due, to

beam bending), and so should be expected to correlate less well.

EVALUATION OF JOINT SHEAR STIFFNESS

In none of the eleven joints did the joint become unable to carry the column axial load,
nor did the lateral stiffness drop to zero. In that formal sense, no joint collapsed. Thus, to gain
insight into potential failure of a frame, other definitions of failure must be investigated.
Excessive loss of stiffness is the most obwvious, candidate, because it leads to structural failure
through instability or to functional failure\through excessive drift. (The test set-up precluded
instability, because the column washeld stationary and the load remained vertical). The joint
stiffness influences both behaviorsgsotits Value,is of interest. In addition, the frame performance
depends on the damage sustainediby the other frame components (Pagni and Lowes 2004). The
results from Walker (2001) and Alire (2002) demonstrated that an increase in either the joint
shear stress demand or the“damage state results in an increase in the contribution of the joint
deformation to the drift. Therefore, evaluation of the seismic performance of existing frames
requires relationships among the joint stiffness, the shear stress demand and the damage state.

JLhe joint stiffness degrades with cycling in a complicated manner and was the subject of
a separate enquiry (Anderson et al., 2008). However, to facilitate immediate implementation in
existing professional structural analysis software, a simple model intended to capture the major

trends of the response was developed. For each of the eleven specimens tested, the secant

17



stiffness of the joint was computed at critical stages of the load history. These were: First

Cracking at the center of the joint, First Yield in the beam bars, and Initial Spalling of the joint.
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In each case, the stiffness is expressed as a shear modulus ratio Gee/Gel, Where G and

respectively the instantaneous secant and the (uncracked) elastic shear moduli of th

31 state. Specimen SCDH-0850 was excl
34 significantly from that of the othe

36 42%, respectively. At Initi

joint shear stress. However, it can be shown (Alire 2002) that the

of the bars, but is almost independent of the beam strength. By assuming this, and

t the column contribution to drift was 2/3 of its yield value (since M co/Mn peam Was designed

62 18
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to be approximately 1.5), and by assigning the remaining deformation to joint shear, an equation

for the joint secant shear modulus of the form

sec _ Cl < 032
Gy (1_C2/Vj)

was derived. Fitting this equation to the measured joint shear stress and strain
values of ¢; =0.039 and c; = 3.5 MPa.

The shear modulus ratios (for all specimens, including thos
plotted against the joint shear stress, vj, in Figure 12. This a

However, in the short-term absence of a better joint m

t shear stress demands at three different levels of damage. The joint

older buildings with joints without transverse reinforcement.

The experimental results led to the following conclusions:

19



1. The beam-column joints tested were subjected to nominal joint shear stresses that

varied from 0.47f to 2.41\f . MPa. In all cases the joint incurred serious damage.
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31 threshold joint shear stress ex ow the nominal shear stress demand of

34 0.47\f . MPa experie imen. However, it is likely to lie close to this

cimen SCDH-0850 was much delayed in

irst cracking of the joint correlated most closely with joint shear stress, and on

average, occurred at a joint shear stress of 0.86f;.

62 20



7. Damage states associated with different levels of spalling were reached after different

numbers of cycles but they correlated most closely with joint shear strain. For a given
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deformation history, higher joint shear stresses caused the damage states

21 range 2% to 5%.

24 8. The joint shear deformation and the beam
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Figure 3
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Figure 4
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Figure 5
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Figure 1. Displacement Histories
Figure 2. Test Setup, Specimen Geometry, and Joint Instrumentation

Figure 3. Illustration of (a) Initial Spalling, (b) Extensive Spalling

Figure 4. Force-drift response curves
Figure 5. Joint shear stress-joint shear strain responses for Series 2 specime
Figure 6. Relationship among drift ratio, measured joint shear stress, and'damage
SCDH specimens
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Figure 8. CPC for normalized joint shear stress at Center Joint Crac

Figure 9. CPC for Joint shear strain at Initial Spallin
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