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Parametric Investigation of Joint Mechanics 

by John Bonacci and Stavroula Pantazopoulou 

The influence of design variables such as axial load, amount of transverse 
reinforcement, concrete strength, presence of transverse beams, and bond 
demand on the strength and behavior of beam-column joints is investigated. 
Observations are drawn from a database of 86 beam-column joint tests com
piled from published literature, and from the results of a simple mechanical 
model developed using equilibrium, kinematic, and material considerations. 
The study provides a detailed description of the parametric dependence of 
joint behavior, and underscores diversity in experimental techniques used 
in various countries. It is concluded that this factor is largely responsible 
for the differences in the empirical interpretations of observed joint behavior 
that have been proposed by U.S., New Zealand, and Japanese investigators 
to explain joint mechanics. 

Keywords: beams (supports); bonding; columns (supports); connections; cyclic loads; 
earthquake-resistant structures; joints Ounctions); shear properties; structural design. 

Beam-column joints have been a subject of intense study 
and debate over the last few decades. Today, there is still no 
consensus in research circles about the nature of joint be
havior, and it is not clear what this suggests about design. To 
some extent, design provisions represent one position in the 
debate. On one hand, it is alarming to observe the disparity 
in joint reinforcement provisions between the New Zealand 
code, 1 for example, and recommended practice in the U.S.2 

and Japan.3 But to make such a comparison without recog
nizing that the corresponding bond provisions also differ 
would be to obscure the context of any of these documents. 

Description of beam-column joint behavior is conveyed 
through presentation of experimental results and arguments 
made with postulated physical models. The ongoing debate 
might appear to be about the physics of the problem, but there 
is strong evidence that the perceived physics are related to 
preferences in design approaches. For example, to suggest by 
experiment that transverse reinforcement is more important 
for confinement than for resisting shear, it would only be nec
essary to test a specimen with excessive demand for bond 
through the joint. These kinds of freedoms, whether inten
tional or motivated by tradition, influence the outcome of any 
beam-column joint test. Development of conceptual models 
is guided by what is observed in experiments. It should not 
be expected that a physical model developed from observa
tions in one set or family of tests will explain the behavior of 
other specimens designed with a dissimilar philosophy. 

The objectives for studies of beam-column jojnts are not 
always understood or stated clearly. Tests could be seen ei-
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ther as an attempt to cause failure in the joint so that its full 
behavior would be observed, or as proof that a certain joint 
design meets a stated objective, such as sustaining beam 
hinging. Of all the various kinds of reinforced concrete ele
ments, those predominated by bending are perhaps the best 
understood. There is an ability to relate cause and effect with 
respect to design variables. The studies described in this paper 
had the objective of bringing the understanding of beam
column joints as structural elements closer to the quantitative 
level that exists for bending elements. The perceived flow of 
forces through joints, which influences the prediction of 
strength, has been guided or constrained by experimental 
technique, analytical intuition, and incomplete mechanical 
formulations. In reality, joint strength, and the associated flow 
of forces, are dictated by the properties of the joint (material, 
geometric, steel percentage, and loading at the boundaries). 

RESEARCH SIGNIFICANCE 
In this paper, interior connections are studied through test 

results and analytical modeling in a way that is meant to allow 
design variables to "speak for themselves." Tests of interior 
beam-column connection assemblies are reconsidered as a 
unified whole, and a behavioral model that does not presume 
a preferred force path in the joint is used to make a study of 
design parameters. 

ASSEMBLY OF EXPERIMENTAL DATABASE 
Understanding of the parametric influences on joint behavior 
grew from observations made in a fragmented collection of 
experimental studies. It was common that these individual se
ries consisted of a small number of specimens designed to 
study a limited number of variables. The earliest lessons, 
while the population of test results was small, were the most 
potent. But as the number and scope of test series increased, 
it became possible to defend conflicting views of the role of 
some parameters. The apparent inability to describe the phys
ical behavior of joints uniquely could well have arisen from 
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Fig. 1-Specimenforms included in database 
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Fig. 2-Range of testing rates for specimens failing in joint 
shear 

the sequential manner in which new observations were made 
known. It is also likely that there are some important inter
actions between variables that at first were assumed to act in
dependently. Concerns such as these offer compelling rea
sons to reexamine available test data. It is plausible that 
viewing the entire population of results as a single experi
mental parameter study might allow boundaries between in
dividual investigations to be crossed so that a more authori
tative description of parametric effects could be observed. 

A total of 86 interior beam-column frame connection as
semblies (no slabs, loaded in one plane only) were summa
rizeq in a computer database. Most of these tests were con
ducted in Japan (57),4-9 the United States (22),10-13 and New 
Zealand (7)14-17 between 1960 and 1980 (21) and 1981 and 
1987 (65). The recent surge of experimental studies has been 
a result of the U.S.-Japan joint research programs that were 
conducted in the 1980s.4-9,12,13 All specimens were statically 
determinate assemblies, with one of. the typical geometries 
shown in Fig. 1, and were loaded by either displacing verti
cally both ends of the longitudinal beams while restraining 
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translation of the column ends, or by displacing laterally the 
top of the column while restraining the beam ends from trans
lation. With these loading schemes, moment transfer is in
duced in the connection similar to that arising in the connec
tions of frame structures during lateral sway. 

To simulate earthquake effects, all tests were cyclic with 
imposed displacement amplitude typically increasing as a 
function of the cycle number. However, a variety of levels of 
displacement intensity and waveform have been used, thereby 
introducing an additional parameter in an already complicated 
problem. The diversity in the level and history of displace
ments reflects the differences in acceptable performance cri
teria adopted by the various investigators from around the 
world. This is illustrated by plotting for all specimens the 
amount of accumulated displacement ductility as a function 
of the load cycle number (Fig. 2). In light of Fig. 2, it is evi
dent that any attempt to identify from experimental data the 
individual or combined influences of parameters on joint be
havior must recognize the effect that the severity of the load 
history may have had on the perceived specimen response 
and failure. 

Tests were terminated either by pronounced failure occur
ring in any of the members of the connection (column, beam, 
or joint), or by exhausting the travel of the available loading 
actuators. In either case, the test history was frequently con
cluded with cycles of unrealistically high story drifts (often 
exceeding 5 percent), making some parts of the data of aca
demic interest only. 

Normal weight concrete with compressive strengths 
ranging between 3500 and 7000 psi (24 and 48 MPa) was 
used in all recorded tests, with the exception of a recent se
ries of tests reported by Japanese investigators,? for which 
high-strength concretes fc' ranging between 8700 and 11900 
psi (60 and 82 MPa) were used. A variety of steel types have 
been used for reinforcement, but Grade 60 steel (410 MPa, 
nominal) was the most common material. In some of the re
cent tests, high-strength reinforcement has been used for ei
ther joint hoops or as beam reinforcement. 5-7 Table 1 provides 
some characteristic quantities for each of the specimens of 
the database. The reported failure modes are classified by one 
or more integers ranging between 1 and 5, and specimens are 
sorted based on this parameter. Type 1 represents connection 
failure by beam hinging, Type 2 denotes joint shear failure de
tected by yielding of hoops, and Type 3 represents special 
cases, where unreinforced joints failed in shear. Failure mode 
of Type 4 represents anchorage failure inside the joint, 
whereas Type 5 is used to represent column hinging. Where 
combinations of these integers appear in the database, the re
spective failure modes have been reported to have occurred 
in the sequence given. 

Joint hoop reinforcement, expressed as a ratio of the total 
volume of the joint, ranged between the values of 0 percent 
(unreinforcedjoints) and 4.3 percent (Table 1). Many of the 
specimens were tested under the action of static axial com
pression to study its effect on the shear resistance and de
formability of the joint. The axial load, expressed as a per
centage of the product of the gross column area and the con
crete uniaxial compressive strength.fc', is given in Table 1. In 
the same table, parameter BI, standing for "bond index," is 
a nominally dimensionless measure of bond demand associ-
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Table 1 - Summary of experimental database 

Specimen 
Reference ID 

Birss Bl 
Birss B2 

Paulay, Park 2 
Paulay, Park I 

Fujii and Morita AI 
Fujii and Morita A2 
Fujii and Morita A3 
Fujii and Morita A4 

1oh, Goto, Shibata B1 
1oh, Goto, Shibata B2 

Kitayama, Otani, Aoy AI 
Kitayama, Otani, Aoy Bl 
Kitayama, Otani, Aoy B2 
Kitayama, Otani, Aoy B3 

Kobayashi, Aoyama 11 
Kobayashi, Aoyama 12 
Kobayashi, Aoyama 13 
Kobayashi, Aoyama 14 
Kobayashi, Aoyama 15 

Noguchi 1 
Noguchi 2 
Noguchi 3 
Noguchi 4 

Otani, Kitayama, Ao Cl 

Ow ada 1-1 

Sugano et al. 14-0 
Sugano et al. 16-0 
Sugano et al. 16-1 
Sugano et al. 16-3 
Sugano et al. 18-0 
Sugano et al. 18H-O 
Sugano et al. 18H-3 

Durrani, Wight XI 
Durrani, Wight X2 
Durrani, Wight X3 

Leon BCJ3 

Beckingsale Bll 
Beckingsale Bl2 
Beckingsale Bl3 

1oh, Goto, Shibata BIO 
1oh, Goto, Shibata Bll 
1oh, Goto, Shibata B8 
1oh, Goto, Shibata B9 

*nv column axtal stress- Nvlbdw. 
'From units consistent with psi. 

No. 
of Hinge 

transverse relocation, jc', 
beams in. psi 

- - 4073 
- - 4599 

- 19.7 6656 
- - 5862 

- - 5818 
- - 5818 
- - 5818 
- - 5818 

- - 3170 
- - 3170 

- - 4427 
- - 3548 
- - 3548 
- - 3548 

- - 3720 
- - 3480 
- - 3480 
- - 3725 
- - 4160 

- - 4755 
- - 4755 
- - 4755 
- - 4755 

- - 3713 

- - 4000 

I - 4399 
I - 8755 
I - 9010 
I - 9692 
I - 11,224 
I - 11,593 
I - 11,891 

- - 4980 
- - 4880 
- - 4500 

- - 4000 

- - 5205 
- - 5017 
- - 4553 

- 13.8 3625 
- 10.3 3625 
- - 3625 
- 6.9 3625 

Beam 
jy, 
ksi 

42 
42 

44 
45 

155 
59 

155 
155 

50 
50 

113 
54 
54 
45 

58 
58 
58 
58 
58 

49 
49 
49 
49 

46 

55 

56 
56 
56 
58 
56 
82 
82 

48 
48 
48 

65 

43 
43 
43 

59 
59 
59 
59 

ated with yielding of the beam bars passing through the joint. 
The bond index term was originally introduced by Otani, Ki
tayama, and Aoyama9 as the average bond stress that must de
velop over the column depth when beam bars yield in tension 
and compression at both column faces, normalized by fl2 
in appropriate units (the term BI actually carries units of 
-)Psi). For the cases included in the database, Parameter BI 
ranges between 11.5 (favorable bond conditions) and 51 [ex
tremely high demand, corresponding to more than 3 ksi (21 
MPa) average bond stress]. 

Maximum joint shear stress computed from recorded spec
imen reaction (Table 1) ranged from 6.3 to 21 times 
.fJZ psi (0.53 to 1.8 times fJ2 MPa) for specimens without 
transverse beams, whereas for specimens with transverse 
beams the range was 7.4 to 25 times fl2 psi (0.62 to 2.1 
times .fJZ MPa). For the purpose of comparison, the shear 
potential of hoops iiy and the potential of beam reinforcement 
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Hoop 
Hoop volume 

jy, ratio, Bond Column Failure Vm, Vp, Vy, 

ksi percent index nfj/* mode psit psit psit 

50 1.63 14.4 5.3 1,2 11.3 7.7 11.3 
58 0.42 13.5 43.9 1,2 10.9 2.2 10.6 

41 1.47 13.2 10.0 1,2 12.5 5.5 10.6 
45 4.00 11.5 10.0 1,2 11.2 15.4 II. I 

42 0.50 46.1 7.6 2 9.8 1.9 35.0 
42 0.50 17.6 7.6 2 9.0 1.9 13.3 
42 0.50 46.1 22.7 2 9.8 1.9 35.0 
42 1.17 46.1 22.7 2 10.0 5.1 35.0 

41 0.28 19.3 15.7 1,2 6.9 1.4 5.5 
41 0.28 19.3 15.7 1,2 7.4 1.4 5.6 

46 0.41 36.7 6.4 2 16.5 2.0 19.5 
34 0.44 19.4 8.0 1,2 14.2 1.4 13.2 
34 0.44 19.4 8.0 1,2 14.2 1.4 13.2 
34 0.95 12.6 8.0 1,2 12.1 3.8 9.5 

53 0.37 20.6 7.6 1,2 11.9 1.9 10.6 
53 0.76 21.3 8.2 1,2 12.6 3.8 10.9 
53 1.78 21.3 8.2 1,2 13.8 9.0 10.9 
53 0.37 20.6 22.9 1,2 12.0 1.9 10.6 
53 0.37 19.5 6.8 1,2 10.7 1.8 10.0 

49 0.12 11.9 6.0 1,2 0.5 9.6 
49 0.12 11.9 6.0 1,2 7.7 0.5 8.1 
49 0.12 15.4 6.0 1,2 0.5 8.8 
49 0.12 15.4 6.0 1,2 9.1 0.5 7.4 

48 0.37 12.7 7.7 1,2 11.0 1.7 7.4 

46 0.21 22.0 8.9 1,3 15.7 0.0 15.0 

133 0.93 21.1 33.3 1,2 16.0 7.9 15.4 
133 0.93 14.9 16.7 1,2 13.3 5.6 11.1 
133 0.93 14.7 16.3 1,2 13.1 5.5 11.0 
38 3.77 14.7 15.1 1,2 12.6 7.7 11.0 

133 0.93 13.2 13.1 1,2 11.7 4.9 9.9 
133 0.93 19.1 12.6 1,2 14.8 4.9 14.3 

41 6.78 18.9 12.3 1,2 15.2 13.3 14.2 

63 1.02 20.9 4.9 1,2 10.8 5.9 10.8 
63 1.53 21.1 5.0 1,2 11.1 8.9 10.9 
63 1.02 22.0 5.5 1,2 8.8 6.2 8.6 

60 0.40 21.8 0.0 1,2 12.2 2.8 8.9 

49 3.30 12.5 5.0 1 9.0 13.1 7.3 
49 3.30 12.7 5.2 I 9.3 13.3 7.5 
49 2.48 13.3 50.0 10.0 10.5 7.8 

174 0.66 21.0 13.6 I 9.3 15.1 8.4 
174 0.66 21.0 13.6 I 9.3 15.1 7.7 
174 0.66 21.0 13.6 I 7.0 15.1 6.2 
174 0.66 21.0 13.6 I 8.1 15.1 7.2 

Vy are also provided in Table 1. These terms are defined as 
follows: vp represents the total yield force that can be devel
oped by joint hoops in the direction of the applied load, di
vided by the effective joint area and normalized by JJ! in 
consistent units. iiy is the joint shear stress required to develop 
nominal flexural yielding of reinforcement in the adjacent 
longitudinal beams, expressed in multiples of fJ2. Note here 
that in reducing the experimental data (i.e., evaluation of hoop 
volumetric ratio, computation of joint shear force from story 
shear and column axial load, and computation of joint shear 
stress from horizontal joint shear force), the effective height, 
depth, and width of the joint were taken equal to the height 
of the beam, depth of the column, and width of column, re
spectively. A variety of definitions for effective joint dimen
sions have been used by various investigators for similar cal
culations. Further, some investigators neglect the contribu
tion of the column axial load to the horizontal story shear that 
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Table 1 (continued)- Summary of experimental database 

Specimen 
Reference ID 

Joh, Goto, Shibata HL 
Joh, Goto, Shibata LH 
Joh, Goto, Shibata MH 
Joh, Goto, Shibata MHUB 

Kitayama, Otani, Aoy A2 

Kobayashi, Aoyama S1 
Kobayashi, Aoyama S2 
Kobayashi, Aoyama S3 

Noguchi 5 
Noguchi 6 
Noguchi 7 
Noguchi 8 

Otani, Kitayama, Ao C2 
Otani, Kitayama, Ao C3 

Ow ada J-2 
Ow ada J-3 

Sugano 1 
Sugano 2 
Sugano 3 
Sugano 4 

Sugano et al. J6-2 

Hanson 1 
Hanson 2 

Leon BC14 

Kobayashi, Aoyama J6 
Kobayashi, Aoyama S4 
Kobayashi, Aoyama S5 
Kobayashi, Aoyama S6 

Leon BCl2 

Meinheit, Jirsa I 
Meinheit, Jirsa II 
Meinheit, Jirsa II 
Meinheit, Jirsa IV 
Meinheit, Jirsa v 
Meinheit, Jirsa VI 
Meinheit, Jirsa VII 
Meinheit, Jirsa VIII 
Meinheit, Jirsa IX 
Meinheit, Jirsa X 
Meinheit, Jirsa XI 
Meinheit, Jirsa XII 
Meinheit, Jirsa XIII 
Meinheit, Jirsa XIV 
* n, column axtal stress - Nlbdw. 
tFrom units consistent with psi. 

No. of Hinge 
transverse relocation, fc'-t 

beams in. psi 

- - 3964 
- - 3892 
- - 4065 

3776 - -

2 - 4427 

2 - 4020 
2 - 4020 
2 - 4020 

- - 4130 
- - 4130 
- - 4130 
- - 4130 

- - 3713 
- - 3713 

1 - 4000 
2 - 4000 

1 - 6259 
1 - 6259 
1 - 6259 
1 - 6259 

1 7.9 9365 

1 - 5500 
2 - 2930 

- - 4000 

- - 4160 
2 - 3650 
2 - 3640 
2 - 3640 

- - 4000 

- - 3800 
- - 6060 
- - 3860 
- - 5230 
- - 5200 
- - 5330 
- - 5400 
2 - 4800 
2 - 4500 
2 - 4290 
2 - 3720 
- - 5100 
- - 5990 
- - 4810 

results from P-1:::.. effects. In some cases, the nomenclature se
lected for the database differs considerably from that of the 
original authors. But unless a uniform system for reduction 
is adopted, results from individual studies cannot be directly 
compared. 

In light of this collection of experimental information, con
clusions that are general and can be supported with some de
gree of confidence are outlined in the following. 

DISCUSSION OF DATABASE RESULTS 
Effectofbondindex 

The failure type reported in Table 1 indicates the weak link 
in the mechanism of connection resistance for each of the 
specimens. Because the stated objective for many of the avail
able tests was to study the shear strength of beam-column 
joints, a successful test could be characterized by failure mode 
of Type 2. Specimens that experienced anchorage failure in
side the joint were not able to develop the full strength of the 
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Beam 
Jy, 
ksi 

58 
58 
58 
58 

113 

50 
50 
60 

49 
49 
49 
49 

46 
46 

55 
55 

57 
57 
57 
57 

58 

63 
65 

65 

58 
54 
50 
50 

65 

65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

Hoop 
Hoop volume 

fy, ratio, Bond Column Failure Vm, vp, -Vy, 
ksi percent index n([c'* mode psit psit psit 

169 0.65 20.1 14.3 1 6.7 13.9 6.0 
55 0.28 20.3 14.6 1 6.8 1.6 6.0 
55 0.65 19.8 13.9 1 6.5 3.8 5.9 
55 0.65 20.6 15.0 1 6.3 3.9 6.1 

46 0.41 36.7 6.4 1 20.1 2.0 19.5 

48 1.54 17.0 21.2 1 8.2 8.6 5.4 
48 1.54 17.0 7.1 1 7.4 8.6 5.4 
48 1.54 15.9 21.2 1 9.5 8.6 6.2 

49 1.07 12.7 6.9 1 7.9 6.5 8.6 
49 0.78 12.7 6.9 1 NA 4.3 7.0 
49 1.07 16.5 6.9 1 9.0 6.5 7.9 
49 0.78 16.5 6.9 1 NA 4.3 6.4 

48 1.08 12.7 7.7 1 11.1 5.6 7.4 
48 2.45 12.7 7.7 1 10.8 12.5 7.4 

46 0.21 22.0 8.4 1 16.5 0.0 14.1 
46 0.42 22.0 8.9 1 17.7 1.7 15.0 

54 0.50 15.3 NA 1 11.3 1.8 8.2 
54 0.84 15.2 NA 1 12.3 3.1 9.4 
54 1.94 15.1 NA 1 13.5 6.1 10.5 
54 1.67 15.1 NA 1 12.5 6.1 9.3 

133 0.93 15.0 15.7 1 15.3 5.4 13.5 

67 1.31 28.4 51.7 1 14.5 6.3 12.7 
67 1.09 30.9 97.1 1 20.8 6.5 17.9 

60 0.38 18.7 0.0 1 12.4 2.4 7.9 

53 0.60 19.5 20.5 1,4 8.6 2.9 6.2 
48 1.54 23.8 23.4 1,4 10.0 9.0 6.9 
48 1.54 17.9 23.5 1,4 8.7 9.0 5.7 
48 0.60 17.9 23.5 1,4 9.1 2.8 5.7 

60 0.42 26.2 0.0 1,2,&4 12.1 3.3 10.4 

59 0.45 36.7 39.5 2&4 13:1 3.2 19.8 
59 0.45 29.0 24.8 2&4 15.4 2.6 15.8 
59 0.45 36.4 38.9 2&4 14.6 3.2 19.6 
59 0.45 43.3 28.7 2&4 14.6 2.8 16.8 
59 0.45 31.3 3.9 2&4 15.7 2.8 17.0 
59 0.45 31.0 46.9 1,2,&4 17.0 2.7 16.8 
59 0.45 42.6 46.3 2&4 14.5 2.7 16.6 
59 0.45 32.6 31.3 1,2&4 17.9 2.9 17.7 
59 0.45 33.7 33.3 2&4 17.8 3.0 18.2 
59 0.45 34.5 35.0 2&4 16.9 3.0 18.7 
59 0.45 51.3 40.3 2&4 15.2 3.3 19.8 
61 2.12 31.7 29.4 1,2,&4 19.6 13.5 16.7 
59 1.34 29.2 25.0 2&4 14.5 7.7 15.5 
59 1.34 45.1 31.2 2&4 15.9 8.6 17.5 

joint and therefore their results cannot be used as a measure 
of the available reserves of shear resistance of the beam
column joint. 

The intensity of bond demand inside the joint, represented 
by the bond index (BI), is correlated with the reported failure 
mechanism and the yield stress of the reinforcement in Fig. 
3. From the available tests, it is evident that for Grade 60 re
inforcement, bond failures predominated the response of con
nections with values of BI exceeding 20. Specimens with 
high-strength beam reinforcement did not fail by bond, al
though they were designed with very high values of BI, be
cause the joints failed in shear before beam reinforcement 
yielded. Fig. 4 shows the design values of BI selected by in
vestigators in various countries. Specimens constructed and 
tested in New Zealand, and to a lesser extent in Japan, are 
characterized by a large-size column that typically leads to a 
low value for the Bl. In contrast, most specimens ~ested in the 
United States failed in a pattern that involved bond failure re-
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• 
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Bond Index 

M Joint shear failure c Beam hinging • Bond failure 

Fig. 3-Sensitivity of failure mode to bond demand 

suiting from the relatively small column sizes that are allowed 
in design. This classification illustrates bias built into the 
available tests as a result of the design guidelines adopted by 
each country and used by .the respective investigators in de
signing their specimens. In the remainder of this discussion, 
only specimens that failed by Modes 1, 2, or 3 will be con
sidered. 

Influence of axial load and uniaxial 
concrete strength 

It has been argued by some that axial load improves the 
shear resistance of beam-column joints by confining the joint 
core,2,4 or by equilibrating part of an inclined compressive 
strut that forms inside the joint as a result of joint shear ac
tion.18-20 To stUdy the sensitivity of connection resistance to 
the magnitude of the column axial load, the measured max
imumjoint shear stress factor lim is plotted against the column 
axial stress normalized by fc' for the population of specimens 
that experienced either joint shear failures [Fig. 5(a)], or beam 
hinging [Fig. 5(b)]. In Fig. 5, specimens are classified based 
on the amount of hoop potential iip, i.e., low, medium, and 
high, for the respective ranges 0 ~ iip < 5, 5 ~ iip < 10, 10 ~ iip. 
It is evident that the scatter of the experimental values of iim 
is substantial, suggesting that axial load has no discernible 
coherent influence on the strength of beam-column joints. It 
is more likely that the deformability rather than the strength 
of such members is affected by the presence of axial load; 
however, currently available experimental information re
garding deformations is very limited and does not warrant 
generalized conclusions. 

The relation between maximum joint shear stress at the in
stant of connection failure iim and the uniaxial compressive 
stress of concrete fc' is shown in Fig. 6. In the plot, points rep
resenting joint shear failures are bounded from below by a line 
of the type iim = Kfc'. The value of the empirical constant K, 

which is estimated to be 0.10 for Fig. 6, is sensitive to the de
finitions adopted for effective joint dimensions. Relations of 
a similar type have also been reported elsewhere, 3,4 though the 
constant of proportionality cited was considerably different. 
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Fig. 5-Dependence of joint strength on column axial stress: 
(a) specimens experiencing joint shear failures; (b) speci
mens experiencing beam plastic hinging 

Influence of hoop reinforcement 
The role of horizontal hoop reinforcement in the joint 

shear-resisting mechanism is a subject of much debate be
tween the various schools of thought considering seismic re
sponse of beam-column connections. It has been argued that 
joint hoop reinforcement is a horizontal element of a truss 
equilibrium model that can be used to interpret the internal 
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stress state of joints subjected to lateral forces_1,18-zo Ac
cording to this proposal, hoops carry a substantial portion of 
the joint shear, with the remainder being carried by the con
crete core in the form of a diagonal compression strut. An al
ternative argument is that the joint constitutes a segment of 
the vertical column experiencing a steep moment gradient 
due to the change in the direction of bending that occurs over 
the height of the joint. 2 According to this model, and using 
similar constructs as those used in the theory of column 
flexure, it can be concluded that shear forces are primarily 
supported by the concrete core and the longitudinal column 
reinforcement. In this case, the horizontal hoop reinforcement 
provided in the column within the joint region serves to con
fine the concrete, thereby increasing its compressive resis
tance (in the compressed diagonal) and preserving the in
tegrity of the connection. To explore these arguments using 
the experimental information, the difference between the 
maximum joint shear stress factor and the potential of the 
hoops (vm- Vp) was evaluated for all specimens that experi
enced Type 2 or 3 failure modes. This quantity, which repre-
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sents the magnitude of horizontal shear stress resisted by the 
joint core concrete, normalized by Vm, is plotted in Fig. 7 
against a joint confinement index, Psvhh/fc', where Psv is the 
volumetric joint hoop ratio andfvh is the yield stress of hoops. 
It can be deduced from the plot that, for increasing confine
ment ratios, the demand on the concrete core diminishes, 
whereas the fraction of the horizontal shear stress resisted by 
the hoops increases. Although the question of the role of 
hoops in the joint does not appear to be answerable in a mu
tually exclusive fashion, Fig. 7 suggests that the participation 
of joint hoops in the shear-resisting mechanism of the joint is 
significant, particularly in the case where low amounts of con
finement have been provided. 

Fig. 8 plots the observed failure mechanism in terms of the 
fraction vp/vy, the potential of hoops divided by the input to 
the joint from the beam reinforcement at yielding. Specimens 
are classified by country of origin to consider the possible 
presence of design bias. Of 22 specimens tested in the U.S., 
only 7 failed by a mode not involving bond failure in the joint, 
and of those only 4 failed by joint shear. From the data, it ap
pears that joint shear failures are eliminated when the joint 
hoop potential is equal to or greater than that of the beams. 
This value can therefore be considered as an upper bound for 
detailing in joint design. 

Influence of transverse beams 
The number of transverse beams provided in. the connec

tions is considered in Fig. 9 for specimens that failed in Modes 
1, 2, or 3. Shear failures are clustered in the group of speci
mens with no transverse beams, and, to a smaller extent, in 
the group with a single transverse beam provided on one side 
of the connection. No specimen is reported to have failed in 
joint shear when beams framed into all vertical faces of the 
joint. It is evident that transverse beams confine the joint by 
means of their longitudinal reinforcement, which is anchored 
inside the joint in the transverse direction (and therefore pre
vents partially the lateral expansion of the joint core), as well 
as by effectively increasing the volume of joint concrete that 
actively participates in the joint shear-resisting mech~.mism. 
In light of this result, and given that, in common space-frame 
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systems, joints are confined in both directions by the presence 
of orthogonal beams (except for the edge frames), it is plau
sible that design and construction of interior joints can be 
greatly simplified. 

Discussion of the database 
From the foregoing study of experimental results, it is ev

ident that the ability to draw universal conclusions from the 
database is restricted by limitations in the scope of the re
ported experimental parameter studies, by the large number 
of parameters influencing the behavior of connections, and by 
the diversity in experimental techniques used in various 
studies. It was found that behaviors of specimens designed 
with different philosophies are not directly comparable be
cause the parameters that prevail and control the observed re
sponses are those associated with the weakest link in the 
overall connection. The location and type of the weak link 
(either bond resistance, the joint panel, or beam or column 
hinging) is determined by the ordering of relative strengths 
built into various sets of design requirements. The resulting 
diversity in response may be exacerbated by differences in the 
severity of the displacement history imposed during testing, 
as there is strong indication from the experimental data that 
the severity of load influences the way some parameters in
teract with each other. 

An additional obstacle to interpretation sometimes arises 
from the way the results are presented; in most reported 
studies, the overall load-displacement curves rather than the 
breakdown of component responses are published. Conse
quently, although it is possible to detect pinching or yielding 
occurring in the overall response, it is not always possible to 
identify the factor that limited the resistance of the assembly; 
oftentimes, although the intent of the experiment might have 
been to establish the limiting resistance of the beam-column 
joint, other forms of failure occurring outside the joint limit 
the response, so that the actual resistance of the joint cannot 
be measured. 

MECHANICS-BASED ASSESSMENT OF JOINT 
DESIGN PARAMETERS 

For a recipe to be reliable, an understanding of how var
ious ingredients interact to produce an overall effect is es
sential. In a similar way, design can be seen as an effort to con
trol the mechanics of a structure or element by considering 
values for variables known to have some influence. For rea
sons just described, study of a database of many beam-column 
joint experiments did not yield clear expression of the influ
ence of various design parameters on the behavior of test 
specimens. Reliance on observation might serve to increase 
predictability of strength or some other aspect of performance, 
but it will never promote the understanding of mechanical be
havior necessary for confident design. In this light, it can be 
argued that it is less important to enrich the database with 
new test results than it is to develop analytical tools that are 
guided by, and can help to interpret more fully, what has al
ready been observed. Development of mathematical models 
is much less constrained than experiments, and so these 
models should strive to be as comprehensive as is practical 
or tolerable. Several well-known: somewhat conflicting, con
ceptual models that have been debated for several years are 
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Table 2 - Parameters studied for Tokyo C1 
specimen 

Nominal Range 
Parameter "C1" value considered 

Nhlfc'bh 0 0-0.2 

P• 0.00284 0-0.04 

fyr, ksi 46.6 10-80 

NJ[c'bdw 0.077 0-0.9 

PI 0.0282 0.01-0.08 

[c', ksi 3.71 2-10 

based only on equilibrium requirements.2.4,I8-20 A more re
cent formulation proposed by the authors21 considers joint-re
gion kinematics and material response as well. This model 
will be used to produce a parametric study of design variables 
for an interior beam-column joint. 

Summary of mathematical formulation 
for interior joints 

The formulation is based on consideration of the states of 
stress and strain at the center of a planar joint region, and as
sumes that bond of beam and column reinforcement at the 
perimeter is good. Material models adopted to date are valid 
only for monotonic response. The formulation considers de
formation of the joint panel but not rigid-body rotation asso
ciated with bond slip that is normally detected as part of con
nection flexibility. Further, it is assumed that concrete will 
not carry tensile stress. Details of the formulation are recalled 
in the numerical examples in the Appendix, which are based 
on a specimen tested at the University ofTokyo,9 designated 
"Cl" (Table 2). Solutions of the kind presented in the ex
ample can be conveniently arranged in commercial spread
sheet programs. 

Study of the influence of parameters 
on joint behavior 

The Tokyo Cl specimen analyzed in the example (see the 
Appendix) will be taken as the datum for stuqy design para
meters known to influence joint behavior. Table 2 sum-
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marizes the variables included in the study by showing the 
nominal value for the C1 specimen, as well as the ranges con
sidered. The formulation summarized in the preceding ex
ample can follow the complete response of the joint from 
before yielding of joint hoops up to the limiting condition. The 
particular aspects of response that will be considered in the 
parameter study are the joint shear stress and shear deforma
tion that can be tolerated up to the point of hoop yield. Nu
merous well-instrumented experiments have shown hoop 
yield to be a critical milestone in response because it makes 
a joint susceptible to cyclic deterioration.4-9 If it were pos
sible to track the sequence of joint response milestones, it is 
plausible that prevention of hoop yield should be the main 
design objective. 

Calculations for the parameter study were made in the same 
manner as outlined in the example by using a spreadsheet pro
gram. The influence that each parameter had on tolerable 
shear at hoop yield is shown in Fig. 10. Only cases for which 
hoop yield was not preceded by concrete crushing or vertical 
steel yield are included in the results. Observe from Fig. 10 
that increasing the yield stress of hoops jy, the amount of hoop 
reinforcement in the direction of load Ps, or the confining 
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axial stress in the longitudinal beam Nwbh had similar effects 
of causing hoops to yield at progressively higher joint shear 
stress and strain. Increasing column axial stress Nvlbdw or the 
amount of column longitudinal reinforcement Pt had a mixed 
effect on overall joint shear resistance. Hoops yielded at 
slightly higher shear stress, but at lower joint deformation, as 
the value of these two parameters increased. A lower capacity 
to deform is significant because it suggests that it would take 
less story drift to cause yield of joint hoops. Increasing the 
uniaxial compressive strength of concrete.fc' caused hoops to 
yield at lower shear strain and only slightly higher shear 
stress. 

When joint shear stress and strain at hoop yield are plotted 
for all cases considered, and according to parameters (Fig. 
11 ), the grouping of parameters with similar influence is again 
apparent. Observe also that joint shear stress at hoop yield is 
most sensitive to the value of ps, Nvlbdw, and p1, while shear 
strain is most sensitive toPs. Nwbh,jy, and.fc'. 

In Fig. 11, all the parameter sets coincide at a point repre
senting the response of a joint with the nominal properties of 
the Tokyo C1 specimen (Table 2). Fig. 12 illustrates the con
sequences of any postulated design deviation from these nom
inal values. Lines of constant v and y represent the solution 
for a "current" state of design and section the response space 
into quadrants. In general, the upper-right quadrant is the op
timum design path because it delays hoop yield. in terms of 
both joint shear force and deformation. The upper-left and 
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lower-right quadrants may also represent acceptable paths, 
but they increase either shear stress or strain at hoop yield at 
the expense of one other. The arrows for each parameter set 
in Fig. 12 indicate the sense of increasing value for the para
meter. Observe, then, that increasing ps, N!lbh, or hr is most 
beneficial to overall response. For structures with appreciable 
lateral stiffness (making demand for joint deformation rela
tively low), increasing Pt or Nvfbdw are effective ways to in
crease the joint shear stress that can be carried before hoops 
yield. Conversely, for structures with weak beams (where the 
demand for joint shear stress is relatively small), decreasing 
pt or Nvlbdw would delay hoop yield to higher story drifts. 
Fig. 12 also suggests that increasing fc' is not a particularly 
effective design option for joints. 

The design gradients in Fig. 12 are a graphical expression 
of the algebra in the formulation used for the parametric study. 
These generalized trends will hold true in a mathematical 
sense as long as there is no change in the mode of response 
(hoops yield before crushing or vertical yield). Many exper
imental studies have demonstrated that cyclic deterioration 
of the joint core is triggered by hoop yield. If hoop yield is 
precluded, then the limitation of the formulation to monotonic 
response is not so critical, though connection softness may 
still be detected as a result of bond deterioration. 

CLOSING REMARKS 
The study described in this paper was devoted to improved 

understanding of both the supply and demand for joint resis
tance in reinforced concrete frame structures. The influence 
of several key variables on the behavior of beam-column con
nections was evaluated using results of a database study com
piled from a large numbet of connection tests, and from a 
consistent analytical model of joint mechanics. Of the results 
of the database study, the one conclusion that has the greater 
impact from a designer's point of view is that, for interior 
connections, transverse beams are effective in precluding joint 
shear failure. If analysis is required in detailing the connec
tion, however, the goal should be to preclude yield of joint 
hoops. Furthermore, to minimize the amount of connection 
flexibility, the column must be dimensioned so that the bond 
index (BI) is kept low (less than 20 in psi consistent units). 
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NOTATION 
Nh =horizontal axial load acting in main beam of connection (positive for 

compression) 
N, =column axial load (positive for compression) 
f/ =uniaxial compressive strength of standard-size concrete cylinders 
fi =average stress in longitudinal column reinforcement (tension positive) 
f, =average stress in transverse reinforcement through joint (tension pos-

tive) 
jy, =yield stress of column longitudinal reinforcement (tension positive) 
fy, =yield stress of effective transverse joint reinforcement (tension positive) 
jyb =yield stress of longitudinal beam reinforcement (tension positive) 
v = average joint shear stress 
Vm =average maximum joint shear stress (experimental) 
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'Vm = average maximum joint shear stress normalized by ffi in consistent 
units (experimental) 

'Vy = average joint shear stress required to develop nominal flexural yielding 
of reinforcement in adjacent longitudinal beams normalized by ffi in 
consistent units 

iip = total yield force that can be developed by joint hoops in direction of 
applied load, divided by effective joint area and normailzed by ffi in 
consistent units 

a = angle of first principal strain direction from longitudinal axis t 
f3 = ratio of average beam reinforcement stress to average stirrup stress at 

column centerline 
y = average shear distortion of joint panel 
E1 =average strain along direction l of joint panel (tension positive) 
Er =average strain along direction t of joint panel (tension positive) 
Eo = longitudinal strain corresponding to maximum stress of standard-size 

concrete cylinder tested under uniaxial compression 
6 = angle of first principal stress direction from longitudinal (t) axis 
A. = coefficient to account for effects of softening and confinement on con

crete compressive strength 
p, = column longitudinal reinforcement percentage. 
p, = percent of total horizontal reinfrocement in direction of shear action 

through joint (including beam reinforcement) 
p, = percent of stirrup reinforcement in direction of shear through joint 
p, = volumetric joint hoop ratio 
Ph = percent of main beam reinforcement through joint 
cr, =average normal concrete stress in the l direction (tension Plsitive) 
cr, =average normal concrete stress in the t direction (tension p11sitive) 
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APPENDIX- SAMPLE CALCULATIONS FOR 
INTERIOR JOINT FORMULATION 

Specimen CI tested at the University ofTokyo9 will be analyzed following 
the formulation proposed by the authors in a previous publication.2I Equa
tions cited refer to the numbering in this earlier paper. 

Summary of joint properties 
Joint geometry and reinforcement details for Specimen Clare shown in 

Fig. AI. Following is a summary of quantities required in the various 
equaitons of the formulation. 

Joint dimensions - Thickness b = total plan thickness = I 1.8 in. (300 
mm); height h = distance between centroids of beam reinforcement = 8.86 
in. (225 mm); depth dw = distance between centers of outer steel layers = 
9.45 jn. (240 mm). 
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Column reinforcement- Yield stress/,1 = 61.2 ksi (422 MPa); total area 
ratio PI= A,lbdw = 3.15 in.21(ll.8 in.)(9.45 in.)= 0.0282. 

Beam rei'!forcement - Yield stress jyb = 46.4 ksi (320 MPa); total area 
ratio Pb = AJbh = 1.99 in.21(ll.8 in.)1(8.86 in.) = 0.0190; bond efficiency 
factor Ji = 0.5 (assumed). 

Joint reinforcement- Yield stressjy, = 47.0 ksi (324 MPa); total area ratio 
p, = A,/bh = 0.30 in.21(ll.8 in.) (8.86 in.) = 0.00248; volume ratio p, = 
3(0.0491 in.2) (10.3 in.)I(I0.3 in.)2 (8.86 in.)= 0.00646; Effective total hori
zontal reinforcement pr= Jipb + p, = O.Ol23;jy, = (Jipt/yb + p/y,)lp, = 46.5 ksi 
(321 MPa). 
Concrete propenies- fc' = 3.71 ksi (25.6 MPa); strain atf/, Eo= 0.002; 
Ec (initial)= 2fc' lEo= 3710 ksi (25,600 MPa). 

Axial stress- Column nv = Nvlbd w = 0.284 ksi (1.96 MPa); beam nh = 
Nwbh=O. 

The solution process depends on whether or not transverse reinforcement 
has yielded. Detailed sample calculations for both conditions are given in the 
following. 

Before hoop yield 
Step 1- Choose e, = 0.99 Eyr= 0.00159 (just at the threshold ofyield) . 

Note that any e, !5: Eyr can be chosen for consideration. 
Step 2- Guess Ec = Ec (initial)= 3710 ksi (25,600 MPa). 
Step 3 - Solve for angle to principal plane 9 (Eq. 10) 

al tan 4 8+bl tan2 8-l = 0 

where 

l+-1-+ r 
np1 np,(np, +I) 

1+-1-
np, 

b, = ev le, 
(l+np,)(np, +r) 

n = .!!!.._ = _29....:.,_000_k_si....:.(2_00_:_,000_MP_a-'") 
Ec Ec 

r = eh I Er 
ev = Nv I Ecbdw 
eh = Nh I Ecbh 

Solve tan 9 = 0.778; 9 = 37.90. 
Step 4- Solve for shear v [Eq. (lib)] 

v = - 1-(p,E,e, + Nh) = 0.731 ksi (5.04 MPa) 
tan8 bh 

= l2.0~f/, psi (0.996 ~f/, MPa) 

Step 5 - Determine strains 

l ( V Nv ) 2 E1 = -- ---- = 0.000802 [Eq. (I a)] 
p1Es tan8 bdw 

EI = Er -El tan2 8 0.00280 
l-tan28 

E2 = Er + E1 - E1 = -Q.000408 

r = 2(e, -e,) = o.003ll 
tan8 

Step 6- Check assumed Ec [Eq. (16)] 

where 

Ec = (Jz = },f/ [2(~)-(~)2 ] 
Ez Ez A.eo A.eo 

A= l+p,.fyslf/ =0.85 
0.8- 0.34(£1 I Eo) 
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For the current strain state, the concrete secant modulus, Ec = 3265 ksi 
(22,500 MPa), which is 12 percent lower than the initial guess. More itera
tions can be performed by returning to Step 2 with an updated guess. Before 
this is done, check for yield of vertical steel and crushing of concrete along 
the principal diagonal 

Et = 0.000802 < fyt = 0.00211 (no vertical yield) 
E, 

le2l = 0.000408 < ko = 0.0017 (no crushing) 

After two more iterations, the error in modulus is less than 0.5 percent. 
Final response values are 

9 = 38.0° 
v = O:i28 ksi (5.02 MPa) = 12.0~j(, psi (0.92 ~Jc', MPa) 
y = 0.00322 

It is apparent that iteration to convergence in Ec had insignificant influ
ence on computed response. 

After hoop yield 
Step 1 -Choose e, = 2£yr = 0.00321. Note that the formulation assumes 

thatf, = fy, for all post-yield strain values. Any Et > Eyr can be chosen. 
Step 2- Guess Ec = Ec (initial)= 3710 ksi (25,600 MPa). 
Step 3- Solve for shear v [Eq. (14c)]: 

where 
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C2 = p,fyt +ehEc +EtEc 

Ec 

Solve v = 0.852 ksi (5.87 MPa) = 14.0 ..J1l psi (l.l6 ..f1l MPa). 
Step 4- Solve for 9 [Eq. (13)] 

from which 9 = 34.0°. 

tan 8 = p,fyr + Nh I bh 0.675 
v 

Step 5 - Determine strains: £t = 0.00120 < Eyt (no vertical yield); £1 = 
0.00490; £2 = - 0.000490; y = 0.00500; A. = 0.61; 1£21 = 0.000490 < A.eo = 
0.00122 (no crushing). • 

Step 6- Check assumed Ec. 

At current strain state, Ec = 2960 ksi (20,400 MPa), which is 20 percent 
lower than the previous guess. For this example, four more iterations are re
quired for an error of less than 0.5 percent. Final response values are 

9 = 34.4° 
v = 0.840 ksi (5.79 MPa) = 13.8 ..f1l psi (l.l4 ..f1l MPa) 
y = 0.00531 

Again, iteration to convergence caused only small changes in computed 
results. 
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