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Abstract: Multi-level shaking table tests were performed on 1:3 reduced scale two-story RC IMRF 

frames conforming to ACI-318-19. The exterior joints lacked shear reinforcement to assess the via-

bility of the ACI model recommended for determining the design shear strength of the beam-col-

umn joint panel. The Northridge-1994 earthquake accelerogram was input to the frame for multi-

level shaking table testing. Plastic hinges developed in beams under base input motion with a max-

imum acceleration equal to 0.40g. The exterior joints incurred extensive damage under base input 

motion with a maximum acceleration equal to 0.70g. The frame achieved displacement ductility and 

overstrength factors equal to 2.40 and 2.50 respectively. This gives a response modification factor 

equal to 6. The satisfactory performance of the frame is attributed to the high efficiency of the beam-

column joint, which was confined by spandrel beams on two faces, and the high strength of the 

concrete. The inherent minimal confinement is sufficient to ensure good seismic behavior. The anal-

ysis confirmed overstrength equal to 1.58 for joint shear strength in comparison to the design 

strength determined using the ACI model. The data might serve as a reference for calibrating and 

validating numerical modeling techniques for performance evaluation, which are crucial in the con-

text of performance-based engineering. 
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1. Introduction 

A ductile frame exhibits reduced lateral stiffness and increased energy dissipation 

that tends to reduce seismic forces relative to forces that would occur in a linearly elastic 

frame1,2,3. Therefore, such frame can be designed for lower seismic forces given in seismic 

code ASCE/SEI-7-164. It is achievable if frames are properly detailed to attain such ductile 

behaviour. Therefore, the IBC-20185 relies primarily on the ACI-318-196 Code that list de-

sign procedures and minimum requirements for ductile detailing. The structural frame 

members are intended to resist design basis earthquake motion through ductile response 

but without critical deteriorations of strength.   

The ASCE/SEI-7-16 permits the use of intermediate moment-resisting frame (IMRF) 

as a lateral load-resisting system for structures assigned to seismic design category (SDC) 

B and C. The code suggests it may also be permitted as part of dual systems for structures 

assigned to SDC D, E, and F. In this case, the IMRF is designed for a portion of lateral load 

(e.g. 25% of total base shear) but intended to deform in congruence with the dual system. 

The SDC assigned to a structure depends on the intended use and occupancy of the build-

ing and the ground motions at the site. The IBC-20185 suggests the building should be 

assigned to the more severe SDC.  

Based on the observations from past experimental tests performed on interior and 

exterior beam-column sub-assemblages7, the ACI-318-19 recommends transverse rein-

forcement in beam-column joints unless the joint is restrained on all four sides by beams. 

The joint transverse reinforcement is intended to confine the joint concrete and preclude 

longitudinal column bars buckling. This requirement is relieved when the beam framing 

in to the joint extends from the opposite face of the joint up to the length at least equal to 
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the beam depth8, and also ensuring the extending beam/column members are properly 

dimensioned and reinforced to provide effective restraints to joint.  

The present research confirms through series of shake-table tests performed on a two-

story IMRF that if the exterior beam-column joint is confined by appropriately detailed 

spandrel beams on two faces and the joint concrete has compressive strength equal 

to/greater than 4000 psi (28 MPa), the joint efficiency will improve. The frame achieved 

strength and toughness sufficient to resist design basis earthquake ground motions with-

out deterioration of strength. The selected frame was tested progressively till the joint ca-

pacity was fully exhausted and the frame was found in the near collapse state. The joint 

efficiency was quantified that was compared with the joint shear strength obtained using 

the ACI model given in the ACI-318-19 to assess the efficacy of the design strength model 

for considered frame.   

The ACI-318-19 suggests the exterior beam-column joints of the intermediate mo-

ment-resisting frame shall have transverse reinforcements that are distributed within the 

column height equal to the beam depth. This shear reinforcement is based on the require-

ments of ACI-352R9, and intends to prevent deterioration due to shear cracking and buck-

ling of longitudinal column reinforcement. The present research confirms through shake-

table tests that such stringent requirements may be relaxed especially for low-rise inter-

mediate moment-resisting frames when the exterior joints are confined by beams on three 

faces and concrete has compressive strength equal to or more than 4000 psi (28 MPa). The 

inherent minimal joint confinement is sufficient to ensure good seismic behavior.  

2. Design of selected moment-resisting frame  

Lateral Seismic Forces  

The selected frame is a two-story one-bay moment-resisting frame (Fig. 1). The pre-

liminary member sizes chosen and material properties considered for the frame are re-

ported in Table 1. The seismic base shear force V for the frame was computed in accord-

ance with the equivalent lateral force procedure given in the ASCE/SEI-7-16: 

V =CSW                                                    (1) 

 

Figure 1. Selected moment-resisting reinforced concrete frame. 
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Table 1. Preliminary chosen sizes of beams and columns, and basic material properties. 

Member 
Depth 

in. (mm) 

Width 

in. (mm) 

Clear Span 

in. (mm) 

fc’ 

ksi (MPa) 

Ec 

ksi (GPa) 

fy 

ksi (MPa) 

Es 

ksi (GPa) 

Beams: 18 (457) 12 (305) 204 (5182) 4 (28)  3605 (24.86) 60 (414) 29000 (200) 

Columns: 12 (305) 12 (305) 138 (3505) 4 (28)  3605 (24.86) 60 (414) 29000 (200) 

 

The value of seismic response coefficient CS depends on a number of geotechnical 

and seismic characteristics of the site and the type of structural system used to resist lateral 

seismic forces. Table 2 reports the values considered for selected frame. The value of CS 

was determined in accordance with the procedure given in ASCE/SEI-7-16 (12.8.1.1). The 

response modification coefficient R needs attention, as this accounts for reduction of the 

design spectral response acceleration for ductile structures capable of dissipating seismic 

energy through inelastic deformation in hinging regions of members. The ASCE/SEI-7-16 

recommends R to be taken 5.0 for intermediate moment-resisting frame. Moreover, the 

selected frame was assigned to SDC C with earthquake importance factor Ie equal to 1.25. 

The Rayleigh method and eigenvalue analysis of elastic frame model provide accurate 

estimate of fundamental time period of structures10. However, the fundamental time pe-

riod of frame T = 0.42 sec was computed in accordance with the empirical equation sug-

gested in ASCE/SEI-7-16 (12.8.2.1), which is based on the earlier work of Goel and Cho-

pra11,12, that provides a conservative estimate of the seismic response coefficient. The up-

per limit coefficient Cu was taken 1.5 in accordance with the ASCE/SEI-7-16 for selected 

design spectral response acceleration parameter. This gives seismic response coefficient 

CS equal to 0.118, which was increased by 30 percent (i.e. CS = 1.3  0.118  0.15) in accord-

ance with the orthogonal seismic loads combination procedure proposed in the ASCE/SEI-

7-16 (C12.5.3) based on the earlier work of Veletsos and Newmark13. The design base shear 

force V was approximated equal to 9.54 kips (42.42 kN). The lateral seismic force Fx = [6.30 

kips (28 kN), 3.15 kips (14 kN)] for roof and first-floor respectively were computed in ac-

cordance with the vertical distribution factor Cvx given in ASCE/SEI (12.8.3).  

Table 2. Geotechnical, seismic and structural parameters considered for design of frame. 

SDC SDS SD1 Soil Ie R Ω0 Cd 

C 0.5 0.2 B 1.25 5.0 3 4.5 

Design of Beams 

The beams were designed for flexure and shear actions in accordance with the ACI-

318 (18.4.2). The design of beams was based on the demands for beam member CD, since 

it will be subjected to higher bending and shears actions. Fig. 2 shows the factored design 

moment Mub for combined gravity and lateral seismic forces. Positive bending-moments 

are plotted below the beam centroid and negative moments are plotted above the centroid. 

The ACI-318 recommends the beam shall have at least two continuous longitudinal bars 

at both top and bottom faces. For this reason, and to simplify the construction of test 

frame, three longitudinal steel bars 3#6 (i.e. diameter equal to 19 mm) were selected for 

both top/bottom faces of beam. The nominal moment strength Mnb of selected doubly re-

inforced beam section was calculated through an iterative procedure as described by 

Wight14. For the materials properties given in Table 1, a value of Mnb = 98 k-ft (133 kN-m) 

and the reduced nominal moment strength Mnb equal to 88 k-ft (120 kN-m) were deter-

mined. The demand-to-capacity ratio of the selected beam is 0.85 that gives a flexural 

overstrength equal to 1.17. This indicates the appropriateness of the selected tension rein-

forcement for top face of beam. Under lateral seismic loads reversal, the reinforcement in 

the bottom face of beam will develop similar flexural strength in tension. 
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Figure 2. Factored design moment Mub for beams for combined gravity and lateral seismic forces. 

The factored shear force was computed in accordance with the ACI-318-19 (18.4.2.3) 

that suggests two procedures for determining shear: a) based on the free body diagram 

and assuming that nominal moment strengths (taking  = 1) are developed at both ends 

of the beam and, b) analyzing the frame for lateral seismic forces including the earthquake 

effects doubled i.e. 2E. In present case, procedure (a) gives value 7% higher than proce-

dure (b). Fig. 3 shows the considered factored design shear Vub for combined gravity and 

lateral seismic forces.  

 

Figure 3. Factored design shear Vub for beams in accordance with ASCE/SEI-7-16 (18.4.2.3). 

The nominal shear strength Vnb was calculated in accordance with the ACI-318-19 

(22.5.1) for one-way shear. In comparison with the classical model for shear strength of 

concrete Vcb15, the updated models now include also the effects of member depth and 
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longitudinal reinforcement ratio on shear strength16,17. This is due to the fact that the beams 

with increased depth and reduced area of longitudinal reinforcement exhibit lower shear 

stress at failure18,19,20,21. The updated model gives value equal to 10.85 kips (48.26 kN) for 

reduced nominal shear strength of concrete Vcb. This was found 31% less than the previ-

ous simple model16. The shear reinforcement was computed in accordance with the ACI-

318-19 (22.5.8.5.3). In the present case #3 (diameter equal to 9.53 mm) double-legs stirrups 

were used as shear reinforcement and taking the longitudinal spacing s of the shear rein-

forcement equal to 3 in. (76 mm). The demand-to-capacity ratio computed for shear rein-

forcement is 0.55. The section still maintains demand-to-capacity ratio equal to 0.72, even 

if the concrete component is ignored. This gives shear overstrength equal to 1.40. Moreo-

ver, the appropriateness of the selected cross-sectional dimensions was also checked in 

accordance with the ACI-318-19 (22.5.1.2) that gives demand-to-capacity ratio of 0.42, in-

dicating the efficacy of the selected sizes of beam cross-section. The designed shear rein-

forcement also conforms to the provisions of ACI-318-19 (18.4.2.4).   

Design of Columns 

The beams of frame are designed as yielding members while columns and beam-

column joints are capacity-protected through appropriate dimensions and detailing. This 

intends to ensure strong-column and weak-beam lateral load-resisting frame for seismic 

energy dissipation without compromising the stability of frame22. However, the addi-

tional requirement of ACI-318-19 (18.7.3.2) that recommends flexural strengths of the spe-

cial moment resisting columns shall satisfy the criteria Mnc ³ 6 / 5( ) Mnbåå  is compro-

mised for intermediate moment-resisting frames; the factor (6/5) may be taken equal to 1. 

Therefore, factored moment Muc for columns were computed for the design base com-

bined gravity and lateral seismic forces (Fig. 4). The design of columns was based on the 

member BD, since ground story columns are subjected to higher combined actions (mo-

ment, axial, shear and story-drift). The column design moments were further increased to 

take in to account the flexural overstrength of beam (i.e. 1.17). A value of 47 ft-k (64 kN-

m) and 44 k (196 kN) were obtained for design moment Muc and the corresponding axial 

force Puc respectively.  

 

Figure 4. Factored design moment Muc for columns for combined gravity and lateral seismic forces. 
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The selected columns were assumed with 8#6 (diameter 19 mm) longitudinal bars. 

Likewise, the nominal moment strength Mnc of selected column section was calculated 

through an iterative procedure as described by Wight14. For the materials properties given 

in Table 1, a value of Mnc = 60 k-ft (81 kN-m) and the reduced nominal moment strength 

Mnc equal to 54 k-ft (73 kN-m) were determined for tension-controlled section with pre-

compression Puc. The demand-to-capacity ratio of the selected column is 0.87 that gives a 

flexural overstrength equal to 1.15. This indicates the appropriateness of the selected re-

inforcement for the column section.   

The factored shear force for column was computed in accordance with the ACI-318-

19 (18.4.3.1) that suggests procedures similar to ACI-318-19 (18.4.2.3) for beam shear. 

However, the earthquake effect E is increased by overstrength factor 0 equal to 3.0. Fig. 

5 shows the factored design shear force for columns. Likewise, the nominal shear strength 

Vnc was calculated in accordance with the ACI-318-19 (22.5.1). Similarly, #3 (diameter equal 

to 9.53 mm) double-legs stirrups were used as shear reinforcement of columns and taking 

the longitudinal spacing s equal to 3 in. (76 mm). The demand-to-capacity ratio computed 

for shear reinforcement is equal to 0.33, and it is equal to 0.40 if the concrete component 

is ignored. This gives shear overstrength equal to 2.50 and confirms the appropriateness 

of the selected shear reinforcement.   

 

Figure 5. Factored design shear Vuc for columns for combined gravity and lateral seismic forces. 

Design of Beam-Column Joints 

The beam-column joints of test frame were confined on all three faces: a main beam 

resisting in-plane loads and two transverse beams of similar sizes and reinforcement. De-

sign of joint C is discussed. The joint shear Vu,joint was computed in accordance with the 

ACI-318-19 (18.4.4.7.1). This requires horizontal shear force on a plane at mid-height of 

the joint Vu,joint to be calculated using Equation (2) and (3)14:  

Vu, jo int = Tpr -Vcol                                               (2) 

Tpr =aAS fy                                                   (3) 

Moreover, the ACI-318-19 suggests using tensile and compressive beam forces and 

column shear consistent with beam nominal moment strength Mnb. Therefore parameter 

a is taken equal to 1.0. The tensile force Tpr is found equal to 80 kips (356 kN). For Mnb = 98 
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k-ft (133 kN-m), Vcol is found equal to 70 kips (311 kN). The nominal joint shear strength 

Vn,joint was computed in accordance with the ACI-318-19 (18.8.4.3) using Equation (4): 

Vn, jo int =15l fc
'Aj                                              (4) 

The modification factor l is taken equal to 1.0 for normal concrete. The joint area Aj 

is taken equal to 144 in2 (92903 mm2). The value of Vn,joint is found equal to 137 kips (610 

kN). This gives reduced nominal joint shear strength Vn,joint equal to 82 kips (366 kN). The 

demand-to-capacity ratio was found equal to 0.86, indicating joint shear overstrength 

equal to 1.17 for design base actions. This shows the efficacy of the considered joint later-

ally supported by beams on three faces. In the present research, the shake table tests will 

also confirm the efficiency of the considered joint. Fig. 6 shows the reinforcement details 

of the selected beam/column members and beam-column joint panel for test frames.    

 
BEAM-COLUMN JOINT PANEL  

Figure 6. Geometric and reinforcement details of the beam/column members and panel. 

3. Shake-table tests on selected frame 

Fig. 7 shows the 1:3 reduce-scaled test frame prepared using the similitude require-

ments for a simple model. The linear dimensions of beam/column members, slab and di-

ameter of reinforcement were reduced by a scale factor SL = 3. The concrete used constit-

uents in a mix proportion as 1:1.68:1.72 (cement: sand: aggregate) with water-to-cement 

weight equal to 0.48, in order to achieve the required compressive strength of concrete. 

The test frame model was also provisioned with additional floor mass Mmf in accordance 

with the similitude requirements for dynamic seismic analysis of model described in 

Moncarz and Krawinkler23:  

Mr =
Mp

Mm

= SL
2
                                                (5) 

Mmf =
Mp1

SL
2
-Mm0                                              (6) 
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Figure 7. A 1:3 reduced scale test frame. 

An additional floor mass equal to 1.33 kips (5.90 kN) was applied on each floor using 

steel blocks of 300 kg on each side of the main beam. The weights were placed outside the 

effective width of beam. Two displacement string pots and two accelerometers were 

mounted at the mid-height of the slab at each floor level on transverse beams, in order to 

measure response histories of floor displacements and floor accelerations. One string pot 

and accelerometer were also mounted at the base of the model to measure the actual input 

base motions.  

The acceleration time history of Northridge-1994 earthquake was selected for input 

base motions. This was recorded at CASTAIC OLD RIDGE RT, 090 CDMG STATION 

24278. Fig. 8 shows the design response spectrum for parameters given in Table 2 and the 

scaled acceleration response spectrum of selected accelerogram. The scaling is performed 

by linearly matching the spectral accelerations of accelerogram and the design spectrum 

at the fundamental time period of frame (T = 0.42 sec). Moreover, the accelerogram was 

time-compressed by a factor of SL1/2 = 31/2 to satisfy the similitude requirement24 for base 

motion of 1:3 reduced scale test frame. 
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Figure 8. Scaled acceleration response spectrum of Northridge-1994 for base motions. 

Table 3 reports the values of measured sustained maximum accelerations at the base 

of models for series of test runs. The observed damages in each test are also reported in 

Table 3 and shown in Fig. 9 through Fig. 11. The test frame exhibited horizontal and ver-

tical flexural cracks at the beam-joint interface, which aggravated with increasing ampli-

tude of base motions. The beam-column joint panels incurred extensive damages under 

base motions with sustained maximum acceleration equal to 0.70g. 

Table 3. Measured sustained maximum acceleration of base motions of test frame. 

Test 

Runs 

PHA* 

(g) 
Remarks 

1 0.20 - 

2 0.40 
Horizontal and vertical flexural cracks at the beam-

joint interface. 

3 0.45 

Aggravation of horizontal flexural cracks at the beam 

ends. Occurrence of slight cracks in beam-column 

joints 

4 0.70 
Extensive damages occurred at the beam-column joint 

panels on both floor levels.  

*Peak horizontal acceleration 
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Figure 9. Horizontal and vertical flexural cracks at the beam-joint interface under test run 2 (ref. 

Table 3). 

 

Figure 10. Aggravation of horizontal flexural cracks at the beam ends under test run 3 (ref. Table 3). 
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Figure 11. Extensive damage occurred at beam-column joint panel under test run 4 (ref. Table 3). 

4. Seismic design factors for selected frame  

Overstrength Factor   

The beam/column members of selected frame were designed with capacities greater 

than the design forces. It is most likely the actual materials strength is higher than the 

nominal strength specified in the design. Moreover, the test frame also comprised the slab 

that acts monolithically with the beam. These sources are likely to increase the actual max-

imum lateral strength (Vmax) of frame in comparison to the design lateral strength (V). The 

ratio of the Vmax to V is referred to as overstrength factor o. The ASCE/SEI-7-16 suggests 

o equal to 3 for IMRF.       

The measured response histories of floor accelerations and displacements for all test 

runs were processed to compute the relative displacement of roof and the corresponding 

base shear force for prototype of test frame. The first three runs were analyzed to develop 

force-displacement capacity curve for the prototype of tested frame (Fig. 12). The capacity 

curve exhibits hardening response in the post-yield state. The ASCE/SEI 7-116(12.12) sug-

gests the allowable story drift equal to 0.020hsx for the selected frame that was considered 

as the maximum drift for computing the peak base shear force. A value equal to 23.83 kips 

(106 kN) is obtained. This gives overstrength factor equal to 2.50, which is 20% less than 

the value suggested by ASCE/SEI-7-16 for selected frame.  
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Figure 12. Force-displacement capacity curve for prototype of tested frame. 

Fig. 13 shows the considered plastic mechanism of selected frame for analytical pre-

diction of peak base shear force. The virtual work method was used to compute Vmax using 

Equation (7) and (8):     

Wve =Wvi                                                   (7) 

0.835Vmax =q 4Mpb + 2Mpc( )                                     (8) 

For Mpb = 98 k-ft (133 kN-m), Mpc = 60 k-ft (81 kN-m) and q = 1/24 rad (1/7.315 rad), 

Vmax equal to 25.54 kips (113.62 kN) is obtained. This gives an overstrength factor equal to 

2.68, which is approximately 11% less than the value suggested by ASCE/SEI-7-16 and 

7.20% higher than the value obtained using the experimental force-displacement curve. 

This confirms the efficacy of the analytical method for computing the peak base shear 

force at the maximum permissible drift. 

 

Figure 13. Considered plastic mechanism of selected frame. 
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Ductility Factor   

The ductility factor of a structure is a measure of its global nonlinear response, which 

is related to the global displacement ductility of structure25. The global effective yield dis-

placement y was obtained using the FEMA-P695 procedure26. Considering the allowable 

story drift equal to 0.020hsx as the maximum permissible drift, the displacement ductility 

ratio  was found equal to 2.40 ( = max/y  2.40). The bi-linearized capacity curve gives 

yield time period Ty of frame equal to 0.72 sec for the first mode of vibration assuming 

linear deflected shape, which is greater than 0.50 sec. Thus, the ductility factor R is taken 

equal to displacement ductility ratio i.e. R =  = 2.40 in accordance with the suggestion of 

Newmark and Hall26 for SDOF system with elasto-plastic nonlinear response.   

Alternatively, the effective yield displacement was computed in accordance with the 

suggestion of Priestley et al27 in order to assess efficacy of the analytical prediction. The 

yield drift of a story for reinforced concrete frame is computed using Equation (9):    

qy = 0.5ey
Lb
hb

                                                (9) 

For ey = 0.0021, Lb = 18 ft (5486 mm) and hb = 18 in. (457 mm) the yield drift was found 

equal to 1.24. It is sufficiently accurate to approximate the global effective yield drift of 

frame equal to story drift for a linear deflected shape of frame under lateral seismic forces. 

This gives displacement ductility ratio equal to 1.61, which is 33% less than the ductility 

ratio obtained based on the experimental global nonlinear response curve. This significant 

difference is due to the fact that the analytical model given in Equation (9) is based on the 

response of beam-column connection sub-assemblages that did not include slab. Never-

theless, this analytical model is conservative for design purposes.  

Response Modification Coefficient    

This factor is used to calculate the seismic response coefficient required for determi-

nation of seismic base shear using the equivalent lateral force procedure given in the 

ASCE 7-16 for seismic design of structure. For a structure, the response modification co-

efficient R is described as the product of the overstrength factor o and the ductility factor 

R i.e. R = o  R. The experimental data gives R equal to 6.0 (R = 2.50  2.40 = 6.0), which 

is 20% higher than the value suggested in the ASCE 7-16 for selected frame (i.e. R = 5). 

This increase is due to the higher ductility capacity of tested frame. 

The analytical predictions based on the virtual work method for computation of peak 

base shear and the empirical formula suggested by Priestley et al for computation of ef-

fective yield displacement gives R equal to 4.31 (R = 2.68  1.61 = 4.31), which is 28% less 

in comparison to the R factor obtained using the experimental data. The analytically com-

puted R factor (i.e. 4.31) is approximately 14% less than the value suggested in the ASCE 

7-16. This confirms the analytical models give conservative value for response modifica-

tion coefficient.      

5. Assessment of Beam-Column Joint 

Efficiency of Beam-Column Joint 

The efficiency of a joint is the measure of its reserve strength. For a connection, this 

is computed as the ratio of the force causing failure of the joint to the force corresponding 

to the moment capacity of the yielding beam entering the joint. For a global structure, the 

efficiency of the considered beam-column joint, which is laterally supported by beams on 

three faces, was determined by computing ratio of the base shear force causing failure of 

the joint Vf to the base shear force (Vmax) developed at the maximum permissible drift un-

der design base earthquake (Fig. 14). This gives efficiency of joint equal to 1.56 or 156%. 

The measured efficiency is significantly higher than the values reported for typical corner 

joints subjected to bending causing opening of the joint28,29. This is due to the fact the con-

sidered beam-column joint was laterally supported by beams on two faces in addition to 

the in-plane beam entering the joint. Moreover, the corresponding roof deflection capacity 
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was found equal to 4.70%, which is 135% higher than the maximum permissible drift un-

der design base earthquake. Considering the maximum considered earthquake (MCE) 

ground motions equal to 3/2 times of the design base earthquake (DBE) ground motions, 

the measured roof drift capacity is 57% higher than the permissible drift under MCE 

ground motions. This confirms the available sufficient reserve strength and high effi-

ciency of the beam-column joint confined by beams on three faces (Fig. 6) despite the fact 

it lacks shear reinforcement. 

 

Figure 14. Complete capacity curve for prototype of tested frame till beam-column joints were ex-

tensively damaged. . 

Shear Strength of Beam-Column Joint  

Joint C of frame was analyzed for determination of joint shear strength. For test run 

4, the corresponding floor forces at the peak base shear (Fig. 14) were obtained. This gives 

Fx,f = [24.28 kips (108 kN) 12.14 kips (54 kN)] for roof and first-floor respectively. The cor-

responding story shear forces VS = [12.14 kips (54 kN) 18.21 kips (81 kN)]] were obtained 

for column CE and AC respectively. This gives bending moments at the joint Mc = [72.28 

k-ft (98 kN-m) 108.42 k-ft (147 kN-m)]] for column CE (at the base end) and column AC 

(at the top end) respectively. The point of contraflexure is assumed at the mid-height of 

the column for computing moments at the column end. The equilibrium of bending mo-

ments at the joint will require the bending moment in beam equal to 181.44 k-ft (246 kN-

m). This gives flexural overstrength of beam equal to 1.85 in comparison to nominal bend-

ing moment capacity of beam. This increase is attributed to the materials overstrength and 

slab contribution to flexural strength of beam, as suggested earlier by French and 

Moehle30. This develops a maximum tension force Tpr,max in the joint equal to 147.92 kips 

(658 kN). The corresponding maximum joint shear force Vu,joint,max was found equal to 

129.71 kips (577 kN) using Equation (2) and the experimentally obtained story shear and 

joint tensile force. This gives overstrength equal to 1.58 for joint shear strength in compar-

ison to nominal shear strength determined in accordance with the ACI-318-19 (18.8.4.3). 

This confirms the efficacy of the considered beam-column joint (Fig. 6) of selected frame 

despite the fact it lacks shear reinforcement. However, concrete must have a compressive 

strength equal to or more than 4000 psi (28 MPa) for such good behavior.    

6. Conclusions 

Summary 

Based on the preliminary design of selected frame, the following conclusions are 

drawn: 
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1. The analysis of beam indicates overstrength equal to 1.17 for flexural strength and 

1.40 for shear strength. The corresponding flexural and shear overstrength obtained 

for column are 1.15 and 2.50 respectively.       

2. The factored shear force computed in accordance with the ACI-318-19 provisions 

18.4.2.3 (a) and 18.4.2.3 (b) gives roughly similar shear force with procedure (a) gives 

relatively high shear force by 7% in comparison to procedure (b).    

3. The updated model for shear strength of concrete included in ACI-318-19 gives 

strength 31% less than the previous simple model.  

4. The analytical model gives overstrength equal to 1.17 for shear capacity of joint for 

design base actions. This confirms the efficacy of the joint laterally supported by 

beams on three faces despite the facts it lacks shear reinforcement. However, it must 

be ensure that the concrete has compressive strength equal to or more than 4000 psi 

(28 MPa).     

Conclusions  

Based on the observed seismic performance of selected moment-resisting frame un-

der series of shake-table tests, the following conclusions are drawn: 

1. The selected frame exhibited flexural mechanism in beams under base motions with 

sustained maximum acceleration up to 0.40g. Only few slight cracks were developed 

in beam-column joints under base motions with sustained maximum acceleration 

equal to 0.45g. The joints incurred extensive damage under base motion with sus-

tained maximum acceleration of 0.70g.    

2. The selected frame achieved overstrength factor equal to 2.50, which is 20% less than 

the value suggested by ASCE/SEI-7-16. The ductility factor was found equal to 2.40, 

which is 44% higher than the ductility factor inherently available in the response 

modification coefficient suggested by ASCE/SEI-7-16 for selected frame. This gives 

response modification coefficient equal to 6.0, which is 20% higher than the value 

suggested by ASCE/SEI-7-16.    

3. The available analytical model for yield drift provided estimate of ductility factor 

33% less than the experimental value. It is due to the fact that such models are based 

on response of beam-column connection sub-assemblages lacking slab effects.   

4. The virtual work method based on the presumed plastic mechanism predicted the 

peak base shear of selected frame at roof drift of 2% with sufficient accuracy; slightly 

overestimated by 7%. However, this method underestimated the maximum re-

sistance of frame at roof drift of 4.20% by 31%. This is due to the fact that the method 

ignored the material overstrength and slab contribution to flexural strength. Re-cal-

culating Vmax using Equation (8) and amplifying bending moment capacity of beam 

by flexural overstrength of 1.85 gives Vmax equal to 42.26 kips (188 kN). This is ap-

proximately 14% higher than the experimentally observed maximum resistance of 

37.10 kips (165 kN).     

5. The efficiency of joint that defines the ratio of force causing failure of the joint to the 

force developed in the structure at the maximum permissible drift was found equal 

to 1.56 (or 156%). This measured efficiency is significantly higher than the values re-

ported previously28,29. This increase is attributed to the material overstrength and the 

fact that the joint was confined by beams on three faces and the concrete strength is 

4000 psi (28 MPa).        

6. Analysis of joint based on experimental response at the roof drift equal to 4.70% gives 

overstrength equal to 1.58 for joint shear strength in comparison to nominal shear 

strength determined in accordance with the ACI-318-19 (18.8.4.3). The measured high 

overstrength confirms the efficacy of the beam-column joint confined by beams on 

three faces despite the fact it lacks shear reinforcement. However, it is a must to use 
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concrete that has compressive strength equal to or more than 4000 psi (28 MPa). The 

inherent minimal confinement is sufficient to ensure good seismic behavior.  
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Notation:  

Aj
 = joint area 

AS  = area of longitudinal steel reinforcement in tension 

Cd  = deflection amplification factor 

CS  = seismic response coefficient 

Cu  = coefficient for upper limit on fundamental time period, 1.5 for SD1 equal to 0.20 

Cvx  = Vertical distribution factor 

E  = effect of earthquake-induced forces 

Ec  = Young’s modulus of concrete 

Es  = Young’s modulus of steel 

Fx  = lateral seismic design forces at level x 

Fx, f  = lateral seismic forces at level x at lateral force causing failure of the joint 

fc
'
 = compressive strength of concrete 

fy  = yield strength of steel 

g  = acceleration due to gravity equal to 32.17 ft/s2 (9.81 m/s2) 

hb  = depth of beam 

hsx  = story height below level x 

Ie  = earthquake importance factor based on the use and occupancy of the structure 

Lb  = length of beam 

Mm0  = floor mass of test model 
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Mmf  = additional floor mass for test model 

Mn  = nominal moment strength 

Mp1  = floor mass of prototype of test model 

Mpb  = plastic moment of beam section 

Mpc  = plastic moment of column section 

Mr  = prototype-to-model mass ratio 

Mu  = factored design moment 

Pu  = factored axial load  

R  = response modification coefficient 

R  = ductility factor 

SDS  = design spectral response acceleration parameter in the short period range 

SD1  = design spectral response acceleration parameter for stuctural period equal to 1.0 sec 

SL  = scale factor  

T  = fundamental period of the structure 

Tpr  = tensile force in longitudnal reinforcement of beam in tension  

V  = design lateral strength, design base shear force  

Vc  = shear strength of concrete 

Vcol  = column shear force 

Vf  = peak lateral force causing failure of the joint 

Vmax  = maximum lateral strength, up to permissble maximum design drift 

Vn  = nominal shear strength 

VS  = story shear force 

Vu  = factored shear force 
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Vn, jo int  = nominal shear strength of joint 

Vu, jo int  = factored shear strength of joint 

W  = effective seismic weight of structure 

Wve  = virtual external work 

Wvi  = virtual internal work 

D y  = effective yield displacement 

D max  = maximum displacement corresponding to maximum permissible design drift 

ey  = strain of steel correspodning to yield stress 

  = displacement ductility ratio 

W0  = overstrength factor 

  = strength reduction factor 

q  = story drift 

q y  = effective yield drift 
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