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SUMMARY 

This paper presents experimental and numerical studies of a full-scale deformable connection used to 

connect the floor system of the flexible gravity load resisting system (GLRS) to the stiff lateral force 

resisting system (LFRS) of an earthquake-resistant building. The purpose of the deformable connection is 

to limit the earthquake-induced horizontal inertia force transferred from the floor system to the LFRS, and, 

thereby, to reduce the horizontal floor accelerations and the forces in the LFRS. The deformable connection 

that was studied consists of a buckling restrained brace (BRB) and steel-reinforced laminated low-damping 

rubber bearings (RB). 

The test results show that the force-deformation responses of the connection are stable, and the dynamic 

force responses are larger than the quasi-static force responses. The BRB+RB force-deformation response 

depends mainly on the BRB response. A detailed discussion of the BRB experimental force-deformation 

response is presented. The experimental results show that the maximum plastic deformation range controls 

the isotropic hardening of the BRB. The hardened BRB force-deformation responses are used to calculate 

the overstrength adjustment factors. Details and limitations of a validated, accurate model for the 

connection force-deformation response are presented. Numerical simulation results for a 12-story 

reinforced concrete wall building with deformable connections show the effects of including the RB in the 

deformable connection and the effect of modeling the BRB isotropic hardening on the building seismic 

response. Including the RB in the connection reduces the connection deformation and reduces the residual 

connection deformation. A BRB+RB connection model with BRB isotropic hardening provides more 

accurate connection deformation predictions compared to a BRB+RB connection model without BRB 

isotropic hardening. 

 

 

KEY WORDS: deformable connection; full-scale experimental validation; dynamic testing; buckling 

restrained brace; low-damping rubber bearings. 
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1 INTRODUCTION 

The development of a deformable connection used to connect the floor system of a flexible gravity load 

resisting system (GLRS) to the stiff lateral force resisting system (LFRS) of a building designed to resist 

earthquake loading was presented in [1]. In comparison to a conventional earthquake-resistant building, the 

use of a well-designed deformable connection at each floor in the building was shown to limit the 

earthquake-induced horizontal inertia forces transferred from the floor to the LFRS and reduce the floor 

accelerations, without significantly increasing the lateral drift [1]. The use of deformable connections also 

significantly reduces the dispersion in the peak forces transferred from the floor systems to the LFRS, in 

the peak floor accelerations, and in the peak LFRS story shears [1]. Thus, a more reliable building system 

design is possible by reducing the variability in the lateral force and acceleration responses, given the 

expected earthquake ground motion variability [1].  

The deformable connection described in [1] consists of a limited-strength hysteretic component and low-

damping rubber bearings. The limited-strength hysteretic component transfers lateral force from the floor 

system to the LFRS and maintains the stability of the GLRS. The low damping laminated rubber bearings 

maintain the out-of-plane stability of the LFRS and provide additional post-elastic stiffness to the 

deformable connection.  

This paper presents experimental and numerical studies of a full-scale deformable connection that uses 

a buckling restrained brace (BRB) as the limited-strength hysteretic component and a set of four steel-

reinforced laminated low-damping rubber bearings (RB). The deformable connection that was studied is 

denoted as BRB+RB. Two BRB+RB connection specimens were tested, denoted as BRB#1+RB and 

BRB#2+RB, respectively. The two specimens had different BRBs with the same BRB design and used the 

same set of four RB. Each BRB+RB specimen was subjected to quasi-static earthquake and sinusoidal 

deformation histories, and to dynamic sinusoidal deformation histories. 

The present paper provides new information about the BRB+RB deformable connection, compared to 

[1], as follows: (1) this paper presents detailed experimental results from tests on two BRB+RB connection 

specimens, including, (a) a presentation of experimental response under various types of loading, (b) a study 

of the hardening behavior of BRBs under symmetric and un-symmetric deformation histories showing the 

relationship of this hardening to different deformation parameters, and (c) the hardened BRB force- 

deformation responses are used to calculate the overstrength adjustment factors; (2) this paper presents the 

details and limitations of a validated, accurate model for the force-deformation response of the BRB+RB 

connection; and (3) this paper includes numerical simulation results for a 12-story reinforced concrete wall 

building with deformable connections to show the effects of including the RB in the deformable connection 

and the effects of modeling the BRB isotropic hardening on the building seismic response. 

2 EXPERIMENTAL SET-UP 

Figure 1 shows the experimental set-up used to test the BRB+RB connection specimens. A simulated 

floor system and a reinforced concrete shear wall LFRS were built in the laboratory. The South end of the 

BRB was attached to the LFRS and the North end of the BRB was attached to a built-up steel beam which 

was part of the simulated floor system. Clevis connections with spherical bearings at each end of the BRB 

were used to attach the BRB to the LFRS and the floor system. Each BRB+RB connection specimen was 

deformed by subjecting the floor system to predefined displacement (relative to the lab strong floor) 

histories in the North-South (NS) direction, using hydraulic actuators [2] that were supported by a steel 

reaction frame at the South end and the built-up steel beam at the North end.  

The floor system was supported on Teflon slide bearings on steel gravity frames. The LFRS base was 

attached to the laboratory strong floor through a steel connection. Section AA shows BRB#1 or BRB#2. 

The RB are shown in sections AA and BB. One side of each RB is attached to the floor system and the 

other side of the RB is attached to the LFRS using threaded rods. The motion of the floor system in the NS 

direction, deformed the BRB axially and deformed the RB in shear. The BRB was in tension when the 
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actuators were extended toward the North and in compression when the actuators were retracted toward the 

South. A description of the test set-up details is presented in [3]. 

 
Figure 1: Plan view, Section AA, and Section BB of experimental set-up. 

3 BRB+RB CONNECTION DESIGN 

3.1 Buckling restrained brace 

Figure 2(a) shows the BRB components and Figure 2(b) shows one of the two BRBs installed in the 

experimental set-up. BRB#1 and BRB#2 had the same nominal dimensions and material properties. Table 

I lists key dimensions of the BRBs. Symbols t, b, and L with the appropriate subscript denote the thickness, 

width, and length respectively of the yielding zone, transition zone, knife plates, and clevis plates. The 

yielding zone steel material was ASTM A36 steel [4]. One yielding zone plate was used. Lyz was determined 

from a 2.2% axial strain design limit, assuming the BRB design deformation demand equals 50 mm. The 

steel modulus of elasticity Es, the nominal material yielding stress Fyn, the actual material yielding stress 

Fya (based on steel coupon test results provided by the BRB manufacturer), the expected nominal yielding 

force Pby,n, the expected actual yielding force Pby,a, and the material overstrength factor Ry (equal to the ratio 

of Fya to Fyn) are given in Table II. 

The force in the BRB during the experiments, denoted as Pb, was directly measured using a pin load cell, 

which was installed at the South clevis of the BRB, see Figure 2(c). Positive Pb indicates tension in the 

BRB. Three linear variable displacement transducers (LVDTs) were used to measure the axial deformation 

of the BRB. Figure 2(d) and (e) show the LVDT at each BRB end that was used to measure the total 

deformation of the knife plate and clevis connection, and the motion due to the fabrication tolerance for the 

clevis plate pin hole and pin diameter. This tolerance was -0/+0.8 mm within the clevis at each end. The 

third LVDT measured the collar-to-collar deformation of the BRB, see Figure 2(e). The summation of the 

three LVDT measurements is the BRB deformation, denoted as Db. The yielding zone deformation, denoted 

as Dyz
b, is the measured collar-to-collar deformation. Positive Db and Dyz

b indicate displacement of the floor 

system relative to the LFRS toward the North. 
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Figure 2: (a) Components of BRB; (b) BRB in test set up; (c), (d), (e) BRB instrumentation. 

Table I: BRB component dimensions 

Yielding Zone Transition Zone Knife Plates Clevis Plates 

tyz 

[mm] 

byz 

[mm] 

Lyz 

[m] 

ttz 

[mm] 

btz 

[mm] 

Ltz 

[mm] 

tkp 

[mm] 

bkp 

[mm] 

Lkp 

[mm] 

tc 

[mm] 

bc 

[mm] 

Lc 

[mm] 

25.4 139.2 2.3 25.4 250.4 398.8 38.1 330.2 368.3 63.5 330.2 374.7 

Table II: Material properties and strength of BRB yielding zone 

Material 

Es
 

[GPa] 

Fyn
 

[MPa] 

Fya
 

[MPa] 

Pby,n 

[kN] 

Pby,a 

[kN] 

Ry = Fya/Fyn 

[-] 

ASTM A36 200 248 282 876 996 1.14 

3.2 Steel-reinforced laminated low-damping rubber bearings 

Each RB had four laminated rubber layers, approximately 12.5 mm each, with steel reinforcing shims. 

The thickness of the steel reinforcing shims between the rubber layers was 2 mm. The external rubber layers 

were bonded to two steel end-plates. Neoprene 50+/-5 Duro Gr. 3 rubber was used. Upper and lower bounds 

for the rubber shear modulus G are provided by AASHTO [5]. Table III lists the dimensions and the 

expected properties of the each RB based on the upper bound G. W and L are the plan dimensions of the 

rubber, A is the area of the rubber WL, hrt is the total thickness of the four rubber layers, nL is the number of 

rubber layers, S is the shape factor of the rubber layers, KRB is the elastic shear stiffness of the rubber bearing, 

Ec is the compressive modulus of the rubber bearing, and Kc is the compressive stiffness of the rubber 

bearing. The expected total shear stiffness of the four RB is 4KRB = 8.8 kN/mm. In the experiment, the total 

RB shear force in the four RB was measured indirectly by subtracting the force measured in the BRB load 

cell from the sum of the forces in the two actuators.  

Table III: Dimensions and nominal properties of RB. 

W L hrt nL hri=hri/nL S=A/[2hri(W+L)] G KRB=GA/hrt Ec=6GS2 Kc=EcA/hrt 

[mm] [mm] [mm] [-] [mm] [-] [MPa] [kN/mm] [MPa] [kN/mm] 

356 356 50 4 12.5 7.0 0.9 2.2 264 656 

Note: Area of the rubber A=WL 

4 TEST PROGRAM 

4.1 Description of BRB+RB tests 

Nine tests were conducted on each BRB+RB connection specimen. Figure 3 shows the deformation 

histories applied to the BRB#1+RB and BRB#2+RB connection specimens. The lower x-axis shows the 

test number, the upper x-axis shows the peak relative velocity (i.e., connection deformation rate) during the 

test, and the y-axis shows the total BRB deformation Db which is essentially equal to the RB shear 

deformation. Table IV summarizes the purpose of each test. More details about the test program are 

provided in [3]. 

Test 1 identified the experimental yielding force of BRB#1 in compression. Test 2 used a design basis 

earthquake (DBE) deformation history, applied quasi-statically at a rate 0.1 times the earthquake 
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deformation rate, to assess the BRB#1+RB response to asymmetric cyclic deformation. The deformation 

history is based on the deformable connection response at the 12th floor of the 12-story building studied in 

[1]. Test 3 used a quasi-static sinusoidal deformation history that was not completed due to a hydraulic 

system error. Note, Figure 3 shows the actual applied deformation history from test 3, which is truncated 

by the system error compared to the full sinusoidal deformation history shown for test 4. Tests 4, 5, 6, and 

7 used sinusoidal deformation histories with similar peak deformations (i.e., approximately 20 mm). Test 

5 was dynamic and tests 4, 6, and 7 were quasi-static. The deformation history used in test 4 was repeated 

in tests 6 and 7 to assess if there was a residual effect on the BRB#1+RB force-deformation response from 

a previous high-rate deformation history (i.e., in test 5). Test 8 was a large-amplitude (i.e., approximately 

80 mm) quasi-static sinusoidal test that was not completed due to a hydraulic system error. This error did 

not affect the test results, as shown later. Test 9 was successfully completed and led to fracture in the BRB 

yielding zone. Figure 3 shows the deformation history in test 9 up to the time of BRB fracture. 

 
Figure 3: BRB+RB connection deformation histories and peak velocity for each test. 

Test 10 identified the experimental yielding force of BRB#2 in tension. Test 11 used a DBE deformation 

history, applied quasi-statically at a rate 0.1 times the earthquake deformation rate. Test 12 of BRB#2+RB 

used the same DBE deformation history applied to BRB#1+RB in test 2. Tests 13 and 16 used quasi-static 

sinusoidal deformation histories and tests 14 and 15 used dynamic sinusoidal deformation histories, with 

similar peak deformations (i.e., about 40 mm). Test 17 used a large-amplitude quasi-static sinusoidal 

deformation history. Test 18 used a large-amplitude dynamic sinusoidal deformation history that led to 

BRB fracture. 

Table IV: Test program. 

Test Specimen Purpose 

1 BRB#1+RB Assess yielding response in compression under quasi-static sinusoidal deformation 

2 BRB#1+RB Assess quasi-static design earthquake response 

3 BRB#1+RB Assess small amplitude quasi-static sinusoidal response 

4 BRB#1+RB Assess repeatability of small amplitude quasi-static sinusoidal response 

5 BRB#1+RB Assess small amplitude dynamic sinusoidal response 

6 BRB#1+RB Assess residual effect of dynamic response in quasi-static sinusoidal response 

7 BRB#1+RB Assess repeatability of small amplitude quasi-static sinusoidal response 

8 BRB#1+RB Assess large amplitude quasi-static sinusoidal response 

9 BRB#1+RB Assess large amplitude quasi-static sinusoidal response 

10 BRB#2+RB Assess yielding response in tension under quasi-static sinusoidal deformation 

11 BRB#2+RB Assess quasi-static design earthquake response 

12 BRB#2+RB Comparison of quasi-static design earthquake response with response in test 1 

13 BRB#2+RB Assess medium amplitude quasi-static sinusoidal response 

14 BRB#2+RB Assess medium amplitude dynamic sinusoidal response 

15 BRB#2+RB Assess repeatability of medium amplitude dynamic sinusoidal response 

16 BRB#2+RB Assess residual effect of dynamic response in quasi-static sinusoidal response 

17 BRB#2+RB Assess large amplitude quasi-static sinusoidal response 

18 BRB#2+RB Assess large amplitude dynamic sinusoidal response 
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4.2 BRB+RB experimental response 

Figure 4(a) shows the BRB#1+RB and the BRB#1 force-deformation responses in tests 1 and 2. The 

maximum and minimum forces in BRB#1+RB were 1550 kN and -1716 kN and in BRB#1 were 1310 kN 

and -1252 kN, respectively. Figure 4(b) shows the BRB#2+RB and the BRB#2 force-deformation responses 

in tests 10, 11, and 12. The maximum and minimum forces for BRB#2+RB were 1597 kN and -1925 kN 

and for BRB#2 were 1370 kN and -1517 kN, respectively. Stable force-deformation responses were 

observed for both BRB+RB specimens. The comparison of the BRB+RB and the BRB peak forces shows 

the contribution of the RB to the post-elastic stiffness. Test 2 and 12 used the same deformation history but 

the forces for BRB#2+RB during test 12 were greater than for BRB#1+RB during test 2 as a result of greater 

isotropic hardening of BRB#2 from greater deformation demand during the previous tests of BRB#2+RB. 

Figure 4(c) shows the BRB #1+RB and the BRB#1 force-deformation response in test 8. The maximum 

and minimum forces for BRB#1+RB were 1886 kN and -2277 kN and for BRB#1 were 1410 kN and -1784 

kN, respectively. Figure 4(d) shows the BRB#2+RB and the BRB#2 force-deformation responses in test 

17. The maximum and minimum forces for BRB#2+RB were 1808 kN and -2170 kN and for BRB#2 were 

1456 kN and -1810 kN, respectively. Stable BRB+RB force-deformation response and a significant 

contribution of the RB to the post-elastic stiffness were also observed in these tests. The BRB#1+RB and 

BRB#2+RB peak forces are similar in test 8 and test 17, respectively, since significant isotropic hardening 

of both BRB#1 and BRB#2 has occurred during the previous tests. The pinching deformation observed 

close to zero force is due to gaps between the BRB pins and BRB clevis plate pin holes due to the fabrication 

tolerance mentioned earlier. This pinching deformation is 1.6 mm, similar to a standard bolt hole tolerance 

in construction practice. Numerical simulations in section 6 show that this pinching deformation does not 

have an adverse effect on the building seismic response. 

Figure 5 shows the progression of hysteretic energy dissipation in BRB#1+RB, BRB#1, BRB#2+RB, 

and BRB#2 through the experimental program. The figures show that the RB have negligible contribution 

to the energy dissipation.  

 
Figure 4: BRB+RB connection and BRB force-deformation response in quasi-static tests. 

(b) Test 10, 11 & 12(a) Test 1 & 2

(c) Test 8 (d) Test 17
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BRB#2+RB

BRB#2

BRB#2+RB
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Figure 5: BRB+RB connection and BRB hysteretic energy dissipation. 

Figure 6(a) and (b) show that the BRB+RB forces under dynamic loading (i.e., test 5 and test 15) are 

greater than the forces under quasi-static loading (i.e., test 7 and test 16). Near the time of zero deformation 

the increase in the BRB+RB force from dynamic loading is 10% to 15%. Figure 6(c) and (d) show that 

repetition of quasi-static loading after dynamic loading (i.e., test 4, dynamic loading test 5, and then tests 6 

and 7, or test 13, dynamic loading tests 14 and 15, and then test 16) leads to the same force-deformation 

response with no memory-effect from the previous dynamic loading. Since the BRB+RB force-deformation 

response depends mainly on the BRB response, section 4.3 provides a detailed discussion of the BRB 

response. 

 
Figure 6: Comparison of quasi-static and dynamic BRB+RB connection response. 

4.3 BRB experimental response 

In this section the following 6 items are discussed: (1) the BRB yielding response; (2) the BRB force-

deformation rate dependence; (3) the correlation of BRB isotropic hardening with the maximum plastic 

deformation range; (4) a backbone BRB force-deformation response fit to the experimental data; (5) the 

BRB overstrength adjustment factors ω and β [6] [7]; and (6) fracture and the maximum BRB force.  

4.3.1 Yielding 

Figure 7(a) and (b) show the force-deformation response in tests 1 and 10, respectively. The BRB force 

Pb is normalized by Pby,a = 996 kN and the BRB deformation Db is normalized by Dby,a , which is the BRB 

yielding deformation (rounded to the nearest millimeter) Dby,a  = Pby,a /Kb = 5 mm, and Kb is the experimental 

BRB elastic stiffness equal to 185 kN/mm. BRB#1 yields first in test 1 in compression. The experimental 

yielding force is essentially the same as the calculated actual yielding force Pby,a = 996 kN. The dashed lines 
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in the figures indicate Kb. The initial estimate of the BRB elastic stiffness was 200 kN/mm, based on a 

series of elastic springs modeling the steel yielding zone, transition zone, knife plates, and clevis plates. 

Nonlinear post-yielding response in tension initiates at 0.5Pby,a due to the Bauschinger effect and gradually 

reaches Pby,a. The pinching deformation observed at zero force is equal to the total of the gaps between the 

pins and the clevis plate pin holes due to the fabrication tolerance of -0/+0.8 mm mentioned earlier (i.e., the 

normalized pinching deformation is 2(0.8 mm)/Dby,a). A tighter fabrication tolerance between the clevis 

plates pin holes and pin would lead to less pinching. Figure 7(b) shows that BRB#2 yields first in tension 

in test 10. Again, the experimental yielding force is essentially the same as Pby,a and Kb is 185 kN/mm. The 

nonlinear post-yielding response in compression initiates at -0.5Pby,a due to the Bauschinger effect and 

gradually reaches -Pby,a. 

 
Figure 7: Normalized BRB force-deformation plots at yielding: (a) BRB#1 first yielding in compression; 

(b) BRB#2 first yielding in tension. 

4.3.2 Deformation rate effect 

Figure 8(a) and (b) show the BRB normalized force-deformation response in tests 5 and 7 for BRB#1 

and in tests 15 and 16 for BRB#2, respectively. The BRB elastic stiffness is not affected by the deformation 

rate. The post-elastic BRB force near the time of zero deformation in the dynamic tests was 10% to 15% 

greater than the BRB force near the time of zero deformation in the quasi-static tests. Past research has 

included similar observations regarding the strain rate effect on ASTM A36 steel [8] [9]. The deformation 

rate dependence of BRBs has been shown in [10] [11] [12]. Quasi-static tests 4 and 7 for BRB#1 and quasi-

static tests 13 and 16 for BRB#2 conducted before and after dynamic tests 5 and 15 led to essentially 

identical force-deformation response as shown in Figure 8(c) and (d). Considering also the results presented 

in Figure 6, the greater BRB+RB force in the dynamic tests compared to the quasi-static tests is attributed 

to the greater BRB force. This greater BRB force should be considered to properly design the components 

used to attach the BRB of a BRB+RB connection to the LFRS and floor system.  

4.3.3 BRB isotropic hardening 

The isotropic hardening of the BRB specimens observed in the tests is quantified as the increase in the 

peak measured BRB force at zero plastic deformation. In this section it will be shown that the peak BRB 

force at zero plastic deformation increases from the initial value of Pby,a as the BRB maximum plastic 

deformation range increases. In past research, isotropic hardening of BRBs has been modeled with 

hardening “rules” which govern the evolution of the peak BRB force at zero plastic deformation. A review 

of these isotropic hardening rules follows. 

Researchers have used the cumulative plastic deformation as the main parameter of isotropic hardening 

rules in BRB force-deformation models. More specifically, Fahnestock et al. [13] [14] proposed a BRB 

force-deformation model that includes an isotropic hardening rule controlled by the maximum total BRB 

deformation and the cumulative plastic deformation. The dominant factor in this isotropic hardening rule 

[13] [14] is the cumulative plastic deformation [13]. Zona and Dall’Asta [15] proposed a BRB force-

deformation model in which the cumulative plastic deformation controls the isotropic hardening. The 

sensitivity of buckling restrained braced frame response to the parameters of the BRB model developed by 

Zona and Dall’Asta [15] was studied by Gu et al. [16]. Rossi [17] also used the model proposed by Zona 

(a) Test 1: BRB#1 (b) Test 10: BRB#2Post-Yielding

Yielding

Post-Yielding

Yielding

Pinching (Typ.)
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and Dall’Asta [15] to demonstrate the importance of isotropic hardening. Zsarnóczay et al. [18] proposed 

a BRB force-deformation model in which the cumulative plastic strain controls the isotropic hardening. 

Karavasilis et al. [19] presented a modified Bouc-Wen model for steel energy dissipation devices that 

includes an isotropic hardening rule controlled by the cumulative plastic deformation. 

 
Figure 8: BRB force-deformation response under quasi-static and dynamic loading history. 

More generally, literature on isotropic hardening of steel indicates that hardening is controlled by the 

plastic strain range. Chaboche et al. [20] presents a model for the cyclic hardening of 316 stainless steel, 

where the isotropic hardening is controlled by the plastic strain range. Dafalias [21] presented a plasticity 

model for the response of steel under cyclic loading, in which the isotropic hardening is controlled by the 

maximum plastic strain range that the material has experienced. Lee et al. [9] tested annealed ASTM A36 

steel specimens and showed the dependence of the stress response on the plastic strain range [9]. 

Menegotto and Pinto presented a stress-strain model for reinforcing steel bars [22]. The model was 

modified by Filippou et al. [23] to include an isotropic hardening rule that shifts the linear yielding 

asymptotes (LYA, see Figure 9) outward, to model the isotropic hardening, based on the maximum absolute 

strain. This model was implemented in OpenSEES (Steel02) [24] with a modification that the isotropic 

hardening is controlled by the difference between the maximum and minimum strain instead of the 

maximum absolute strain [24]. Lanning et al. [12] proposed a BRB force-deformation model based on a 

modified Menegotto-Pinto model [24], where the isotropic hardening is controlled by the cumulative 

ductility and the difference between the maximum tension and compression ductility levels [12]. 

This paper uses the BRB force-deformation data from the experimental program to show that the 

isotropic hardening, quantified as the increase in the peak BRB force at zero plastic deformation, is 

controlled by the BRB maximum plastic deformation range, ΔDp
b,max. Figure 9 shows schematically that 

ΔDp
b,max is the maximum plastic deformation minus the minimum plastic deformation. ΔP0

b is the BRB 

maximum force at zero plastic deformation minus the BRB minimum force at zero plastic deformation. The 

LYA pass through the maximum (and minimum) possible BRB force at zero plastic deformation after a 

given value of ΔDp
b,max has been reached. The slope of the LYA represents the kinematic hardening.  

The schematic response in Figure 9 is used to explain the BRB experimental response that is shown in 

Figure 10 and in Figure 11(c). In Figure 9, the initial value of (0)ΔP0
b = 2Pby,a and the initial value of 

(0)ΔDp
b,max = 0. Loading to point A leads to initial yielding. Further loading to point B and load reversal to 

point C leads to an updated (1)ΔDp
b,max > (0)ΔDp

b,max and (1)ΔP0
b > (0)ΔP0

b. Further loading to point D and load 

reversal to point E leads to (2)ΔDp
b,max > (1)ΔDp

b,max, and (2)ΔP0
b > (1)ΔP0

b. A load reversal at point F would 

(b) BRB#2(a) BRB#1

Test 5

Test 7

Test 15

Test 16

(c) BRB#1

Test 4

Test 7

(d) BRB#2

Test 13

Test 16
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not increase ΔDp
b,max. As a result, (3)ΔDp

b,max = (2)ΔDp
b,max , 

(3)ΔP0
b = (2)ΔP0

b , and the force-deformation curve 

would approach LYA III if loading continued after the load reversal at point F. 

 
Figure 9: BRB force-deformation schematic response. 

Figure 10 shows the normalized force-deformation responses for BRB#1 and BRB#2 from the quasi-

static tests. The red line represents the first test that initial yielding occurred or a previous test in which the 

largest previous ΔDp
b,max was observed. The subsequent test is shown with a black line. Each time the 

subsequent test increases ΔDp
b,max, the subsequent test becomes the test in which the largest previous 

ΔDp
b,max  was observed, which is shown with a red line in the next plot. When the subsequent test does not 

increase ΔDp
b,max, an increase in the peak BRB force at zero plastic deformation is not observed. In Figure 

10(a), (f), and (g) for BRB#1 and Figure 10(h), (i), and (l) for BRB#2, the subsequent test increases ΔDp
b,max 

and an increased peak BRB force at zero plastic deformation is observed. 
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F
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Figure 10: BRB force-deformation plots showing evolution of peak BRB force at zero plastic deformation 

in quasi-static tests. 

Figure 11(a) shows a plot of ΔDp
b,max normalized by 2Dby,a versus the cumulative normalized plastic 

deformation ∑(Dp
b/Dby,a) for all the quasi-static tests. The circles and the triangles represent the 

experimental results for BRB#1 and BRB#2, respectively. Each BRB was subjected to some tests that 

increased ∑(Dp
b/Dby,a) without increasing ΔDp

b,max/2Dby,a. Figure 11(b) shows a plot of ΔP0
b normalized by 

2Pby,a versus ∑(Dp
b/Dby,a). The figure shows that ΔP0

b/2Pby,a often shows no increase with increasing 

∑(Dp
b/Dby,a) and there is no apparent relationship between ΔP0

b/2Pby,a and ∑(Dp
b/Dby,a). Figure 11(c) shows 

ΔP0
b/2Pby,a versus ΔDp

b,max/2Dby,a. The experimental results for each BRB specimen indicate that ΔP0
b/2Pby,a 

increases with increasing ΔDp
b,max/2Dby,a. A curve fit to the experimental results is shown in Figure 11(c). 

(a) BRB#1 (b) BRB#1 (c) BRB#1 (d) BRB#1
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Test with largest previous ΔDp
b,max Subsequent test
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Figure 11: (a) Normalized maximum plastic deformation range versus normalized cumulative plastic 

deformation; (b) normalized force range at zero plastic deformation versus normalized cumulative plastic 

deformation; (c) normalized maximum force range at zero plastic deformation versus normalized 

maximum plastic deformation for BRB#1 and BRB#2 quasi-static tests. 

4.3.4 Backbone curve and overstrength factors 

To properly design the attachments of the BRB to the LFRS and the floor system, the expected peak 

BRB forces are needed. A backbone curve fit to the BRB force-yielding zone deformation response are 

used to calculate the standard BRB overstrength adjustment factors β and ω [6] [7]. The compression 

strength adjustment factor β, is defined as the ratio of the maximum compression BRB force to the 

maximum tension BRB force [6]. The tension strength adjustment factor ω, is defined as the ratio of the 

maximum tension BRB force to Pby,a [6]. The overstrength adjustment factors account for isotropic and 

kinematic hardening in the yielding zone, for friction due to the contact of the yielding zone with the 

confining concrete in the BRB when the BRB is in compression, and for Poisson’s effect [25]. 

The plots in Figure 12(a) through (d) show Pb normalized by Pby,a versus the deformation of the BRB 

yielding zone Dyz
b normalized by Dby,a. Figure 12(a) shows data from tests 1 and 2 of BRB#1. The red circles 

indicate the local peak Pb/Pby,a near the large negative value of Dyz
b/Dby,a and the local peak Pb/Pby,a  near the 

large positive value of Dyz
b/Dby,a. Figure 12(b) shows data from test 7 of BRB#1, which is a typical quasi-

static sinusoidal test. The local peak Pb/Pby,a values in each half cycle are shown with white circles. Figure 

12(c) shows data from tests 10 and 11 of BRB#2. The red triangles indicate the local peak Pb/Pby,a near the 

large negative value of Dyz
b/Dby,a and the local peak Pb/Pby,a near the large positive value of Dyz

b/Dby,a. Figure 

12(d) shows data from test 12 of BRB#2. BRB#2 experienced significant isotropic hardening in test 11. 

Similar to Figure 12(a), the white triangles in Figure 12(d) indicate the local peak Pb/Pby,a near the large 

negative value of Dyz
b/Dby,a and the local peak Pb/Pby,a near the large positive value of Dyz

b/Dby,a. 

Figure 13(a) shows the selected local peak Pb/Pby,a versus Dyz
b/Dby,a data from Figure 12(a), (c), and (d), 

and the local peak Pb/Pby,a versus Dyz
b/Dby,a data from all quasi-static sinusoidal tests similar to that shown 

in Figure 12(b). The upper x-axis in Figure 13(a) shows the yielding zone strain, εyz = Dyz
b/Lyz. The white 

circles and triangles are peak Pb/Pby,a values after significant isotropic hardening has occurred, as observed 

by comparing the peak Pb/Pby,a when Dyz
b/Dby,a is approximately equal to -12; Pb/Pby,a at the large negative 

value of Dyz
b/Dby,a from test 2 (i.e., red circle) is smaller than the peak Pb/Pby,a values from other tests, 

because significant isotropic hardening has not occurred. When Dyz
b/Dby,a is approximately equal to 6, the 

f(x) = 0.0135x1.5+1
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(b) (c)
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tensile peak Pb/Pby,a from test 2 (i.e., red circle) is similar to the peak Pb/Pby,a values from other tests, because 

significant isotropic hardening has occurred. The white circles and triangles (i.e., after significant isotropic 

hardening) are used to fit a backbone curve to the peak BRB force-deformation data. 

When Pb is in tension, the values of Pb/Pby,a that are larger than 1.0 in Figure 13(a) give the tension 

strength adjustment factor ω [6] [7]. The black line in Figure 13(b) shows ω versus Dyz
b/Dby,a based on the 

backbone curve. When Pb is in compression, the absolute values of Pb/Pby,a that are larger than 1.0 give the 

compression strength adjustment factor β multiplied by the tension strength adjustment factor ω [6] [7]. 

Figure 13(c) shows βω versus Dyz
b/Dby,a. Figure 13(d) shows β versus Dyz

b/Dby,a where β has been calculated 

as βω/ω using the values from the backbone curve fit. Note that β is less than the limit of 1.3 given in [6]. 

For comparison, Figure 13(b) and (d) also show with dashed grey lines the regression formulas proposed 

by Saxey et al. [25], which give ω = 20.63εyz+1.04 and β = 4.96εyz+1.02, where εyz is equal to (Dyz
b/ Dby,a)( 

Dby,a/Lyz). Note that the regression results from [25] are based on data from thirty-nine full-scale tests of 

various types of BRBs, while the results here are based on data for two BRBs with the same BRB design 

after significant isotropic hardening has occurred. 

 
Figure 12: Normalized BRB force vs yielding zone deformation and peak response data. 

4.3.5 Fracture and absolute maximum BRB force 

Figure 14(a) and (b) show the normalized force-deformation response, for BRB#1 and BRB#2, 

respectively, for the tests in which fracture occurred. The BRBs fractured while they were in tension, close 

to zero Db/Dby,a. BRB#1 fractured during a quasi-static test. Before fracture, it was subjected to a peak 

Db/Dby,a of approximately 17 (a peak εyz of about 3.8%), ∑(Db/Dby,a) was approximately 470, the total 

hysteretic energy dissipated was approximately 3 MNm, and the peak ΔDp
b,max/2Dby,a was approximately 14. 

BRB#2 fractured during a dynamic test. Before fracture it was subjected to a peak Db/Dby,a of approximately 

12 (a peak εyz of about 2.8%), ∑(Db/Dby,a) was approximately 870, the total hysteretic energy dissipated was 

approximately 6 MNm, and the peak ΔDp
b,max/2Dby,a was approximately 11.  

The ultimate tensile stress of ASTM A36 steel Fu is expected to vary over a range from 400 MPa to 550 

MPa [4], therefore, Fu/Fya = (AyzFu)/(AyzFya) = Pbu/Pby,a is expected to be between 1.42 and 1.95, where Pbu 

is the expected BRB force at the ultimate tensile stress. From the tests, the largest tensile Pb/Pby,a  were 1.58 

and 1.65 for BRB#1 and BRB#2, respectively. The largest compressive Pb/Pby,a  were -2.19 and -2.14 for 

(a) Test 1 and 2

(c) Test 10 and 11

(b) Test 7

(d) Test 12

BRB#1 BRB#1

BRB#2 BRB#2
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BRB#1 and BRB#2, respectively, which are greater in absolute value than the largest expected value of 

Pbu/Pby,a (i.e., 1.95). Friction from contact of the yielding zone with the confining concrete in the BRB when 

the BRB is in compression and the Poisson effect [25] [26] may contribute to these large Pb/Pby,a values. 

 
Figure 13: Peak BRB response data, backbone curve, and overstrength adjustment factors. 

 
Figure 14: Fracture of BRBs. 

5 BRB+RB CONNECTION FORCE-DEFORMATION NUMERICAL MODEL 

The force-deformation response of the BRB+RB deformable connection was modeled in OpenSEES [27] 

and the response of the model was compared with the experimental response. Figure 15(a) shows a truss 

element that was used to model the BRB+RB connection. The length of the truss element is equal to the 

length of the BRB, Ltruss = Lyz + 2Ltz + 2Lkp + 2Lc = 4,584 mm. A unit area was specified for the truss, Atruss 

= 1 mm2. OpenSEES enables springs to be modeled as uniaxial stress-strain materials, which can be 

assigned to the truss element, where the spring force normalized by Atruss is the uniaxial stress of the 

material, and the spring deformation normalized by Ltruss is the uniaxial strain of the material. Two internal 

springs in series (Figure 15(b)) were used to model the BRB force-deformation response within the truss 

element. The BRB yielding zone spring was modeled using the Steel02 [24] uniaxial material (Figure 
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15(c)), with parameters Fy, E0, b, R0, cR1, cR2, a1, a2, a3, and a4 equal to Pby,a/Atruss=(FyaAyz)/Atruss, 

Kyz(Ltruss/Atruss)=Es(Ayz/Lyz)(Ltruss/Atruss), 0.01, 30.00, 0.95, 0.15, 0.03, 1.00, 0.04, and 1.00, respectively. The 

parameter b is the ratio between the post-elastic stiffness and the elastic stiffness of the BRB yielding zone 

spring. Constant kinematic hardening is used in the Steel02 uniaxial material. The parameters R0, cR1, cR2 

control the transition from elastic to post-elastic stress-strain response. The parameters a1, and a2, control 

the isotropic hardening in compression and a3, and a4 control the isotropic hardening in tension. It is worth 

noting that isotropic hardening in the Steel02 uniaxial material is based on the maximum total strain (i.e., 

elastic strain + plastic strain) range [24]. Thus, the BRB yielding zone spring uses the BRB maximum total 

deformation range instead of the BRB maximum plastic deformation range. However, comparisons of the 

force-deformation response from the BRB+RB model with the test results show that this simplification in 

the isotropic hardening model does not lead to significant error in the force-deformation response. 

The elastic components of the BRB and the pinching deformation at zero BRB force (related to the 

fabrication tolerance for the clevis plate pin hole and pin diameter) were modeled as an elastic multilinear 

[28] uniaxial material, with the stress-strain response shown in Figure 15(d). For this response, the slope of 

segments AB and DE equals Keqel/(Ltruss/Atruss) (where Keqel is given by Equations (1) and (2)) and the slope 

of segment BCE equals 1% of the slope of segments AB and DE. Points B and D are at one half of the 

normalized pinching deformation, –0.8/Ltruss and +0.8/Ltruss, respectively. Also within the truss element, the 

RB were modeled as a linear elastic spring in parallel with the springs in series that model the BRB (Figure 

15(b)), and this spring was modeled as a linear elastic uniaxial material (Figure 15(e)) with a modulus of 8 

kN/mm(Ltruss/Atruss).  

 

 
Figure 15: (a) BRB+RB truss element; (b) series and parallel internal springs; (c) BRB yielding zone 

spring response; (d) BRB elastic components spring response; (e) RB spring response. 

𝐾𝑒𝑞𝑒𝑙  
𝐾𝑐𝐾𝑘𝑝𝐾𝑡 

 𝐾𝑘𝑝𝐾𝑡   𝐾𝑘𝑝𝐾𝑐   𝐾𝑐𝐾𝑡 
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𝐾𝑐  
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𝐿𝑐
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𝐿𝑘𝑝
; 𝐾𝑡  

𝐸𝑠𝑡𝑡𝑧 𝑡𝑧

𝐿𝑡𝑧
 (2) 

 

Figure 16(a) compares the numerical and the experimental BRB+RB force-deformation responses for 

tests 1 and 2. Figure 16(b) compares the hysteretic energy dissipation histories. Figure 16(c) and (d) 

compare the numerical model force-deformation and hysteretic energy dissipation for tests 10, 11, and 12. 

The results show that the numerical model accurately represents the BRB+RB force-deformation response. 
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Figure 16: Comparison of BRB+RB numerical model with experimental results. 

Figure 17(a) compares the numerical and experimental BRB+RB force-deformation responses for tests 

1, 2, and 8. Test 8 had a much larger deformation range than tests 1 and 2, and the comparisons for test 8 

show some limitations of the numerical model. Figure 17(b) compares the numerical and experimental RB 

force-deformation responses in test 8. Figure 17(c) compares the numerical and experimental BRB force-

deformation responses in the large cycles in test 8. The difference between the numerical and experimental 

BRB+RB force in Figure 17(a), as the deformation approaches +80 mm, is attributed mainly to the 

difference between the linear elastic RB model response and the experimental RB response during large 

deformations, shown in Figure 17(b). Figure 17(c) shows the BRB model with constant kinematic 

hardening, as discussed earlier, which differs from the stiffness softening in tension and stiffness hardening 

in compression (see also section 4.3.5) observed in the BRB experimental results. The differences between 

the numerical and experimental BRB+RB forces near zero deformation, after the deformation reversal from 

approximately +80 mm, is mainly attributed to inaccuracy in the numerical model isotropic hardening rule 

at these large deformations. It is noted that the numerical model does not include the deformation rate 

dependence or fracture of the BRB. Despite these limitations of the model, it is considered to be sufficiently 

accurate for the application presented in this paper. 

Numerical Model

Experimental

(a) Tests 1 & 2: BRB#1+RB (b) Tests 1 & 2: BRB#1+RB
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Figure 17: (a) Comparison of BRB+RB numerical model with experimental results from selected quasi-

static tests; (b) comparison of RB numerical model with experimental results; (c) comparison of BRB 

numerical model with experimental results for large deformation cycles. 

6 NUMERICAL SIMULATIONS AT SYSTEM LEVEL 

Numerical simulations of the seismic response of a 12-story reinforced concrete shear wall building with 

BRB+RB deformable connections were carried out with the following objectives: (1) to assess the effect of 

the stiffness provided by the RB on the seismic response of the building; and (2) to assess the effect of BRB 

isotropic hardening on the seismic response of the building. The building model, described in [1], was used 

and it has identical BRB+RB connections between each floor and the shear wall. As noted in [1], a damping 

coefficient was not assigned to the wall base nonlinear spring or to the elements that represent the 

deformable connections. In the baseline model, the BRB+RB connections are modelled using the 

experimentally-validated numerical model described in section 5. The seismic response of the baseline 

model is compared with the response of a building model that has BRB+RB connections without isotropic 

hardening in the BRB, and with the response of a building model that has BRB-only connections (i.e., 

without RB) between the floors and shear wall. 

In the following figures and discussion, BRB+RB denotes the building model with the experimentally-

validated model for the BRB+RB connections, BRB NH+RB denotes the building model which includes a 

BRB+RB connection model without isotropic hardening in the BRB, and BRB denotes the building model 

with the BRB-only connection model that does not include the stiffness of the RB. The comparison of the 

BRB+RB building model results with the BRB NH+RB building model results shows the importance of 

BRB isotropic hardening to the seismic response. The comparison of the BRB+RB building model results 

with the BRB building model results shows the importance of the RB elastic shear stiffness to the seismic 

response.  

Eighteen ground motions were selected from the FEMA P-695 [29] far field set and used as input to the 

numerical earthquake simulations as discussed in [1]. The average method [30] was used to scale the 

recorded ground motions so the spectral accelerations matched the ASCE7-10 [31] DBE spectrum over a 

range of periods T∈ [0.6, 2.0] seconds.  

Figure 18(a) shows the twelfth floor connection force-deformation responses for each building model 

subjected to a ground motion from the 1978 Superstition Hills earthquake (El Centro ICC000 record). The 

BRB NH+RB building model has a larger connection deformation demand than the BRB+RB building 

Numerical Model

Experimental

(a) Tests 1, 2 & 8: BRB#1+RB

(b) Test 8: RB
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Experimental

(c) Large Cycles 

in Test 8: BRB#1

Numerical Model

Experimental



G. TSAMPRAS, R. SAUSE, R. B. FLEISCHMAN, J. I. RESTREPO 

18 

model. The BRB NH+RB and BRB+RB building models have similar peak connection forces. The BRB 

building model (without the RB) has a significantly larger connection deformation demand than the 

BRB+RB building model, and a smaller peak connection force than the BRB+RB building model. The peak 

BRB force in the BRB building model, however, is larger than the peak BRB force in the BRB+RB building 

model (where, for the BRB+RB building model, the RB force at the peak deformation of 80 mm is 8 kN/mm 

x 80 mm = 640 kN). Figure 18(b) shows time histories of connection deformation. The BRB NH+RB and 

the BRB+RB building models have similar residual connection deformations. The BRB building model has 

a significantly larger residual connection deformation than the BRB+RB building model. 

 
Figure 18: 12th-floor connection responses for BRB NH+RB, BRB+RB, and BRB building models: (a) 

force-deformation responses; (b) deformation time histories. 

Figure 19 compares the peak story/floor responses for each ground motion and the mean response values 

for all eighteen ground motions for the BRB NH+RB, BRB+RB, and BRB building models. Figure 19(a) 

shows that the peak LFRS story shears and the mean values are similar for all three building models with 

approximately 5% difference between the BRB and the BRB+RB building models. Figure 19(b) shows the 

peak connection force transferred from the floor system to the LFRS. The BRB building model has smaller 

mean peak connection forces than the BRB+RB building model at every floor. A 15% difference in mean 

peak connection force is observed for the three upper floors. The mean peak connection forces for the BRB 

NH+RB and BRB+RB building models are similar. Figure 19(c) and (d) show that the peak LFRS story 

drifts and peak GLRS story drifts, as well as the corresponding mean peak story drifts, are similar for the 

three building models. Figure 19(e) shows that the peak floor total accelerations are similar for the three 

building models. Figure 19(f) shows that the mean peak connection deformations for BRB building model 

are greater than those of the BRB+RB building model at every floor. The twelfth-floor connection in the 

BRB building model has 60% greater mean peak deformation than the twelfth-floor connection in the 

BRB+RB building model. The twelfth-floor connection in the BRB NH+RB building model has a mean 

peak deformation that is 20% greater than that of the BRB+RB building model.  

In summary, for DBE-level ground motions, the LFRS story shears, LFRS story drifts, GLRS story drifts, 

and floor total accelerations are not significantly affected by either the isotropic hardening of the BRB or 

the elastic shear stiffness of the RB in the BRB+RB deformable connection force-deformation model. 

However, the connection deformation demands are significantly smaller in the upper floors of the building 

model that includes both isotropic hardening of the BRB and the RB stiffness in the BRB+RB deformable 

connection model. In addition, a mean absolute 12th floor residual connection deformation of 20 mm was 

observed for the BRB building model, while a mean absolute 12th floor residual connection deformation of 

only 5 mm was observed for the BRB+RB building model. Thus, including the RB stiffness in the 

connection model reduces the connection deformation and reduces the residual connection deformation. A 

BRB+RB connection model with BRB isotropic hardening provides more accurate connection deformation 

predictions compared to a BRB+RB connection model without BRB isotropic hardening. 

(a) EQ12 - Floor 12 (b) EQ12 - Floor 12

BRB NH + RB

BRB + RB
BRB
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Figure 19: Numerical simulation results. 

7 CONCLUSIONS 

This paper has presented experimental and numerical studies of a full-scale deformable connection used 

to connect the floor system of the flexible gravity load resisting system (GLRS) to the stiff lateral force 

resisting system (LFRS) of an earthquake-resistant building. The purpose of the deformable connection is 

to limit the earthquake-induced horizontal inertia forces transferred from the floor system to the LFRS. The 

deformable connection that was studied consists of a buckling restrained brace (BRB) and steel-reinforced 

laminated low-damping rubber bearings (RB) and is denoted as the BRB+RB connection. Details of two 

BRB+RB connection test specimens have been presented. Each specimen was subjected to quasi-static 

earthquake and sinusoidal deformation histories, and dynamic sinusoidal deformation histories. 

Detailed experimental results for BRB+RB connections have been presented. The experimental response 

of the BRB, which dominated the BRB+RB connection force-deformation response, was extensively 

discussed, including, the response under various types of deformation histories, and a detailed discussion 

of the BRB isotropic hardening and the relationship of this hardening to different deformation parameters. 

Details and limitations of a validated, accurate model for the BRB+RB connection force-deformation 

response were presented. Numerical simulations using this model were conducted to assess the effects of 

different models of the BRB+RB connection force-deformation response on the seismic response of a 12-

story reinforced concrete wall building model, and the effects of the BRB isotropic hardening and the RB 

stiffness were shown. 

The experimental and limited numerical studies show that: 

(a) (b)

(d)(c)

(f)(e)

3

BRB

Mean Peak Peak

BRB NH + RB

BRB + RB
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1. A BRB+RB connection can be fabricated and attached to the floor system and LFRS using 

components that are commonly used in building construction. 

2. Stable and predictable nonlinear force-deformation response was observed for the BRB+RB 

connection specimens in tests with quasi-static and dynamic deformation histories. 

3. Isotropic hardening of the BRB, quantified as an increase in the BRB force at zero plastic 

deformation under cyclic loading, depends on the maximum plastic deformation range 

experienced by the BRB. 

4. The BRB+RB connection force response under dynamic deformation histories is 10% to15% 

greater than the force response under quasi-static deformation histories, and this greater force 

should be considered when the components used to attach the BRB to the floor system and the 

LFRS are designed. 

5. The observed quasi-static experimental force-deformation response of the BRB+RB connection 

can be modeled accurately using a truss element and a set of uniaxial material models available 

in OpenSEES. The increased BRB force response under dynamic deformation histories and 

fracture of the BRB were not included in the models. 

6. Including the RB in the BRB+RB connection reduces the connection deformation and the 

residual connection deformation due to the influence of the RB elastic shear stiffness after the 

BRB yields.  

7. Including the RB in the BRB+RB connection does not significantly affect the floor total 

accelerations, the LFRS story shears, the LFRS story drifts, or the GLRS story drifts. 

8. Including the BRB isotropic hardening in the BRB+RB connection force-deformation model 

does not significantly affect the LFRS story shears, the LFRS story drifts, or the GLRS story 

drifts, however, the peak BRB+RB connection deformation is predicted more accurately when 

the model includes BRB isotropic hardening. 
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