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INTRODUCTION

Ongoing work on the strongback braced frame is high-
lighted. The research is led by Dr. Stephen Mahin, pro-

fessor at the University of California–Berkeley, and Byron L. 
and Elvira E. Nishkian, professors of structural engineering. 
Dr. Mahin currently leads the SimCenter as part of the Natu-
ral Hazards Engineering Research Infrastructure (NHERI) 
and was recently awarded an AISC grant to research and 
develop a possible design method for the strongback system.

There have been a number of investigations and exam-
ples of implementation of the strongback system in recent 
years. Dr. Jiun-Wei Lai, an engineer at Degenkolb Engi-
neers in California, compared the behavior of strongback 
systems with conventional braced-frame systems through 
monotonic, cyclic, and nonlinear dynamic time-history 
analyses as a doctoral student at the University of California– 
Berkeley (Lai and Mahin, 2015). Barbara Simpson, a doctoral 
candidate at U.C. Berkeley, conducted the first experimental 
test of a strongback system (Simpson and Mahin, 2016) and 
is currently focused on developing the strongback system. 
In tandem, a strongback buckling restrained braced frame 
(BRBF) was constructed by Tipping Structural Engineers 
in Berkeley, California, and tested under quasi-static cyclic 
loading at U.C. Berkeley (Panian et al., 2015). Modified ver-
sions of the strongback have also been employed by Gregory 
P. Luth & Associates for several buildings on the West Coast 
as well as throughout the Central United States over the past 
6 years (Luth, 2017). Pollino et al. (2017) have more recently 
studied and conducted hybrid testing (Slovenec et al., 2017) 
on the Stiff Rocking Core (SRC), a rehabilitation scheme 
utilizing conventional buckling and yielding brace behavior. 
Related work on rocking and self-centering braced frames 
has been conducted by Eatherton et al. (2014), Sause et al. 
(2014), and others.

Similar resisting systems have been studied interna-
tionally. In Canada, a dual system utilizing a pinned-base 

vertical elastic truss has been investigated by Tremblay et al. 
(1997) to mitigate soft-story response in tension-only braced 
frames and, later, buckling restrained brace (BRB) frames 
(Tremblay, 2003; Tremblay and Merzouq, 2004; Tremblay 
and Poncet, 2004; Merzouq and Tremblay, 2006). In the 
1990s, Japanese researchers also studied spine systems with 
elastic trussed stems coupled with BRBFs to mitigate dam-
age concentration, and the concept was applied in a 24-story 
building in Tokyo (Aoki et al., 1998; Taga et al., 2004). The 
contribution of a vertical elastic spine has similitudes with 
the role played by an ancient Japanese pagoda’s central col-
umn (shinbashira) in controlling floor sways to prevent seis-
mic collapse (Nakahara et al., 2000). In Japan, researchers 
have also proposed an elastic truss system with BRB fuses 
(Takeuchi and Suzuki, 2003; Takeuchi et al., 2015), a con-
cept also studied by Tremblay et al. (2004) and Wu and Lu 
(2015) in China. Retrofit of seismically deficient structures 
with stiff rocking walls was initially proposed and imple-
mented in Japan (Wada et al., 2009; Qu et al., 2012). A con-
tinuous column concept with gravity columns distributing 
demands from weak or soft stories at adjacent stories was 
studied in Canada (Tremblay and Stiemer, 1994; Tremblay, 
2000), New Zealand (MacRae et al., 2004; MacRae, 2011), 
and Japan (Ji et al., 2009). In Canada, minimum column 
continuity requirements have been implemented for seis-
mic design of multistory steel-braced frames (CSA, 2001). 
For eccentrically braced steel frames (EBFs), Martini et al. 
(1990) proposed to vertically tie the links to achieve more 
inelastic demand in links. The resulting tied-EBF consisted 
of two elastic trussed masts pinned at their bases and inter-
connected by a series of ductile links. The structural system 
was further examined by researchers from Italy (Ghersi et 
al., 2000, 2003; Rossi, 2007). Researchers in Canada pro-
posed to divide the tied-EBF masts in pin-connected mod-
ules to reduce the force demands on the truss members 
while preserving the beneficial drift concentration mitigat-
ing effect (Chen et al., 2012; Tremblay et al., 2014).

STRONGBACK CONCEPT

While current AISC provisions have greatly improved the 
seismic behavior of conventional braced frame systems, 
they still have a tendency to form weak stories (e.g., Uriz 
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and Mahin, 2008; Khatib et al., 1988; Tremblay and Poncet, 
2004) (Figure 1a). The strongback system was developed 
as a method of delaying or preventing weak-story behavior. 
Conceptually, the inclusion of an “essentially elastic” back-
bone, or strongback, enforces a nearly uniform drift distribu-
tion, thereby engaging adjacent stories upon the initiation of 
inelastic behavior in the opposite braces (Figure 1b). In this 
sense, the bay of a conventional braced frame is designed 
to be asymmetric with both an inelastic, energy dissipation 
portion and an essentially elastic, distributed deformation 
demand portion.

A variety of different strongback or elastic truss con-
figurations can be utilized. Options based on Simpson and 
Mahin (in press), Slovenec et al. (2017), and Merzouq and 
Tremblay (2006) are shown in Figure 2. The elastic portion 
of the frame could be a truss or, alternatively, a concrete or 
steel plate shear wall. The elastic portion is often pinned at 
its base and is not intended to increase lateral strength but, 
instead, to supply a means of transferring demands verti-
cally between stories. Vertical ties or connecting elements 
are required to transfer forces. The inelastic portion of the 
frame could be buckling restrained braces (BRBs) or con-
ventional yielding and buckling brace members.

The strongback provides an economical means of engag-
ing both the strength and energy absorption capacity of an 
entire system and averaging damage over the height of the 
building. Peak inelastic demands and damage are reduced. 
Further, the ability of the strongback to bridge across and 
distribute forces over multiple stories allows for removal of 

braces at some stories, as shown in Figure 2a. As noted by 
Panian et al. (2015), the backbone may require extra strength 
to remain elastic, but cost savings can be found in use of 
“ordinary details in the elastic truss, the utilization of the 
same brace cross section and connection details at every 
story, and a reduction of the strength or number of braced 
frames if a reduced redundancy factor could be justified” 
(Simpson and Mahin, 2016).

RESEARCH AND PRACTICE

The strongback has been utilized in both research and 
practice. Previous numerical investigations of strongback 
behavior have focused on nonlinear time-history analyses. 
A strongback retrofit was also tested experimentally as an 
extension of research on older concentrically braced frames. 
This preliminary work has shown that the strongback 
method could be a viable method of resisting a weak-story 
response. The design and construction of several buildings 
with strongback frames has shown that this system also has 
the potential of being integrated into current design practice.

Past Numerical Studies

Numerical investigations into strongback and similar sys-
tems include work by Lai and Mahin (2015) and Merzouq 
and Tremblay (2006). Both studies compared conventional 
systems and strongback or elastic truss systems.

Merzouq and Tremblay (2006) compared the performance 
of five prototype office buildings ranging from 8 to 24 sto-
ries and located in Victoria, British Columbia. Three differ-
ent configurations were studied for each prototype building: 
chevron bracing with BRB members, chevron bracing with 
BRBs and elastic trusses split between two exterior bays, 
and a two-story X-bracing configuration with a central 
elastic truss (Figure 2c). Nonlinear, dynamic time-history 
analyses were conducted for two suites of ground-motion 
records. One suite included four simulated and six historical 
ground-motion time histories typical of the Victoria region 
at magnitude 6.5 and magnitude 7.2. The second suite was 
comprised of four ground-motion time histories simulated 
for magnitude 8.5 rupture scenarios along the Cascadia 
subduction fault plane. “The ground motion amplitude was 
adjusted to match, on average, the 2% in 50 year probability 
of exceedance spectrum over the applicable period range” 
(Merzouq and Tremblay, 2006).

The analysis results highlighted the potential of the elastic 
truss, or “dual BRB,” system and the shortcomings of the 
conventional chevron configuration with BRBs. Despite the 
stable hysteretic response of the BRBs, failure of the conven-
tional BRB frames occurred for some of the Victoria ground 
motions and for all of the Cascadia ground motions. “These 
structures experienced large story drifts and several occur-
rences of dynamic instability were observed, indicating that 
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Fig. 1.  Comparison of (a) conventional and (b) strongback 
braced frames (courtesy of Barbara Simpson).
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expected variation between floors for the expected BRB 
plastic deformations. Further investigation of the empirical 
design approach is needed to confirm efficacy with respect 
to performance objectives, other building heights, and other 
frame geometries.

Lai and Mahin (2015) investigated six different configu-
rations, including a typical chevron brace configuration, a 
typical two-story X-bracing configuration (model X6; Fig-
ure 3a), and an offset two-story X-bracing configuration 
with the intersection of the braces at a third point of the 
beam (model X6-3; Figure 3b). They also studied an offset 
two-story X-bracing configuration with conventional braces 

the frames did not possess sufficient capacity to redistribute 
the inelastic demand over their height” (Merzouq and Trem-
blay, 2006). By contrast, collapse of the dual BRB system 
occurred only for the 12-story prototype for one of Cascadia 
ground motions. “However, even in that case, all members of 
the elastic truss remained elastic, as was also the case under 
all other ground motions, confirming the adequacy of the 
proposed empirical design rules” (Merzouq and Tremblay, 
2006). The empirical design rules included first designing 
the BRBs for the code-specified forces, conducting capacity 
design for all other members, and determining forces in the 
elastic truss according to stiffness of the elastic truss and 

elastic truss, typ.         elastic truss
	 (a)	 (b)

elastic truss elastic truss
(c)

Fig. 2.  Possible strongback or elastic truss system configurations based on (a) Simpson and Mahin (in press),  
(b) Slovenec et al. (2017), and (c) Merzouq and Tremblay (2006) (courtesy of Barbara Simpson).
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and vertical strongback “spines” (model SB6-3; Figure 3c). 
Additional variations included the use of BRB braces with 
standard and low-yield steel in the cores. A pair of braced 
bays was located on each side of the five-by-five bay, six-
story office prototype building.

Highlighted here are models X6, X6-3 and SB6-3 (Fig-
ure 3). Lai and Mahin (2015) utilized an overstrength fac-
tor approach for design of the strongback spines, conducted 
nonlinear time histories on the prototype buildings, and 
compared the performance of the conventional and strong-
back braced frames. Model X6 exhibited somewhat fewer 
concentrated deformations compared to the chevron frame, 
with higher story drift ratios observed in two-story panel 
mechanisms. The concentration of deformation was reduced 
further with model X6-3. However, it was model SB6-3 
that successfully prevented localized concentration of story 
deformation. The behavior of model X6-3 was as expected; 
most of the strongback spine braces remained elastic, and 
braces outside of the spines buckled. Lai and Mahin (2015) 
noted that the “design optimization of this simple strategy 
should be studied further”; the use of the overstrength factor 
did not fully account for physical behavior, force redistribu-
tions, and resulting demands on the strongback spines.

Large-Scale Experimental Study

Building upon the computational studies to date, a large-
scale experimental investigation explored the viability of 
the strongback system under cyclic loading and its ability 
to mitigate weak-story behavior (Simpson and Mahin, 2016; 
Simpson et al., in press). The two-story, one-bay specimen 
was a nearly full-scale frame and included a BRB and a 
strongback with conventional HSS braces (Figure 4). This 
specimen represented a possible retrofit scheme for a con-
ventional chevron braced frame, two of which were also 
tested in the experimental program. The original chevron 
braced frame (NCBF-B-1) was designed to older code stan-
dards, did not satisfy current seismic provisions, and formed 
a weak story after severe brace local buckling and fracture. 
A second chevron braced frame (NCBF-B-2) had braces 
filled with low-strength concrete to delay local buckling, but 

it also experienced brace local buckling and fracture, yield-
ing in the first story beam, and a weak story. For the retrofit, 
new braces and gusset plates were oriented in a strongback 
configuration (NCBF-B-3SB). The original beam and col-
umn sizes were kept the same as the older braced frame tests. 
The column, HSS braces, and right half of the beam formed 
the elastic strongback. The BRB on the left side of the frame 
was intended as the primary energy-dissipating element, 
and the strongback brace members were sized based on the 
maximum forces that the BRB could deliver to the rest of the 
frame. Plastic hinging was expected at both column bases; 
the right (strongback) column base was oriented for bend-
ing about the weak axis to better simulate a “pinned” base. 
Inelastic behavior was also expected in the left half of the 
first-story beam, acting as a sort of shear link; the web of 
the original beam was reinforced with doubler plates at the 
gusset plate connection. No inelastic brace was required in 
the second story because the strongback was able to engage 
the entire system.

The test specimen was subjected to quasi-static load-
ing, following a testing protocol similar to cyclic qualifica-
tion procedures for BRBs (AISC, 2016). Displacement was 
applied at the roof beam; a force equal to half of the load at 
the roof was applied at the first-story beam. The strongback 
successfully mitigated weak-story formation and was able to 
maintain nearly uniform drift over both stories for the entire 
loading history. The uniform drift for NCBF-B-3SB is dem-
onstrated in Figure 5. In this figure, the ratio of first-story 
drift (Δ1) to total drift (Δ1 + Δ2) remains at approximately 
50% for the duration of the test. This is contrast to speci-
mens NCBF-B-1 and NCBF-B-2, which deviate from 50% 
with the onset of local buckling (LB) of the braces, indicat-
ing weak-story formation.

The strongback specimen did experience a reduction in 
strength and stiffness after local buckling of the BRB casing 
in a cycle to a roof drift of 2.5%, but it continued to exhibit 
stable hysteresis loops (Figure 6) and to resist forces in com-
pression after rupture (noted as Fr in Figure 5). The BRB did 
satisfy current cyclic testing requirements for BRBs (AISC, 
2016) prior to rupture. As expected, plastic hinges did form 

spine spine
	 (a)	 (b)	 (c)

Fig. 3.  (a) Conventional two-story X-bracing frame, (b) offset two-story X-bracing frame, and  
(c) offset two-story X-bracing with vertical strongback spines (based on Lai and Mahin, 2015).
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(a)

(b)

Fig. 4.  (a) Schematic and (b) photo of strongback test specimen (courtesy of Barbara Simpson).
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Fig. 5.  Weak-story tendencies in braced frame tests (courtesy of Barbara Simpson).
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Fig. 6.  Comparisons of experimental versus numerical simulation results for strongback frame:  
(a) base shear versus roof drift ratio; (b) BRB axial force versus deformation (courtesy of Barbara Simpson).

at the column bases and in the first-story beam to the left 
of the gusset plate. Residual drift was similar in both sto-
ries. The inelastic demands were significant in some cases; 
current research is investigating an offset bracing scheme 
designed to decrease these inelastic demands while limiting 
the demands developed in the strongback. The strongback 
braces, meanwhile, remained essentially elastic. Figure 6 
shows predictable behavior through comparisons of numeri-
cal simulations and NCBF-B-3SB experimental results for 
base shear versus roof drift ratio and BRB axial force versus 
deformation. In the numerical model, the braces were able 
to buckle out of plane, and the BRB element included a low-
cycle fatigue material model (Uriz and Mahin, 2008).

Implementation in Practice

Strongback frames have been used for the seismic-force-
resisting systems in a number of buildings in recent years. 
Different versions of the strongback have been explored, 
including a buckling restrained braced mast (BRBM) frame, 
a rocking frame, and a pivoting frame.

Tipping Structural Engineers designed a buckling 
restrained braced mast (BRBM) frame for the four-story 
Heinz Avenue Building in Berkeley, California (Panian et 
al., 2015). The BRBM for this laboratory building utilized 
wide-flange shapes in a vertical truss, or mast, and BRBs for 
the yielding elements (Figure 7). The same BRB size could 
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Fig. 7.  (a) Elevation drawing and (b) photograph of BRBM frame in the Heinz Avenue  
building under construction (images courtesy of Tipping Structural Engineers).
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‘tune’ the brace areas for things other than strength. We can 
distribute the overturning moment across multiple columns 
by manipulating the brace area. The braces are effective no 
matter where you put them as long as you provide collec-
tors to transfer the required forces. Conceptually, you could 
[place] all the braces at the top floor, the middle floor, or 
the bottom floor and there would be a complete load path. 
Of course the demands on the strongback change dramati-
cally with these three basic arrangements. We found that 
the most efficient strategy was to use heavier BRB’s in the 
middle story rather than the top or bottom. The most effi-
cient arrangement ended up being a single full height chev-
ron which creates a ‘guyed’ strongback arrangement” (Luth, 
2017).

BEHAVIOR AND DESIGN OF 
STRONGBACK SYSTEMS

While there has been a variety of work on the strongback 
system in both research and practice, these analyses and 
design methods have depended largely on the use of itera-
tive, nonlinear time-history analyses. These investigations 
have not indicated that a simple and reasonable design meth-
odology exists that can robustly be extended to any gener-
alized building system. Thus, research has focused on the 
development of a design methodology that can be simply 
and easily applied in practice. The current objectives of this 
research include:

1.	Clarify which parameters influence the behavior of the 
strongback.

2.	Develop a simple and coherent design methodology for 
the strongback system.

3.	Validate the effectiveness of potential design, proportion
ing and detailing guidelines.

4.	Present refined design methods to address enhanced 
performance objectives.

Requirements for the relative strength of the essentially 
elastic strongback to the strength of the inelastic bracing ele-
ments and the use of a redundancy factor is currently being 
studied. Parametric studies will be used to determine effects 
of various story heights and number of stories. Future work 
also includes investigation of alternative bracing configu-
rations, types of inelastic braces (e.g., buckling restrained 
braces versus conventional brace members with buckling 
and yielding), and the effects of vertical or mass irregulari-
ties. Detailing of critical regions, such as the column base 
and of the strongback to inelastic frame connections, is also 
warranted. Finally, a cost–benefit analysis and performance 
evaluation is necessary to quantify the strongback’s repair 
time and repair cost compared to conventional bracing 

be used at all stories because of the mast’s ability to engage 
all stories to resist any additional-story shear, thus prevent-
ing a soft-story mechanism. Pinned column bases were used 
to reduce local bending and foundation loads. The BRBM 
utilized an offset geometry, as shown by Lai and Mahin 
(2015), to help to reduce inelastic demands.

The mast in the BRBM was designed to remain elastic for 
the design basis earthquake. Nonlinear time-history analy-
sis, capacity design principles, and an overstrength factor of 
2.0 were used. The overstrength factor was validated against 
forces obtained through a redundancy analysis; removal of 
a brace at any level did not result in more than a 33% reduc-
tion in story shear capacity or extreme torsional irregularity. 
The redundant BRBM used less than a third of the BRBs 
and approximately half of the number of frames as a con-
ventional BRB frame.

Gregory P. Luth & Associates designed a number of mod-
ified rocking frames with essentially elastic strongbacks 
over the past 6 years. Their frames utilize either a “rocking” 
system, with columns lifting up in a rocking motion, or a 
“pivoting” frame that rotates around a pin at its base. Says 
Luth, “the latter may result in less non-structural damage 
as it does not involve differential movement at the floors.” 
In 2011, post-tensioned shop-fabricated frames created a 
self-centering rocking frame system for a casino in Cape 
Girardeau, Missouri, at a site with ground motions compa-
rable to those of San Francisco. “Krawinkler fuses” (Fig-
ure  8c) provided connections between the rocking frames 
and 10-ft-deep shop-fabricated trusses to dissipate energy. 
In 2014, a pivoting frame with a buckling restrained column 
(BRC) on one side and true pin on the other side was used 
in a casino in Jamul, California. After yielding of the BRC, 
“additional overturning resistance is provided by a full-story 
vierendeel frame at the top floor with Krawinkler fuses as 
the shear connection at the center of the vertical members of 
the vierendeel” (Luth, 2017).

In 2016, the Tesla Gigafactory in Reno, Nevada, presented 
a challenge with a fast-paced design for “potential equipment 
loads of up to 250 psf and 350 psf on the 2nd and 3rd floors 
respectively although actual loading was not defined until 
after steel fabrication had started (i.e. vertical mass distribu-
tion was undefined at the structural design phase)” (Luth, 
2017). To economically accommodate significant variations 
in vertical mass distribution, Luth, working with nonlinear 
time histories and pushover analyses by Exponent, devel-
oped a pivoting strongback system. A pair of pinned-base, 
shop-fabricated frames flanking and connected to gravity 
columns with Krawinkler fuses (Figure 8) provide approxi-
mately 20% of the seismic resistance; the rest is provided by 
buckling restrained braces. Luth notes that the BRBs and 
the Krawinkler fuses “are forced to yield more or less uni-
formly by the strongback which remains elastic. Because of 
the redistribution function of the strongbacks, we are able to 
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Fig. 8.  (a) Elevation drawing and (b) photograph of strongback frame for the  
Tesla facility; (c) Krawinkler fuses (images courtesy of Gregory P. Luth & Associates).
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systems. Validation through future experimental testing uti-
lizing a strongback would confirm the effectiveness of the 
developed design method.

SUMMARY

The viability of the strongback braced frame has been dem-
onstrated through computational parametric studies and 
experimental investigations. The strongback frame is able to 
engage multiple stories and eliminate weak-story behavior, 
resulting in improved seismic performance. Variations—
from a buckling restrained braced mast (BRBM) to a piv-
oting, guyed strongback frame—have been implemented in 
buildings in high seismic regions, typically at a cost sav-
ings compared to conventional BRB frames. To date, each 
study or implementation has utilized its own combination 
of nonlinear time-history analyses and capacity design prin-
ciples. Ongoing research is focused on developing a simple 
and coherent design methodology for the strongback braced 
frames.
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