
 
 
  

Evaluation of the ASCE 7-05 Standard for Dual Systems: 
Response History Analysis of a Tall Buckling-Restrained Braced Frame Dual 

System 
 

L. J. Aukeman1 and P. Laursen2 

 
1Graduate Student, Department of Architectural Engineering, California Polytechnic 
University, San Luis Obispo; email: laukeman@calpoly.edu 
2Assistant Professor, Department of Architectural Engineering, California 
Polytechnic University, San Luis Obispo, 1 Grand Ave. San Luis Obispo, CA 93407; 
PH (805) 756-1314; email: plaursen@calpoly.edu 
 
ABSTRACT 
 
 In mid-to-high rise structures, dual systems (DS) enable a structural designer 
to satisfy the stringent drift limitations of current codes without compromising 
ductility. Currently, ASCE 7-05 permits a variety of structural systems to be used in 
combination as a dual system yet the design requirements are limited to the 
following: Moment frames must be capable of resisting 25% of the seismic forces 
while the moment frames and braced frames or shear walls must be capable of 
resisting the entire seismic forces in proportion to their relative rigidities.  
 This paper assesses the significance of the 25% design requirement for the 
secondary moment frames (SMF) in dual systems with consideration of current 
structural engineering practice. Three 20-story buckling-restrained braced frame 
(BRBF) dual system structures have been designed with varying relative strengths 
between the braced and special moment frame systems. The SMF system has been 
designed for 15%, 25%, and 40% of seismic demands and the BRBF system design 
has been adjusted accordingly based on its relative stiffness with respect to the 
moment frame. These structures have been examined with nonlinear static and 
nonlinear dynamic procedures with guidance from ASCE 41-06.  
 The drift, displacement and ductility demands, and the base shear distribution 
results of this study show similar responses of the three prototype structures.  These 
results indicate a secondary moment frame designed to less than 25% of seismic 
demands may be adequate for consideration as a dual system regardless of the 25% 
rule.  
 
INTRODUCTION 
 
 Design requirements for dual systems were first written into code in the 1959 
SEAOC Blue Book and the 1961 UBC. Currently, ASCE 7-05 permits a variety of 
structural systems to be used in combination as a dual system yet the system specific 
design requirements are still limited to the following: “For a dual system, the moment 
frames shall be capable of resisting at least 25% of the design seismic forces. The 



 
total seismic force resistance is to be provided by the combination of the moment 
frames and the shear walls or braced frames in proportion to their rigidities” (ASCE 
2006).  
 Specifically, dual systems comprised of steel moment resisting frames (MRF) 
with reduced beam sections (RBS) and buckling-restrained braced frames (BRBF) 
provide benefits from both an architectural as well as a structural standpoint. While 
the MRFs maintain space flexibility and architectural openness, the BRBFs help 
provide stiffness and control interstory drifts in mid-to-high rise structures (SEAOC 
Seismology Committee 2007). This drift control by the BRBFs is particularly 
apparent in the lower levels. In the upper levels, the MRFs will be a more effective 
system for drift control. This behavior is illustrated in Figure 1 where the idealized 
resultant DS displaced shape is linear with respect to the buildings height (Maley et 
al. 2010). 

 
Figure 1: Simplified displaced shape of respective systems in tall buildings 

 Buckling-restrained braces (BRBs) provide damping to a structure in the event 
of the earthquake due to their low post-yield stiffness and hysteretic behavior. 
Typically, while dissipating energy, this behavior causes relatively large residual 
displacements after a large earthquake. Providing a MRF to remain elastic until after 
the BRBF yields allows force re-distribution from the BRBFs to the MRFs to restrict 
these large displacements and protect the structure. Using both MRFs and BRBFs 
together in a dual system allows the benefits of both systems to be utilized and the 
short-comings of both the BRBFs and MRFs to be mitigated by the other (EERI 
1994).  
 The purpose of this paper is to compare the inelastic behavior of three dual 
system models specifically designed for this analysis. The effect of designing a 
secondary system for 15% (not meeting code requirements), 25%, and 40% 
(exceeding code requirements) of the base shear has been examined through 
nonlinear static pushover (NSP) and response history analysis (RHA) and conclusions 
are drawn from the effects of the backup system strength on the behavior and intent 
of a the dual system.  
 
PROTOTYPE MODELS 
 
 A 20 story building was chosen to be examined for this study, with a 
rectangular plan of dimensions 144′ by 100′. The 2-dimensional analysis represented 
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the lateral force resisting system of the structure in one direction. One exterior braced 
frame line was modeled in series with an interior moment frame line connected by a 
rigid diaphragm. The typical bay sizes in the direction modeled are 24′-0″ with story 
heights of 13′-0″ and an 18′-0″ first floor lobby (Figure 2). The alternating pattern of 
the braces on the building elevation helps reduce column sizes by coupling the 
tension and compression braces.  
 Similar gravity loading criteria was used from the SAC project for assessment 
of moment frames in response to the 1994 Northridge Earthquake (FEMA 355C).   

 
Figure 2: Elevation of dual system 

 The prototype structures were designed for a theoretical location of Los 
Angeles, California. Per the United States Geological Survey (USGS), the maximum 
spectral acceleration seen at the site is approximately 2g for short period buildings, 
and attains around 0.25g for long period structures. Based on ASCE 7-05 including 
supplement II, the upper limit fundamental period (1.8 seconds) and the minimum 
base shear governed the design of the structure. For an overall building weight of 
29,000 kips distributed evenly among the floors, the total calculated base shear of the 
structure is approximately 6% of the total building weight. A Response Modification 
Coefficient of R= 8 was adopted per ASCE 7-05 Table 12.2-1. 
 Three separate buildings were designed for this analysis. The baseline model 
is a dual system with a backup special moment-resisting frame (SMRF) designed for 
25% capacity of the seismic demands on the structure. Results reported are bound by 
two other models with a backup SMRF designed to 15% and 40% strength.  
 
DESIGN PROCEDURE 
 
 The three step design procedure below was used for the prototype models in 
this analysis as described by Magnusson, 1997: 

 1. Design BRBF for full lateral resistance based on the equivalent static 
force procedure given in ASCE 7-05 §12.8.  



 
 2. Design SMRF for 15%, 25%, and 40% of demands per ASCE 7-05 

§12.8. 
 3. Combine systems and reduce BRBF designs based on the relative 

rigidity of the BRBF to SMRF using modal response spectrum analysis 
as described in ASCE 7-05 §12.9. 

 The design utilized ASTM A992 Grade 50 steel (yield stress of 50 ksi) for all 
beams and columns. The BRB core yield stress was taken as 38 ksi for design. In 
order to develop an anticipated yielding sequence from the top of the structure down, 
demand-capacity-ratio (DCR) values were most conservative at the bottom levels and 
near unity at the top of the structure.  
 Typical brace core areas in Models 15, 25, and 40 are 2.0 in2 at the roof for all 
structures, and 10.75 in2, 10.5 in2, and 10.25 in2 at the first floor, respectively. SMRF 
beams used are W21x44, W21x44, and W21x50 at the roof and W21x50, W24x76, 
and W24x94 at the first level for Models 15, 25, and 40, respectively.   Columns at 
the first floor are W14x455 and W14x550 for the interior braced frame and moment 
frames respectively in Models 15 and 25 and W14x455 and W14x605 for the interior 
braced frame and moment frames respectively of Model 40. W14x53 columns are 
used at the roof of each braced frame and the SMRF of all three models uses 
W14x132 columns. Additional member sizes and model information is provided in 
Aukeman, 2011.  
 Static analysis of the design forces show the stiffness ratio of the MF to BF of 
Model 15, 25, and 40 is 17%, 19% and 22% respectively.  
 
MODELING FOR NONLINEAR ANALYSIS 
 
 Nonlinear elements used in Perform 3D are BRB element compounds, 
moment-rotation hinges for reduced beam sections and BRBF beams outside gusset 
connections, P-M2-M3 (PMM) Rotation Hinges for columns to consider the axial 
moment interaction. In addition, elastic section properties were assigned to beams and 
columns where nonlinear behavior was not expected and rigid elements at beam-
column intersections and gusset locations in the BRBF. 
 The base of the SMRF elevation was assumed to be pinned with a large steel 
grade beam while the BRBF columns were fixed where the braces are located at the 
foundation and pinned elsewhere. All elements were modeled with expected yield 
stresses (55 ksi for beams and columns and 46 ksi for braces). 
 
NONLINEAR ANALYSIS 
 
 The nonlinear response of the building was assessed by means of nonlinear 
static (pushover) and nonlinear dynamic analyses. 
 
Nonlinear Static Analysis. A modal pushover was executed to reveal the relative 
behavior between the BF and MF for each model. Loading was applied based on the 
first mode force distribution where story forces vary with respect to story elevation as 
calculated in the linear static procedure.  



 
 The total base shear and the base shears in the braced frame and moment 
frame are shown below in Figure 3 as a function of the roof drift angle. For each 
model, the target displacement δt was calculated based on the modal pushover 
analyses for the design earthquake values using ASCE 41-06 §3.3.3.3.2 and is 
indicated in Figure 3 around 0.0068 radians or 22 inches roof displacement.  

 
 

 

    

 
  The base shear value that causes first yield is approximately equal to the 
design base shear of 0.06W (see Figure 3 (d)). In the figures below the yielding of the 
braces at the upper levels cause the initial change in stiffness; however the capacity 
continues to increase as the conservatism of design is apparent as a result of safety 
factors, the gradual propagation of yielding and strain hardening. For all three 
models, failure is caused by a lower level column being loaded beyond its allowable 
axial-flexure interaction envelope and the pushover analysis is stopped. While this is 
not a desirable failure mechanism, the structure has been loaded well beyond its 
design force and has displaced to beyond 0.025 radians (6’-8”) or almost four times 
the target displacement, δt, as described in ASCE 41-06.  
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Figure 3: Modal Pushover Force Displacement Curves 
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 Figure 3 (c) shows the uniqueness of Model 40 and the MF has a significantly 
higher capacity than the BRBF. Since ASCE 7-05 allows a reduction in strength of 
the braced frame (based on stiffness), the overall force displacement relationships of 
the different models were compared for each load pattern. Small strength reductions 
were made to the braced frames due to the small relative stiffness of the MF to the 
BF. With these reductions, the largest difference in force-displacement relationship 
was seen as a result of the moment frame strength rather than the reduced braced 
frame strength. This can be observed in Figure 3 as each BRBF has approximately the 
same maximum strength equal to 0.06W. 
  
Nonlinear Dynamic Analysis. To explore the variability of seismic ground motions, 
a suite of 7 earthquakes were selected and the median and 84th percentile response 
quantities are reported below. The 7 records were scaled to the design spectrum using 
the amplitude scaling procedure according to ASCE 41 1.6.2.2. A list of ground 
motions, their unscaled peak ground accelerations and the amplitude scale factors 
used for this analysis is shown in Table 1. The response spectrum for the suite is 
shown below in Figure 4.  
 

 
Figure 4: Earthquake spectral scaling for response spectrum 

 BRB hysteresis properties and modal damping of 1.9% has been assigned in 
Perform 3D along with a small 0.1% Raleigh damping at 0.5T and 1.5T (varying at 
other periods) to account for additional damping in short period modes. 
 For all three models, only the El Centro record induced deformations high 
enough to terminate the analysis. This ground motion exhibited a large pulse around 
6.0 sec into the record causing large roof displacement and high ductility demands in 
the BRB elements that cause termination. All data from the El Centro record includes 
only building response data for the first 6.5 seconds (or until the maximum allowable 
BRB deformation of 15 times the yield displacement is reached). The remaining 6 
records did not cause deformations beyond the elements maximum deformations. 
 For the results presented from the response history analysis, the median and 
84th percentile values have been indicated. The median is reported as the value of the 
4th highest result of the 7 records while the 84th percentile result is approximated as 
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data point 6 (since 6/7=0.86 which is nearest 0.84). The 84th percentile value can be 
regarded as the median response plus one standard deviation. This method was used 
in FEMA 355C for the SAC project when one or more earthquake records caused 
failure of the structure  
  
Interstory Drift. The median and 84th percentile values for the maximum interstory 
drift angle for each level (not concurrent) are shown in Figure 5. 
 

 
Figure 5: Nonlinear dynamic interstory drift results 

 The varying design criteria between models results in unique interstory drift 
demands. Model 25 experiences the overall highest 84th percentile interstory drift 
ratio equal to 0.012 radians at level 14. Model 15 experiences the largest range of 
drift values as the difference between the median and 84th percentile results is the 
highest. As the moment frame strength increases in the models, the range between the 
median and 84th percentile results decrease. Different trends can be observed for the 
upper and lower portions of the structure as an inflection point is observed near level 
9. This behavior corresponds to the way the BF and MF engage each other as shown 
in Figure 1. These results show that no conclusive statement can be made about 
which design is optimal for minimizing interstory drift. ASCE 7-05 provides a limit 
of 0.020hsx for drift in Table 12.12-1. Figure 5 shows that all three models performed 
well within the code limits for interstory drift. If a stricter drift limit of 0.010 hsx is 
used, only Model 40 would pass. Such a drift limit could be applied to high 
performance structures and hospitals. 
 
Displacements. The displaced shape corresponding to the maximum roof 
displacement normalized by the roof height is displayed in Figure 6. Similar behavior 
is observed between the three models. The magnitude of the median roof drift is 
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approximately 0.005 for each model which is less than the target displacement roof 
drift of 0.0068 radians.  
 The displacement data of Model 40 shows the least variability between 
earthquake records while Model 15 demonstrates more scattered results at the lower 
levels.  For all three structures the El Centro record induced the highest roof 
displacements. For the El Centro ground motion specifically, the stronger moment 
frame structures underwent less roof displacement at the time the lowest level braces 
reached their maximum allowable ductility.  

 

     

 

   

 
Ductility. For each structure, the ductility ratios have been calculated as the ratio of 
element demand to yield capacity. As shown below in Figure 7, the 84th percentile 
RBS ductility ratio for all three models ranges from 1.25 to 1.75 which classified by 
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ASCE 41-06 as the Immediate Occupancy performance category. This means that 
only mild plastic behavior was seen from the RHA. The 84th percentile results also 
show Model 40 is likely to see the least ductility demand in an earthquake. 
 

 

       
Figure 7: Nonlinear Dynamic Ductility Ratios 

  The results for maximum BRB ductility demands reported in Figure 7 for 
levels 1 through 9 show a clear trend in the 84th percentile data as Model 40 
experiences the least ductility and Model 15 experiences the most. 84th percentile 
ductility values at levels 12 through 16 correspond to relatively higher interstory 
drifts in Figure 5. In the case of model 25, where BRB ductility is highest, the RBS 
ductility is also higher as demands shed from the BRBF into the MF as intended.  
 The 84th percentile results of all three models for BRB ductility in Figure 7 (b) 
range from 6.5 to 8.0.  BRB element testing shows core yielding beyond 15 times the 
yield displacement is unsafe. For all BRB elements in the three models, the 84th 
percentile data presented above is also within the Immediate Occupancy to Life 
Safety range. Both RBS and BRB ductility responses show the 3 prototype structures 
behave similarly.  
 
Base Shear.  The median values for the base shear distribution is shown below for the 
instant at which the total base shear was a maximum in the Nonlinear Dynamic (ND) 
analysis (Figure 8 (a)) and the instant at which the MF shear was a maximum (Figure 
8 (b)). These results show the total ND base shear demands far exceed the overall 
design base shear of 0.06W. Also, the nonlinear force distribution shows the MF 
appropriately take on more load as the structure yields to maintain drift control during 
the ND analysis. For all three models, the MF shear demands are approximately 50% 
or more of the overall shear. In Figure 8 (b), when the MF resists the maximum load, 
the shear distribution ratio is greater than 50%. The maximum total base shear 
imposed on Model 25 (and similarly Models 15 and 40) exceeds the ultimate capacity 
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shown in Figure 3. Aside from the difference in procedure, the hysteretic behavior of 
the BRB elements has been modeled explicitly based on test data. Due to cyclic strain 
hardening the capacities of the BRB elements increase as the members cycle back and 
forth. 
 

 

  
Figure 8: (a) Median ND total base shear. (b) Median ND base shear at 

maximum MF base shear. 

CONCLUSION 
 
 Drift and displacement demands did not show one model as performing 
significantly better than another. The MF designed to 40% of the design base shear 
resulted in the least scatter of results from the 7 ground motions, however all models 
performed adequately based on ASCE 7-05. The general displacement profile for 
each structure was close to linear as expected for a BRBF and MF Dual System.  
In terms of 84th percentile demands from the RHA, the interstory drift demands 
remained below 0.012. The ductility demands for the BRBs remained below 8.3, well 
within the acceptable range. The RBS ductility demands attained by the MF are 
approximately 2—only mildly inelastic. 
 As expected, the story shear results showed that the stronger moment frames 
resisted the highest base shear in the nonlinear pushover as well as the response 
history analyses in general. 
 Shear reversal (MF and BRBF working against each other) was observed in 
levels where braces occurred in adjacent interior bays. The implications of such shear 
reversal are unclear and should be examined further.  This is related to the alternating 
brace patterns. 
 ASCE 7-05 requires a secondary system to be designed for a minimum of 
25% of the seismic base shear; however the results show that the Model 15 performs 
similar to the Model 25.  Thus there appears to be no clear argument to not categorize 
it as a dual system.  Clearly, the design technique presented here for a dual seismic 
force resisting system provides a high performance structure.  This paper shows that 
advanced analysis is required in order to fully quantify the system performance and 
required MF strength with respect to the performance criteria, and to quantify the 
added cost of the backup MF system. 
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 This paper shows that the 25% design rule at best is arbitrary. It should be 
investigated if a better design rule could be based purely on strength distribution 
between the BRBF and MF, e.g. 75%/25%. Otherwise the BRBF design hardly 
changes with varying MF strength causing uneven levels of conservatism. 
 The allowed strength reduction of the BRBF (step 3 in design procedure) was 
relatively small for these systems and did not cause any deficiencies in the dual 
system performance. 
 Overall, all models were found to easily satisfy the drift and ductility 
limitations. However, for a more complete picture of the dual system performance, an 
additional study should be completed for a pure BRBF to quantify the MF 
contribution to the overall dual system behavior. 
 The results presented above may vary dramatically between dual system types 
as well as building layouts. It is suggested that this research may be continued with 
additional variations to better understand the design implications of mixing stiff and 
flexible systems in a dual seismic force resisting system. 
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