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SUMMARY 
 
This paper describes an analytical study for the evaluation of seismic design factors (R and Cd) for precast 
concrete shear wall structures used for parking garages. The study utilizes DRAIN-2DX models to 
represent the garages, in which precast concrete shear walls provide all resistance to lateral loads. The 
models were calibrated using experimental data from tests, and a parametric study of typical precast 
concrete parking garage structures was conducted to obtain the response modification factor, R, and 
displacement coefficient, Cd, as specified by 2000 provisions of the United States (US) National 
Earthquake Hazard Reduction Program (NEHRP) for use in seismic design practice [1]. The R and Cd 
factors were calculated using real-time, nonlinear, dynamic response of the parking garage structures 
obtained using DRAIN-2DX. The precast shear walls feature one of two types of primary reinforcement; 
unbonded post-tensioning bars, and partially debonded mild steel reinforcing bars. The study addresses 
variables that are recognized to affect nonlinear structural response, including seismic intensity and site 
conditions. The principal conclusion drawn from this study is that R and Cd values currently used for 
precast concrete shear wall buildings are acceptable, if not conservative, for seismic design practice. 
 

INTRODUCTION 
 
The most common method for seismic design in the US utilizes response modification factors, R, and 
displacement amplification factors, Cd, to define design forces and displacements from elastic forces and 
displacements [1].  These seismic design factors (R and Cd) depend upon construction material and 
configuration of the lateral load system, but seismic design factors are not specified for precast concrete 
shear wall structures.  In order to overcome this need, it is customary for engineers designing precast 
concrete shear wall structures to use values that are specified for cast-in-place (i.e., monolithic) concrete 
shear walls (R=4 to 6, and Cd=4 to 4.5).  However, there are significant differences between the structural 
behavior of monolithic concrete structures subjected to seismic effects and that of precast concrete 
structures.  
 
Seismic design forces are specified in the provisions of NEHRP 2000 by means of code-specified elastic 
spectra that are modified to account for nonlinear structural behavior.  The modification of seismic forces 
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is illustrated in Fig. 1, where the response modification factor, R, is seen to de-amplify seismic forces from 
the elastic design spectral accelerations, SDS and SD1, to the inelastic estimates SDS/R and SD1/R.  The 
importance factor, I, is an added safety factor to account for the importance of the role of the structure 
during, and immediately following, an earthquake.  This paper summarizes an investigation that was 
aimed at developing a rational procedure for evaluating the response modification factor, R, and the 
accompanying displacement amplification factor, Cd, for precast concrete shear wall structures. 

 
Precast concrete construction can be categorized 
as “emulative”, if built using field-cast “wet” 
joints to emulate monolithic concrete 
construction, or “jointed” if the precast members 
are interconnected predominantly by “dry” joints 
(i.e., not requiring field-cast concrete).  The 
jointed construction design philosophy is 
preferred over the emulative one because dry 
joints can be configured and detailed to undergo 
inelastic deformations with little damage.  
Consider, the idealized shear walls shown in Fig. 
2, in which the one wall was designed according 
to the emulative design philosophy (Fig. 2a) and 
features wet joints and closely-spaced continuous 
reinforcement through these joints.  Under 

seismic loading the wall develops a pattern of cracks similar to that observed in monolithic concrete shear 
walls, with multiple flexural and inclined cracks. However, the idealized jointed wall (Fig. 2b), which 
features a few discrete, extensible, and possibly ductile, reinforcing elements traversing the dry joints, 
exhibits joint opening and closing during seismic loading that accommodates all extension of the tensile 
region into these gaps, instead of a pattern of distributed cracks. Besides exhibiting superior seismic 
performance than emulative construction, jointed construction is usually more economical and can be 
erected faster. 
 
The most common precast concrete shear wall 
systems offer significant differences relative to cast-
in-place concrete, including the use of unbonded 
post-tensioned construction or the potential for using 
partially debonded lengths of reinforcing bars in 
bonded systems.  Recognition of these and other 
characteristics of precast concrete shear walls have 
created a sense of urgency regarding the 
determination of values for the seismic design factors 
R and Cd that are specific to precast concrete shear 
walls, as opposed to those values applicable to 
monolithic concrete shear walls. 
 
The most common use for precast concrete in load bearing building construction is for parking garages, 
and these structures present challenges for seismic design.  These challenges include long spans  ̧massive 
floors (double tees and inverted tees plus topping)  ̧few elements for lateral resistance  ̧and a preference 
for dry connections.  The last two features can make it difficult to establish multiple paths for the lateral 
loads.  So it is considered of critical importance that seismic design factors be developed that accurately 
depict the response of jointed precast concrete shear walls.  In this paper, a general procedure is proposed 
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Fig. 2  Emulative and Jointed Shear Walls 
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Fig. 1  Role of Response Modification Factor, R 



Fig. 3  PTT Wall Specimen Detail 

and implemented for establishing response modification factors, R, and the corresponding displacement 
amplification factors, Cd, for precast concrete shear walls structures. 
 

PRECAST CONCRETE SHEAR WALL SYSTEMS 
 
Precast Shear Wall Details   
Unbonded precast shear walls 
contain prestressing tendons (strand 
or bar) that are placed in oversized 
ducts and are not grouted over the 
length of the tendon (Fig. 3).  In 
fact, the unbonded tendon is the 
essential element that renders 
unbonded shear wall behavior 
superior to that of monolithic shear 
walls.  For unbonded tendons, there 
is no strain compatibility between 
the reinforcement and the adjacent 
concrete, and the elongation of the 
tendons is distributed over the 
length of the tendon. The resulting 
uniform strain distribution along 
tendon length delays yielding of the 
tendons and increases the volume of 
steel that can participate in energy 
dissipation through yielding.  
Moreover, unbonded tendons 
protect the adjacent concrete from 
cracking because tensile stresses are 
not transferred from the 
reinforcement through bond.  
Consequently, unbonded precast shear walls undergo less damage for a given amount of lateral 
displacement than do reinforced concrete shear walls with bonded reinforcement.  
 
The PRESSS (PREcast Seismic Structural Systems) Research Program [2] has shown that unbonded 
precast shear walls can be used as primary lateral load carrying system in the regions of high seismicity. 
Yet, there are no design provisions for jointed precast concrete shear wall structures in model building 
codes in the US.  In recent years, a significant research effort has been expended to meet this need.  Figure 
3 shows a plan of a wall specimen featuring unbonded prestressing tendons (PTT) that was tested as part 
of the PRESSS Program at the National Institute of Standards and Technology [3,4]. The tendons 
comprise high-strength bar with couplers placed in ungrouted metal ducts, and the concrete along the 
jambs is confined by interlocking steel spirals that protect it from compression damage.   
 
Short lengths of debonded reinforcement can be used to enhance the performance of walls with bonded 
reinforcement.  This reinforcement detail offers the advantage of increasing the portion of the reinforcing 
bar that undergoes yielding, and it increases the elongation capacity of the reinforcement, the drift 
capacity of the wall, and the volume of steel that can dissipate energy through inelastic deformation. 
Figure 4 shows a plan of another wall specimen from the NIST program [4], specimen GSS, which 
featured grouted splice sleeves to connect the mild steel reinforcing bars, as well as short debonded 
lengths below the couplers. The bars were wrapped in duct tape over a 7¼-in. length and coated with oil 



prior to casting the concrete panel.  The GSS specimen (Fig. 4), like the PTT (post-tensioned tendon) 
specimen (Fig. 3), had a single horizontal joint between connected precast elements.   
 
NIST Precast Shear Wall Tests  
The horizontal joint details shown in 
Fig. 3 and 4 were part of a series of 
specimens representing connections 
at horizontal and vertical joints that 
were tested at the National Institute 
of Standards and Technology (NIST) 
in a research program to characterize 
the seismic performance of 
connections in precast concrete 
shear walls (ref).  The 152-mm (6-
in.) thick panel specimens were 
constructed using typical materials, 
including concrete with a 34-MPa 
(5000 psi) compression strength, 
non-shrink grout, and Grade 60 
reinforcing bars (414 MPa), as well 
as proprietary grouted splice sleeves 
and post-tensioning hardware.   
 
The horizontal joint specimens in 
these tests represent a portion of the 
prototype wall, including the panel 
above the joint and a stub 
representing the panel below the 
joint.  Vertical loads are applied to 
the top crosshead, the sense and magnitude of which is determined as needed to define a vertical 
compression stress equal to 0.69 MPa (100 psi) representing dead loading, and a continuity moment equal 
to 50% of the overturning moment at the base of the panel.  This last feature is necessary if a substructure 
is to be used to properly model the lower portion of a taller shear wall.  The specimens were tested in the 
NIST Tri-directional Test Facility [5] using cyclic drift histories that simulate seismic motions.  The drift 
history used for the tests comprises groups of cycles, the pattern of which was repeated until the end of the 
test, and the peak drift of which was increased monotonically among successive groups of cycles. 
 
The drift response of specimen PTT to the lateral drift history was stable over the range of applied drifts 
(Fig. 5).  The initial response, not shown in Fig. 5, was linear, elastic, but a rapidly softening force-
deformation response, i.e., “system yielding”, was observed as a gap opened at the horizontal joint 
between panels.  Beyond system yielding, the response was nearly plastic, and remained so over an ample 
range of deformations, that is up to 2.5% drift without loss of load carrying capacity.   
 
Unloading behavior was also seen to be inelastic even for short excursions past system yielding, resulting 
in a finite amount of energy dissipation through hysteresis, even though unbonded, post-tensioned precast 
shear walls are usually assumed to exhibit nonlinear, elastic behavior. The condition observed in the tests 
was afforded by the short length of the tendons, which was dictated by the height of the test specimens, 
and the distribution of tendons over the length of the wall, instead of concentration at the center of the 
wall.  Under these conditions, the tendons yielded in tension and were deformed to increasingly larger 
strains with peak drift.  These conditions can be replicated in short walls, or in walls for which tendons are 

Fig. 4  GSS Wall Specimen Detail 



jacked at intermediate points along wall height, say every two or three floors.  This procedure is desirable 
because the wall is stabilized at each jacking station, thus eliminating the need for bracing. 
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Fig. 5  Lateral Force-Drift Response for PTT Detail 
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Fig. 6  Lateral Force-Drift Response for GSS Detail 
 



Specimen GSS responded to the lateral drift history exhibiting a load-displacement behavior with a greater 
amount of energy dissipation through hysteresis (Fig. 6) than did specimen PTT.  Response to initial low-
amplitude drift cycles was nearly linear, elastic, but yielding of the reinforcing bars and gap opening at the 
heel of the wall resulted in “system yielding” at a global level.  The specimen also exhibited a small 
amount of strength deterioration over the full range of drifts, and the shape of the hysteresis loops became 
progressively more “pinched”.   
 
The debonded lengths that were provided below the grouted splice sleeves were effective in extending the 
deformation capacity of this wall to the limit of the NIST TTF system (~ 2.5%).  It is further noted that the 
grout used to fill the horizontal joint of specimen GSS was nominally identical to that used in practice, 
i.e., a relatively dry mixture of graded sand, cement and water, known as “dry-pack”.  Whereas, the 
material used to fill the horizontal joint of specimen PTT was reformulated to include chopped 
polypropylene fibers, the addition of which served to reduce the rate at which the horizontal joint in 
precast shear wall specimens experienced strength deterioration. 
 
Finite Element Analysis of NIST Shear Wall Connection Tests  
Truss elements, concrete fiber elements, rigid link elements, and gap elements were used to construct the 
DRAIN-2DX [6] model of specimen PTT.  Truss elements were used to model the post-tensioning 
tendons, and fiber elements were used to model the concrete panels.  Near the horizontal joint, where 
large rotations were expected, smaller fiber elements were used to capture the localized rotation response.  
Because the tendons were unbonded, a rigid link element at the top of the wall, and the fixed support at 
the base of the wall established displacement global compatibility between the tendons and the concrete 
panels.  The effects of confining reinforcement were included in the stress-strain representation of the 
concrete, and gap elements were used to assure that the tendons would not undergo compression.  
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Fig. 7  Experimental and Computed Tendon Forces for PTT 

 
Gap opening of the horizontal joint was modeled using fiber gap hinges, which are gap elements n 
DRAIN-2DX that are compatible with fiber elements.  These zero length elements utilize the same cross-
section as the fiber elements, and they are compatible with the assumptions regarding plane and normal 



sections that are implicit in the formulation of the fiber model.  In addition, the concrete in the fiber gap 
hinges can have finite tensile strength.   
 
A constant vertical load was applied first to the top of the wall to simulate wall weight and dead load, and 
the post-tensioning forces were applied as internal tensile forces to the truss elements. The experimental 
drift history was subsequently applied to obtain the response of the wall under displacement control 
loading.  Figure 5 shows the test results and the computed response obtained from the DRAIN-2DX 
model, and the comparison is surprisingly good. There are no significant differences in the stiffnesses and 
calculated loads, as well as the shapes of hysteresis loops.  The lack of large permanent deformations 
illustrates the outstanding self-centering behavior of unbonded post-tensioned shear walls. 
 
Figure 7 shows the measured and computed force response to lateral displacement of one of the two 
tendons closest to the center of the specimen (Fig. 3).  It is evident from Fig. 7 that, as a result of yielding, 
all of the post-tensioning force in that tendon was lost completely at a drift of approximately 2.2%.  Given 
its location in the wall relative to the others, it is also evident that the other tendons had already their post-
tensioning force earlier.  Yet, in spite of losing tendon post-tensioning force, specimen PTT was able to 
maintain its load capacity over the duration of the test.  As the wall was deflected from neutral position, 
the tendons were elongated to the point in which they developed their yield capacity.  It is also noted that 
the tendons developed tensile forces regardless of the direction of loading, due to the large fluctuations in 
neutral axis location produced by joint opening and closing.  This phenomenon was reproduced 
successfully using gap elements at tendon ends in the DRAIN-2DX model. 
 
The modeling of specimen GSS required the use of fiber elements with different properties to model three 
distinct regions: the 254-mm (10-in.) long portion at the base of the wall, the 190-mm (7.5-in.) long 
portion surrounding the debonded reinforcement, and the remaining 2320 mm (913/4 in.) of the wall.  The 
first and last of these locations required reinforced concrete fiber elements which are concrete elements in 
which some fibers are replaced with steel to represent the bonded reinforcement.  For the second case, 
separate fiber elements, one for plain concrete and another for the unbonded tendons, were used to model 
the portion of wall with debonded bar.  The latter technique was required so that bond versus slip 
behavior of the bonded reinforcement could be represented in the DRAIN-2DX model through the use of 
fiber pullout hinges (i.e., special fiber elements with zero length that are defined at the fiber element 
nodes).  In all cases, the concrete was assumed to have no tensile strength as a way to simulate gap 
opening at the horizontal joint.  This technique, in which the gap opening displacements are represented 
as tensile deformations distributed over wall height, was found to produce similar results to using fiber 
gap hinges, as was done in modeling specimen PTT.   
 
The response obtained from the DRAIN-2DX analysis is shown in Fig. 6 along with the experimental 
force-displacement response. Reasonably good agreement between model and experiment is noted, 
including peak load during each cycle, loading and unloading stiffnesses, and pinching of the force-
displacement envelopes.  The model captured the lateral load capacity of the wall quite well during initial 
load cycles, but the DRAIN-2DX model did not predict the deterioration of strength observed in the test at 
large drifts (2.0 to 2.5%).   
 

SEISMIC DESIGN PARAMETERS 
 
Response Modification Factor, R 
The response modification factor, R, was introduced in US seismic design practice in 1978 as a way to 
account for inelastic structural response to earthquake motions [7].  However, the R factor can be traced to 
the horizontal force factor for allowable stress design, K, first defined two decades earlier [8] for the 
purpose of differentiating the seismic performance of different structural systems.  Initially, only four 



categories of structural systems were recognized relative to K, namely bearing wall buildings, dual 
systems, moment-resisting frames, and previously unclassified framing systems.  Presently, the NEHRP 
2000 provisions recognize 67 different structural systems, and assigns R and Cd factors applicable for 
strength design.   
 
NEHRP specified values for R are intended to reflect past performance and expected amounts of damping, 
toughness, and overstrength, and there is a recognized need to periodically review these values.  Since 
their introduction, many shortcomings have been expressed concerning code treatment of R factors, 
primarily regarding the inability of a single-valued parameter to accurately represent all buildings with the 
same framing type but different (1) plan geometry, (2) height, (3) period, (4) seismic zone and (5) site 
class (soil type).  Consequently, many attempts have been made to interpret the response modification 
factor, R, in a rational manner with a view towards establishing a rigorous procedure for calculating their 
magnitudes [9,10,11].  One of the simplest interpretations, and the one most closely compatible with the 
NEHRP approach was proposed by Uang [10] and is given by 
 
 µRR Ω=                 [1] 
 
where Ω represents the reserve strength or overstrength factor for the structural system and Rµ is the 
ductility reduction factor.  The latter represents the reduction in seismic forces afforded by nonlinear 
response of the structural system through ductile behavior and energy dissipation through hysteresis.  
Other expressions proposed for the interpretation of R [9] include a redundancy factor which addresses 
the additional capacity introduced by alternate load paths resulting from structural indeterminacy.  In the 
NEHRP approach [1], the effects of redundancy are considered independent of the determination of R. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Interpretation of R factor 
 
The overstrength factor, Ω, is the ratio of ultimate lateral strength, VP, of a prototype structure (i.e., 
strength during plastic behavior after system yielding), to design lateral strength, VM, calculated on the 
basis of code-specified seismic forces (Fig. 8), i.e., Ω=VP/VM.  The force-deformation response 
corresponding to the design base shear strength is associated with the behavior of a numerical model in 
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Fig. 8 because in such modeling it is difficult, as a general rule, to include the effects of overstrength.  
Building structures exhibit lateral strengths that exceed specified design strengths because of many 
factors, including, but not limited to, selected member sizes that are larger than required sizes, actual 
material strengths that exceed nominal material strengths, nonstructural element contributions to lateral 
strength that are neglected in design, and failure mechanisms (e.g., sequence of plastic hinge formation) 
that are not identified during design.  Buildings located in lower seismic zones may have different 
overstrength factors than those in higher seismic zones, resulting in zone-dependent R factors.  Moreover, 
the effect of nonstructural elements generally decreases as the height of building increases. 
 
The calculation of R factors requires knowledge of both overstrength (Ω) and ductility reduction (Rµ) 
factors (Eq. 1).  The latter can be calculated from the nonlinear dynamic response of a computational 
model of a structure that does not include overstrength (e.g., “model” in Fig. 8), as long as the 
overstrength can be accounted for.  NEHRP 2000 recommends overstrengh values for entire structural 
systems, but values for individual structural components are not specified. A simple procedure is adopted 
here to overcome this problem, recognizing that the forces VE,VP, and VM are consistent with a linear 
model of the structure, and that VM represents the minimum base shear for code-specified seismic forces.  
Under these conditions the R factor can be computed as 
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where the elastic and inelastic demands (VE,VP, and VM) correspond to a ground acceleration record ( )ta .  

On the basis of the assumption of force linearity, it is further assumed that ,PP VV ≅Ω  where PV  is 
computed for a model of the structure with no overstrength ( 1=Ω ) and a scaled ground acceleration 
record ( ) ( ) Ωtata = .  For the latter calculation, values for Ω specified in the NEHRP provisions are 
used to scale the ground motion.  For the case of precast shear walls, the NEHRP overstrength factor 
corresponding to all types of concrete bearing and shear walls, Ω = 2.5, is assumed.  In this manner, the 
need to represent overstrength in a detailed finite element structural model of precast concrete shear walls 
vanishes, and R factors are calculated using the third ratio in Eq. [2]. 
 
Displacement Amplification Factor, Cd 
The excess strength embodied in the overstrength factor, Ω, also affects the magnitude of the 
displacement amplification factor, Cd, and the nonlinear nature of the force-deformation response of the 
prototype structure (Fig. 8) complicates the calculation of this parameter.  The displacement amplification 
factor can be defined using the force-deformation curves shown in Fig. 8 as 
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In Eq. [3], PPP yd=µ by definition, and MPMP yyVV ==Ω  for the linear portion of the force-

deformation response.  Thus, the displacement ductility factor, µP, must be calculated in order to obtain 
the displacement amplification factor, Cd.  However given the limitations on modeling overstrength, the 
maximum nonlinear displacement of the prototype structure, dP, cannot be calculated, and an alternate 
procedure must be used to evaluate µP and Cd. 
 



The ductility reduction factor for the prototype structure represented in Fig. 8 is given by PE VVR =P,µ , 

and for the model structure ME VVR =M,µ  because 1=Ω .  The ratio of the two ductility reduction 

factors is  
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According to Miranda [12] who conducted a statistical study of nonlinear oscillator response to ground 
motions, the ductility reduction factor can be approximated according to 
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where Φ is a function of displacement ductility factor, µ, fundamental period, T, and site class.  Miranda 
proposed formulas for three site classes, rock, alluvium, and soft soil, which are taken to be equivalent, 
respectively, to NEHRP Site Classes A and B, C and D, and E and F.  These formulas are not repeated 
here for brevity.  Substituting [5] into [4] and simplifying gives the following condition 
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from which µP can be obtained for input values of µM, ΦM, and ΦP.  This calculation requires knowledge 
of site class, structural periods for both the model and the prototype structures, and results from nonlinear 
dynamic analysis of the model structure to define µM.  The Cd factor is evaluated from Eq. [3] using the 
code-specified value for overstrength for concrete bearing and shear walls ( 52.=Ω ).    
 

PARAMETER STUDY 
 
Prototype Structures 
A series of precast concrete parking garages were “designed” and analyzed in order to evaluate R and Cd 
factors as described above.  The structures had a floor plan that is common to precast parking garages in 
the US  (Fig. 9), and the number of stories was restricted to five as a way of balancing the practical need to 
limit the scope of the study with the needs to maximize floor space (i.e., cost-effective construction) and 
retain computational accuracy (i.e., include higher mode effects).  The floor plan features four precast 
shear walls as the sole lateral load resisting system in the N-S direction, and two lines of “light walls” to 
resist loads in the E-W direction.   
 
Only the response in the N-S direction was modeled n DRAIN-2DX, primarily because the two lateral 
systems are independent and orthogonal.  However, it is also noted that the eccentricities between the 
centers of mass and stiffness are small, and DRAIN-2DX can be used to represent planar structures only.  
In addition, because the precast shear walls were the only lateral system considered in the NS direction, 
the analytical model was reduced to one wall with one-fourth of the mass lumped at the lateral DOFs.  
Any lateral resistance from the vertical load framing, and any coupling action between pairs of shear 
walls, was neglected.  Mass and stiffness proportional damping was assumed, with the fraction of critical 
damping equal to 3% for all prototype structures. 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The configuration of the walls was similar to those in the PTT and GSS tests of the NIST program (Fig. 3 
and 4), with only 1 horizontal joint modeled at the base of the wall.  There would most likely be another 
joint at mid-height of these 5-story tall walls, but the force/deformation demands on these mid-height 
joints would ensure that they remain elastic.  Therefore, the mid-height joints were not modeled in this 
study, and the walls ware assumed to be monolithic above the joint at the base.  It was assumed that the 
shear walls could be made as long as long as 9.14 m (30 ft) in plan without interfering with the traffic 
flow in the parking garage. The walls also had 1.02-m (40 in.) openings near wall centerline, and on 
which the inverted tees were supported.  Thus, vertical reinforcement, either unbonded post-tensioning 
bars or partially debonded mild reinforcing bars, were placed at least 25 inch from both sides of the wall 
centerlines. 
 
Seismic Design Issues  
The walls were proportioned using assumed R factors ranging from 4.0 to 8.0, in increments of 0.5, for 
NEHRP Site Classes A, B, C, and D, which correspond to hard rock, rock, soft rock/very dense soil, and 
stiff soil, respectively.  For Site Class E (soft soil), smaller values for R were considered in design.  
Seismic design forces were obtained using the NEHRP procedure that features the spectral accelerations 
SDS and SD1.  These parameters are defined in NEHRP 2000 using regional seismicity maps, as well as 
other factors (e.g., to account for soil amplification).  A review of SS and S1, the parameters that are used 
to define SDS and SD1, in the largest 260 metropolitan areas in the US revealed that these are not truly 
independent variables, and that they related (S1 ≈ 

3/8 SDS), thus only the latter was taken as an independent 
variable, and S1 was computed from this relation. 
 
The previously mentioned study also revealed that, not surprisingly, only 12% of the 260 largest 
metropolitan areas in the US are subject to the highest category of seismic risk (SS ≥ 1.6).  Moreover, 85% 
of these cities are in the State of California, but the use of precast concrete structures for lateral load 
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Fig. 9  Floor Plan of Prototype Parking Garages 



systems is not permitted in California.  Consequently, the study focused on cities in the US outside of 
California, where precast structures structures are used for resisting lateral loads, and for which 
verification of code values for R and Cd is needed.  Two values for spectral design acceleration SDS were 
considered, namely 0.8 and 0.4.   
 
The dimensions (i.e., width and length) used for the post-tensioned walls (i.e., type PTT) were also used 
for the walls with partially debonded mild reinforcement (i.e., type GSS). For prototype structures 
designed for SDS=0.8, a wall thickness of 305 mm (12 in.) was used in all cases.  After several trials, a wall 
length equal to 7.32 m (24 ft) was selected for structures in Site Classes C, D, and E, whereas a wall 
length of 6.10 m (20 ft) was found to be adequate for Site Classes A and B.  For the lower seismic 
intensity (i.e., SDS=0.4), a 254-mm (10-in.) prototype shear wall thickness was used, and 12-ft and 10 ft 
wall lengths were chosen, respectively, for the soil sites (Site Classes C, D, and E) and rock sites (Site 
Classes A and B), respectively. 
 
 
 
 
 
 
 

 
 

  (a)  SS = 0.4      (b)  SS = 0.8 
 

Fig. 10  Typical Wall Sections for Site Classes A and B 
 
The cross-sections for halves of typical walls are given in Fig. 10.  The nominal concrete compressive 
strength was assumed to be 6 ksi, and the average yield stress (fpy) and ultimate strength (fpu) of the bars 
were 131 and 163 ksi, respectively.  Each tendon was post-tensioned to an effective stress of 0.6 fpu.  The 
number of either post-tensioning bars (wall type PTT) or reinforcing bars (wall type GSS) was selected as 
needed to meet strength requirements.  Nominal capacity of these wall sections were calculated using 
established sectional analysis procedures for reinforced or post-tensioned sections.  The amount and 
location of the confining reinforcement (i.e., interlocking spirals) was determined using the procedure 
given in the seismic design provisions of ACI 318-02 [13].  Prior to conducting the dynamic analyses, the 
DRAIN-2DX models of the prototypes structures were analyzed to determine their static lateral force-
deformation response (i.e., pushover curves). 
 
Elements of Dynamic Analysis  
Six strong motion records were selected to represent each Site Class, but NEHRP Site Classes A and B 
were merged into a single Site Class A/B because the ground motion records, which were obtained from 
the Pacific Earthquake Engineering Research (PEER) Center, at the University of California, Berkeley, 
were classified using the USGS scheme which does not distinguish between “hard rock” and “rock” sites.  
The suite of records is given in Table 1. 
 
In addition to populating the 4 categories of Site Class (A/B, C, D, and E), the ground motions were 
selected giving preference to free-field records, large peak ground accelerations (PGA), and fidelity 
between ground motion spectrum and NEHRP code spectra.  The acceleration records were scaled such 
that their intensities would match those of the code-specified spectra in the 2000 NEHRP Provisions. The 
scaling was based on the average spectral acceleration at 5% damping for each ground motion over the 
range of periods defined by 0.2T and 1.5T, where T is the fundamental period of the prototype structure.  



The ground motions were scaled linearly such that this average spectral acceleration would match that of 
the corresponding NEHRP design elastic spectrum. 
 

Table 1  Selected Ground Motions 
Earthquake Date Station (Component) Motion 

NEHRP Site Classes A-B 
Cape Mendocino 1992/04/25 89005 Cape Mendocino (CAPEMEND/CPM000) EQAB-1 
Chi-Chi, Taiwan 1999/09/20 HWA056 (COYOTELK/G01230) EQAB-2 
Chi-Chi, Taiwan 1999/09/20 ILA063 (CHICHI/ILA063-N) EQAB-3 
Landers, CA 1992/06/28 12206 Silent Valley/Poppet Flat (LANDERS/SIL090) EQAB-4 
Northridge, CA 1994/01/17 24207 Pacoima Dam/upper left (NORTHR/PUL104) EQAB-5 
Northridge, CA 1994/01/17 90017 LA - Wonderland Ave. (NORTHR/WON095) EQAB-6 

NEHRP Site Class C 
Northridge, CA 1994/01/17 90015 LA - Chalon Rd. (NORTHR/CHL070) EQC-1 
Kern County, CA 1952/07/21 1095 Taft Lincoln School (KERN/TAF111) EQC-2 
Imperial Valley, CA 1979/10/15 6604 Cerro Prieto (IMPVALL/H-CPE237) EQC-3 
Loma Prieta, CA 1994/10/18 57064 Fremont/Mission San Jose (LOMAP/FRE000) EQC-4 
Chi-Chi, Taiwan 1999/09/20 CHY079 (CHICHI/CHY079-N) EQC-5 
Kocaeli, Turkey 1999/08/17 Arcelik (KOCAELI/ARC090) EQC-6 

NEHRP Site Class D 
Erzincan, Turkey 1992/03/13 95 Erzincan (ERZIKAN/ERZ-EW) EQD-1 
Chi-Chi, Taiwan 1999/09/20 TCU072 (CHICHI/TCU072-N) EQD-2 
Imperial Valley, CA 1940/05/19 117 El Centro Array # 9 (IMPVALL/I-ELC270) EQD-3 
Northridge, CA 1994/01/17 90006 Sun Valley/Roscoe Blvd. (NORTHR/RO3090) EQD-4 
Big Bear, CA 1999/06/28 23542 San Bernardino-E (BIGBEAR/HOS180) EQD-5 
Superstition Hills, CA 1987/11/24 01335 El Centro Imp. Co. Ctr. (SUPERST/B-ICC000) EQD-6 

NEHRP Site Class E 
Kocaeli, Turkey 1999/08/17 Ambarli (KOCAELI/ATS090) EQE-1 
Chi-Chi, Taiwan 1999/09/20 CHY002 (CHICHI/CHY002-N) EQE-2 
Chi-Chi, Taiwan 1999/09/20 CHY025 (CHICHI/CHY025-N) EQE-3 
Chi-Chi, Taiwan 1999/09/20 TCU056 (CHICHI/TCU056-N) EQE-4 
Loma Prieta, CA 1994/10/18 58117 Treasure Island  (LOMAP/TRI000) EQE-5 
Chi-Chi, Taiwan 1999/09/20 TCU040  (CHICHI/TCU040-N) EQE-6 

 
 

OBSERVATIONS AND CONCLUSIONS 
 

After designing the walls and obtaining the pushover response, linear and nonlinear dynamic analyses 
were conducted using DRAIN-2DX.  The linear analyses were needed to define the elastic force demand, 
VE, needed in Eq. 2 for determining R.  The nonlinear analyses were used to determine the inelastic force 
demand PV , in Eq. 2, as well as the maximum displacement dM needed for comnputing the model 

ductility µM.  The latter of these is used in Eq. (6) to compute µP which is ultimately used to determine Cd 
from Eq. [3].   
 
Computed values for R (Ranalysis) and Cd for walls of type PTT and SDS=0.8 are shown in Fig. 11 against 
the values for response modification factor (Rdesign) that were used to design the prototype wall structures.  
In the present study, all of the prototype walls responded to seismic loading in flexure, with the magnitude 
of the base moment dictating when the wall yields.  As such base moment is more appropriate for defining 
R than, base shear and R was computed from an expression like the one given in Eq. 2, but using base 
moments instead of base shears.  In Fig. 1, the response to each of the six records in a given Site Class is 
averaged, as is commonly done in ground motion studies.  The magnitude of Ranalysis is seen to increase in 
approximate proportion to Rdesign, as expected.  However, the relationship is not always linear for all Site 
Classes.  Site Class is seen to have a large impact on Ranalysis, with increasing site deformability (i.e., from 



A to E) decreasing the ability of the system to generate Ranalysis factors as large as the values assumed in 
design (Rdesign).   
 
From the data above, the optimal R value can be defined as the largest one below which Ranalysis is greater 
than or equal to Rdesign.  Using this criterion, it can be seen that the optimal values for R vary considerably 
with Site Class.  While R≤6.5 is acceptable for the PTT walls with SDS=0.8 in Site Class A/B, it drops to 
R≤4.5 for Site Class C.  For all walls with SDS=0.8 in Site Class E, the magnitude of drift complicated the 
response of the walls.  For walls with SDS=0.8 in Site Class E, drifts were so large that, in some cases, they 
exceeded the deformation capacity limit of 2.5%, which was established on the basis of cross-section 
mechanics and DRAIN-2DX pushover analyses.  This observation was generally the case if Rdesign 
exceeded 4.5 which indicates that R values for monolithic concrete bearing and shear walls is acceptable 
for type PTT walls if SDS≤0.8, especially for rock and hard soil sites.  However, for soft soil sites, R should 
probably not exceed 4.0 for type PTT walls.  
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Fig. 11  Seismic Design Parameters for type PTT Walls and SDS=0.8 
 
The corresponding deflection amplification factors, Cd, for the type PTT walls with SDS=0.8 are shown in 
Fig. 11b.  This computed factor can also be quite large, especially for softer site classes (D and E).  It is 
acceptable for Rdesign to be taken equal to 4 to 5, as is the case for concrete bearing and shear walls.  
However, for very soft sites (Site Classes D and E), drifts are very large and the appropriate values for Cd 
can be much larger than those specified in NEHRP for concrete bearing and shear walls. 
 
From analyses of the type GSS walls (not shown for brevity), the values for Ranalysis are generally larger 
than those for the corresponding type PTT walls (i.e., 20 to 70% larger).  The Cd values are similar to 
those for the type PTT walls for the stiffer sites (Site Classes A/B and C) but they are slightly smaller (~10 
to 20%) for the softer sites (Site Classes D and E).  Both of these observations are consistent with the 
difference n the force-deformation characteristics of the two wall types, namely the greater energy 
dissipation capacity of type GSS walls over those for type PTT walls.  These observations also suggest 
that R and Cd values for concrete bearing and shear walls are applicable for type GSS walls with the 
exception of Cd for the softest sites (Site Class E).  
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