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Abstract: The forced-based and direct displacement-based methods for seismic design of high-rise
reinforced concrete buildings are applied to design rectangular shear walls of 17-storey residential
buildings located in Montreal (QC) and Vancouver (BC), Canada. The current Canadian design
requirements regarding the inter-storey drift limits, shear force demand and ductility requirements are
critically examined in the optics of the behaviour of taller walls. Special attention is directed to the
procedures to calculate ductility demand and rotational capacity of the walls on global and local levels.
The particular aspects of direct displacement based design methodology for seismic design of taller
buildings are outlined and discussed. These include the higher-mode effects, P-Delta effects and the
value of the minimum design base shear force. Because NBCC 2010 does not provide directly
displacement design spectra that are needed for this design approach, the range of targeted
displacements is estimated for the initial design, and later validated with the results of a non-linear time
history analysis. Non-linear time history analyses are carried out with the OpenSees program for suites of
simulated ground motions compatible with current design spectrum to study and compare the seismic
response of walls designed using the two different methods. The non-linear model of the shear wall is
developed using fibre sections and considering the material nonlinearity of the concrete and steel
reinforcement as well as geometric non-linearity. Results demonstrate that the two methods have
limitations for seismic design of taller reinforced concrete buildings.

1 Introduction

Modern codified procedures for seismic design of building are generally force-based. The elastic seismic
base shears are calculated first, using the estimated values of fundamental building period. To account
for inelastic structural behaviour, the elastic forces are reduced by the force modification factors that
reflect the global ductility and the overstrength of the selected system. The global system ductility is
achieved by engaging a sufficient local ductility of selected "fuse" elements which are detailed to achieve
required inelastic deformations while maintaining the adequate strength and stability. Other elements are
sized to resist forces corresponding to the capacity of ductile elements. Although extremely practical, this
method has several limitations (Humar et al. 2011). The code procedures to estimate the fundamental
structural period are often very conservative and result in high design forces. The verification of local
ductility demand in fuse elements is rarely prescribed in design norms, and no information on mobilised
system ductility is available at the end of design process. The calculation of displacement also lacks
precision; displacement estimates are determined in the end of design process, somewhat artificially, by
simple application an equal displacement principle.

Because of the higher share of the low-to-medium rise structures in building construction, design
provisions were developed to achieve the efficient design for this group of structures. The use of the
same rules to design taller buildings could lead to either overly conservative or unsafe design. The
response of the high-rise shear walls is highly influenced by the contribution of higher modes.
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Consequently, the ductility parameters of the structure such as ductility factor (u) and ductility-related load
reduction factor (Ry) should reflect the higher modes effects, which is presently not the case in force-
based design (FBD).

The calculation of global and local ductility demand for taller walls is challenging. The global ductility
demand is defined as the ratio of the maximum ultimate displacement at top of the structure to the yield
displacement at the same location. In low-rise shear walls the yield displacement can be estimated from
the yield curvature of the wall section at the base assuming the deformed shape of first mode. Because in
taller walls the first mode does not dominate the response, this approach can no longer be justified.
Ductility capacity is calculated using local rotational capacity of the wall base section. To relate ductility
demand and capacity the assumption is made that the plastic hinge at the base is fully formed and the
maximum inelastic displacement at the top of the structure occurs when the rotation of the wall at the
base reaches its maximum value. However many studies show that this assumption is not appropriate for
taller shear walls because the response is highly influenced by the higher modes, and the maximum
global and local demand often do not occur at the same time. Therefore the classic definition of the
ductility factor is ambiguous in the context of taller structures.

In recent years, performance-based approach for seismic evaluation of existing buildings and design of
new building structures has gathered momentum. Contrary to force-based design, in which displacement
are verified at the end of design process, in displacement-based methodology, displacements are
essential design criteria. Because deformation parameters can be directly related to structural damage,
seismic design of structures for a desired seismic performance becomes possible. An important research
effort has been deployed in last 15 years to develop design methods aiming to achieve desired
displacements and/or inter-story drifts in the structure. Major studies have been carried out by different
researchers (Priestley et al. 2000, 2007, Chopra and Goel, 2001, Aschheim et al., 2002, Tjhin et al.,
2007). The direct displacement-based design (DDBD) method proposed by Priestley et al. (2007) has
gained in popularity as it provides a simple and efficient design methodology that can be used in practice.
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Figure 1: Fundamentals of direct displacement-based design (Priestly, 2000)

The design approach is illustrated in Figure 1. The multi-degree of freedom structure is substituted by a
single-degree-of-freedom oscillator. To perform this transformation it is assumed that the deformed shape
of the structure corresponds to first modal shape. For a target design displacement, A4, and a calculated
equivalent viscous damping, &, the effective period, T, can be determined from the design displacement
spectrum for selected design locations. For a given mass, the effective stiffness (K.) of the substitute
structure can then be determined from T.. Subsequently, the design seismic base shear is obtained as a
simple product of K, and Ay. Alternatively the use of equivalent viscous damping and elastic displacement
spectra can be replaced by direct application of inelastic displacement spectra.
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In spite of an excellent potential, the DBD approach has some deficiencies when applied to high-rise
structures. Existing approaches are normally based on the deformation shape of the fundamental mode
and the correction factors are applied to adjust for the effects of higher modes, similarly to what is done in
FBD approach. On the other hand, when elastic response is predicted by such method, the design base
shear is dependent on the assumed stiffness of the structure and no unique value can be defined. Other
criteria like stability index and P-A effects are used to limit the minimum assumed stiffness in such
situation. For shear wall structures, where the stability index is usually very low, using such criteria to
define the design base shear is questionable.

This study explores the feasibility to use direct displacement-based design method for seismic design of
taller RC shear walls. The efficiency of the method to achieve structures with desirable seismic response
is compared to that of currently prescribed Canadian design procedures. The study is conducted for a 17-
story reinforced concrete shear wall building located in Montreal, QC and Vancouver, BC. The walls are
initially designed and detailed following the force-based methodology prescribed in NBCC 2010 (NRCC,
2010) and CSA A.23-04 (CSA, 2004). The governing design criteria are identified and discussed. An
alternative design solution is obtained by employing DDBD methodology. Particularities of DDBD for
seismic design of taller buildings, such as the treatment of higher-mode effects, P-Delta effects or the
value of the minimum design base shear force are outlined. Two-dimensional nonlinear time history
analyses are carried out to assess the seismic behaviour of the walls. Two designs are compared by
tracking the base shears, storey shears, roof displacements, displacement profiles and the rotational
demand imposed on the plastic hinge at the base of the wall. The advantages and the limitations of both
methods are discussed in the context of taller wall design.

2  Force-based design
2.1 Building description and wall design

The building under study is a 17-story U-shaped office building of normal seismic importance located on
Class C site (360m/s < vg < 760m/s). The same geometry is considered both for Montreal (QC) and
Vancouver (BC). A typical floor plan, elevation and gravity loads are illustrated in Figure 2. Four
rectangular reinforced concrete walls provide lateral resistance in each orthogonal direction. The walls
are detailed as moderately ductile in Montreal and ductile in Vancouver. The walls are 8 m long and 400
mm thick.
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Figure 2: Typical floor plan, elevation of a typical wall and the gravity loads

Seismic analysis was carried out in accordance with NBCC 2010. The effects of seismic loads were
calculated using a 3D response spectrum analysis (RSA). Accidental torsion was included in the analysis.
In spite of the characteristic U-shape, the building was not irregular in torsion (B < 1.7). The dynamic
seismic base shear was increased to 80% of design base shear, calculated by the equivalent static
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method. The effects of higher modes on seismic base shear were considered by applying the
amplification factor M,. For both sites, the fundamental periods obtained from modal analysis exceeded
the code suggested empirical values by a large margin. However, because of the limitation imposed on
design fundamental period (T = 2Tempirical), MiNimum shear did not governed design.

The calculation of seismic base shear is summarized in Table 1. Abbreviations ‘MTL’ and ‘VCR’ are used
to denote Montreal and Vancouver building respectively. Because of the difference in assumed level of
ductility, the design base shears of the two buildings were similar even though the spectral accelerations
for Vancouver are much larger.

Table 1: Seismic base shear calculation

Montreal (MTL) Va(r\1/c(§>|l_\1)\)/er
Fundamental period (sec) 4.15 4.15
Design period (sec) (Ta=2*Temperical) 1.9 1.9
Spectral acceleratign at the design period, 0.06 0.19
(Ta)
Higher mode effects amplification factor (M,) 2.07 1.18
R, 1.4 1.6
R4 20 3.5
Building design base shear (kN) * 18384 17600
Design base shear for W2 and W7 (kN)* 4520 4295
Design bending r(r;?\lr?ne;i]t for W2 and W7 70290 85935

* includes accidental torsion

In both structures, the largest forces developed in the shear walls W, and W;. Because of symmetrical
geometry, the induced forces were identical. The values of the design base shears and bending moments
are given in Table 1. The axial compressive load, Piyr.= Prvcr, was equal to 11040kN and 11530kN, for
the load combinations 1.0E+1.0D and 1.0E+1.0D+0.5L+0.25S respectively. In the following text Wyr_ and
W,ycr are used to denote the critical wall in Montreal and Vancouver building respectively.

The walls were designed following the seismic requirements of CSA A23.3 standard assuming the
compressive concrete strength, f'; equal to 30 MPa, and the yield strength of the reinforcement, F,, equal
to 400 MPa. Minimum reinforcement requirements did not control the design. To meet strength
requirements, heavy concentrated reinforcement was required for Wycg. To ensure an adequate ductility
capacity, the inelastic rotational demand, 8,4, should not exceed inelastic rotational capacity, 6;.. 6,4 and 6
are defined as:

_ AprRo*Rp—Agryy,

[1 ] eid - hw—(lﬂ)

where |, is the length of the wall, h,, is the total height, R, and Ry are overstrength and ductility force
modification factors, A is the elastic displacement at the roof level, c is the compression zone length, €,
is the maximum concrete compression strain taken as 0.0035 for normal detailing and vy, is the ratio of
the nominal flexural strength to the factored flexural moment at the base of the shear wall. (B¢)mi is taken
as 0.003 and 0.004 for moderately ductile and ductile walls respectively. (Bi.)max is taken as 0.025 for both
ductility levels.

cu*lw
2 (eid)min (2] Bic = £Z_C —0.002 < (Bic) max

Roof elastic drifts predicted by RSA were less than 0.2% for both sites, thus the minimum inelastic
rotational demand was considered. Providing adequate inelastic rotational capacity was a critical design
condition for both locations. In high-rise walls the axial loads in the bottom storeys are typically high,
leading to a deeper compression zone which in turn reduces rotational ductility capacity. Although the
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standard allows using higher values for €., when special detailing is provided, such details are difficult to
implement and are costly. Thus, for Wyr_ increasing the wall length to 8m proved to be the most efficient
way to increase the inelastic rotational capacity at the base of the studied walls. For Wycr the required
rotational capacity at the base of the wall could not be provided with reasonable wall lengths. For taller
buildings, the simple rectangular walls do not appear to be an efficient design choice and the use of core-
type walls would be preferred. In this study it was decided to proceed with the design that did not fully
meet rotational ductility requirements in order to investigate the importance of this requirement in light of
observed structural response.

2.2  Study of structural seismic response

Seismic response of the walls was studied using 2-D nonlinear time history analysis (NHTA) for a set of
10 ground motion records compatible with design NBCC spectra. To compensate for the lack of historical
earthquake records representative of the seismic hazard in Eastern Canada, simulated records were also
employed. The records were selected and scaled using the procedure described in Atkinson (2009). The
calibration is done for the period range between 1 and 4 seconds.

The analysis was carried out in OpenSees program. The walls were modeled using one force-based
nonlinear beam column element per floor. Based on the results of parametric study, the elements were
divided into three vertical sections. Each section was discretized into fibers for which the nonlinear
material stress-strain response was defined. Distinct fibers were defined for confined and unconfined
concrete zones and for the steel reinforcement. The fiber section model considers the bending moment
and axial load interaction, but the shear-bending or shear-axial load interactions cannot be represented.
Concrete behaviour was modeled using the uniaxial Kent—Scott—Park model with linear tension softening
(Concrete02). The Giuffrée-Menegotto-Pinto (Steel02) hysteretic material was employed to describe the
inelastic behaviour of the reinforcing bars.

Moment-curvature relationship at the base of the wall is examined to determine the nature of response.
The bending moments and curvatures obtained from the analysis are normalized by the maximum
moment of NTHA obtained for each set of records and the yield curvature, @, respectively. The yield
curvature, @, is taken equal to 2¢,/l,, where €, = 0.002, for reinforcement with F, = 400MPa (Priestley and
Kowalsky, 1998). The results obtained for individual ground motion records are shown in Figure 3.

Montreal Vancouver

— West-Rec.1
— West-Rec.2
— West-Rec.3
— West-Rec.4
West-Rec.5
West-Rec.6
West-Rec.7
West-Rec.8
West-Rec.9
— West-Rec.10

—East-Rec.1 :
— East-Rec.2 :
— East-Rec.3 | |
— East-Rec.4 |_!
East-Rec.5
East-Rec.6
East-Rec.7
East-Rec.8
East-Rec.9
— East-Rec.10

=)

w

|

|

|

|

|

.
S —

|

|

o

wn

Normalized Moment

|

|

|

|

|

|

|

|

|

|

|

|

|

|
Normalized Moment

0.5F -1~ -

Figure 3: Moment-curvature relationship at the base of the wall (a) Wyr., (b) Wycr

As anticipated, larger curvatures developed at the base of Vancouver building reaching the maximum of
1.8¢, compared to 1.53¢, observed in Montreal. 84" percentile results show the similar trend (1.43¢, for
Wycr vs. 1.08¢, for Wyr.). Relatively small difference between the curvatures that developed at the base
of the two walls can be attributed to the heavier reinforcement that was selected for Wycgr wall. The 50"
percentile results were similar for both locations and bellow the yield curvature (0.89¢, and 0.83¢, for
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Wycr and Wy, respectively). The median structural response was in both cases elastic, contrary to what
was assumed in design process.

The results indicating nearly elastic response of studied walls are in line with the observations made by
Paulay et al. (1975). In this study the authors show that, if a reverse triangular load pattern is applied to a
wall with aspect ratio of 5, the curvature ductility factors attained values of around 4.5 and 9.5 for systems
with global ductility of 2 and 3.5 respectively. These results are obtained assuming the first mode
deformation profile and thus cannot be directly compared to the results of NTHA presented herein.
However, they confirm that the low local ductility that was mobilised in the studied walls could not produce
the global system ductility anticipated in design and that the nearly elastic structural response was likely.

Structural response of the walls was further examined by tracking the story shears, overturning moments
and overall drifts. In Figure 4 the median and the 84" percentile story shears obtained from NTHA and
RSA are compared. For the later, two cases were considered: (i) base shear is calibrated to 80% of
equivalent static base shear force calculated using NBCC empirical period (T, = Tnsce = 2Temp = 1.9 )
and (ii) base shear is calibrated to 80% of equivalent static base shear force calculated using the period
obtained from modal analysis (Ta = Tanayica = 4.15 ). Solid green and magenta lines show the inelastic
forces while the dashed green line shows the elastic spectral forces. The storey shears are normalized by
the tributary seismic weight of the wall.

Montreal Vancouver
17+ 17 ——NTHA 50" percentile
161 I‘ 16 ——NTHA 84 percentile
15F 15 RSA, Inelastic, Ty
14+ 14 (Used for design)
131 13 RSA, Inelastic, Ty oy i
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Figure 4: Story shear forces of walls designed using FBD approach for: (a) Wyt (b) Wycr

As anticipated in design, the seismic base shear force obtained from NLTH analysis for Wyt and Wycr
were comparable. The median base shear in Wy reached 5970 kN and exceeded the base shear in
W,ycr by about 4 percent. This similarity, which occurred in spite of higher seismic hazard in Vancouver,
can be explained by different ductility mobilised at two sites and by more significant contribution of the
higher modes to shear forces in Montreal building. For both locations, 50™ percentile base shears from
NTHA exceeded design base shears by about 30 percent. The difference is amplified by 8 percent if the
variation of the overstrength represented in the model and considered in design is taken into account. In
view of predominately elastic structural response observed in the analysis, the comparison of NLTH
analysis results to elastic values of design seismic base shear is more appropriate. For this comparison,
elastic base shears obtained from RSA without any limitation imposed on the structural period were
considered (case i). The difference between the elastic and corresponding inelastic shears seen in Figure
4 is more pronounced in Vancouver because a more ductile system was selected for that location.

50" percentile base shear force in Wyt exceeded the elastic value shown in green dashed line by about
30 percent. Had the 80% reduction rule not been considered in calibration of RSA results, a good match
would have been obtained between RSA predictions and median NLTH results for Wyr.. This is in line
with obtained curvature ductility which indicated no inelastic response on median level for Montreal
structure. For Vancouver, the NLTH results for base shears fall between the elastic and inelastic RSA
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values, indicating that the ductility mobilised in Wycr. was well below the one assumed in design.
Discrepancies in the amplitude put aside, the storey shear profiles predicted by RSA correspond in
general well to those obtained by NTHA. Higher modes have more significant impact on storey shears in
Vancouver building, whereas in Montreal the impact on seismic base shear is more prominent.

While the design overturning moments at the base obtained from RSA are about 20 percent higher for
Wync (see Table 1), the results of NTHA are similar for both sites. For Montreal, median NLTH analysis
results match rather well the predictions obtained by RSA when no limitation on period is considered. For
Vancouver, the NLTH results for bending moments are between the elastic and inelastic RSA values.
Similarly to results obtained for storey shear profiles, the distribution of the bending moments from NTHA
matches well the trend observed in RSA. The maximum overall drift at roof level of Wy and Wycgr were
0.5% and 0.6% respectively while the maximum inter-story drift reached 0.77% and 0.84%. Even the
maximum values are well below the NBCC limit (2.5%). Design predictions underestimated drifts in Wyr_
and overestimated those in Wycgr.

Assuring the adequate rotational capacity was the important design constrain for both locations. In
Montreal, the length of the wall had to be increased to provide the required local ductility whereas for
Vancouver it was not possible to meet the required ductility capacity with reasonably long simple shear
walls. The results of NTHA show that the response of the wall was nearly-elastic in Montreal and that the
predicted ductility demand could not be mobilised in Vancouver. This is one evident drawback of FBD
approach for taller shear walls.

3 Displacement-based design
3.1 Design procedure

Availability of displacement design spectra is essential for displacement-based design. In absence of
such spectra in NBCC 2010, displacement spectra had to be constructed. NBCC acceleration spectral
ordinates were divided by »’, where o is an angular frequency. Because the minimum spectral values are
imposed for the periods larger than 4.0s, displacement spectral ordinates constantly increase and it is
impossible to define the corner period, which marks the beginning of displacement spectra plateau. To
define the corner period, ten simulated records were selected from Atkinson (2009) for each design site
and their response spectra were analysed and compared to data available in literature (CEN 2000, ASCE
2010). Based on this study, a corner period T, = 4s was selected. The resulting elastic displacement
spectra for 5% damping used in this study are illustrated in Figure 5.
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Figure 5: Displacement design spectra for Montreal and Vancouver

The wall dimensions from FBD were used to initialise DDBD. In FBD, the length of Montreal wall was
increased to 8m to provide the minimum rotational capacity. Because the NTHA analysis confirmed that
the wall response was predominantly elastic, the length of Wy was decreased to 7m, which was
required for adequate strength. The length of Vancouver wall remained unchanged.
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Once displacement spectra were defined and the lengths of the walls were assumed, the target
displacement had to be specified. Two options were considered: (i) the target displacement was set equal
to 2.5% this being the maximum drift permitted by NBCC 2010 for normal risk structures and (ii), the
target displacement was calculated based on the maximum allowed rotational capacity given by CSA
A23.3 (see equation 2).The second criteria was more critical for both locations and resulted in target
displacements equal to 729 mm and 823 mm for Wyr_ and W\cr respectively.

The transformation of the MDOF system to SDOF is done using the reverse triangular deformed shape
profile. The effective mass (M), effective height (H.) and target design displacement (A4) of the
equivalent SDF systems were calculated using structural dynamic’s concepts. The yield displacement
was estimated from following equation (Priestley et al. 2007):

[B]  Ay=2x2sH?

lw

The ratio of the design displacement to yield displacement defines the ductility of the system. For a given
ductility, the equivalent viscous damping, &, can be estimated. For shear wall structures, Priestley et al.
(2007) recommend using Takeda model (see Equation 4). The elastic design displacement spectrum is
subsequently modified by a reduction factor (R¢) defined by Equation 5.

0.10
0.054¢&

[4] £oq = 0.05 + 0.444 (‘;—‘: [5] Re = (

)0.5

Once the modified design spectra is available, for a given design target displacement, the period of the
equivalent system SDF system, T, can be determined. For known T, and M, the equivalent secant
stiffness, K., can be obtained. Design base shear, Vg, is than obtained as a product of the stiffness (Ke)
and design displacement (Ag).

The above described DDBD procedure works well for low rise walls in regions of high seismicity, because
the inelastic structural response does occur in such structures and the target displacements always
surpasses the displacement at incipient yield. However for the walls under study the application of design
procedure was not straight forward.

Table 2: Preliminary DDBD parameters

Iw Me He Ay Ad M geq R& A(max)c,s% R§ *(Amax)c,s%
Wy 7.0 7621.30 36.86 0.26 048 1.86 0.12 0.78 0.095 0.07
Wycr 8.0 782173 36.47 0.22 054 227 0.13 0.74 0.343 0.25
Units : m

Table 2 summarises the parameters of DDBD design for the walls under study. The calculated yield
displacement for Montreal wall was 260 mm whereas the target design displacements, was 480 mm_Both
values are larger than the maximum plateau displacement ((Amax)cs% = 95mm). For Wycr, the design
displacement exceeds maximum plateau elastic displacement, but the yield displacement is smaller.

The ratio of the maximum possible displacement to incipient yield displacement for Wyt shows that the
seismic response would be elastic. This conclusion is consistent with the observations made from NLTH
analysis. The situation is different for Wycgr. This wall will attain the yield displacement, but because the
design displacement is larger than the maximum plateau displacement, the roof level will never reach
design displacement. Thus, the predicted ductility will not be completely mobilised. These observations
show that no unique design exists either for Wyr_ or for Wycr and different valid designs are possible
assuming different equivalent stiffness, K,. Smaller stiffness results in smaller design base shear.
However, significant reduction of stiffness will increase the P-A effects, augment the design moment and
may lead to structural instability. Thus it is suggested that the limit on stability index (P*A)/(VH,) of the
system be imposed. In this study stability index of 0.2 and 0.25 was selected for Wyt and Wycr
respectively.
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The design displacement for both Wy,cg and Wy, was taken equal to maximum elastic displacement of
the plateau at the corner period. For both walls iterative procedure was then implemented to determine
the final designs. Because the DDBD procedure does not account directly for the higher mode effects, M,
factors were applied as per NBCC 2010. Shear forces were distributed using profiles obtained from RSA.
Characteristic parameters of final designs for Wy, and Wycr are given in Table 3. For Wyr., no special
ductility considerations were implemented because the elastic response was indicated in design. The
capacity procedures prescribed in CSA A.23-04 were applied to insure the adequate shear resistance of
the walls.

Table 3: DDBD parameters for final designs

V4 + Accidental

VDDB .

Ke Ad Te M geq SI b IVlv Vd torsion I\/lbendlng

Wyr 1038198 04 538 1.0 050 o.go 990 2éo 220 2367 24984
Wyer 851424 034 602 271 0; 0'724 2873 1; 389 3996 58489

Units : (kN, m, sec.), Sl: stability index

Design base shear of Wyr_ obtained from DDBD is significantly smaller compared to the base shear
obtained using FBD approach. The difference is much less pronounced for Vancouver wall. However, in
the case when the elastic structural response is anticipated, DDBD method does not provide the unique
solution and thus other force ratios could have been possible.

3.2  Study of seismic structural response

In order to compare the effectiveness of two design approaches, the nonlinear time history analysis of the
walls designed by DDBD was performed in OpenSees for the same set of ground motion records. The
curvatures that developed at the base of the walls were similar for both designs. The distribution of the
story shear along the height for Montreal and Vancouver is shown in Figure 6.
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Figure 6: Story shear forces of walls designed using DDBD approach (a) Wyt (b) Wync

The solid green lines show the storey shears used in DDBD design while the red and blue lines illustrate
the median and 84" percentile results from NTHA. Shear forces that developed in the Wyr_ significantly
surpassed design predictions whereas in Vancouver design estimates agree well with the results from
NTHA. Although the base shear for W\cg was close to the results of NTHA, the DDBD bending moment
at the base of the wall was larger compared to the NTHA results. The roof displacements obtained from
NLTH analysis were similar for two locations; median values of 178mm and 217 mm were recorded for
Wyt and Wycr respectively, while the 84" values reached 217 mm and 249 mm. However, the top floor
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displacements differ from the desired design displacements. This can be mainly attributed to the higher
modes effects which were not adequately treated in DDBD procedure. For Wycr design forces calculated
in DDBD show good agreement with the results of NTHA, whereas for Wyt the design forces from DDBD
are underestimated. More robust methods should be developed for cases when the elastic response of
the shear wall is predicted at the beginning of the design.

4 Summary and conclusions

The objective of this study was to identify the advantages and drawbacks of force-based and
displacement based methods in predicting the actual seismic response of taller shear wall. In such walls
restricted inelastic response is anticipated and the impact of higher modes to structural response can be
significant. The alternative designs of 17-storey shear wall buildings located in Montreal and Vancouver
were obtained using two design approaches and their seismic response was studied and compared.

For buildings of such height, located in zones with moderate or high seismic risk, Canadian design norms
require the utilisation of ductile or moderately ductile structural systems. It was found that providing the
rotational ductility was a governing criterion in FBD design. The nonlinear time history analysis revealed
predominant elastic response indicating that the available ductility in the system was not utilised.

The application of DDBD method required the use of displacement design spectra. Such spectra is not
readily available in NBCC 2010 so it was necessary to construct it based on the results available in the
literature and the study realised in the scope of this project. By comparing the displacement related to the
corner period of displacement design spectra and maximum displacement of the walls it was confirmed
that elastic seismic response should be anticipated. In such cases, additional design parameters must be
defined as the solution for the required structural stiffness is not unique. The shear forces and the
bending moments were more consistently predicted for the walls designed following DDBD approach.
However, for the wall in Montreal, although direct displacement-based design method predicted the
elastic seismic response, the design forces used in DDBD were under-estimated. The results show that
the arbitrary assumption of the shear strength, based only on the stability index is not the best approach
for design. Additional studies are required to develop more direct methods for the cases for which no
unique design solution is available. The more appropriate inclusion of the effects of the higher modes in
DDBD of high-rise shear walls is the subject of on-going study.
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