THE STRUCTURAL DESIGN OF TALL AND SPECIAL BUILDINGS
Struct. Design Tall Spec. Build. 17, 295-312 (2008)
Published online 25 July 2007 in Wiley Interscience (www.interscience.wiley.com). DOI: 10.1002/tal.354

MODELING OF LIGHTLY REINFORCED CONCRETE WALLS
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GROUND MOTIONS
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SUMMARY

Reinforced concrete bearing walls with low vertical reinforcement ratios of less than 0-2% are referred to as
lightly reinforced walls. Recently, Eurocode 8 and the French code PS 92 adopted a special design concept for
lightly reinforced concrete walls based on the multifuse principle favouring rupture occurrence at several storeys.
This design leads to lower reinforcement ratios with their optimized distribution allowing wide cracks to take
place with large energy dissipation potential. In addition, the vertical displacement of the mass results in energy
transformation from kinematic to potential. The objective of the investigation is to analytically predict the response
of such lightly reinforced walls when subjected to near-fault and far-field ground motion records up to failure
to establish the load-carrying capacity and ductility of the walls. A wall was modeled using six-node two-
dimensional panel elements. The panel elements have lumped flexural/axial plasticity at their top and bottom fibre
sections. The response of the wall was evaluated in terms of pushover, spectral, displacement-based, and time
history analyses. The model and the response data were verified against available measurements from a test
program conducted using a shake table. The comparison indicated that the model closely represented the behav-
iour observed in the test. Copyright © 2007 John Wiley & Sons, Ltd.

1. INTRODUCTION

Reinforced concrete (RC) structural walls are used extensively in medium-to-high-rise buildings and
in nuclear power plant structures. It has been observed that lightly reinforced walls behave in a non-
ductile manner during severe earthquakes. The behaviour of structural walls near collapse is complex
and has been difficult to predict. Due to the limited available research on the seismic response of struc-
tural walls, several modeling problems such as nonlinear shear model, including bending
moment-—shear force—axial force interactions, are yet to be solved.

Nonlinear models that are capable of predicting the behaviour of structural walls to failure are
needed tools for the effective design of walls and vulnerability evaluation. An effective approach to
verify the accuracy and efficiency of the computational tools in predicting the seismic response of
wall structures is by comparing the analytical predictions to results from shake table tests. Several
interesting aspects of the seismic behaviour of lightly reinforced walls have been experimentally
studied within the scope of the CAMUS research program. CAMUS experiments refers to two
(one-third scale) reinforced concrete bearing wall specimens (Figure 1) that were tested using the
Azale shake table at the Commissariat a I’Energie Atomique (CEA) facilities in Saclay, France, since
1996.
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Figure 1. CAMUS test walls (CEA, 2002): (a) details of reinforcement; (b) final test set-up

The wall in the test CAMUS I (CEA, 2002) was subjected to two types of input motion using a
shake table. The Nice input motion is an artificial ground motion representative of a far-field motion.
The San Francisco input motion is an actual record representative of a near-fault record. Figures 2 and
3 show the two records and their acceleration response spectra. Four tests were conducted: two tests
using the Nice record scaled to peak ground acceleration (PGA) of 0-24 ¢ (RUN1) and 0-41 g (RUN4)
and two tests using the San Francisco record 0-13 g (RUN2) and the record scaled to 1-11 g (RUN3).
RUNI can be considered as a typical design input motion. RUN1 and RUN2 can be regarded as low-
level inputs, while RUN3 and RUN4 are damaging-level inputs.

In this study, an analytical model was proposed to investigate the behaviour of lightly RC bearing
walls subjected to near-fault and far-field ground motions up to collapse. The objective of this inves-
tigation is to examine the validity of the model assumptions and parameters used. The analytical pre-
dictions are compared to the measured dynamic response of CAMUS I test (CEA, 2002).
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2. APPROACHES TO ANALYSIS

The tested walls were analyzed using nonlinear static pushover, linear spectral, displacement-based
design, and nonlinear dynamic time history procedures. The CANNY program (Li, 1999) was used
for the pushover analysis. Nonlinear fibre type panel elements were used to model the wall. The section
was discretized into steel and concrete fibres with uniaxial nonlinear properties determined according
to the material properties of the tested walls.

A conventional linear modal spectral analysis was conducted using the SAP2000 program (Com-
puters and Structures Inc.) to represent a simple design procedure. The concept of capacity spectrum
is applied to estimate the peak ground acceleration levels of the given ground motion that produce a
specified target displacement. The procedure outlined in the ATC-40 (1996), FEMA 273 (1997) and
FEMA 274 (1997) was used. The estimated peak ground acceleration can be compared with the PGA
used in the tests.

The nonlinear dynamic time history analysis was conducted using the computer program CANNY
(Li, 1999). The wall was modeled using macromodel panel elements where plasticity is confined at
the element ends. Steel and concrete fibre elements having nonlinear uniaxial properties were used.
Macromodels are widely used in the nonlinear dynamic analysis of large structures owing to their
computational efficiency and reasonable accuracy. A comparison between the top-floor displacements
of the wall calculated using a performance-based design and dynamic analysis was made. This analy-
sis will provide verification of the applicability of the performance-based design capacity spectrum
approach to lightly reinforced walls.

3. PUSHOVER ANALYSIS

Nonlinear pushover analysis has several advantages. The procedure is simple, does not rely on an esti-
mate of the site-specific ground motion and can identify the critical regions where large deformations
are expected. The analysis can verify the adequacy of load path considering all elements of the struc-
tural system and all connections (Krawinkler, 1966; Elnashai, 2001). Although the pushover analysis
does not capture the time—deformation response, it captures the essential features of the structure that
significantly affect the total performance. The CANNY (Li, 1999) computer program was used to
conduct the pushover analysis for the tested wall. An inverted triangular load pattern was used. This
pattern represents the first mode shape suitable for stiff structures. Adaptive load distribution was not
included as the tested wall is stiff and the participation of higher modes is minimal.

3.1 Wall idealization

The analytical model of the tested wall is shown in Figure 4. The base of the wall is assumed fixed.
The wall was idealized using five panel elements representing the wall’s five floors. Each panel element
is bounded by four nodes at its corners in addition to a node at the mid point of its top and bottom
boundaries. The adjacent panels have compatible deformations at their common three nodes that are
connecting them. The deformations of adjacent panels between their common three nodes are main-
tained equal through rigid links at their top and bottom boundaries. Each node has three displacement
degrees of freedom: two translational displacements along the global axes X and Z, and one rotational
in the vertical plane X—Z.

3.2 Member model

The panel element has six nodes: three on each of the top and bottom boundaries. The rigid links rep-
resent the assumption of plane section deformation of the panel element, keeping the adjacent panel
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Figure 4. Idealization of the tested wall for the pushover analysis

elements deformation compatible along their common length. Fibre model is used to represent the
flexural and axial tension/compression of the panel elements. It takes into account the coupling
between the axial force and bending moment. The fibre element consists of a number of uniaxial fibres.
Each single steel bar may be replaced by a steel fibre at the bar centre point. The concrete section may
be discretized into a number of small areas with a concrete fibre placed at the centre point of each
divided area.

The panel elements have lumped flexural/axial plasticity at their top and bottom fibre sections.
Linear strain distribution between the top and bottom critical sections is assumed along the panel
height. Each panel element was assigned fibre section properties at its top or bottom boundaries accord-
ing to the reinforcement content and distribution at that section.

3.2.1 Steel model
The trilinear/bilinear model SS3 shown in Figure 5(a) was used to represent the steel bars (Li, 1999).
A bilinear skeleton curve with specified hysteretic parameters was used for the current analysis with

the stress—strain properties provided for each steel bar. The parameters for the steel skeleton curve are
listed in Table 1(a).
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Figure 5. (a) Hysteresis model for steel, SS3. (b) Concrete material bilinear model, CS2 (Li, 1999)

Table 1(a). Parameters used for element SS3 (Li, 1999)

Parameter Value
Skeleton curve parameters v and K 1.0
Post-yielding parameter 3 0-01
Parameter ¢ to direct unloading 0
Unloading stiffness degrading parameter y 02
Unloading control parameter 6 075

Struct. Design Tall Spec. Build. 17, 295-312 (2008)
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3.2.2  Concrete model

Concrete behaviour was represented using the bilinear model CS2 (Li, 1999) shown in Figure 5(b).
The model is simple, with post-peak degrading envelope and tension-stiffening capabilities. The pro-
vided properties of concrete and rebars (CEA, 2002) were used in the model. Each concrete section

was divided into 100 concrete fibre elements. The parameters for the concrete skeleton curve are listed
in Table 1(b).

3.3 Pushover analysis results

Figure 6 shows the inelastic static pushover analysis force—displacement relationship for the wall. The
maximum base shear was 126kN at 45 mm top-floor displacement, which represents 1% drift. From
the pushover plot shown in Figure 6, the wall behaviour is well into the inelastic range with very small
stiffness. The yield base shear was 75kN, corresponding to top-floor displacement of 3-3 mm.

Figure 7 shows a comparison between the wall overturning moment—top-level displacement rela-
tionships of the analytical (pushover) predictions and the experimental RUN3 measurements. From
the figure it can be seen that the analytical moment capacity of the wall is higher than that of RUN3
by approximately 20%. This can be attributed to the difference between the boundary conditions of
the wall base in the analysis model (fixed) and the test (partial flexibility exists due to the shake table
supporting system).

Table 1(b). Parameters used for element CS2 (Li, 1999)

Parameter Value
Strain at maximum compressive strength 0-002
Compression post-peak residual/max. capacity ratio A 02
Ultimate strain/strain at maximum compressive strength ratio u 1.75
Post-peak unloading stiffness parameter y 02
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Figure 6. Nonlinear pushover analysis force-displacement relationship
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4. MODAL AND SPECTRAL ANALYSES

In order to evaluate the dynamic characteristics of the wall, spectral analyses were conducted using
SAP2000 (2004) on a finite element model for the tested wall using 5% damped acceleration response
spectra for tests RUN1 to RUN4.

Figure 8 shows the finite element wall model. The wall was discretized using four node plain-stress
shell elements representing concrete and two node bar elements representing steel. Each floor, which
is 900mm high, was divided into nine layers, each having height of 100mm. The wall width was
divided such that the aspect ratio of shell elements were either 1 at the coarse mesh zones between
the steel reinforcement locations, or 2 at the fine mesh zones at the vertical reinforcement locations.
Full bond between steel and concrete elements was assumed. The appropriate area for steel bars
was used according to the actual cut-off of the vertical bars. Equivalent area of the stirrups spaced at
100mm in the model to that of the actual stirrup content spaced at 60 mm in the test was used. The
floor mass was distributed at each floor node. Young’s modulus for steel was taken as 200 GPa. The
damping coefficient was taken as 5% of critical.

Young’s modulus for concrete was taken as 17500 MPa, which is the secant Young’s modulus of
the concrete (f, = 35MPa) at a corresponding strain of 0-002. Choosing the secant modulus for con-
crete rather than the initial tangent, which is approximately equal to = 4500 f, = 26 622 MPa, accounts
for the stiffness reduction from (E.J)gos t0 be (Ef)err = 0-65 (Ed)gross-

The frequencies of free vibration of the first three modes were 7-92, 34-95 and 36-85 Hz, respec-
tively. The first two modes are flexure modes in the lateral direction, while the third is an axial mode
in the vertical direction. Table 2 contains the output for the response spectrum analyses of the wall
model for tests RUNT to RUN4.

The modal analysis results shown in Table 2 are based on the response spectra for RUN1 to RUN4
(Figure 3). The calculated shear forces at level 1 for RUN1 to RUN4, as listed in Table 2, are com-
pared to the pushover analysis base shear—top-floor displacement relationship as shown in Figure 6.
It can be seen that RUN2 and RUN4 are in the elastic range. In this case, the response spectrum results
give displacements similar to those obtained from the pushover analysis. RUN1 has small nonlinear-
ity, while RUN3 exceeded the yielding capacity of the wall. In this case, the top-level displacements
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Figure 8. Finite element model for spectral analysis

Table 2. Output of the response spectrum analyses

Item RUNI1 RUN2 RUN3 RUN4
Top relative displacement (mm) 4-80 1-84 13-90 2-80
Top absolute horizontal acceleration (g) 1.22 0-47 358 0-75
Level 1 Bending moment (kN m) 344-00 132-18 998-50 200-70
Level 1 Shear force (kN) 95-80 36-98 281-20 58-40
Copyright © 2007 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 17, 295-312 (2008)
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from the pushover analysis are past the linear part and are larger than those obtained from the response
spectrum analysis.

In the experimental program, the wall specimen was subjected to the table motion RUN1 to RUN4
consecutively. The response of the wall due to each test is affected by the behaviour of all the previ-
ous tests. For example, the recorded response of the wall to RUN4 is affected by the state of the wall
(strength, stiffness, plastic deformations, etc.) and the accumulated damage from the previous three
tests (RUN1 to RUN3). For this reason comparison of results between the two methods past initial
yield is inappropriate.

5. DISPLACEMENT-BASED APPROACH

In the displacement-based approach, structures are designed to meet the selected performance objec-
tives. Analysis procedures were developed to predict the demand in terms of forces and deformations
imposed by the ground motion on structures. Simplified nonlinear analysis procedures developed by
the Applied Technology Council (ATC-40, 1996) have been incorporated in the FEMA-273 (1997)
and FEMA-274 (1997) documents to determine the displacement demand imposed on a building
expected to deform inelastically. The nonlinear static procedure in these documents is based on the
capacity spectrum method (Freeman et al., 1997).

The displacement-based procedure is applied to the tested walls to determine the peak ground accel-
eration PGA level of the scaled Nice and San Francisco records that will cause the test wall to deform
10, 15, and 20mm at the top level. These displacements will be compared to the test results and ana-
Iytical displacements from nonlinear dynamic analysis due to same PGA input.

The capacity spectrum method (Procedure A) was performed using the Nice and San Francisco
record spectra to determine the PGA level that will cause a top-floor displacement of 10, 15 and
20mm. Table 3 contains the data used to calculate the reduced response spectra for Nice and San
Francisco records. Figures 9 and 10 show the graphical representation of the procedure used to eval-
uate a target top-floor displacement of 15mm when subjected to Nice and San Francisco records,
respectively. The PGA levels for Nice and San Francisco records corresponding to various given top-
floor target displacements are plotted in Figure 11.

Figure 11 shows the estimated PGA at various target top-floor displacements using the displace-
ment-based approach versus results of the four tests. From the graph it can be seen that for a target
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Figure 9. Response spectra to 15 mm performance for Nice record (PGA 0-61 g)
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Table 3. Data used to construct the reduced demand spectrum for Nice and San Francisco records

Roof displacement d, a, d, a, B, Beie
Record (mm) (mm) (€9} (mm) (2) (%) K (%) SR, SR,
10 226 072 7-14 092 2969 033 148 0-65 073
Nice 15 24 077 1071 1.00 3502 033 1656 061 0-70
20 253 081 1429 104 3836 033 1766 059 0-69
10 226 072 7-14 092 2969 064 2392 050 0-61
San Francisco 15 24 077 1071  1.00 3502 060 26-0 047 059
20 2:53 081 1429 104 3836 058 2711 046 0-58

d, and a, = spectral displacement and acceleration at the yield point of the capacity spectrum diagram,
respectively;

d, and a, = spectral displacement and acceleration at the target performance point of the capacity spectrum
diagram, respectively;

_ 63'7(aydp - d.vap)
a,d,

Bo

k = damping modification factor specified in ATC-40 (1996);

Beir =1Bo + 5

321-0681In(B.y)

SR,
212

= spectral acceleration reduction factor in the constant acceleration range;
_ 2:31-0-41 ln(ﬂeff)

SR,
1-65

= spectral acceleration reduction factor in the constant velocity range.

top-floor displacement of 10mm the displacement-based approach overestimated the PGA level for
the Nice record, while it compares more favorably with the San Francisco record. The difference
between the displacement-based method and the test results could be attributed to the single-degree-
of-freedom system used in the capacity spectrum approach and the use of initial uncracked stiffness
in the pushover analysis, which is not the case in the second and subsequent tests.
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Figure 11. Estimated PGA at target top-floor displacements from the displacement-based approach versus
results of the four tests of CEA, 2002

6. TIME HISTORY ANALYSIS

Two-dimensional nonlinear time history analysis was conducted on the tested wall. The dynamic
response of the wall to the four input motions identified as RUN1 to RUN4 was evaluated.

The dynamic response analysis is carried out using CANNY program (Li, 1999). The equation of
motion is solved using step-by-step numerical integration method over a relatively small time step of
0-005s. This allows for two integration points in each acceleration data interval. The integration time
step is approximately 1/30 of the elastic fundamental period of the wall model. In each time step, the
stiffness of the structure and elements are assumed linear. Iterations for the element force equilibrium
are applied given a small tolerance. The overshooting due to this small tolerance is corrected during
the next step. Rayleigh damping is used assuming the damping to be proportional to the instantaneous
stiffness matrix. The damping coefficient is taken as 5% of critical.

The response calculations using the CANNY program accounts for P-A effects. However, the
maximum lateral deformation of the wall did not exceed 12-:6 mm or 0-3% drift. The reasonably small
displacement is due to the high stiffness of the wall. Therefore, a first-order analysis without P-A
effects would have resulted in equally accurate results.

6.1 Wall idealization

Figure 12 shows the analytical model of the tested wall. The wall was idealized as six panel elements
representing the six floor levels. The wall panel elements are supported on three vertical springs rep-
resenting the shake table. The panels are six node elements with three nodes at the top and the bottom
boundaries. In other words, there are four nodes at the corners in addition to a node at the mid points
of the top and bottom boundaries. The adjacent panels have compatible deformations at their common
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Figure 12. Properties of the modeled wall for time history analysis

three nodes that are connecting them. The deformation of adjacent panels between the three common
nodes is maintained equal by using rigid links between the nodes at the top and bottom boundaries of
the elements. The floor masses were distributed among the three nodes at each floor level such that
one half of the floor mass is lumped at the mid boundary node at the centre of the floor and one quarter
of the floor mass is lumped at the two outer floor nodes at the corners of the panel. Each mass has
two displacements and one rotational degree of freedom.

6.2 Member model

The panel element used in the pushover analysis and described earlier was also used for the time
history analysis. Linear shear deformation was assumed. Figure 12 shows the properties of the ana-
Iytical model at different floor levels.

6.3 Material models

The trilinear/bilinear model SS3 (Li, 1999) shown in Figure 5(a) was used to represent the
steel bars. The parameters for the steel skeleton curve were taken as those used for the pushover
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DOI: 10.1002/tal



308 K. GALAL

analysis. The bilinear model CS2 (Li, 1999) shown in Figure 5(b) was used to represent the concrete
material. The parameters for the concrete skeleton curve were taken as those used for the pushover
analysis.

6.4 Acceleration input data

Although the source acceleration that was applied to the shake table was in the horizontal direc-
tion only, vertical acceleration were recorded during the test due to the vertical stiffness of the shake
table and its interaction with the specimen. Therefore, the recorded accelerations on the shake table
in the horizontal and vertical directions were used as input for the dynamic time history analysis of
the wall.

6.5 Time history analyses results

Table 4 summarizes the maximum values reached during the analysis and the measurements of tests
RUNI to RUN4 for the top displacement and acceleration; bending moment, shear force and axial
force at level 1; and the maximum external rebar strain at the first four levels. As an example of the
results, Figure 13 shows a comparison between the predicted and measured responses for the test
RUN3 San Francisco record with PGA 1-11 g. From the table and the figure, it can be seen that the
predicted displacements, accelerations and forces have good correlation with the measured results of
the four shake table tests.

Comparing the analytical and experimental results of the strain at the external rebar, it was found
that analytical strain levels at the first floor are higher than the experimental ones, while the opposite
occurs at the third floor level. This is because the analytical strains obtained using macro-model fibre
panel elements are average strains at the element critical section. However, the experimental strains
are measurements made at the specific location of the gauge.

Table 4. Maximum response values from the time history analysis and test measurements (CEA, 2002)

RUNI1 RUN2 RUN3 RUN4
Item Analysis  Test Analysis Test Analysis Test Analysis Test
Top relative horizontal displ. (mm) 6-1 7-0 1.9 154 10-6 132 126 134
Top absolute horizontal acc. (g) 0-87 0-68 0-27 0-28 1-17 1-16 091 093
Level 1 Bending moment (kN m) 242.3 2110 73-6 755 2829 2800 2813 2760
Level 1 Shear force (kN) 747 659 22-0 235 86-:0  106-0 857 866
Level 1 Axial tension (kN) 24.-0 443 58 — 57-0 1020 23-0 500
Level 1 axial compression (kN) -35.0 -36'5 -97 — —43.0 -105-0 -36-0 -519
External rebar strain, level 4 (%o) 1-32 — 0-44 — 1-84 — 1-33 —
External rebar strain, level 3 (%o) 1.94 223 0-62 0-14 2-43 3-29 2-14 254
External rebar strain, level 2 (%o) 023 131 0-13 0-13 0-42 1-43 1.78 1.98
External rebar strain, level 1 (%o) 1-87 143 0-61 0-25 3.67 1-55 346 226
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Figure 13. Comparison between the predicted and measured responses for the test RUN3
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Figure 14. Performance point representation to evaluate the top-floor displacement of the wall when subjected
to San Francisco and Nice records

6.6 Comparison between performance-based design and time history analysis

The top-floor displacement of the wall is predicted using the performance-based design approach and
the time history analysis. The static pushover curve of the wall in its initial condition was used in cal-
culating its capacity spectrum. The two records RUN3 (San Francisco) and RUN4 (Nice) were used
to represent near-fault and far-field ground motions, respectively. Figure 14 shows the performance
point representation by the Capacity Spectrum Method—Procedure A (ATC-40, 1996) for the two
records. Figure 15 shows the top-floor lateral displacement time history for the two records.

Table 5 shows the predicted top-floor displacements of the wall when subjected to San Francisco
and Nice records when calculated using the performance-based approach and time history
analysis. From the table, it can be seen that the difference between the two methods is approximately
20%.
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Figure 15. Top-floor displacement of the wall using time history analysis when subjected to San Francisco and
Nice records

Table 5. Top-floor displacement (mm) for San Francisco and Nice

records
Approach San Francisco Nice
Performance-based procedure 84 3.9
Time history analysis 10-2 32

7. CONCLUSIONS

Different analytical approaches for the seismic analysis of lightly reinforced concrete walls were eval-
uated. The analysis includes nonlinear static (pushover), linear spectral, displacement-based and non-
linear dynamic time history analyses. The analytical model is verified against shake table dynamic test
results available in the literature (CEA, 2002). Based on the analysis results, the following conclu-
sions are reached:

(1) The nonlinear static pushover analysis using the fibre section macro model panel elements pre-
dicted the base shear—top-floor displacement of lightly reinforced wall with reasonable accuracy
compared to the shake table dynamic test results.

(2) Conventional spectral analysis gives good estimation of the wall response in the elastic range.
This linear analysis is valuable in determining the appropriate structural reduction factor when
compared to a nonlinear procedure such as the pushover or the dynamic time-history analysis.
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(3) The analytical time history responses of the modeled wall with the associated parameters have
good correlation with the measured results of the four shake table tests.

(4) There is a difference of approximately £20% between the top-floor displacement values predicted
by the performance-based approach and the dynamic analysis.
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