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ACI 318-99 Provisions for Seismic Design of Structural Walls

by John W. Wallace and Kutay Orakcal

New provisions for evaluating flexural strength and detailing
requirements at boundaries of reinforced concrete structural walls
were incorporated into the 1999 version of the American Concrete
Institute (ACI) Building Code, ACI 318-99. The ACI 318-99
provisions apply to both slender and stout walls, and walls with
openings. The moment capacity of wall cross sectionsisbased on a
strain compatibility analysis, and two approaches are provided to
determine whether specially detailed boundary elements are
required. The first approach can be applied to all wall sectionsand
involves checking a 0.2 f ¢ stress limit at the wall boundary for code-
specified loads. Although the stress limit is the same as that in
ACI 318-95, significant changes were incorporated to address
commonly identified shortcomings associated with the ACI 318-95
provisions. For the second approach, once the critical section
along the wall height isidentified, a simplified displacement-based
design procedure is used to assess whether special detailing is
needed. Background and illustrative examples are presented to
demonstrate important concepts and appropriate use.

Keywords: design; reinforced concrete; shear; wall.

INTRODUCTION

Significant efforts have been expended in recent years to
develop technically sound and widely applicable design
provisions for reinforced concrete structural walls. These
efforts were initiated to take advantage of the devel opment
of displacement-based design techniques for structural walls
(Moehle and Wallace 1989; Wallace and Moehle 1992;
Wallace 1994), as well as to address the shortcomings of
the ACI 318-95 (ACI Committee 318 1995) provisions.

Wallace and Moehle (1992) identified that, for a majority
of commonly used building and structural wall configura-
tions, the stress-based approach used in ACI 318-89 to assess
detailing requirements at wall boundaries was overly conser-
vative for the design of slender walls. A displacement-based
design methodology was developed (Moehle and Wallace
1989, 1994; Wallace and Moehle 1992) and experimental
studies were conducted to validate the approach (Thomsen
and Wallace 1995; Wallace 1996; Taylor, Thomsen, and
Wallace 1996; Taylor, Cote, and Wallace 1998). Based on
this research, as well as prior research (for example, Paulay
1986), the Structurd Engineers Association of California
(SEAQC) developed new shearwall design provisions that
were firgt incorporated into the 1994 UBC (Uniform Building
Code 1994) and then updated in the 1997 UBC (Uniform
Building Code 1997). The 1994 and 1997 UBC provisions
rely on the use of displacement-based design to assess the
need for detailing at wall boundaries, and are vaid for dender
cantilever walls with a single critical section at the base of
the wall. Supporting documentation provided in the SEAOC
Blue Book (Structural Engineers Association of America
1996) is helpful in guiding the engineer through the relatively
complex process. A discussion of the provisions, and some
of the limitations, is provided by Wallace (1996). Although
changes to the wall provisions were made to the UBC,
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Fig. 1—Plan view of the building: (a) with rectangular wall;
and (b) with T-shaped wall.

provisionsin the ACI 318 building code remained essentially
unchanged in the 1995 version.

New provisions for evaluating detailing requirements at the
boundaries of structural walls were adopted for ACI 318-99.
The provisionswere devel oped within ACI Subcommittee
318-H to incorporate displacement-based desigh and capacity-
design concepts, as well as to address the shortcomings
of ACI 318-95 and UBC-97 provisions. Theobjective of this
paper is to provide detailed background information with
simple illustrative examples to aid engineers in properly
applying the new provisions. The background information
and illustrative examples are presented parallel to each other to
clarify important issues.

DESIGN OF REINFORCED CONCRETE
STRUCTURAL WALLS

Inthefollowing sections, the design provisionsfor structural
wallsin ACI 318-95 and ACI 318-99 are reviewed. A five-
story building with 12 ft (3.65 m) story heightsis used to
illustrate important concepts. The footprint of the building is
100 x 75ft (30.48 x 22.86 m), and thefloor dead and live loads
are 150 and 40 |b/ft? (7.18 and 2.39 kPa), respectively. For the
purposes of this discussion, only loads in the north-south
direction are considered; therefore, asingle wall is used to
provide lateral force resistance in this direction. Although a
single building geometry is used for this presentation,
two different wall cross sections are evaluated to address a
broad range of wall behavior and design issues—a rectangular
wall cross section (denoted as Wdl R) and a T-shaped wall
cross section (denoted as Wall T). The wall web dimensions
were initially selected to be 20 ft long by 2 ft thick (6.10 by
0.61 m) for WallsRand T, with a20 ft-long by 2 ft-thick flange
(6.10 by 0.61 m) for Wall T (Fig. 1). Determination of design
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Fig. 2—Smplified model to estimate boundary reinforcement.

lateral forces and general modeling issues are presented for
each wall, followed by detailed design and eval uation.

Preliminary design

Lateral earthquake forces were determined using UBC-97
requirements (Uniform Building Code 1997). For a five-story
building located i |n Zone 4(1=1,Z=04, S, Source Type A,
10km, T= Q(hn) 4= 0.43s,R=5.5), UBC-97 Equation (30-5)
controls the selection of base shear of 0.18W. The seismic dead
load W is 5625 kips (25 MN) for a dead load of 150 Ib/ft?
(7.18 kPa); therefore, the base shear is 1000 kips (4.45 MN).
The distribution of the lateral force over the height of the
building increases linearly with values of 67, 133, 200, 267,
and 333 kips (300, 592, 890, 1190, and 1480 kN) at the first
through fifth levels, respectively.

To simplify the analysis, the wall was assumed to resist all
of the latera story forces; therefore, the wall base moment
was M = 44,000 ft-kips (59.6 MN-m) and the effective height
hest Of the resulting lateral 1oad was 44,000 ft-kips/1000 kips
=44t (13.4 m), or 73% of the total buildi ng height of 60 ft
(18.3 m). A tributary areaof 1125 ft2 (104.5m ) was assumed
for the wall at each level; therefore, the tributary dead and
liveloads at the base of thewall were 845 and 90 kips (3660 and
400 kN), respectively (with alive-load reduction of 60%).

Wall reinforcement at the base was selected to resist
this moment in combination with gravity loads for appro-
priate load combinations (for example, ACI 318-99 Section
9.2). Selection of tension reinforcement at the wall boundary
was controlled by the load case with minimum gravity load;
thatis, U =0.9D % 1.0E (notethat the 1.3~ 1.1E = 1.43E of
ACI was replaced by 1.0E because the UBC-97 loads were
already factored, and that the 1.1 multiplier in the exception
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Fig. 3—Preliminary wall designs: (a) Wall R; and (b)
Wall T.

of UBC-97 Section 1612.2.1 was not applied). The tension
force at the wall boundary region was approximated as T, =
(M, -09" DL "~ 0.4l,)/0.8l,, = 2370 kips (10.54 MN)
(Fig. 2), where |, was the wall length (20 ft [6.1 m] in this
case). The reqw red area of tenson steel Was A= Tyl =
2370 kips/(0.9 " 60 ks) =44 in. (28 300 mm ) Two curtans
of shear reinforcement (No. 5 at 10in.; 250 mm) were used for
the 2 ft-thick (0.61 m) web to provi de adequate shear strength
(f Vn = 1450 kips [6450 kN] > Vu = 1000 kips [4450 kN]).

For Wall R, 18 No. 14 bars were selected for boundary
longitudinal reinforcement (A, = 2.25 in [1452 mm ])
For Wall T (wall with T-shaped cross section), the boundary
longitudinal reinforcement at the web-flange intersection
was reduced by the amount of distributed flange reinforce-
ment within the effective flange width. In thiscase, theentire
flange was assumed to be effective because an effective
flange width of 9 ft (15% of the wall height) on each side
of the wall web was less than the 25% limit specified in
ACI 318-99 Section 21.6.5.2 (Wallace 1996). Assuming that
the selection of flange web reinforcement was controlled
by minimum requirements, two curtains of web horizontal
and vertical reinforcement were used for the 2 ft-thick
(0.61 m) flange (No. 5at 10in., or r =0.0026). The area of
boundary longitudinal rei nforcement at the web-flange
intersection was reduced by 13.64 i in? to account for the
contribution of the 22 pairs of No. 5 flange vertical bars to
tension reinforcement at the wall boundary. Wall strength
wasverified by using astrain compatibility analysisto generate
af P,-f M, diagram for an extreme fiber compression strain of
0.003. The preliminary design was slightly conservative, and
the boundary longitudinal reinforcement was reduced from
18 to 14 No. 14 vertical bars. The preliminary wall designs
areshowninFig. 3. Thedesign load cases plot inside the safe
region of f P,-f M, diagrams for each wall; therefore, the
designs are acceptable.

At this point, the walls have been designed to have adequate
design strength for P-M interaction and for shear. In the
following sections, detailing requirements and their impact
onwall design and behavior areinvestigated for ACI 318-95
and ACI 318-99.

ACI 318-95 provisions

The need for special transverse reinforcement at the
boundaries of structural walls was evaluated using a stress-
based index. This evaluation was accomplished using a linear
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elastic analysis with element stiffness values based on gross
concrete cross-sectional dimensions. For the two cases
considered, the extreme fiber compression stresses were
computed as 2.47 ksi (17.0 MPa) for Wall R (symmetric),
and 0.70 and 1.60 ksi (4.8 and 11.0 MPa) for Wall T, with
the flange in compression and tension, respectively. The limit-
ing stresswas 0.2f £ =1.0ks (6.9 MPa).

For most wal configurations, the extreme fiber compressive
stress exceeded the limit of 0.2f & and specially detailed
boundary columns were required (Wallace and Moehle
1992). This was evident from the evaluation of Case R,
where the calculated stress was 2.5 times the stress limit;
therefore, well-detailed boundary elements are required at
both ends of thewall. For Case T, the stress limit was exceeded
at the free end of the web (1.6 versus 1.0 ksi), but not at the
web-flange intersection (0.7 versus 1.0 ksi). Therefore, a
well-detailed boundary element is required at the free end
of the web, but not at the web-flange intersection. Where
the 0.2f ¢ limit is exceeded, the contribution of the web
concrete and reinforcement are neglected, and the boundary
element isrequired to resist the design loads.

The well-detailed boundary column was proportioned as a
short column in compression to resist the overturning moment
in addition to the entire axia load (ACI 318-95, Section
21.6.6.1). The size of the boundary column is determined as

M, (1, —he) + P, = 0.8f [(0.85f ¢(A;— A9 + Af)] (1)

where

My and P,= wall overturning moment and wall axial load
that result in the largest boundary column,
respectively;

vy = length of wall in direction of applied latera
load;

he = boundary column dimension in direction of
applied lateral load;

Ay = gross boundary column area; and

Asandfy, = areaandyield stressof longitudinal boundary

reinforcement, respectively.

For WallsR and T, M, = 44,000 ft-kips (59.6 MN-m); P, =
1000 kips (4480 kN); f = 0.7; A, = 40.5in? (26,130 mm?); f

= 60 ksi (414 MPa); and h; = 32 in. (813 mm) is assumed,
therefore, A% 3 958in? (0.62 M) or a 31 in.-square (787 mm)
boundary column. A 32 in.-square (813 mm) boundary column
was used. Transverse reinforcement for the boundary column
was selected using Section 21.4.4 of ACI 318-95.

The web of the wall was then designed to resist the design
shear force using Eq. (21-7) of ACI 318-95. Typically,
sufficient shear strength can be attained with minimum
web reinforcement (r i, = 0.0025) and a relatively narrow
web. For both walls, the design shear was V,; = 1000 kips
(4448 kN) and an 18 in.-thick (457 mm) web with two curtains
of No. 5at 12in. (305 mm) provided sufficient shear strength
(f Vn = 1150 kips [5115 kN]). The fina wall designs are
shownin Fig. 4.

The special transverse reinforcement is required until the
extremefiber compressive stresscomputed using P/A+ Mc/l is
less than 0.15f¢. Assuming the wall cross sections do not
change with height, special transverse reinforcement may be
terminated between the third and fourth floors for Wall R,
where the computed stresses were 0.24f ¢ and 0.13f{, re-
spectively. Therefore, the special transverse reinforcement
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Fig. 4—Final wall designs: (a) Wall R; and (b) Wall T.
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Fig. 5—Moment-curvature comparisons.

would extend to the bottom of the fourth floor, or 36 ft (11.0
m) from the base of the wall, for Wall R.

Wallace and Moehle (1992) showed that the stresslevel of
0.2f¢ is likely to be exceeded in essentially &l reasonably
configured wall buildings (with f,, = 60 ksi (414 MPa) and f £
=4 ks (27.6 MPa). In their ana?/ysis, the wall area to floor
arearatio (the sum of the wall webs aligned in the direction
under consideration, or 0.0053 for the preliminary design
with a2 x 20 ft [0.61 x 6.1 m] wall) exceeding approximately
0.15 was needed to avoid the use of well-detailed regions at
wall boundaries. The number of walls needed to achieve this
ratioisimpractical. In addition, it isuneconomical to provide
the substantial quantities of transverse reinforcement required
over more than 1/2 the building height for a significant number
of walls in a building. Therefore, a design with ACI 318-95
generaly resultsin relatively few, well-detailed, walls (that
is, buildings with low redundancy).

Giventheformat of ACI 318-95, increasing thewall cross-
sectional dimensions and using higher-strength concrete are
potential ways to avoid using specially detailed boundary
elements (versus alarge wall areato floor arearatio). For
example, if thedimensions of Wall R areincreased to 2 x 30 ft
(0.61 x 9.1 m), the use of f£= 6 ksi (41.4 MPa) avoidsthe
need for well-detailed boundary elements (P, = 1.05Pp, +
1.275P | = 1000 kips (4457 kN); M, = 44,000 ft-kips
(59.6 MN-m); f. = P /A+ M, ¢/l = 1.13ks <0.2f£= 1.2 ks
[8.3 MPa]). Although the use of alonger wall section is
desirable, architectura constraints commonly limit thisoption;
therefore, the use of higher-strength concrete is the more
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likely option. The use of higher-strength concrete to avoid
the use of well-detailed boundary € ements does not necessarily
result in a better design. The moment-curvature relations
plotted in Fig. 5 for a2 x 20 ft (0.61 x 6.1 m) wall cross
section with f&values of 5, 6, and 8 ksi (27.6, 41.4, and
55.2 MPa) are considered. The concrete in compression
was modeled using the stress-strain relation proposed by
Saatcioglu and Razvi (1992) with a strain of 0.002 at the peak
stressfgand alinear descending branch beyond peak stress
with the slope defined using a strain of 0.0035 for a stress
of 0.85f& The original wall design, a2 x 20 ft (0.61 x 6.1 m)
wall cross section without specid transverse reinforcement,
had adequate flexural strength and substantial curvature
ductility capacity. The plots revealed that increasing the con-
crete compressive strength has little impact on strength and
curvature ductility relative to the wall with 5 ks (41.4 MPa)
concrete. In general, use of dender high-strength concrete walls
is not advantageous (Wallace 1998).

The moment-curvature relations for the rectangular wall
sections plotted in Fig. 5 illustrate the primary disadvantage
of using a stress-based approach to evaluate detailing require-
ments at wall boundaries. Over abroad range of extreme fiber-
compression strains—approximately 0.0015 to 0.006 for all
three walls—the moment does not vary significantly (and
thus, the stress does not vary). Therefore, a stress index
based on a linear analysis as used in ACI 318-95 cannot
distinguish between cases where low or high compressive
strains are expected, and thus cannot be expected to provide a
rationa meansto assess wall detailing requirements.

The moment-curvature relation for the well-detailed wall
with 32 in.-square (813 mm) boundary columns and an 18 in.-
thick (457 mm) web is also plotted in Fig. 5. The ACI 318-95
wall design has substantial curvature ductility capacity as well
as a large flexura overgtrength, defined herein as the ratio of
Mpr /My, (Where M, isthe moment strength for an extreme fiber
compression strain of 0.003, accounting for actua or probable
materia properties). Thelarge flexura overstrength hasimpor-
tant implicationsfor the design of thefoundation and thewall in
shear. Thefoundation supporting thewall should be designed to
accommodate this overstrength, otherwise the foundation sys-
tem will not perform asintended (rocking may occur).

The implications on wall design for shear are best under-
stood by considering the shear that must develop in thewall,
given the wall flexural overstrength compared with the wall
shear capacity required by design. Assuming the resultant
lateral force at peak shear is located at an effective height
equal to 1/2 of the wall height from the base (Paulay 1986;
Wallace 1994), a shear force of 2680 kips must be resisted to
reach the wall flexural strength (for . = 0.003; V,; 0,003 =
80,340 ft-kips/30 ft = 2680 kips). This shear force exceeds
the nominal shear capacity of the wall (f Vn = 1150 kips
[5115 kN]) by a significant margin. Even if some level of
material overstrength is considered in calculating the wall
shear strength (for example, &= 6 ksi [41.4 MPg], and f, =
75 ksi [517 MPa]), the modified wall shear strength of fVn
= 1360 kips (6050 kN) is still only approximately 1/2 the
shear force required to reach the probabl e flexural strength of
the wall. Therefore, even though considerable detailing is
provided at the wall boundaries to ensure ductile flexural
response, the wall will likely experience significant shear
distress prior to the yielding of boundary flexural reinforce-
ment (for example, crushing in the web has been observed in
sometests [Bertero et a. 1984]), and the wall will not perform
asimplied by the design process.

502

In the preceding sections, asimple building configuration was
used to determinewdll flexura and shear strength requirements.
Wall detailing requirements were then assessed using the
ACI 318-95 requirements. The presentation was intended to
depict the design process as well as identify significant
drawbacks associated with the process. Significant observations
include:

1. The stresslimit of 0.2f gisvery likely to be exceeded for
structural walls of reasonably configured buildings; therefore,
well-detailed boundary regions are likely to be required and
to extend over a significant height of the wall;

2. The use of a gtress limit as an index to assess the need for
well-detailed boundary regions cannot distinguish between cas-
eswherelow or high levels of compressive strains are expected;

3. The use of higher-strength concrete to avoid the use of
well-detailed boundary regions does not result in wall sec-
tions with significantly improved deformation capacity;

4. Because of the substantial detailing requirements, the
provisions promote the use of relatively few well-detailed
walls (low redundancy);

5. Walls requiring well-detailed boundary regions are likely
to have substantial flexural overstrength, potentialy leading
to premature shear distress or unintended poor foundation
performance; and

6. Although not specifically discussed, ACI 318-95 does
not include provisions for determining the effective flange
width, which isacritical design issue.

ACI 318-99 PROVISIONS

The ACI 318-99 provisions address both proportioning
(strength) and detailing issues summarized in the preceding
discussion. The steps taken to address proportioning issues
include defining an effective flange width, the use of astrain-
compatibility analysis and equilibrium to determine section
flexural strength, and the introduction of capacity design.
Two approaches are included to evaluate detailing require-
ments at wall boundaries, displacement-based and stress
based. Background and simple illustrative examples for the
318-99 provisions are provided in the following sections.

Design strength (proportioning)

Requirements for design flexural and axial load strength
are contained in Section 21.6.5.1. A strain-compatibility
analysis assuming plane sections (linear strain) is used to assess
flexura strength; therefore, aP-M interaction diagramisused to
determine axial load-versus-moment strength requirements.
The linear strain assumption is reasonable for slender walls,
evenfor thereatively deep sections commonly used (Thomsen
and Wallace 1995; Wallace 1996; Taylor et al. 1996).

Where walls intersect to form L-, T-, C-, or other cross-
sectional shapes, the influence of the flange on the behavior
of the wall must be considered by selecting appropriate
effective flange widths. The effective flange width for a
structural wall depends on the imposed level of deformation,
as well as whether the flange is in compression or tension
(Thomsen and Wallace 1995; Wallace 1996). Section 21.6.5.2
of ACI 318-99 incorporates a relatively simple approach,
where the effective flange width is assumed to extend from
the face of the web a distance equal to the smaller of 1/2 the
distance to an adjacent wall web and 25% of the total wall
height. The use of 25% of thetotal wall height isacompromise
value, and is intended to provide a reasonable value for
maximum drift levels expected for structural wall buildings
(Wallace and Moehle 1992). A single, effective flange width,

ACI Structural Journal/July-August 2002



LOAD WALL MOMENT  ELASTIC CURVATURE  INELASTIC CURVATURE INELASTIC CURVATURE ~ AMPLIFIED MOMENT
& DISPLACEMENT & DISPLACEMENT & DISPLACEMENT DISTRIBUTION: Mpr
=651 Sinelastic

6inelastic

——

W

Tm b ko

(a) Wall Curvature and Top Displacement

&y — by —

- M, - M,

(b) Simplified
Model

(c) Amplified Moment
Distribution
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appropriate for use for the flange in compression or tension,
is specified based on recommendations by Wallace (1996).

Prior to assessing detailing requirements, except for the
definition of an effective flange width, there are no differences
between ACI 318-95 and ACI 318-99. Because an effective
flange width was assumed in the ACI 318-95 design of thewall
cross sections presented previously, the application of
ACI 318-99 does not lead to any differences at this stage of the
design. Shear strength requirements for structural walls are
covered in Section 21.6.4 and are essentially unchanged from
thosein ACI 318-95. This topic will be addressed in greater
detail in the following sections of this paper.

Detailing requirements

A magjor change from ACI 318-95 involves the treatment
of web concrete and reinforcement. In ACI 318-95, where
special detailing is required, the boundary elements are
required to resist the entire overturning moment and axial
load (that is, the web contribution was neglected), whereas
the web concrete and reinforcement are considered in ACI
318-99. Therefore, walls designed using ACI 318-99 will
have less flexural overstrength compared with walls designed
using ACIl 318-95. Thistopic isaso addressed in the following
paragraphs, which discuss detailing requirements.

As noted previoudly, two approaches are included to assess
detailing requirements. The first approach involves the use
of displacement-based design and is limited to walls con-
trolled by flexure with asingle, critical section over the wall
height. The second approach is similar in format to that used
in ACI 318-95, and appliesto all wall configurations.

Displacement-based approach—Displacement-based design
of structura walls was introduced in the late 1980s and early
1990s (Moehle and Wallace 1989; Wadlace and Moehle 1992)
asan alternativeto the prescriptive detailing provisionsused in
the buildings codes at that time (for example, ACI 318-89,
UBC-88). A detailed description of theapproach for structural
walls is presented by Wallace (1994), with additiona details
provided by Wallace (1995) and Wallace and Thomsen (1995).
Experimentd verification of the procedure is presented by
Taylor et al. (1996). A brief summary of the fundamental
conceptsisincluded herein to allow comparisons with the
ACI 318-99 code provisions.

The displacement at the top of thewall is computed based
on the stiffness of the structural system and the representation
of the ground motions used for design. The example building
configuration described in Fig. 1, where the lateral stiffness
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was provided mainly by the structural wall should be considered.
Flexural stiffness values over the height of the wall can be
determined based on an assumed moment distribution. If the
wall reachesthe nominal moment capacity at the base for the
design loads, then cracking is expected to occur from the
baseto aheight of 37.7 ft (11.5 m), or approximately over the
first three floor levels (using a concrete rupture strength
equal to 7.5CfF¢ psi [0.63CF ¢ MPal). Flexura stiffness values
of 0.5Ely and 0.8El are selected for the cracked and un-
cracked sections, respectively, based on the values recom-
mended by FEMA 273, Table 6.3 (Federd Emergency
Management Agency 1997).

For demonstration purposes, the design displacement for the
five-story example buildings were obtained for the equivalent
static lateral loads applied to a stick model of WallsR and T.
Interaction with the frame elements was not considered, asthis
level of detail isnot necessary for this study.

The displacement at the top of the Wall R was computed
to be 5.4 in (137 mm) for awall flexural stiffness of 0.5El
over the bottom three floors, and 0.8El  for the top two levels
(dy° Dy =0.7RDg=0.7" 55" 14in.=54in.[137 mm],
where Dgisthetop displacement for the designloadsreduced by
R). The 0.5 multiplier on El, accounts for the reduction in
flexural stiffness dueto concrete cracking, whereasthe 0.8
multiplier accounts for the influence of microlevel cracking at
moments less than the cracking moment (for example,
those due to temperature and shrinkage). The value of
0.8El 4 used for the uncracked portion of the wall was used
based on the recommendation of FEMA 273, Table 6.3
(Federa Emergency Management Agency 1997). If auniform
stiffness of 0.5El 4 is used over the full height of thewall, the
top displacement’is 5.5 in. (140 mm).

Useof 0.5El, for acracked Wall T may beinappropriate given
the influence o? the flange. Using a moment-curvature analyss,
an effective (cracked) flexurd gtiffnessfor the T-wall wasfound
tobeO. 30El4 and 0.28El , for theflangeln compression and ten-
sion, r&pectwely (the ef?ec‘uve El is the dope of the M-f dia
gram). For andysis with the flange in tension, a gtiffness of
0.3El g was used for thefirst level (the cracking moment was ex-
ceeded only in thefirst floor level), whereas astiffness of 0.8El
was used for the upper four levels. For analysis with the flange
in compression, agtiffnessof 0.3El , wasused for the bottom two
levels, whereas astiffness of 0.8El was used for the upper three
levels. Theresulting design d|splacementsare4 land3.0in. (104
and 76 mm), for forces resulting in flange in compression
and tension, respectively.
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The relationship between the wall top displacement and
wall curvature for a uniform wall cross section with asingle
critical section at the base is presented in Fig. 6. For an
inverted triangular lateral load, the displacement at the top of
the wall can be represented as

11, .2 O
= fth+(fu_fy)|pg?'w_'298 (2)

A 40
Thetermf ,in Eq. (2) istypically computed for agiven design
displacement d,,, yield curvature estimate (f , = 0.003/,,), and
plastic hinge length (I, =1,,/2). Moment-curveture diagrams are
plotted for Walls R and T with the flange in compression and
tensoninFig. 7. Materid relationsused for the M-f andysisare
indicated in Fig. 8 (for probable sted and including confine-
ment). Curvature values for the first yield of reinforcement and
an extreme fiber compression strain of 0.003 are noted in
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Fig. 9—Wall strain distributions and required length of
confinement.

Fig. 7. Ultimate curvatures (f ) computed using Eq. (2) are
noted on Fig. 7 for the design displacements.

The information contained in Fig. 7 reveals that special
detailing is not required for Wall R because the ultimate
curvature for the design displacement f , is less than the
curvature developed for an extreme fiber strain of 0.003
(that is, the extreme fiber compression strain to achieve the
curvaturef ,islessthan 0.003). For Wall T, special detailing
isnot required at the boundary where the web and the flange
intersect (notethat for an extreme fiber compression strain of
0.002, thewadll-curvature capacity greatly exceedsthe curvature
demand), or at the free end of the web. Aswill be discussed
further in the paper, ACI 318-99 requires moderate detailing at
the wall boundary to ensure that the longitudina reinforcement
will not buckle prematurely.

If special detailing is required, the length over which it
must be provided is computed assuming a linear strain
profile over the wall length, with the neutral axis defined
using alimiting compression strain (Wallace 1994). A limiting
strain between 0.003 and 0.005 is commonly used; a value of
0.003 is used in ACI 318-99. This approach is based on the
assumption that the neutral axis does not change significantly
within the range of extreme fiber compression strain values
typicaly computed for structural walls. Experimental studies
indicate that this assumption is reasonable (Thomsen and
Wallace 1995), and the additional work associated with
computing the neutral axis depth for each ultimate curvature
value computed is not warranted. Figure 9 presentsthe strain
distributions for extreme fiber strains of 0.003 and e, as
well asthewall length over which special detailing isrequired.
The quantity and distribution of transverse reinforcement
required at the wall boundary is discussed later.

The information presented in the preceding paragraphs
was hecessary to provide sufficient background to understand
the basis for the ACI 318-99 provisions. The ACI 318-99
provisions are based on a simplified version of the material
presented in the preceding paragraphs. The modd of Fig. 6(a) is
smplified as shown in Fig. 6(b). The model shownin Fig. 6(b)
neglects the contribution of elastic deformations to the top
displacement, and movesthe centroid of the plastic deformations
to the base of thewall. Thismodel has been shown to work well
over the range of parameters of interest (Moehle 1992).
Based on the modd of Fig. 6(b), the relaionship between the
top displacement and the curvature at the base of thewdl is

|
d, = phy = (Fulh, = E220n, ®
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C = neutra axis depth computed for e, = 0.003;

d, = design displacement;

hy, = wall height;

ly = wallength;

fy, = ultimate curvature;

dp = plasticrotation at the base of the wall; and

e, = extreme fiber compression strain associated with

the ultimate curvaturef ;.
The wall length over which the strains exceed a limiting value
(for example, e = 0.003), denoted as c2, can be determined
using similar triangles (Fig. 9) as

€

c2 = c[l—e—c'] (4)

A relation for the required length of confinement can be
developed by combining Eq. (3) and (4) as

2 _c_Cu®

I, I, (d/h,)

©®)

w

Theterm ¢/l in Eq. (5) accountsfor theinfluence of material
relations (for example, & and f), axial load, geometry, and
guantities and distribution of reinforcement, whereas the
term (e.,/2)/(d, /hy,) accounts for the influence of system
response (roof displacement) and the limiting concrete
strain (taken as 0.003 in ACI 318-99).

The 318-99 provisions, presented in Section 21.6.6.2,
were directly derived from the information presented in the
preceding paragraphs. From Eq. (3), special detailing is
required if

;€% _lw _ 0003 Iy

2(dyehy,) 2 (dgohy)

(6)

L L

667(d, oh,) . 600(d, oh,,)

Therefore, if the neutral axis for a given wall exceeds this
limit, it implies that the extreme fiber compression strain
exceeds the limiting strain of 0.003, and special detailing
must be provided. In ACI 318-99, the term d, /h,, must be
equal to or exceed 0.007. Thislower limit on the mean drift
ratio isincluded to ensure that all walls controlled by flexure
have modest deformeation capacities, aswell asto guard against
modeling errors that might underestimate the design displace-
ment. The substitution of d/h,, = 0.007 into Eq. (6) requires
that special detailing be provided where ¢ 3 0.24l,,.
Where special detailing isrequired at thewall boundary, it
must be extended vertically adistance not lessthan thelarger
of I,,and M,/4V,, from the critical section. Thelengths specified
are intended to be an upper-bound estimate of the plastic hinge
length for structural walls (Paulay 1986; Wallace 1994).
The displacement-based approach presented isfounded on
the concept that yielding islimited to asingle critical section,
usually at the base of thewall. To ensurethat this mechanism
controls the response of the wall, adequate flexural strength
must be provided over the wall height to force yielding to
take place at the assumed critical section. Thisissueisaddressed
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briefly in the commentary to Section 21.6.6.2. Additional
details are available in the papers authored by Paulay (1986)
and Wallace (1994).

One approach to satisfying this criterion is to amplify the
moment capacity over the wall height to promote yielding at
the critical section (Fig. 6(c)). In this approach, the probable
moment capacity at the critical section is calculated, and the
design moments at other locations are amplified by the ratio
of the probable moment to the nominal moment at thecritical
section M,,/Mj, to determine where reinforcement may be
reduced over thewall height. For awall with aconstant cross
section, it is not the intent of this provision to require more
reinforcement over thewall height than isrequired at the critical
section, but to limit where reinforcement is terminated.

Modified stress-based approach—A stress-based approach
was included in ACI 318-99, Section 21.6.6.3, to address wall
configurations where the application of displacement-based
design is not appropriate (for example, some perforated walls,
walls with setbacks, walls not controlled by flexure [Maffei et
al. 2000]). Maintaining the stress-based approach aso provides
continuity betweenthe ACI 318-95 and ACI 318-99 code; how-
ever, modifications were incorporated to address shortcomings
of the ACI 318-95 provisions summarized previoudy.

The stress limit where special detailing is required at the
wall boundaries is unchanged from that in ACI 318-95
(0.2f £); therefore, the calculations presented previousy are
valid, and special detailing isrequired at both ends of Wall R
and at the free end of the web for Wall T. The specid detailing
must be extended over the height of the wall from the critical
section until the calculated stress is 0.15f ¢ (the same as
ACI 318-95).

A magjor difference between ACI 318-99 and ACI 318-95
involves flexural strength requirements for walls where
specially detailed boundary elements are required. For
ACI 318-95, the boundary columns are required to resist the
compression due to the earthquake overturning effect, as
well asthe full axial load as a short column. The application
of this requirement typically resultsin a substantial increase
inwall flexural strength, producing deleterious effects for
wall shear and foundation forces, as noted previously. No
such requirement exists in ACI 318-99. Moment-curvature
relationships are compared later for Wall R to assesstheimpact
that this change has on the flexural strength.

Requirementsfor transver sereinforcement—T he background
on the quantity of specia transverse reinforcement required a
the wall boundary, and the wall length over which special
detailing must be provided, is covered in Section 21.6.6.4 of
ACI 318-99. The provisions of this section apply to both the
di splacement-based evaluation (Section 21.6.6.2) and the stress-
based evduation (Section 21.6.6.3).

The wall length over which specia transverse reinforce-
ment must be provided is based on Eg. (5), with a value
of d,/h, =0.015

c2 _¢c 1

C C
£_013¢ (7
U

., 867(d, t, = 0015 I,

w

Thevalue of d,,/h,, of 0.015 was selected to provide an upper-
bound estimate of the mean drift ratio for typical structural wall
buildings constructed in the U.S. (Wallace and Moehle
1992); therefore, the length of the wall that must be confined
tends towards the conservative side for many buildings. The
value of ¢/2 represents a minimum length of confinement.
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Fig. 10—Confinement length-versus-drift ratio relations:
(a) for aspect ratio of 1.5; (b) for aspect ratio of 3; and
(c) for aspect ratio of 5.

The quantity of transverse reinforcement required at the
wall boundary is selected to satisfy ACI 318-99 Eq. (21-4).
ACI 318-99 Eq. (21-3) isnot referenced because it is based
on maintaining the pre- and post-spalling capacity of a
column subjected to pure compression, which does not
apply towalls.

Displacement-based design (ACI 318-99)—In the devel-
opment of code provisions, it is necessary to achieve a balance
among accuracy, ease of application, and practicality, aswell as
to consider potential sources of uncertainty. Figure 10
provides a comparison of results obtained using the more-
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detailed representation of displacement-based design embodied
in Fig. 6(a), by combining Eq. (2) and (5)

o (ey@)(1-10(4A,))

c2

=== ®
L lw a&oae Csy ('jié-_lAw_l-.pid
€h,2€1 —cd 2€40 2 8A°

where A, is the wall aspect ratio (h,/l,,) and ey is the yield

strain of the tension steel (used to estimate yield curvature).
Equation (8) is compared with the simplified representation
embodied in Fig. 6(b) and Eq. (5).Three cases are considered
to compare these relations for arange of variables. The plots
reveal that the simple representation of Fig. 6(b) represents
well the more-detailed representation of Fig. 6(a). The
relations are nearly the same for an aspect ratio of 3, and
very close for aspect ratios of 1.5 and 5. A third relation,
which representsthe ACI 318-99 provisions—that is, Eq. (6)
and (7)—isaso plotted in Fig. 10. The ACI 318-99 relations
tend to be conservative for mean drift ratios less than 0.015,
and dlightly unconservative for higher mean drift ratios
(where the minimum length of confinement is not controlled
by ¢/2). Thisisexpected, given the use of 0.015 asareasonable
upperbound on mean drift ratio in Eqg. (7). Overal, the
ACI 318-99 relation is easy to use and reasonably accurate.

Sources of uncertainty that should be considered when
applying the ACI 318-99 provisions include the modeling
assumptions used to predict the design displacement, the
assumed plastic hinge length at the critical section (I, =0.51,,),
and the actual material properties. With the background
information presented, the influence of these parameters on
the wall design can be considered. The greatest uncertainty
is likely to be associated with the design-basis earthquake
(that is, the earthquake ground motions used for design), where
significant variations from the mean spectraused for design are
observed (for example, Dobry et a. 2000). A comprehensive
study on the variability of spectral ordinates for various
geologic classification schemes is presented by Stewart,
Liu, and Baturay (2001). Use of the displacement-based design
approach in ACI 318-99 implies that the design can be
mani pul ated to achieve a specified level of performance (for
example, no spalling); however, it is important to under-
stand that the actual performance may vary significantly given
the uncertainties noted, particularly those associated with the
design-basis earthquake.

Application of ACI 318-99

The application of the displacement-based design provisions
for structural wallsin ACI 318-99 for WallsR and T is
summarized in the following paragraphs.

Wall R—Flexural and shear strength requirements for
Wall R are the same as for ACI 318-95; therefore, the wall
crosssection (at the base of thewall) isthe same asthat given
in Fig. 3. The design displacement, determined using stiffness
values of 0.5, over the bottom three floors and 0.8, for the
toptwolevels, i1s5.4in. (137 mm) for an equivalent Satic lateral
load analysis (story forces used for design). According to
UBC-97, the design displacement, D,,, = 0.7RDg, where R
isthe force-reduction factor (5.5), and Dgis the displacement
for the code level (design) forces (that is, the forces have
been reduced by R to determine the design moments, shears,
and axial loads on the structural members). In this presentation,
Dr, and d, are equivalent quantities (for more discussion on this
topic, refer to Wallace [1996]). The term d,,/h,, = 0.0075,
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Fig. 11—Detail for boundary region of Wall R (ACI 318-99):
(a) final design; (b) specially detailed, enclosing all boundary
longitudinal reinforcement; and (c) specially detailed, not
enclosing all boundary longitudinal reinforcement.

which exceeds the minimum value of 0.007; therefore, avalue
of 0.0075isused in Eq. (10).

Using astrain compatibility analysisfor e, = 0.003 and the
material relations of Fig. 8 (for design, a Whitney Stress
Block and adesign relation of the reinforcement stress-strain
relation would likely be used), the maximum neutral axis
depth for Wall Ris41.3 in. (1.05 m) for load case Eq. (9-2)
of ACI 318-99: U = 1.05D + 1.275L + 1.0E (the load factor
on E is changed from 1.4 to 1.0 to account for the fact that
UBC-97 earthquake loads presented previously have already
been factored). Substitution into Eq. (6) resultsin

(I, = 240in.) .
s QuZ2DN) _ gagin, 9
600(0.0075) " ©

Because the neutral axis depth of 41.3 in. (1.05 m) to reach
an extreme fiber compression strain of 0.003 is less than
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Fig. 12—Influence of detailing requirements on flexural
strength.

53.3 in. (1.35 m), no specia transverse reinforcement is
needed. Because the amount of reinforcement at the wall
boundary is substantial (14 No. 14 bars), however, moderate
transverse reinforcement is required according to Section
21.6.6.5(a). Ties (No. 4) are provided at 8 in. (203 mm) on
center over awall length equal to the greater of ¢ —0.1l,,
=17.3in. (439 mm) and c¢/2 = 20.7 in. (526 mm). The final
detail for the boundary region isshown in Fig. 11(a).

For comparison, moment-curvature analyses of Wall R,
designed according to ACI 318-95 and ACI 318-99, are
presented in Fig. 12 (again, using the material relations of
Fig. 8). For e. = 0.003, the wall designed according to
ACI 318-99 had a moment strength of 1.6M,,, whereas the
wall designed according to ACI 318-95 had a moment
strength of 1.8M, (where M, is the design moment
strength). The ACI 318-99 wall design had less flexurd
overstrength, and thus, addressed one of the shortcomings
of ACI 318-95. It should be noted, however, that the potential
for shear distressprior to flexural yielding still exists. For
a probable moment strength of 1.6M,,, and assuming the
resultant lateral load actsat 1/2 thewall height, ashear force
of 2340 kipsisneeded to produce the probable moment at the
critical section (the base of the wall). The shear for the
probable moment is 1.6 times the shear capacity fV,,. To
ensure that the majority of inelastic responseisfrom flexural
yielding, the shear strength of thewall should beincreased—
that is, capacity design of thewall in shear should be considered.
Capacity design of structural wallsin shear is not addressed
in ACI 318-99, primarily because shear distress of structural
walls has not been observed to produce life safety or collapse
problems. If the design focus is on performance, however,
capacity design of the wall for shear may be appropriate.

Wall T—Similar to Wall R, the flexural and shear strength
requirements for Wall T are the same asthosein ACI 318-95;
therefore, thewall cross section (at the base of thewall) isthe
same as given in Fig. 3. The design displacements for Wal T
were evaluated independently for loads in each direction,
duetothevariationinflexura stiffnessand cracking moments,
as noted previously. For the flange in tension, the design
displacement was 3.0 in. (76 mm) and d,/h,, = 0.0042. For
the flange in compression, the design displacement is4.1in.
(104 mm) and d,/h,, = 0.0057. Because the ratio of d /h,, <
0.007 for both cases, avalue of 0.007 must be used in Eq. (5)
to determine the critical neutral axis depth.

, (I,=240in) _ .
SO0 57.1in. (1.45 m) (10)
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Therefore, for loads in either direction, if the neutral axis
depth exceeds 57.1 in. (1.45 m), specia detailing must be
provided at the wall boundary. Using a strain compatibility
analysis for e, = 0.003, the maximum neutral axis depth for
Wall T is50.6 in. (1.29 m) for the flange in tension, and
8.2in. (0.21 m) for the flange in compression. Because these
neutral axis depths do not exceed the limit of 57.1 in.
(1.45 m), no specid transverse reinforcement is needed.
Transverse reinforcement is provided to satisfy Section
21.6.6.5(a) at both wall boundaries.

Wall R (modified)—Because neither Wall R or T required
special detailing in the preceding evaluations, the drift ratio
d,/hy, is arbitrarily increased to 0.012 for Wall R to demon-
strate a procedure for sections requiring specia detailing.
The critical neutral axis depthis

(1, = 240in.) .
s Q=28 N) 33300, (0.85 11
" 7600(0.012) n. (0.85m) (1D

Because the neutral axis depth of 41.3in. (1.05m) to reach
an extreme fiber compression strain of 0.003 is greater than the
critica depth of 33.3 in. (0.85 m), specid detailing is required
over adepth equa to the greater of c—0.11,,= 17.3in. (439 mm)
or ¢/2 =20.7 in. (526 mm). The required area of transverse
reinforcement is specified in Eq. (21-4). A plan view of the
reinforcing details at the wall boundary region is presented in
Fig. 11(b). Inthis case, adepth of 20.7 in. (526 mm) encom-
passes nearly al the boundary longitudinal reinforcement;
therefore, the transverse reinforcement is provided that
encloses all longitudina reinforcement. The specia detailing
at thewall boundariesis required to extend a height equd to the
greater of |, = 20 ft (6.1 m) and M /4V,, = 44,000 ft-kips/(4

1000 kips) = 11 ft (3.35m), or 20 ft (6.1 m) in thiscase.

A hypothetical distribution of longitudinal reinforcement,
where the special transverse reinforcement does not extend
beyond all the longitudinal reinforcement, is shown in
Fig. 11(c). ACI 318-99 does not addresswhat, if any, transverse
reinforcement is required for the main longitudinal reinforce-
ment outside the specially detailed region. Because this
reinforcement is susceptible to buckling, at a minimum,
transverse reinforcement satisfying Section 7.10 of ACI 318-99
should be provided as shown in Fig. 11(c).

SUMMARY AND CONCLUSIONS

Major changes to the provisions for proportioning and
detailing of structural wallswereincorporated into ACI 318-99
to take advantage of displacement-based design, aswell asto
address shortcomings associated with prior ACI 318 codes.
These changes include defining effective flange widths,
reducing flexural overstrength, reducing thewall height over
which special detailing isrequired, and providing consistent
detailing requirements for stress- and displacement-based
evaluations. The changes impact the design of slender walls
significantly. Examples were used to identify shortcomings
associated with the ACI 318-95 requirements, to explain
how the ACI 318-99 requirements address these shortcomings,
aswell asto clarify the intent of the new provisions.
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