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1. Given a system of equations as below (25%)
X, =x,+x, with x (0)=2
X,=3%,-x, x,(0)==2
(1) Please find the eigen values and eigen vectors of

the matrix Lo
3 =1

(2) Solve the above system of equations by using the eigen values and
eigen vectors obtained in (1).

2. Please draw the time function curve in Cartesian coordinates (i.e. f(t) vs. t) and
find the Laplace Transformation of following functions. (25%)
Note that u(t) is the unit step function.
(1) fit)y=e"u(t)
2) f))y=e"Pu(t-2)
3) fity=¢"u(t-2)
@ fity=e""u()
(5) fity=e""u(t)
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4. Solve the heat problem for the temperature function (25%)

or ,o'T .
T(x, t): E—kF inthe 0<x<1 >0 ,kisconstant

with the boundary condition: ?6% 0,6)=0 T{L,H)=0

1 Dixil

and the initial condition:  7'(x,0) = { 1 2
2(1-x) > <x<1
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1. (10%)Let f(x)=x" be integrable with respect to both g,(x)=x and g,(x)=|x]

on the closed interval [0, 5]. What 1s J: f(x)d(g,(x)+g,(x))=? (Notethat g,(x) 1s

a floor function, for example, g,(7)= Lﬂ'J =3.)
2. (10%) Prove that there does not exist a rational number 7 such that r’=2.

3. (10%)Let T:R’ — R* be defined by 7(x) = 4x, where x is in R’ and

1 20 1-1
21 3 10 : .
A= 10-20 1 Find a basis for the kernel of 7"as a subspace of R’

00 0 2 8.

4. (10%) Suppose computer operators at terminals only do one type of job, reading and
thinking and typing followed by waiting for a response for the computer. Let the
operator’s average time for reading and thinking and typing be Tinink and the average
response time of the computer for one command request from an operator be Tysiem.
Suppose there are N operators and one computer. Please give the upper bound and the
lower bound of the total mean throughput rate for this operators-computer system model.

1 00 O
, _ | 01 5 -10 L
5. (10%) Find the eigenvalues of 4 = L0 2 0 and find a basis for each of the
100 3
corresponding eigenspaces.
4 3 0 0 O]
-2 -1 0 0 O
6. (10%) Find all the eigenvalues A ofthe matrixA=| 1 7 10 1 -7
2 -1 0 5 O
-3 1 6 -4 -3

7. (10%) Calculate the line integral § cF - dr , where F = (3-2y)i + (3x-4y)j + (z+3y)k, and
C. xX*+vy*=1,z=2. (i j, k) represents the three unit vectors in Cartesian coordinate

system.
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8.

9.

(15%) Find the solution: y"+ (x+2)y'+ (x+1)y = 0; y(0) = a, y'(0) =0.

(15%) Solve the partial differential equation:

u(0,0) = u(x, 0) =uy(0, y) = 0.

o’u

+

Ox0y

+x+y+1=0;
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6. {HI7 R (Fourier transform) € &  F(w) = [: f(He dt, KK

46[?:1!—15}

Ak F(s)=—

il K F(s)=

25 —3

.5

+5—2

3s

-2

ORI RS xPy"-3xy'+4y=0;

y()=4, y')=5-

PR £ (1)

A S (x) B

s +4ds+20
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(1) R EAE VT B B (Fourier series)
(i) >K

Flw) =
(w) = 52— w)
uh
‘ﬁ&-_i* 1»’] = 3 . 1:2 —
.__ 2,..
Fir/E i (span) -
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1
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fi(inverse Fourier transform) f(¢) -
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(15%)

(15%)

(10%)

(10%)

, —r<x<m H f(x+27)= f(x)

(12%)

(8%)

(10%)

{"1 V) }

(10%)
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(10%)
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Displacement-Based Design of Reinforced Concrete | p#—

Columns for Confinement
by Murat Saatcioglu and Salim R. Razvi

A displacement-based design procedure was developed for con-
finement of earthquake-resistant concrete columns. The procedure
is based on experimentally observed and analytically computed

relationships among the parameters of confinement. The amount, .

grade, spacing, and arrangement of transverse reinforcement; con-
crete strength and cover thickness, and the level of axial compres-
sion and drift ratio were considered as parameters of confinement.
Static inelastic (pushover) analyses were conducted to generale a
large volume of data, with due considerations given to concrete
confinement, reinforcement strain hardening and buckling,
anchorage slip, axial compression, and secondary deformations
due to P-A effect. Both normal-strength and high-strength concrete
columns with circular and square cross sections were included.
Improved design expressions were developed for column con-
finement utilizing both the current design criterion, which is

based on column axial deformability, and the recommended -

design criterion, which is based on lateral deformability as
expressed by column drift ratio.

Keywords: column; ductility; confined concrete; displacement-based
design; high-strength concrete; transverse reinforcement,

INTRODUCTION

Reinforced concrete columns built in seismically active
regions are expected to undergo a large number of inelastic
deformation cycles while maintaining overall strength and
stability of the structure. This can be ensured by proper
confinement of the core concrete. The cﬂnﬁnement require-
ments of the ACI 318-99 BUIIdm%CGdE provide satisfactory
designs in most apphcatu}ns The same requirements,
however, may also result in unsatisfactory designs, leading
to either unsafe or overconservative columns, which often
lead to the congestion of reinforcement and related con-
struction problems.?* The code requirements were derived
for normal-strength concrete columns and are not applicable
to columns cast from high-strength concrete.

The state of knnwlﬁdge on concrete confinement has
improved substantially since the pioneering work of Richart,
Brandtzaeg, and Brown™® in 1928, whlch formed the bams
for the ACI 318 design requirements.’ During the last three
decades, a large volume of experimental data has been gen-
erated, and a number of improved analytical models have
been developed that describe the stress-strain behavior of
confined concrete. A better understanding of design param-
eters has also been acquired, mcluchng those that are currently
overlooked by the design practice. Test data have become
available on high-strength concrete columns, making it pos-
sible to develop design provisions for such columns that are
not currently included in the ACI 318 building code.! Itis the
objective of this paper to present improved design expressions
for normal- and high-strength concrete column confinement
on the basis of the current state of knowledge.

AC]| Structural JuurnaiIJanuary-FEbruary 2002

CURRENT DESIGN APPROACH

The design criterion adopted in ACI 318-991 for column
confinement is based on the premise that confined columns
should maintain their concentric capacities after the spalling
of cover concrete. This is achieved by providing sufficient con-
finement to the core concrete to attain strength and ductility
enhancements. The required volumetric ratio of transverse
reinforcement was derived based on the strength gain in core
concrete, which was assumed to be (f,, — /o) =4.1/;, where f;
represents uniform passive confinement pressure.® Equating
the concentric capacity of cover concrete to the strength gain
in core, the required volumetric ratio of transverse reinforce-
ment that satisfies the ACI 318 performance criterion may be
obtained as follows

Strength in cover concrete = strength gain in core concrete
ﬂﬂjﬂ*r{fig ”Ac-] =4, ]ﬁl{Ar _"45.] {i}

The lateral pressure f, for a spirally reinforced circular
column at yield is

L

Shf )

ﬂ:

Substituting f; mtﬂ Eq. (1) and dividing both sides by
(2.05 f,pA4.)

ﬂ.415-f_[£s— 1) - My 4,4, 3)
j_.]-'ﬂ A ) Skﬁ' Shc‘d:.‘

My _dmhAy _ o4l (s (A j @)

.ﬁ‘h{. 'ha Jﬂ!h

L 44,4,

sh.A.

Equation (4) was adopted by ACI 318! after dropping the
last term and increasing 0.415 to 0.45. The code expression
is shown in Eq. (5) for spirally reinforced circular columns
where hoop tension results in near-uniform lateral pressure,
which is consistent with the degree of strength enhancement
considered.

ACT Structural Journal, V. 99, No, |, January-February 2002,
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With the aforementioned simplification, the strength en-
hancement in core becomes ({j:c ~feo) = 3.8fp. The lateral
pressure Jp for a spirally reinforced circular column can be
written in terms of the area ratio of transverse reinforcement
P, In each cross-sectional direction

24,

7= 22l = 0p = 0.t ©)

The strength enhancement based on ACI 318 is {:ﬂmpared
with experimental values ubtamed by Sheikh and Toklucu’
and Mander, Priestley, and Park® in Fig. 1(a). The compari-
son mdmates that Eq. (5) does not provide a good correlation
with experimental data, producing over-conservative quantities
of transverse reinforcement for spirally reinforced circular
columns. This is attributed to the constant multiplier 3.8
used in relating strength gain to confinement pressure,
although test results reported in.the literature mdlcate a variable
multiplier that is a function of lateral pressure f

4

In large columns, the ratio of cross-sectional area to confined -
core area (4,/4.) may approach unity. In this case, Eq. (5)
results in very small values of volumetric ratio. Therefore, a
lower-bound expression is provided by setting a limit on the
A,/4 ratio. This translates into Eq. (7)

—ﬂth | 7
T (7)

The confinement steel requirements for square and
rectangular columns are based on an arbitrary extension
of the aforementioned requirements, while recognizing
that rectilinear reinforcement is not as effective as circular
reinforcement. The code expression for the required area of
rectilinear reinforcement is obtained from Eq. (5), based on
the premise that rectilinear reinforcement is 3/4 as effective
as circular spirals. This implies that 1/3 more steel is needed
in square and rectangular columns to attain deformabilities
usually expected from spirally reinforced circular columns.
The increased steel requirement, when expressed in terms of
the area of lateral reinforcement, translates into Eq. (8) with
the corresponding strength enhancement of (f. — f7,) =
2.8/;. The lower limit established is similar to that for circular
spirals, and is shown in Eq. (9)

i (A
Agy = 03sh==[ =8 - 1) (8)
T T
A,, = 0.095h 2 9)
vh

The prewuusl}f mentioned requirements of the ACI 318
building code’ are compared with the results of mncentncally
tested columns, nhtamad by Sheikh and U;-:umen Scott,
Pﬂl‘k‘i and Pnestley, Razvi and Saatcioglu,’® and Abdulka-
dir,'* in terms of lateral pressure Petyy and the resulting
strength enhancement. The comparison, shown in Fig. 1(b),
indicates poor correlation. This may be explained mostly by
the differences in behavior resulting from different arrange-
ments of reinforcement, which is a parameter that is not con-
sidered in Eq. (8). Researchers in the past showed that
columns with the same amount and spacing of confinement
reinforcement showed significantly different strength and
deformability when confined by different arrangements of
transverse reinforcement.''"1%1%1® While a square column
with four comer bars and tied with perimeter hoops shows
the worst behavior, columns confined with well-distributed
longitudinal reinforcement, laterally supported by crossties,
overlapping huogs or both, show significantly improved
performance.' 121316 [t is clear from the. comparisons
shown in Fig. 1 that the code expressions do not provide
adequate representation of experimental observations for
the performance criterion for which they were developed.

PROPOSED DESIGN APPROACH
A design procedure is proposed in this pﬂper based on the
confinement model developed by the authors.® Initially, the
performance criterion used in the ACI code is adopted, while
recognizing important interactions among the design param-

- eters that are currently overlooked in ACI 318-99.! More

specifically, the tradeoff between the volumetric ratio and
reinforcement arrangement is considered. Tie spacing and

ACI Structural Journal/January-February 2002
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Fig. 2—Development of confinement pressure:‘; 6 (@) and (b) square sections with different
arrangements; (c) actual, average, and equivalent pressures; (d) pressure distribution
along column height; (e) rectangular section; and (f) circular section.

spacing of laterally supported longitudinal reinforcements
are explicitly addressed. Confinement of high-strength
concrete, with strength of up to approximately 130 MPa, is
included. It is shown that the volumetric ratio of confinement
reinforcement can be reduced for columns with efficient tie
arrangements. The treatment of square and rectangular
columns is particularly improved since the confinement
steel requirements are based on a realistic analytical model,
reflecting experimental observations rather than an arbitrary
extension of the concepts derived for circular columns. The
following expressions define strength enhancement in
confined concrete based on the analytical model adopted

f:f i |:':'.+ +klk2)ﬁ'. (lﬂ}
A, f,
f, = Zﬁ (11)
k, = 670, 0" (12)
. |b.b_1
ky =026 |=<-<- v 413
2 T (13)

ACI Structural JoumnallJanuary-February 2002

where f; in Eq. (12) and (13) is in MPa. The in-place strength
of c:ﬂncrate f, may be taken as equal to 0.85f; ,as per ACI
318-99,! and also as supported by test data. Coefficient k; re-
flects the relationship between uniform lateral r:nnﬁnement
pressure and strength enhancement. This coefficient was
found tﬂ Jary with lateral pressure in previous experi-
ments,%”"1 differing substantially from the constant value of
4.1 used in deriving the ACI 318 expressions. Coefficient &,
relates the average lateral pressure f; to equivalent uniform
pressure, and reflects the efficiency of confinement rein-
forcement. The efficiency improves with the uniformity of
confinement pressure and reaches its full value when the lateral
pressure is uniform, as is approximately the case in circular
columns with closely spaced spirals for which &, = 1.0.

The passive confinement pressures generated by different
arrangements of rectilinear reinforcement are illustrated in
Fig. 2. As can be seen, the restraining action against lateral
expansion becomes high at locations of cross-reinforcement
where overlapping hoops, crossties, or both are tied to the
longitudinal reinforcement. Hence, both the tie spacing s as
well as the spacing of cross-reinforcement in the cross-
sectional plane s, play important roles in the efficiency of
reinforcement arrangement. These variables are incorporated
into Eq. (13). A simplified version of the same equation, also
applicable to high- str&ngth concrete, has been suggested
by the authors and is shown in Eq. (14)!7
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Fig. 3—Comparisons of experimental data with proposed
equation.

b
k, = 015 [P (13)
A ]

Equation {lﬂ) through (14) can be used to derive new
demgn expressions while mamtammg the pﬂrfﬂrmance
criterion adopted by ACI 318-99.! This criterion requires the
concentric capacity of confined column core to be at least
equal to the unconfined strength of the entire column section.
Ignoring the area of concrete replaced by longitudinal reinforce-
ment, the resulting expression can be written as follows

SeeAe = f2p Ag (15)
(0.85f% +kkyf)d, = 0.85f/ A, (16)
Kk, 4,
=%
085 A, (a7
0.83
ff _ -4.:
ooszsEY “ 14 2 (19)
ot
; f;rﬁ k\d,

Equation (19) incorporates the parameters of confinement
that play important roles on axial deformabilty, including the

arrangement of reinforcement. It provides the required area .

6

ratio of transverse confinement reinforcement in.each cross-
sectional direction for circular, square, and rec Fu
sections. For circular spirals as defined in ACI 318-99," &, =
1.0. For all other cases, k, can be computed using Eq. (14).

The confinement steel requirement specified by Eq. (19) 1s
verified against experimental data in terms of lateral pressure
kypefyn and the resulting strength enhancement in Fig. 3. The
ﬁgure indicates that significant improvements are achieved
by the pmpnsed expressmn over the expressions given in
ACI 318-99! and shown in Fig. 1. k

For the majority of columns in practice, Eq. (19) may be
simplified as follows

p, = 0. ’1(‘4 —1) (20)

Synk\ A

High-strength concrete columns

Recent research on high-strength concrete columns indicates
that the strength gain due to confinement is independent of
concrete strength, although the percentage of stre |Fth gain
becomes lower for higher-strength concretes. ! There-
fore, high-strength concrete columns require ptoportionately
more confinement to attain deformabilities usually expected
from earthquake-resistant columns. Tests on high-strength
concrete columns also reveal that higher-grade reinforce-
ment is effective in confining columns.'3° It was shown by
the authors that the effectiveness of high-grade confinement
steel under concentric compression depended on the amount
and efficiency of transverse steel, while it also depended on
the level of axial co &:ressmn for columns subjected to
lateral load reversals.' Transverse reinforcement with
yield strengths of up to 1000 MPa was found to be effective
under monotically increasing concentric compression when
confined to conform to Eq. (19). 19.20 The same steel was
effective under lateral deformation reversals when the
accompanying level of axial load was approximately 40%
P,. The transverse steel was approximately 80% effective
when the level of axial load was reduced to 20% P, develog—
ing approximately 800 MPa stress at peak column resistance.
Reinforcement with approximately 600 MPa yield strength
was consistently effective in confining high-strength concrete
columns. Therefore, until further experimental data become
available, it may be prudent to limit the yield strength of
transverse reinforcement in Eq. (19) and (20) to 600 MPa,
which provides an increase of appmximatet}f 50% in the
current limit of 400 MPa used in ACI 318.!

The applicability of Eq. (19) to high-strength concrete
columns is verified against experimental data. Figure 4
shows the comparison of strength enhancement values
obtained by tests and by Eq. (19) for both normal-strength
and high-strength concrete columns. The test data on high-
strength concrete were obtained by different researchers for
concrete strengths ranging between 30 and 124 MPa 20:21,23-28
The lateral pressure for these columns was based on recorded
transverse steel stress at peak column resistance f; when-
ever available, rather than yield strength, since the high-
grade reinforcement used in some of the columns did not
necessarily yield, which confirms the validity of the upper
limit suggested in the previous paragraph. The comparison

indicates good correlations with test data providing exper-

imental evidence on the applicability of Eq. (19) to high-
strength concrete columns.

ACI Structural Journal/January-February 2002
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Displacement-based design

The design requirements discussed in the preceding section
are based on the axial deformability of columns under
concentric compression, and conform to the ACI 318! design
criterion. This design criterion, however, is not representative
of actual column behavior during seismic response. Columns
of building and bridge structures experience lateral drift

when subjected to seismic excitations. It has been shown by -

previous research that there is a direct correlation between
lateral drift and concrete confinement.?” Consequently, col-
umns that experience significant lateral drift should be con-
fined more stringently that those that are braced laterally by
rigid structural walls. Lateral drift is not explicitly addressed
in ACI 318-99! for column confinement. Instead, the con-
finement requirements were developed on the basis of axial
deformability, with the implied understanding that columns
deformable under concentric compression are also deform-
able under combined axial and lateral loading. This criterion
does not permit the level of axial compression and/or the
drift demand to be introduced as design parameters.

A displacement-based design approach is presented in this
section, with lateral drift as the performance criterion. The
design approach is based on computed drift capacities of col-
umns with different levels of confinement and axial com-
pression. The computation of drift was done using a
computer ﬂprugram for static inelastic loading (pushover
analysis)? that incorporates analytical models for concrete
confinement, %17
formation and progression of plastic hinging,?’ and anchor-
age slip®!*? (extension of reinforcement in the adjoining
member). The analysis procedure also includes an option
for second-order deformations caused by P-A effects.
The analytical models, as well as the analysis procedure
employed, had been verified extensively against experi-
mental data.!-17:2931-33 Eigyre 3. 4, 5 and 6 illustrate sample
comparisons of computed and measured response for the entire
range of inelastic force-deformation relationships for both
normal-strength and high-strength concrete columns. These
sample comparisons, as well as those reported else-
where,?"#*37 provide experimental verification of the analysis
procedure employed in deriving the design expressions.

The drift capacity was computed either at 20% strength
decay in moment resistance or at the same level of decay in
lateral force resistance. In the latter case, the decay included
the portion that was caused by the P-A effect. The use of 20%
strength decay as the failure criterion is consistent with that
employed by previous researchers, since it is reasonable to
accept some strength decay in columns of multistory multi-
bay structures during seismic response before they can be
considered to have failed.”

Extensive parametric investigation was conducted to
establish the significance of design parameters on lateral
drift.2%7 The results were used to identify primary design
parameters for column confinement while establishing rela-
tionships between axial load, confinement reinforcement,
and drift capacity. It was concluded that the amount, grade,
spacing, and arrangement of confinement reinforcement, as
well as the level of axial compression, concrete strength,
cover-core area ratio, and shear span-depth ratio played
important roles on drift capacity, while the percentage of
longitudinal reinforcement played a role of secondary
importance. It was further concluded that similar drift capac-
ities could be obtained from columns with similar geometry
and reinforcement arrangement but different amounts of

ACI Structural Journal/January-February 2002

steel strain hardening,3® bar buckling,3®
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Fig. 4—Comparison of normal-strength concrete (NSC)
and high-strength concrete (HSC) column tests with
proposed equation.

confinement reinforcement and material strengths, as long
as the p.f,/f ratio remained constant, with certain limits
placed on these design parameters. This indicates that the
P fyn!f . ratio could be used as a design parameter for a wide
range of material strengths, including high-strength concrete
and high-grade reinforcement. Further verification of this
point was done experimentally for concrete s.tren%ths up
to 124 MPa and steel strengths up to 1000 MPa. 922 1t
was also established that the relationship between the required
level of confinement and cover-core area ratio was approxi-
mately linear within the practical range of 0.2 to 0.8. Conse- .
quently, it was confirmed that columns having a constant
Pefyn! e [(Ag/A,) — 1]} ratio would develop approximately
similar drift capacities when other confinement parameters
remained constant, irrespective of variations in individual
parameters that make up this ratio.2?7 This ratio, defined as
r, 1s used in establishing the confinement steel requirements,
as also used by ACI 318-99.]

Figure 7 and 8 illustrate the variation of column-drift
capacity with coefficient r, defined in Eq. (21) for different
levels of axial compression and efficiency of transverse rein-
forcement %,. Drift ratios plotted in Fig. 7(a) and 8(a) were
determined at 20% strength decay in lateral force capacity;
these account for the decay in force resistance caused by the
P-A effect. Hence, they are lower than those shown in
Fig. 7(b) and 8(b), which were determined at 20% strength
decay in moment capacity. These figures clearly indicate that
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the lateral drift capacity (deformability) improves with i 4, | P
increasing values of coefficient r and the efficiency of rein- P. = 14—’:-[ - 1] —3 (23)
forcement arrangement k,. They further indicate that the col- SyntAe JiyPo

umn dnft capacity decreases with increasing axial

compression. Therefore, higher percentage and/or higher
grade and/or improved efficiency of transverse reinforce-
ment are required for columns under higher compression.
This implies that the confinement requirements may be re-
laxed for columns under lower levels of axial compression.
Figure 7 and 8 also suggest that the confinement steel re-
quirements should not only be a function of axial load level,
but also the arrangement of reinforcement k,. The relation-
ships given in these figures suggest that the following ap-
proximation can be made between r and lateral drift ratio 6

r= 14mm (22)

TP,

Substituting the value of r from Eq. (21) and solving for
reinforcement ratio p,

8

Equation (23) relates the confinement parameters to drift
capacity & in the direction of confinement reinforcement
when P = 0.2P,. Figure 9 illustrates the correlation between
drift capacities obtained by Eq. (23) and inelastic pushover
analyses. Since the computed drift has been verified extensively
against experimental data within the entire range of inelastic
drift, as indicated previously and illustrated in Fig. 5 and 6, the
computed drift values may be viewed as close representa-
tions of experimental values. Figure 9 indicates that Eq. (23)
provides a good estimate of column drift capacity. Hence, it
can be used to establish the confinement steel requirements
of columns with different levels of drift demand.

Figure 7 and 8 were generated for columns with a shear
span-depth ratio L/h of 2.5. This level is near the lower end
of L/h ratios used in practice. A complete set of analyses was
also conducted for columns with L/h = 5.0, representing the
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higher end of the range used in practice.” When the strength
decay due to P-A effect was included in the analysis, the L/
ratio did not show a pronounced effect on 'drift capacity.
However, when the-P-A effect was not considered, drift
capacities were consistently higher for columns with higher
shear span-depth ratios. In the cases considered, the drift
capacity increased by approximately 75%, from L/h = 2.5
to L/ = 5.0. For design purposes, it is conservative to consider
the aspect ratio that produces lower eatimates of drift capacity.
Hence, the results for L/h = 2.5 were used in developing the
design expression piven in Eq. (23).

The percentage of longitudinal remf'::-rcement was also
observed to have an influence on drift capacity.?” This was
expected because the increase in longitudinal steel content
would increase the contribution of steel as a ductile material
tooverall column response and produce an increase in column
deformability. Column analyses were conducted for 1, 2, and
4% longitudinal reinforcement. The results showed minor
variations in drift capacity, with columns having higher per-
centage of longitudinal reinforcement exhibiting slightly
higher drift capacities. The improvement obtained by doubling
the amount of reinforcement was approximately 10%.
Hence, the longitudinal reinforcement ratio p was not included
as a parameter for confinement design. Instead, the results for
an average reinforcement ratio of 2% were adopted. :

The allowable story drift ratio (drift demand) specified by
current building codes is limited to 2.0 to 2.5% for most
concrete frame structures. ™! While Eq. (23) may be
used for different drift ratio limits up to 4%, an expression

ACI Structural Journal/January-February 2002

1=

% Drift Based on Analysis

Q- T T 1
0 1 2 3

% Drift Based on Proposed Equation
Fip, &—Carrelation of pushover analysis results with Eq. (23),

may be developed for a permissible drift ratio limit of
2.5%. When this drift level is substituted into Eq. (23}, and
the axial force ratio £/F, is replaced with P /9P, a demgn
expression can be derwed as follows

—ﬂasf [—s—l:|

(24)

ﬂ*""

The axial force £, in the aforementioned expression
represents the mﬂmmum axial compressive force that can
pusmhly be applied on the column dunng a strong earth-
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quake. This quﬂnllly comesponds to factored dE.'.';.If:I'] axial
compressive force in ACI 318 design practice.” When the
capacity design Hflprml{;h 15 used, as in the case of the New
Zealand practice,” P, is computed at the formation of prob-
able moment resistances at the ends of the framing beams
when plastic hinges have formed at these loeations. The
capacity reduction factor ¢ may be taken as 0.90, as opposed
to the (.70 and 0.75 currently recommended for tied and
spiral columns in ACI 318 because of the improved ductility
of properly confined columns, Equation (24) provides the
area ratio of transverse reinforcement required in each
cross-sectional direction. For circular spirals, p, remains the
ared ratio of spiral reinforcement, which is the same in any
one direction. The reinforcement ratio requirement given in the
same equation approaches zero as the axial compression
approaches zero. Therefore, a lower limit is placed on the
design axial compressive force, illustrated as follows

PJ-I
= L,
oh 202 (25)

Furthermore, as dlacusaed previously, it was concluded in
the parametric study®” that the use of the cover-core area ratio
as a design parameter had llmnannns Therefore, the following
limit, also used in ACI 318,! may be placed on this ratic

y .
o
= 1203 (20)

e

Comparisons with current practice

Equation (24), which iz bagsed on the proposed displacement-
based design pmcEdum is compared with the requirements
of ACI 318-99" and the New Zealand Code NZ8 3101,*2 The
confinement steel requirements of ACI 218 and NZ 3101 are
reproduced as follows in terms of the area ratio of transverse
reinforcement p,.

ACI 318-99 (spiral)
= ﬂ.!lﬁf,i[ﬂ'u 1} 27
ol

ACI-318-99 (rectilinear)

10

fn[jﬂ } (28)
¥

NZS 3101 (1982)

1.25F ] (29)

o4
p, = D,Ju*-—[/—iﬁ—]}[ﬂ.ﬁ poele
‘ SonldA, e Ag

The comparison is made by uzing the confinement coeffi-
cient rthat is obtained by dividing both sides of the previous
equations by f.7f [4 .f.JI — 1]. The axial force ratios of {F,/
$f, ) and {1.25 f } in Eq. (24) and {249, respectively,
are approximately aquaffnr a longitudinal column reinforce-
ment ratio of 3% and can be assumed to be the same for the
purpose of comparison. Figure 10 provides the comparison
of proposed displacement-based design approach with current
MNotth American and New Erzntzmd practices. The compatison
indicates that the ACI 318! approach, which is not a function
of the level of axial compression, produces overconservative
designs for spirally reinforced columns and some columns
with rectilinear reinforcement, especially when the level of
axial compression is low., For colurmns with poor remnforcement
arrangement {low k3 value), the ACI 318 requirements
can be unsafe when the axial load level is above approxi-
mately 40% of column concentric capacity £,. The Mew
Zealand approach recognizes the effect of axial load, but
1gnores the effect of reinforcement amangement. [t produces
overconservative designs relative to the proposed approach
for columns with superior arrangements of reinforcement (high
k;). Often, overconservative designs translate into the conges-
tion of reinforcement cage and concrete placement problems.

SUMMARY AND CONCLUSIONS

Design expressions were developed for confinement steel
requirements of earthquake-resistant concrete columns. Two
different performance criteria were adopted for this purpose:
1) the ACI 318 eriterion based on axial deformability; and 2) a
displacement-based design criterion based on lateral drift.
Design expressions were developed for both performance
criteria. The expression for the latter criterion is based on
static inelastic (pushover) analysis of columns, which was
verified experimentally, The proposed expressions incorpo-
rate the effects of reinforcement arrangement and higher
strength of steel and concrete, and also incorporate the effect
of axial force for a displacement-based design. The expres-
sions provide significant improvements over the existing
practice, as evidenced by experimental verifications.

MOTATION
A. = arcw of core concrele wilhin perimeler lrnsverse reinforcement
{center-to-center, cxcept in Eq. (5}, (9, (27}, and (28), whers il
I= measred l:l'llt-lu=u|.:l}

A, = pgross area of colwmn conerete seclion

A, = arco of Inngllurlmal gleel reinforgement, except in Fig, 2 and Eg.
(11}, where A, is defined s either A, or .-!

A = arca -nl‘tr.ulm,rse rednfarcement within E{HLII'IE # and perpendiculor
to dimension &,

Ay ™ uren of spiral mmt’nmcmnnl

by = core dimension, center-1o-center of perimater lie

ey = dinmeter of spinl reinforcement

A = concrele eylinder strength

S = strength of confined core concrele

Jea @ inepluce strength of unconfined concrete in column (7, ~ 085 £7)

N = pagsive loteral confinement prossure provided by reinforcement

g = sbress in iransverse sieel al peak column resisionce

S dyy= wield strength of fransverse reinforcement
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i = column sectional dimension

k. = corc dimension perpendicular (o transverse reinforcement under

considerntion (center-to-center of perimeter reinforcement)

lateral pressure coctficicnt, defincd in Eq, (12)

confincment efficiency parameter, defined in Eq. (14)

column shear span

axial compreasive force on column

aximum axial compressive force on column during canhguake

nominal concentric compressive capacity of column

confinement coeficient, defined in Eq. (21)

I;rgu:hrtuln-c:m:r spacing of transverse roinforcement along column
g

centar-to-center spacing of longitudinal reinforcetnent, laterally

supporied by comaer of hoop or hook of crosstie

lnteral abrift ratio, defined as horizontal displacement divided by height

capacity reduction factar

longiludinal reinforcement ratio

area ratio of transverse coifinement reinforcement, p, = Ay, M8

volumetric ratio.of trmnsverse reinforcement '

e
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PROBABILISTIC OPTIMAL-COST SCHEDULING

s s it

ABBTRACT: During the planning and exceution of construction projeects, it often becomes necessary to shorten
the duration of the project. A widely used technigue for reducing the duration of a project is commonly mli:r:l'ed
to as lenst-cost scheduling. This procedure is based on deterministically arriving at the shortest project duration
for the minimum cost possible. There is, however, one major problem with the typical application of this
technique. It does not address the variability inherent in the duration and cost of the project activitics. Thus, the
resulting compressed schedule value cannot be applied with any stated level of statistical confidence. This paper
presents a new procedure thal addresses some of the major shortcomings of leasi-cost scheduling. It does so by
accounling for the variability inherent in the duration and cost of the scheduled activities by simultancously
applying range estimating and probabilistic scheduling to the historical data, The resulling data set is then
analyzed to provide a compressed schedule duration and cost estimate thal have a higher overall confidence of

boing achieved.

INTRODUCTION

When planning the execution of construction projecis, it is
often necessary to address situations where it is crucial to ac-
celerate the completion date of a project in order to finish the
project earlier than was initially scheduled. Such situations can
arise for several reasons. Some of these reasons include

+ The opportunily to maximize the profit margin associated
with the execution of a project by optimizing resource
allocation and utilization and reducing project overhead
cost 5

* The acquisition of additional projects that will compele
for the limited resources of a contractor should their ex-
eculion begin prior to the substantial completion of ex-
isting projects

« A request by the owner of a project o have the project
delivered earlier than was initially agreed upon

» The desire to avoid inclement weather, or similar impacts,
that could significantly delay the project

One common industry method of achieving this goal is
through a technique commonly referred to as least-cost sched-
uling. This technique involves incrementally reducing (or
crashing) the respective activity durations of a particular proj-
ect in order to shorten the project lenpth and arrive at the
shortest schedule duration with minimum cost. Such a sched-
ule is generally referred to as the least-cost schedule. Stephens
{1990} defines a least-cost schedule as one with an optimal
duration so that lengthening or shortening it would increase
the total project cost,

SCHEDULE COMPRESSION AND SCHEDULE
REDUCTION

Two key procedures for reducing the duration of the project
are schedule compression and schedule reduction, The Con-
struction Industry Institute (CII) undertook several detailed re-
search studies that dealt specifically with identifying and eval-
uating schedule compression and reduction techniques. In one

"Wisiting Asst, Prof, Dept. of Civ. Engrg., Texos A&M Univ., College
Station, TX T7843-31346,

"Asst, Prof,, Dept, of Civ. Engrg., Clemson Univ.,, Clemson, SC 29634-
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Mote. Discussion open until May 1, 2002, To extend the closing date
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Journals. The marnuscript for this paper was submiited for review and
possible publication on May 22, 2000, revised Innunry 15, 2001, This
paper [s part of the Joursal of Constenctlon Engineering and Marage-
sent, Vol, 127, Mo, 6, November'December, 2000, @ASCE, 1IS5N 0733-
a0 1/0006-043 1 04 537/38.00 + %.50 per page, Paper No, 22227,

of the earlier research studies concluded in 1938 (CII 1988),
a research team defined more than 90 different techniques for
schedule compression. Some of these techniques resulted in
shorter schedule time while others were intended to prevent
needless loss of time. OF the techniques identified, not all were
expected to reduce cost and time simultaneously, and in some
instances, it would clearly be a time-cost trade-off. It is em-
phasized that the applicability of each compression technique
is highly dependent on the particular situation.

In 1995, another CII research project (CII 1995} reexamined
the schedule compression techniques previously compiled.
This rescarch team then made the following distinction be-
tween schedule compression and schedule reduction.

+ Schedule compression is the use of techniques that
shorten the project duration, which results in an increase
in project cost,

+ Schedule reduction is the use of techniques that shorten
the project duration, which does not result in an increase
in project cost.

The accepted means of arriving at a least-cost schedule is
through the application of schedule compression technigues.
This is accomplished by progressively shortening the duration
of the activities in critical path method (CPM} network sched-
ule, while monitoring the change in the tolal project cost.

PREVIOUS WORK ON SCHEDULE COMPRESSION

Several authors have proposed a number of varying tech-
niques for reducing the overall duration of a construction proj-
ect. Yau (1990) describes a heuristic method that is based on
control actions and addresses the shortcomings of resource
constrained projects, which have started to overrun budget.
These control actions speed up the project and involve real-
locating resources between activities and, if necessary, includ-
ing the addition of extra resources. Therefore, this heuristic
method, accelerates resource constrained projects, which, in
turn, preserves the activity schedule.

Moselhi (1993) presented a new method for critical path
scheduling that optimizes the project duration in order to min-
imize the total project cost. This proposed method is based on
the well-known direct stiffness method for structural analysis
and establishes a complete analogy between the structural
analysis problem, with imposed support settlement, and project
scheduling with an imposed target completion date.

Wu and Li (1996) investigated the problem of determining
exactly where the compression effort should be placed so that
the schedule can be improved more efficiently. They devel-
oped an evaluation methodology based on prionty weight
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computations that not only indicates where the compression
effort should be placed but the activities affected and the
amount by which the job can be compressed.

Al-Tabtabai and Alex (1998) also presented a new method
to compress @ construction schedule network based on the ap-
plication of genetic algorithms. From this study, indications
were given on how penetic algorithms can contribute in solv-
ing construction-related optimization problems.

While these studies presented various techniques for per-
torming schedule compression, it is important to note that they
were all accomplished using deterministic values for the cost
and duration of the project activities. However, since it is not
possible to know the exact value of each activity's duration
and cost, prior to the execution of these activities, these tech-
niques cannot be applied with a high degree of confidence,
because there is no absolute provable least-cost schedule so-
lution that can be derived for real world projects prior to the
execution of project activities.

ACTIVITY BASED COSTING SIMULATION

A relatively new approach, based on discrete event simu-
lation, has been implemented to simultaneously perform range
estimating with probabilistic scheduling in order to produce
the probability distributions for the project cost estimate and
schedule. This tool is called Activity Based Costing Simulation
and was developed as part of a research study undertaken at
Texas A&M University.

Aclivity Based Costing Simulation is implemented through

a software package called ABC-Sim. This package has the
added advantage over traditional stand-alone range estimating
and probabilistic scheduling applications of being able 1o si-
multancously perform range estimating and probabilistic
scheduling for an appropriately modeled construction project.
Combining these tools results in a range of cost estimate and
project schedules values. These values can be appropriately
modeled as probability distributions for both the project cost
estimate and the project schedule values. Additionally, for each
iteration of the simulation process, a project schedule value
and its corresponding cost estimate value are also produced.
ABC-S8im output can be summarized as a scatter diagram de-

Project Schedule vs. Cost Estimate

1780
1740
1690
16840
1580
1490

665

Cost Estimate {(§}

Project Schedule (Minutes)

FIG. 1. Scatter Diagram of ABC-3lm Output Showing Project Sched-
ule versus Cost Estimals

picting the general relationship between time and cost (Fig.
I).

To make use of the information obtained from the simul-
taneous execution of range estimating and probabilistic sched-
uling for construction projects, il is necessary to find an ade-
quate means of relating their respective data sets. Defining this
relationship will make it possible to benefit from the fact that
the schedule chosen to execute a project relates in some mean-
ingful way to the cost estimate of that project. One reliable
means of relating these data sets is through a process called
the Multiple Simulation Analysis Technique (Isidore 1999),
This technique provides a means of relating the cost estimate
data for a specific project with its schedule data to simulta-
neously select high percentile values for both, It will then be
possible to use this information in the planning of construction
projects to minimize the risk involved with undertaking these
projects.

LEAST-COST SCHEDULING APPLICATION

A sample construction operation (i.e., Project-E1), consist-
g of six simple activities, was developed to illustrate the
application of least-cost scheduling. The schedule for this op-
eration is as shown in Fig. 2 with the critical path (ACDF)
and activity durations as indicated. A detailed breakdown of
the respective activity duration and cost data for this project
is presented in Table 1.

The normal duration represents the time that would typically
be required to perform each activity under normal conditions
with a sufficient amount of resources. The crash time repre-
sents the minimum amount of time during which it is also
passible to complete cach activity, but in this case, it requires
additional resources to de so. The normal cost and crash cost
are the costs associated with the normal and crash durations,
respectively.

In this simple example, the total project cost is made up of
two primary cost items-—the direct cost and the overhead cost.
Both the normal cost and crash cost are typically referred to
as the direct cost and are defined as the cost of the labor and
materials required to perform the work necessary o complete
each activity. The tolal direct cost represents the cost of all
labor, equipment, and materials required to complete the entire
project. The overhead cost for Project-E1 is fixed at $100/day

e
6

"‘ ........ f ———— e
Gt . E
12 6

FIG. 2. CPM Schedule for Project-El

TABLE 1. Activity Duration and Cost Data for Praject-El

Dumabiong Cost (dollars)
Activity Mormal Crazh Mormal Crash | Crash 2 Crash 3 Crash 4
A 6 4 BOM) 290 1,010 - —_
B 10 7 [, 1M 1,225 1,350 [ ATS
L 12 B 1, 4(H) LATS 1,560 [,650 1,700
D B i [ (104 1,035 1,115 1,195 |, 295
E f 3 1)) 065 1,040 1,130 —
F d 2 L

B23 865 - =
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TABLE 2. Resulis of Least-Cost Schedule Exercise for Project-El

Dairations Cost/Dny Incremse
Adctivity D-Dnys Crash | Crash 2 Crash 3 Crash 4 [ays shortencd
A 2 o0 120 |
B 3 125 125 123
C ] Td B5 Gl 114} I |
I 4 a5 B 2] 100 | I
b 3 (%] T3 L]
F 2 25 40 | |
Days cut [ I I 1 l t |
Project duration Al 29 25 27 2 25 24 FA
Increase $iday 25 15 a0 75 Bl LR i
Direct cost £, (W) 6,025 6,060 &, LW 6,175 6,255 340 0,430
Owerhend cosi 3,000 2,500 2,400 2,700 2,600 2,500 2,400 2,300
Total cost G000 8,925 & B0 8,800 8,775 8,755 8,740 #,730
Project Schedule vs Cost Estimate
(Least Cost Schadullng Resulls For Project-E1)
M50 S
#1060 % Least- —
9050 N\ Value For Project-E1
i o \ {23 Days, $67230.00)
E ag50 .
4 eego X —
E BB 5D T, RNt i’/
BEO0 el \‘_\ R P i e
BT S0 PR, | =il
BYOD ; , : , i :
17 19 H 23 25 27 29 a9
Prajact Schodole (Daya)
Fitg. 3. Leosst=Cosl Schedule Curve for Project-E1

and s multiplied by the project schedule to determine the twotal
overhead cost for the project.

Bazed on the normal data provided for each activity, the
critical path {ACDF) gives a project schedule of 30 days at a
cost of $9,000. Performing a least-cost scheduling exercise for
Project-E1 (Table 2} resulted in a least-cost schedule of 23
days at a cost of $8,730, This cost-duration data is plotted in
Fiz. 3, which illustrates that a minimum cost is attained al a
project schedule of 23 days.

Once the least-cost schedule is attained, an examination of
the project achedule shows that all paths through the schedule
{ABDF, ACDF, ACEF) were critical. This indicates that the
delay of any activity in the schedule during the execution of
this project will void the least-cost schedule solution, result in
a project duration longer than 23 days, and cost more than
38,7300 Thus, trying to cnsure that all activities are executed
with the utmost efficiency to achieve the least-cost schedule
becomes an important, vet considerable, task to perform.

LIMITATIONS OF LEAST-COST SCHEDULING

While it is nol necessary for all the paths in a project to
become eritical during a least-cost scheduling exercise, there
are several limilations with this procedure that reduce its ef-
fectiveness. According to Stevens (1990), there is no absolute,
provable least-cost solution to a real-world project, becausc
the activity durations and cost values cannot be known exactly
in advance. This means that the use of deterministic values for
activity cost and duration to produce a least-cost schedule is
not a very reliable means of arriving at an optimal cost and
schedule. It is, thus, hypothesized that the use of a probabilistic
technique should provide more reliable results. '

PROBABILISTIC COST-SCHEDULE MINIMIZATION

Having identified several crucial limitations of deterministic
least-cost scheduling, a probabilistic approach was created 1w
overgome these limitations. Using the data presented in Table
I, uniform probability distributions were assigned to the du-
ration and cost for each activity as shown in Table 3. This
distribution was chosen based on the assumplion that the ac-
tivity duration and cost were equally likely to be any value
between the highest and lowest available data points, [t should
be noted that other probability distributions may be used in
actual projects when these distributions better reflect the proj-
ect uncertainties,

Using this data and the project schedule logic shown in Fig.
1, Project-E1 was again input into the ABC-Sim software with
the appropriate duration and cost data assigned to cach activity
and simulated once using 500 runs. The resulis of this simu-
lation run are summarized in Table 4 and show that, on av-
erage, the project schedule obtained using simulation is 24
days, and the total cost is $9,200.

When compared with the results obtained from the least-

TABLE 3. Probabilistic Input Dada for ABC-8im (Project-E1)

e v
— e s

Activity Activity Cost
Distribution o umlion {dollnrs}

Activity Ivpe L H L H
A L farm 4 % L] 1OoLo
B Ui form T L0y |00 1,250
C Unifomm ] 12 L AGH 1,760
1 Tiniformn q | 1 000 1,295
I Liniform 3 & Q0 1,130 -
F Uniform 2 q R0 a5

- - 2ms2 a L.
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TABLE 4. Comparison of Least-Cost Scheduling and Probabilistic
Simulation Results for Project-IE1

T

Schedule duration Total project cost

Factors [days) {tollars)
Lemst cost scheduling i 23 B, 734}
Averope simulation values 24 9,209
MPereent difference 0 o

e m———d
e S Erpro——

cost scheduling exercise performed in the previous section, il
was observed that the averape project schedule duration ob-
tained from the simulation analysis was approximately the
same as the result obtained [rom the deterministic least-cost
secheduling snalysis. However, there was some difference in
the cost value obtained from least-cost scheduling and that
obiained from the simulation analysis.

ANALYSIS OF SIMULATION RESULTS -SCHEDULE
DURATION

While there does not appear to be much difference in the
average schedule value oblained from the stochastic simulation
and that obtained from deterministic least-cost scheduling, it
ean be shown that these values are not cquivalent. This dif-
ference stems primarily from their respective interpretation in
addition to the way in which they were penerated,

As was mentioned in the previous section, the least-vost
schedule value of 23 days represented the project schedule
duration at which the total project cost was a inimum. With
respect to the probabilistic simulation output, Fig. 4 presents
a frequency plot of the possible schedule durations that can
reagsonably be expected to oceur as a result of varying the
activity duration between their normal and crashed durations.
This plot clearly indicates that the schedule duration of 24
days is the project duration with the highest likelithood of oc-
curring, given the sequence of activities shown in Fig. 2 and
the historical activity data in Table 1.

Fig. 4 shows that a 24-day project schiedule has a relative
frequency of 22.4% (or a 22.4% chance of occurring), while
a schedule duration of 23 days has a relative frequency of 22%
for a 22% chance of occurring). Since these percentage values
were nol considered to be significantly different, a choice of
either 23 or 24 days would be acceptable as the compressed
schedule duration for Project-IE1; a final selection between the
two would depend primarily on the availability of additional
project related information. All other possible schedule dura-
tions were shown to have a smaller relative frequency; selec-
tion of these would considerably reduce the chances of being
able lo complete Project-E1 during those respective times.

Thus, based on the stochastic duration output, it would be

very likely that selecting the least-cost schedule duration of 23
days would have provided the contractor with a 22% likeli-
hood of being able to complete the project during this time.
Having access to this information beforehand can potentially
have serious cost implications for both an owner and a con-
tractor. If, however, a compressed project duration of 24 days
is selected, there is still o 22.4% chance that the project can
actually be completed using this schedule duration. The like-
lihood of actually meeting this compressed schedule duration
i3 alzo considerably higher than any of the olher possible com-
pressed schedule durations, Overall, choosing a project dura-
tion of 24 days would have a 44% chance of oceurring if
planning is concentrated on meeting the 23 days compressed
gehedule, which alrendy had a 22% chance of occurring.

ANALYSIS OF SIMULATION RESULTS—TOTAL
PROJECT COST

Once a compressed schedule duration has been selected, it
was necessary to determine the lolal project cost associated
with this project duration. As was previously shown, the tra-
ditional application of least-cost scheduling resulted in a proj-
ect duration for which the total project cost was a minimum.
However, when the activity costs are expressed as a probabil-
ity distribution, and simulation is used to generate a distribu-
tion of project cost values, there is no direct equivalent, min-
imum cost associated with a selected compressed scheduled
duration. Instead, what is generated, is @ range of possible
project cost values for each possible compressed schedule du-
ration’ alternative. Thus, the primary concern is nol with the
least cost, but rather the cost value that has a low probability
of being exceeded given a particular compression scenario.

From the simulation analysis of the data for project-E1, di-
rectly relating the project schedule data 1o their corresponding
cost estimates resulted in the plot shown in Fig. 5.

From this it can clearly be seen that at cach compressed
project duration alternative, there is a set of possible cost es-
tirmate alternatives. Also, there is considerable overlap of the
cost estimate values signifying that the selection of a particular
project schedule duration does not have mutually exelusive
cost estimate values, Thus, a particular cost estimate value may
be acceptable for a range of possible project durations and
invalidates the concept of a least-cost schedule. If, for exam-
ple, a cost estimate of $9,000 is considered, Fig. 5 shows that
this estimate is valid for a project duration ranging lrom 21 to
26 days. Using a schedule duration of 22 days, the cost esti-
mate value of $9,000 has an 49% chance of being exceeded
(it represents the 5ist pereentile level cost estimate). However,
for the schedule duration of 26 days, the same value ($9,000)
represents the 16th percentile level cost estimate value and has

Project Schedule vs Relative Frequency of Occurrance
Project-E1 - 500 runs

= o ZE'“%/“““!E:;% 19.0%
g 0.0% oo e — i
%15.0% L B e ot
";;r 10.0% e ke
8 50% i R
a
r 00%. - . .
18 235 24 25 26

Project Schedule {Days)

FIG. 4. Schedule Duration Frequency from 500 Simolation Kuns
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FIG. 5. Project Schedule versus Total Cost for Projeet-E1 Simulation
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an 84% chance of being exceeded. Hence, while this cost es-
timale value is feasible for several possible compression sce-
narios, the confidence level associated with it varies consid-
erably depending on which compressed duration is considered.
Considering the example deterministic least-cost value of
$8,730, determined as the least-cost schedule of 23 days, ex-
amination of Fig. 5 indicates that this value is possible for a
compressed duration of 21, 22, and 23 days. Tn all cases, how-
ever, this cost estimate value had a low confidence level, and
there was a very high probability of it being exceeded. Thus,
if this deterministic cost estimate value had actually been used
for a compressed duration of 23 days, it would represent the
3rd percentile level, and there would be a 97% chance of it
being exceeded. Hence, it would have been very unlikely that
the project could have been successfully completed for this
amount. The important consideration, therefore, becomes
choosing a cost estimate that directly relales to the project
duration of interest, at a sufficiently high percentile level, such
that, there is a very small chance of exceeding that value.

94 E2E il - HT A A B R

petform range estimating and probabilistic scheduling to
generate the data shown in Fig, 5.

3. From this dataset, select the schedule values having a
duration of 24 days along with their corresponding cost
estimate values,

4. Determine the percentile level of the resulting cost esti-
mate values by sorting the simulation output. For the
“data set shown in Fig. 5, o partial listing of the cost
estimates and their associated confidence level for a
schedule duration of 24 days is shown in Table 3.

The cost estimate values and their associated percentile
level, derived from the procedure described above, were fitted
with (1), which represents a first-order linear regression equa-
tion. This repression relationship is shown graphically super-
imposed on the scatter diagram of the simulation output data
presented in Fig, 6. The R* value of 0.98 shown on Fig. 6
indicated that using the confidence level helps to explain ap-
proximately 98% of the variability in the cost estimate, when
specifically considered at a project duration of 24 days

CE, = 689.68PL, + 88357 (1 = PL = () (1)

Using (1), it is possible o predict a cost estimate value that
has a high percentile level (or a low probability of being ex-
ceeded) for project-E1, For example, il the 90th percentile
level cost estimate value was desired (the cost estimate with
a 10% chance of being exceeded), (1) produced a project cost
estimate of $9,505. The minimum value from this data set for
the project duration of 24 days is 38,778 while the maximum
is £9.700, Hence, while the 90% confidence level does not
represent a minimum analogous to the least-cost schedule
value of 38,730 for a 23 days compressed schedule, the use
of MSAT allowed a quantifiable percentile level to be asso-
ciated with the selection of the project cost estimate. Addi-

One way of arriving al an appropriate cost estimate value TABLE 5. Partial Listing of Project-E1 Simulstion Output Daia
is through the application of & new technique called **"Multiple = ——m— ; i P
Simulation Analysis Technique or MSAT" (Isidore 1999). This ~ Somprissed project Il e _
technique is used to relate the resolts of range estimating and 5‘:!' ule Lj"::’“""‘ Sl ':ﬂ '“nm;
probabilistic scheduling such that high confidence level values (days) Lot e Ll et
can be selected for a project cost estimate and schedule. It not 24 %284 0.64
only allows for the simultaneous selection of the cost estimale i: . gg&g E;?
and schedule, but allows thegse values to be related in some 24 g.156 0.41
meaningful way. If the most likely compressed schedule du- 74 4§22 0.03
ration of 24 days is considered, for example, then the appli- 24 3916 0.08
cation of MSAT involves the following steps: 24 109 ' 0.32

] 24 2301 0.67
1. Belect the project schedule value of interest. In this par- ﬂ 3§§E Egg
ticular case, the compressed duration of 24 days is se- - :
lected as the schedule duration of interest. 4 ﬂl’:ﬁ?ﬁiz:'"d“m D%g? g;g;
2. Use the simulation model in ABC-Sim to simultaneously : — :
Parcantlle Level vs. Cost Estimate
{Compressed Project Schedule = 24 Days)
os0p.___ Y/ 600.60x+ 80557
R X 1
BOa y 5 T 1 !
0.00 20 .40 0,60 0.80 1.00 1.20

Porcentile Level
FIG. 6. Linear Regression of Percentile Level vetsus Cost Estimate for Project-El
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FIG. 7. Altemaotive Leasl-Cost Schedule Solutions

tionally, it provides some way of allowing various percentile
level, cost estimate alternatives to be quickly determined.
Since the cost estimate obtained using the probabilistic ap-
proach represents an optimal rather than a minimum value, the
entire procedure is perhaps best described as Probabilistic Op-
timal-Cost Scheduling (FOCS).

ALTERNATIVE LEAST-COST SCHEDULES

Project-El, considered in the previous section, was shown
to have a least-cost schedule that occurred at some interme-
diate point between the normal duration and the maximum
crashed duration possible. This optimal point occurred at a
project duration of 23 days and graphically was shown to re-

semble a parabola with its vertex at 23 days (Fig. 3). There
are, however, some instances where the least-cost schedule
occurs at either the normal duration or at a crashed project
duration, as illustrated in Fig. 7.

When the least-cost schedule for Project-E1 was compared
with the average value obtained using the probabilistic method
of determining an optimal crashed project duration, it was
demonstrated that the values predicted by both methods were
approximately equal. However, there are some instances where
this is not the case. If another project is considered, Project-
E2, represented by the schedule network shown in Fig. 8, a
least-cost scheduling analysis can be carried out using the proj-
ect data shown in Table 6.

Using a fixed overhead cost of $90¢day, the solution to the
deterministic least-cost schedule exercise for this project is
presented in Fig. 9. From this data, it is possible to see that

: the least-cost schedule for this project occurs at a project du-
"""" - ration of 12 days with a cost of $7,940.
TABLE 6. Activity Duration and Cost Data for Project-E2
Drurations Cost {dollars)
s Activity Mormal Crash Marmal Crash 1
Start |+
‘ 4 A 3 2 400 430
B 4 2 1,020 1,100
C 2 2 350 350
D 7 5 1,230 1,300
E 5 3 825 g95
F i 3 Glo J00
3 G 4 2 430 490
H H_ c E__ H 5 2 525 660
L 2 I 3 2 390 410
] o 3 615 765
FIG. 8. CPM Schedule Metwork for Project-E2
Projact Schedula va Cost Estimata
{Least Cost Schedule for ProjectE2}
e Value For Project-E2 »
(12 Days, $7540.00] /
¥ 8150
B100
A eosa ...
g B0A0
7850 ]
?mﬂ L T L] L] L)
10 12 1 16 18 20 22
Projuct Schedule (Days

FIG. 9. Least-Cost Schedule Curve for Project-E2
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FIG. 10. Schedule Duration Frequeney Bazsed on 500 Simulation Runs

Probabilistic Approach for Alternative Least-Cost
Schedules

Aflter determining a deterministic least-cost schedule solu-
tion for Project-E2, the next step involved performing a prob-
abilistic optimal-cost scheduling exercise, As was previously
presented, the network logic was entered into ABC-Sim with
the appropriate duration and cost data and then simulated once
using 300 runs. The duration and cost data were again assigned
a uniform distribution wsing the assumption that any value
within these ranges could occur with equal likelihood.

The results of the simulation analysis are graphically sum-
marized in Fig. 10. This fipure shows that the most likely
compressed project duration is 16 days which is significantly
different from the least-cost schedule result of 12 days. This
difference is attributed to the fact that the probabilistic ap-
proach provided the schedule duration that is most likely to
ocour given the parlicular sequence of activities in the sched-
ule network, and the variabilily inherent in the duration data.
Thus, the probabilistic approach does not attempl to mimic the
least-cost schedule approach, but instead provides a more re-
alistic expectation of what is likely to bappen given that it is
possible 1o repeatedly execute Project-IE2 using discrete event
simulation. The process of obtaining the project cost estimale
for the compressed, probabilistic schedule duration is carried
out in a manner similar 1o that presented for Project-El.

ADVANTAGES OF PROBABILISTIC OPTIMAL-COST
SCHEDULING (POCS)

Using a probabilistic approach to arrive at a compressed
project duration not only makes betler use of the available
historical data, but it also provides additional information 1o
facilitate the planning process associated with the reduction of
a project schedule. As was previously staled, since there is no
absolute, provable, least-cost solution for a real project, a least-
cost schedule solution cannot be applied with any high depree
ol confidence and will be very difficult to achieve in practice,
The primaty difliculty with achieving such wvalues is the in-

ability to deterministically anticipate what the impact and out-
come of least-cost scheduling will be on the project.

Being able 1o determine which compressed project duration
is most likely to oceur, and the frequency of the possible al-
ternatives, enable detailed planning to be undertaken for this
schedule option. Additionally, it allows contingency planning
in the event that one of the other compression project durations
or critical paths is realized. This significantly reduces the el-
ement of surprise during project exccution and greatly in-
creases the chances of successfully completing the project in
the reduced time specified.

CONCLUSIONS

Based on the analysis, it was shown that the application of
the deterministic technique of least-cost scheduling to amrive
at the shortest possible schedule duration at the minimum cost
is a somewhat unreliable means of compressing a project
schedule, This unreliability stems from the fact that there is
no absolute, provable, least-cost schedule, because the actual
values for the activitics making up a project cannot be known
exactly unlil those activities are completed in the field.

Thus, it was necessary 1o develop a new, stochastic tech-
nique to more reliably determine a compressed schedule du-
ration and ils associated cost estimate for which the percentile
level could be quantilied, This new technique referred to as
POCS used discrete event simulation to simultaneously per-
form range estimating and probabilistic scheduling using the
historical data available for each respective activity. These re-
sults are then analyzed and related, in a statistically significant
way, to arrive at 4 compressed schedule duration and cost es-
timate ibat can both he peneraled and applied with a higher
degree of confidence than was possible without the availability
of this echnique.
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Abstract

This paper is a report on research that is part of a strategic study for the Japan Institute of Architects (JIA)
on the relationship between architects and their clients. In this paper, four research results are presented. The
first is a structural modeling of the relationship between the clients' satisfaction and architects’ services. The
second is an analysis of architects classified into two groups; design-oriented architects and manape-
ment-oriented architects, based on their actual services. The third is a review of the JIA's services standard,
and the fourth is an assessment of their services and strategies based on the Self-Diagnosis Sheet developed

in this study.

Keywords: customer satisfaction; architect; design services; client; sel-dingnosis

Introduction

This paper reports on research that is a part of a
strategic study for the Japan Institute of Architects
(JIA) regarding architects and their clients. The
background is as follows. Because of the variety
client of needs, there are paps between clients'
satisfaction and architects' services. As a result, the
number of clients who are not satisfied with their
projects is increasing. How architects cope with this

situation, is in fact one of our most important problems,

The purpose of this study i€ to grasp the present
situation and take measures to improve it The authors
carried out this study from 1995 to 1999 based on the
six steps below (Furusaka, 1998a; Furusaka, 1908 b;
Miisho, 1999a; Miisho, 1999b and Kaneta, 1999),

Step 1. Customer satisfaction (CS) research of
long-term clients.

Step 2. CS research of general clients,

Step 3: Classification of architects’ by type according
to their actual services and new directions,

Step 4: Investigation measures to mateh architects’
services to the client’s needs.

Step 5: Proposal concerning the architects' role in

Contact Author: Shuzo Furusaka, Dept. of Architeclure and
Architectural Systems, Kyoto Univ., Yoshida-H onmachi,
Sakyo, Kyoto 606-8501 Japan :

Tel: +81-75-753-5738 Fax; +81-75-753-5748

e-mail: furusakai@archi kyoto-u.ac.jp

(Received September 28, 2001 accepted Decomber 24), 2004

building production systems,
Step 6: Proposal of the Self-Diagnosis Sheet to assess
architects’ services and their stratepies.

In the American Institute of Architects (AIA) and
the Roval Institute of British Architects {(RIBA),
investigation research to understand what clients need
was carried out in order to construct the vision of the
architect of the 21st century and the professional group
of the future {AIA, 1993; RIBA, 1993). How satisfied
the clients are towards the architect is investigated in
Japan while the construction industry of Japan has
changed along with the diversification of building
activity (Mitsubishi, 1990). This research and its
results more clearly elucidate the form of this disparity
that exists between the architect's services and the
clients' satisfaction,

CS of Clients

The difference in social conditions or clients’
knowledge and experience causes a disparity in the
clients’ expectations and evaluations of the architects®
services. Adopling the concept of CS, the authors
define the architects® services, with which clients are
satisfied or dissatisfied regarding their projects.
The degree of CS is defined by the degree of the gap
between the client’s expectations and objective
evaluations (Fig.1). Services delivered by architects
are classified as follows:
* “Expected satisfaction” services: high expectli-

tions and high evaluations.
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*  “Unexpected satisfaction™ services: low expecta-
tions and high evaluations.

» “Non-satisfaction” services: low expectations and
low evaluations. '

*  “Dissatisfaction” services: high expectations and
low evaluations,

Managing “unexpected satisfaction™ and “dissatisfac-

tion™ services is given high priority,

Ewaluation: High
ey

| sasfaetinn Eupected saesluctionm |
L | & .II

KT ecalalca Rt Expretaiian:
——— - v - High
( i \

Diszalisfoction

Mon-satisficLaoi
4R

B P v e LT ] SRy T m—
Bvalusmn: Low
Fig. 1. The concept of CS
{Source: Furusaka, 199Ea)

The research was carried out on clients from June o
September 1995, and was carried out based on a
questionnaire format. The number of valid answers
was 98, (Furusaka 1998a) The services were extracted
from JIA’s “Standard Form of Architect's Services” in
1992 referring to three architects’ sugpestions.
According to the concept of CS, “unexpected

satisfaction” and “dissatisfaction” services were
- extracted (Fig.2).
Evaluatinn: Hagh
TN Y |
[ seherdibe cordral | [
desipgning |
malbpe o vovdrsdiw s bt ng
wmrstann af ksl n \
HlnIJu.I:H.-u malusmneri
o heni @ peryid ko
}
Expectaiian: i LT S U Expsectationr
Ly e P rra—_y ligh
5 ¢ "Ohanilslescion’ servicen
[ | bk od plainm g, \I
fewm st gt s e
| | cud woainal
: | prelimiesry gk
H i ealimak shudy I
| | | Ileras i all et tetdplcdien |

L milnkniase planning
Eiﬁ]—lir;!.inn: Law SR
Fig. 2. “Unexpected satisfaclion” and “dissatisfaction™ services
(source: Furusaka, 1998a)

The findings are summarized as follows:

* “Unexpected satisfaction™ services are “schedule
control”, “designing™, “advice for contractor se-
lection”, “variation of design”, . “construction
adjustment” and “construction supervision™.

* "Dissatistaction” services are “budget planning”,
“team designfinstruction™, “cost control”, “pre-
liminary estimate”, “estimate study”, “follow up
after construction”, and “maintenance planning”.

* These “dissatisfaction” services exist in cost

214 JAABE vol.l no.l March 2002

planning at the early stage of the project, cost
control during the project, in follow-up services
and in maintainability design.

* These dissatisfactions can be part of what brings
about the problematic gap in the relationship
between clients and architects,

Actual Services of Architects and Their New
Direction in the Future

As mentioned above, “dissatisfaction” services were
shown. It is demanded that architects not only deliver
without fail the high standard services expected by
clients, but also that they deal intensively with services
of which there is a low expectation, beforehand. In
order to do so, it is important that they show their high
quality services, that the clients are able to select
architects who can deliver to their expectations, and
that selected architects take the responsibility for
delivering them. In this chapter, the actual conditions
of delivery of services by architects are defined.

Basic Services of Architects

The research was carried out in August 1996 on
architectural firms that are members of the JIA. They
numbered 140. The authors define less than four
member architect firms as smaller firms, and more
than 100 as larger firms,

According to the JIA's Standard, there iz a distine-
tion belween basic services, which are always
delivered, and additional services, which are delivered
based on the needs of clients (Table 1. However, there
are also basic services which are delivered secondarily,
These are “team design”, “budget planning” and
“schedule planning™ at the early stage of the project:
and “puarantee apainst defects” and “maintenance
management” at the late stage of the project (Fig. 3).
Regarding the above services, there is often a serious
lack of information.

New Direction ol Architects

The services in which architects have the possibility
to expand their scope in the future could include the
following: “study/survey”™ “budget planning” “outline
proposal™ “outline planning” “preliminary estimate” in
the early stage of the project. This possibility is seen
among additional services especially.

Structural Modeling of Architects® Services and
Clients® Satisfaction |

A structural modeling  between  the  architects’
services and the clients’ satisfaction is made based on
the following assumptions: :

« It is possible for the clients’ satisfaction to
represent the characteristics of whole firms from .
the research data carried out on each client con-
cerning their project.

Shuzo Furusaka
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Table 1, Architects' Services

Architeets Seryices

ATCHItECs Services’

I_Team design B__M |14 Fumiliarity with Taws and ordinances B

2 Budget planning B - M |15 Explanation for third party A

3 _Schedule planning B M| 16 Construction contract B J‘-'I_

4  Outline proposals A I HI1T Construction cost aocounting B

3 Sty [/ survey A D {18 Alternative proposal A

6_Outline plannin A__ D |19 Construction adjustment B

7 _Preliminary estimale A M |20 Confirmotion and investigation B

B Project intentions B D (121 Negotiation with neighborhood A

9 _Scheme design B D22 Adviee for maimenance B D

I Documentation (sheme design) B D HEE Guarases apainst defects B

L1 Construction cost (scheme design) B M |24 Successive investigation A
B Addition and reconstruction planning A D

12 Detniled desi M |[25
13" Construction cost (deiailed E_I,E.ni B M

B: Basic services { A: Additional services ¢ M, Management services / 1 Design services

.... B L ate = 1T R f—

B4 Formed s in Lrves and e ne ks
e e R T T T [ e T Yo ey
1% Confmsioe's el e

14 Comeirucson Wit T RS T B I R ey e ] e

E: Ty projest inention
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1; Bciushik phwning e r—
e I T

1 Ovpgwimtion of the project kesm

Trrrre B 8 ¢ i e o B 5. 5 e et 2 e e e

Fig. 3. The Condition of Dlivering Services {source; Miishe, 1999a)

& It is equally possible to define the clients’
direction.

* It is possible to evaluate the service quality based
on the number of delivering firms. :

Structural modeling of the gap between the architects’
services and clients® satigfaction

“Unexpected satisfaction” services and “dissatisfac-
tion” services are defined in Table 2. A structural
modeling of “the ratio of the firms delivering the
service” is made. That is, the sum of the ratio of the
firms delivering primarily and secondary with relation
to the clients’ satisfaction, The modeling is carried out
according to the following hypotheses:
« JIA, as with all architectural firms, do not deliver

in the same ratio for each service,

* There is a difference between services delivered
primarily and secondarily. For example, if the ratios of
the firms delivering two different services are the same,
clients place a higher evaluation on the service that

JAABE vol.1 no.1 March 2002

| Mideliver mandy . Bl deliver secondly Bino delive |

Tl T ——— A L e e

firm mainly delivers.

The results of the scatter diagram are shown in Fig.
4. The numbers in Fig. 4 are in accordance with those
in Table 2. “Unexpected satisfaction™ services (12, 20,
19, 9 and 16) are plotted on a straight line in the
upper-left of Fig. 4. By making a single-regression
analysis about them and inserting that result, a resulting
straight line is gained - the architects’ delivery line. This
indicates the direction of service delivery of the JIA.

Architects’ delivery line is defined by the equation
as follows:

afmain + bfsub = ¢ (1)
where a=1,b=1.07 c=9934
0 =dmain = 9934, 0 Shub = 92.84 (2)
where .
Jmdin: the ratio of the firms delivering primarily
Jud: the ratio of the firms delivering secondary

Shuzo Furusaka 215



B2l H (dt2bH)

B iR AR OK B

04 BERE N+ FHEE A BH B

Fi gl © TIRERASERT
BHE : EEEOET

Table 2. Delivery of Archilects’ Services

jEvulualiun ! (S Research - =] Architects' Services Deliverin
nexpected |Sehedule control i — schedule planning 55
satisfaction [Designing — | 9 Scheme design More
Designing/Variation of design —+ | 12 Detailed design More
Advice for constructor selection |~ | 16 Construction contract More
Construction adjustment =+ [ 1% Construction adjustment hore
Construction supervision — | 20 Confirmation and investigation More
15~ sstimate study s onstruction cost accounting ore
satisfaction |Cost contro) — |13 Construction cost (detailed design) Diversity
Preliminary estimate — | 11 Construction cost (scheme desipn) Diversity
[Follow up after completion — | 25 Addition and reconsiruction planning Diversity
Maintenance planning —+ | 22 Advice for maintenance Diversity
Follow up after completion — | 23 Guarantee apainst defects Less
Cost control =+ | 7 Preliminary estimate Less
Maintenance planni — [ 24 Successive investigation Less
Wgﬂ'ﬁfﬁH_'_—l | 2 Budgef planning Less
Team designfinstruction = |1 Organization of the project team - Less
[ * The services dealt with in the analysis are made
e F@‘;_ Maln Delivery fifms. into a structural model made up of three groups.
i ﬂ%_ gLl perpecics Rl B 100 | Group 1: {L{r{expmt-::d satisfaction) Services meet-
F 151 hf e i The i © ofacqontiay dallvary Fens i high. ing the conditions of (1) to (3). ‘
Z g '-*u:.,,-&f’ﬂ’.--t'-"- S ket 17 Ef—!‘"’m“mmu- e Group 2: Dissatisfaction) Services with a high ratio
: FlEL Bl : B Unespected s ﬁmm of firms delivering secondary.
Eow L “E: : Group 3: (Dissatisfaction) Services missing from the
a % "'~-+: Vel L prehiiec defivery line number of firms delivering.
Ha nrlhellw:rl g fimns|ie ex remoly low,
I;J‘i atigfhetlon: T o . R 3 :
o Architects Classification According to Their Own
o | B B0 A0 100 PEI‘E-EPLEGHE
i anuofishy (%] Architectural firms can be classified according to

Fig. 4. Distribution of “Unexpected Satisfaction” and
“Dissatisfaction” Services

The regression is carried out under unstable condi-
tions. Therefore the authors give the value of “c” as
+/-5 points. “Dissatisfaction” services do not meet the
condition of the equation below:

J=almain + bisub
whete f Zc,a=1,0=1.07,¢=9434

The ratios for [23, 7, 24, 2, 1] do not meet the
condition of (3). The low the number of delivering
firms causes the clients’ “dissatisfaction”. In the
services which met the conditions in (3), it is expected
that the difference between “unexpected satisfaction™
services and “dissatisfaction™ services can be
connected with the ratio of the firms delivering
primarily or secondary. The cutoff point that classifies
these services into two is the ratio, 20%. “Unexpected
satisfaction” services and “dissatisfaction” services are
divided at this cutoff point. To summarize so far:

The direction of delivery services of the JIA for
each firm is defined as the Architects’ delivery line
according to the equations (1) and (2).

(3}

216  JAABE vol.l no.l March 2002

the difference in their degree of emphasis on design
content. A structural model can then be made between
each type of architectural firm and the clients’
satisfaction. Steps of the classification are as follows:
Arrange |1 design contents characterizing firms in
Table 3 from the characteristic content from de-
sign factors to management factors, and assign
them standardized points.

Seek architectural firms opinions on comparisons
and ask them to assign the content an evaluation
degree from 1-5.

Based on the above data, calculate the degree of
emphasis on each content in the design process
using the Analytic Hierarchy Process.

According to the consistency index, evaluate the
consistency of architects’ answers. There are 66
firms who gave valid answers.

Multiply the standard points of each content by the
degree of the emphasis, and then, sum the total.
This value is the score for the index of de-
sign/management.

Divide into three categories between the high
scores and the low scores. The three categories are
named Design-Oriented Group, Moderate

Shuzo Furusaka
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Table 3. Design Contents

Dalivar sooondly {5)

Fig-. 5. Distribution in each group

Orientated Group, and Management-Oriented Ciroup.
Based on the above steps, the 66 firms were classi-

fied with 15 firms as Design Oriented Group, and 25

firms as Management Oriented Group. The results of

the scatter diagram of the services are shown by group
in Fig, 5. The characteristics of each are as follows:

Design-oriented Group

* The ratio of the firms delivering “unexpected
satisfaction™ services is high. This is especially so
with nearly all the firms delivering “construction
contract” “investigation™ and “detail design”.

¢  The number of the firms delivering services with a
low delivery ratio is minimal, but larger than that
in the Management-oriented group, These are
“team design” “budget planning”, “preliminary
estimates” and “guarantee against defects”,

Management-atiented Group

* The ratio of the firms delivering “dissatisfaction”
services is high compared with the De-
sign-oriented group.

* The number of the additional services that meet
the conditions of (2) is larger than that in the
Design-oriented group,

To summarize so far:

* In the Design-oriented group, there are differences
in the number of firms according to their services,
Many firms deliver the services that they have the
primary capability of carrving out (good tield), but
on the other hand there are many services of which
the ratio of the firms delivering is extremely low.

* In the Management-oriented group, there are few
services of which the ratio of the firms delivering

JAARE vol.l no.l March 2002

Rank Contents Standard point{ Bank Contents Standard point
I [Design 100 7 |Advice for maintenance 40
2__[Consulting at early stape 90 ‘B [Meighborhood 30
3 |Environmental symbiosis 80 9 |Fonmula of procurement 20
4  |Safety 70 10 |Cost planning 10
5  |Practicality i} 11 |Schedule control ¥
6 [Constructability 50
N . |3¢!l.5;1nn-l.:-n1|.ﬂ.!,mup- | Flansgeingil m.rmd Rroup YN
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@ M 40 & B W N 8 2 & B0 B |00

Dedfiver secondly {%)

s extremely low.

The Problems of the JIA and its Architects

Analyzing the architects® services in terms of 5,
the results are as follows:
» Basic Services

All “unexpected satisfaction” services are basic
services. This shows that clients’ have low expecta-
tions for them. If the JIA continues to maintain them as
basic services, it is important that the client under-
stands that the architectural firms primarily deliver the
basic services and that clients then have a standard
reliance and expectation regarding the firms. For the
basic services of which the ratio of delivering firms
does not meet the conditions, it is important to classify
the architects into the Design-oriented group and the
Management-oriented group, and to make the
differences of basic services that are applied to each
group.
*  Additional Services

There are two strategies reparding the additional
services for which clients’ expectations are high. First,
with respect to changing the additional services which
are expected to be high, to basic services, the JIA can
change the perception of architects, thus multiplying
the number of firms delivering. Second, the JIA can
continue o maintain them as additional services, and
each firm can provide a high quality of delivery.
*  New Architectural Services

There is no “unexpected satisfaction” among addi-
tional services. It is important to create new additional
services in high potential demand areas.

Shuzo Iurusaka 217
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Self-Diagnosis Sheet
The Purpose of the Self-Diagnosis Sheet ;
The purpose of the Self-Diagnosis Sheet is follows:

* To ascertain the position of each firm within the
firms in the JIA
* To confirm the direction of service areas to

provide in the future
To ascertain definite goals in specific service areas
* To verify definile strategies to be developed

The Composition of the Self-Diagnosis Sheet

As has become already obvious, the service in
which the client is dissatisfied is that deemed
necessary at the beginning of the project process and
also that after its completion. This specifically refers to
the services regarding cost, management of the project
team, and the aftercare carried out after completion. As

shown above, aiming towards unifying firms design
and management goals, and emploving different
services standards for each aim are seen to be
effective. N
- In addition, when the firm carries out a Self-Diagnosis,
it is appropriate to do so from the perspective of both the
projects process in business areas provided, (Early stage,
Middle stage, Latter stage), and the type of services
(design services/ management services). Thus, 50
areas of service, including new services, which the
client could see as worrying, have been arganized into
the Self-Diagnosis Sheet from 1-10 in each of the
major categories of 1-5. {Table 4.)

1. Design services at the early stage (the creation of
Requirement For Proposal (RFP) business plan/ future
facility plan).

Table 4. The Siructure of the Self-Diagnosis Sheet

Checklisl fo aicertain user needs

1. Kirer

Hequireman

thening oF briefing/ programining

Checklis 10 umlerstund laws aed regulations

1 far propozal
[Desipn services
al the

Early stnge 2
Buseness plan

i)
q
3
i
2
3

Checklist o azcentnin other envisannientnd and social condilions
An manwal for
Husiness plan consultntion
— = T
Finange plan congultotion

ilie crention of Roguirement Fos Praposal

Fubure fiscility plnn

Facilaty management consubtmion, including futre tacility plans
4 ll"m:ﬂhln.' boak far seitlng biilding grades

3 _|Crention of planning propasal report

| |Docusieited consensus of design content with client

3

|Prescntation techniguee towands olient
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Design and draf)
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Strengthening of CAD in ereation of deawipgs
fstrengihening of dataliase of design information

DS

at the

|[En frceiment within range of supervising contracl
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2. Design services at the middle stage (design and
draft/ quality assurance of design).

3. Management services at the early stage (manage-
ment of project team/ planning and control of project
budgets)

4. Management services at the middle stage (cost
engineering, construction management)

5. Design and management services at the latter stage
(maintenance/ inspection and renewals)

The selection of the 50 areas of services were
carried out in cooperation with professionals following
the trends of the AIA and RIBA (AIA 1993, RIBA
1993), and by referring to the author’s research
(Furusaka 1998b, Miisho 1999a), and was produced so
that it could be used as a guide for the firms to expand
their provided areas. Also, as services at the latter stage
are difficult to seperate into design and management,
they have been grouped as one.

The Self-Diagnosis Sheet questions the service

situation in the above main catepories. Each question
requires an answer of “1- always providing”, “2-
sometimes providing”, or “3- not providing”. For those
that answered either | or 2, a specific comment
regarding the situation is required for each. The data
gathered from these five categories will be plotted on a
radar-chart {Fig, ).

Ascertaining the current situation and confirming
effectiveness through the Self-Diagnosis Sheet.
Surveys using the Self-Diagnosis Sheet were carried
out in 1998 and 1999 on members of the JIA. Returned
sheets numbered 74, and the results were as follows:

* There is a lendency for the degree of services
provided to be low in both design and manage-
ment at the early stage.

* The degree of services provided was especially
low in business plan/future facility plan, and the
carrying out of CM services.

* Areas with a high degree of services provided
were design services, and management services at
the middle stage.

® This was particularly high in the area of the
creation of a planning proposal report, with most
firms providing them,

* There is a tendency for larger firms to provide to a
wider service area (Fig, 6).

* In contrast, there is also a tendency for smaller
firms to provide more to a smaller concentrated
area,

* There was a tendency for smaller firms to place a
particularly high weight on design and draft in
design services in the middle stage. Also, firms
specially concentrating on design services at the
early stage in business plan/future facility plan,
design and management services at the late stage,
and in inspection and renewals were also noted,

* Each firm can recognize its strategy among the
JIA members. The services and categories to be

JAABE vol.1 no.1 March 2002

enhanced in future practice can be focused on. So
the effectiveness of the Self-Diagnosis Sheet
therefore can be confirmed, as these tendencies
appear to conform to the above.
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i I
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|
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Fig. 6. Example of a Firms Self-Diagnosis

Conclusions
[n this paper, the relationship between the architects'
services and the clients' satisfaction was analyzed.

Then, the difference of the services among each group

of the architectural firms was clarified at present.

Finally, the method of self diagnosis regarding the

services was proposed and the behavior of the JIA

members were analyzed. The findings obtained in
this analysis are as follows:

* Services found unsatisfactory by the client are
those deemed necessary at the beginning of the
project process and after its completion, and
cost-related services.

*  The direction of service delivery of the JIA and the
clients' satisfaction are clarified. It is possible to
classify the services, which are regarded as those
of "Unexpected satisfaction” and "Dissatisfaction”
by the clients, into three groups to express the
characteristic of each.

* A pap is found among the expectation of the client,
the JIA's standard form of architects' services and
the actual delivery of the services.

*  The direction of service delivery by each group of
architects iz obtained from the analysis of their
policy. The difference among their direction is
found by analyzing their vision regarding the
future,

* Based on the results of the structural analysis, the
review of the JIA's standard is presented including
the creation of new services.

»  With these results, in order for the firm to create a
future strategy plan a “Sheet” was created for
firms to carry out a Self-Diagnosis.

* By employing this Sheet, not only could the
authors ascertain trends in services provided to JIA
members, but its effectiveness was also confirmed,
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Table 11

0.1
02
03
04
0.5
0.6
0.7
0.8
0.9
1.0
1.1
12
13
14
1.5
1.6
1.7
18
1.9
2.0
7 |
22
23
24
2.5
2.6
27
2.8
29
3.0
31
32
33
34
3.5
3.6
3.7
38
39

DAl

CHEAL

\..I

- A B

RAT - TREPHIATCAT
BiE : TR (T)

_.

0539828
0.579260
0.617911
0.655422
0.691462
0.725747
0.758036
0.788145
0.815940
0.841345
0.864334
0.884930
0.903199
0.919243
0.933193
0.945201
0.955435
0.964070

0.971283

0.977250
0.982136
0.986097
(.989276
0.991802
0.993790
0.995339
0.996533
0.997445
0.998134
0.998650
0.999032
0.999313
0.999517
0.999663
0.999767
0.999841
0.999892
0.909928
0.999952

0.503989
0.543795
0.583166
0.621719
0.659097
0.694974
0.729065
0.761148
0.791030
0.818589
0.843752
0.866500
0.886860
0.904902
0.920730
0.934478
0.946301
0.956367
0.964852
0.971933
0.977784
098257
0.986447
0.989556
0.992024
0.993963
0.995473
0.996636
0.997523
0.998193
0.998694
0.999065
0.999336
0.999533
0.989675
0.999776
0.990847
0.999896
0.999931
0.999854

CD(z)=P(Z£z):EJ;Tr

0.547738
0.587064
0.623516
0.662757
0.698468
0.732371
0.764238
0.793892
0.821214
0.846136
0.868643
0.888767
0.906582
0.922196
0.935744
0.947384
0.957284
0.965621
0972571
0.978308
0.982997
0.986791
0.989830
0.992240
0.994132
0.995604
0996736
0.997599
0.998250
0.998736
0.999096
0.999339
0.999550
0.999687
0.995784
0.990853
0.999900
0.999933
0.999936

b 5- 1-957

0.551717
0.590954
0.629300
0.666402
0.701944
0.735653
0.767305
0.796731
0.823815
0.848495
0.870762
0.890651
0.908241
0.923641
0.936992
0.948449
0.958185
0.966375
0.973197
0.978822
0.983414
0.987126
0.990097
0.992451
0.994297
0.995731
0.996833
0.997673
0.998305
0.998777
0.999126
0.999381
0.999566
0.999698
0.999792
0.999858
0.999904
0.999936
0.999958

0.555760
0.594835
0.633072
0.670031
0.705401
0.738914
0.770350
0.799546
0.826391
0.850830
0872857
0.892512
0.909877
0.925066
0.938220
0.949497
0.959071
0967116
0.973810
0.979325
0.983823
0.987455
0.990358
0.992656
0.994457
0.9958535
0.996928
0.997744
0.998359
0.998817
0.999155
0.999402
0.999581
0.999709
0.999800
0.999864
0.999908
0.999938

0.999959

7

0.519939

0.559618
0.598706
0.636831
0.673645
0.708840
0.742154
0.773373
0.802338
0.828944
0.853141
0.874928
0.894350
0.911492
0.92647]
0.939429
0.950529
0.95994]1
0.967843
0.974412
0.970818%
0.984222
0.987776
0.990613
0.992857
0.994614
0.993975
0.997020
0.997814
0.998411
0.998856
0.999184
0.999423
0.999596
0.999720
0.999807
0.999869
0.999912
0.99994]
0.999961

L=

-u
2 du

0.563559
0.602568
0.640576
0.677242
0.712260
0.745373
0.776373
0.805106
0.831472
0.855428
0.876976
0.896165
0.913085
0.927855
0.940620
0.951543
0.960796
0.968557
0.975002
0.930301
0.984614
0.988089
0.990863
0.993053
0.994766
0.996093
0.997110
0.997882
0.998462
0.908893
0999211
0.999443
0.999610
0.999730
0.999815
0.999874
0.999915
0.990943
0.999963

0.532922

0.3567495
0.606420
0.644309
0.680822
0.715661
0.748571
0.779350
0.807850
0.833977
0.857690
0.878999
0.897958
0.914657
0.929219
0.941792
0.952540
0.961636
0.969258
0.975581
0.980774
0.984997
0.988396
0.991106
0.993244
0.994915
0.996207
0.997197
0.997948
0.998511
0.998930
0.99923
0.999462
0.999624
0.999740
0.999321]
0.999879
0.999918
0.999946
0.999964

0.531881

0.571424
0.610261
0.648027
0.684386
0.719043
0.751748
0.782305
0.810570
0.836457
0.859929
0.881000
0.899727
0.916207
0.930563
0.942947
0.953521
0.962462
0.969946
0.976148
0.981237
0.985371
0.988696
0.991344
0.993431
0.995060
0.996319
0.997282
0.998012
0.998559
0.998965
0.999264
0.999481
0.999638
0.999749
0.999828
0.999883
0.999922
0.999948
0.999966

0.575345
0.614092
0651732
0.687933
0.722405
0.754903
0.785236
0.813267
0.838913
0.862143
0.882977
0.901475
0.917736
0.931888
0.944083
0.954486
0.963273
0.970621
0.976705
0.981691
0.985738
0.988989
0.991576
0.993613
0.995201
0.996427
0.997365
0.998074
0.998605
0.998999
0.995289
0,999499
0.999650
0.999758
0.999835
0.999888
0.999925
0.999950
0.999967




