
dY 1. Solve the general solution of differential equations: - = y + 1 ( + a  10 A )  
dx 

2. Solve the general solution of differential equations: [x2D2 - 5xD + 81 y = 2 lnx . 

(1) find the determinant of A ,  (A /  = ?  (5 A )  

(2) find the eigenvalues and eigenvectors of the matrixA , (5 +) 
(3) find an orthogonal matrixQand Q-' , then diagonalize the matrixA , (5 K )  
(4) A'OO = ? (5 A )  
(5) If X(t) = Q(l) C is the general solution of the system X'= A X , find the 

fundamental matrix Q(I) = ? (10 +) 

4. Use the Laplace transform to solve the integral equation: 

y(1) = 3 + l:y(a)cos[2(t - a)]da (Mi 15 A )  

x'-2y'=1 
5. Use the Laplace transform to solve the initial value problem: 

X ' - X + ~ = O '  

X(O) = Y(O) = 0.  ( + a  15 +I 
6. If f (x) = x' for 0 2 x s 2 , find its (a) Fourier cosine series and (b) Fourier sine 

series. (+a 20 A )  



1. (IO%)SOIV~ ( y 2 - ~ ) h + x d y = O  with ~ ( l ) = 2  

2. (lS%)Find the integrating factor and solve : 

3. (10%) Solve the general solution y r  + 5yr + 6 ~  = e-" 

4. (15%) Find the eigenvalues and eigenvector of the matrix 

5. (lS%)Evaluate the integral 

ff[(y +z)dyclz+(z+x)clzk+(x+ z)dxdy], where s : x2 + y2 + z2 = 1. 
I 

X 
6 .  (15%) If f (x) = 1 --, 0 5 x < 2,  (a) find the Fourier coefficients (with full- range 

2 

expansions). @) Find the Fourier cosine series (with half-range expansions). 

cosxo 
7. (10%)Find the integral : r--+o . 

l + o  

8. (10%) Let F be a continuous vector field with continuous fust and second p d a l  

derivatives. Prove that V . (V x F )  = 0 . 



1. Solve the equation : *= 8x3y2 (10 points) 
dr 

2. Solve the equation : y" - 8y1+ 16y = Xsin(2x) + 3e4' (10 points) 

3. Sblve the equation : yn + 4y = f(t) ; ~ ( 0 )  = 1, ~ ' ( 0 )  = 0 ; 

(10 points) 

4. ?&u Taylor series method & I T  Fl%IaiF;le#zL% 4 @J$k%lfi : 

-=xy+t,  x(O)=l 
(10 points) 

-=ry+x  y(O)=-1 
dt 

6. Arandom sample of 50 suspension helmets used by motorcycle riders and automobile 

race-car drivers was subjected to an impact test, and on 18 of these helmets some damage 
was observed. Find a 95% two-sided confidence interval on the true proportion of helmets 
of this type that would show damage from this test. (10 points) 

7. A bearing used in an automotive application is supposed to have a nominal inside 
d,iameter of 1.5 inches. A random sample of 25 bearings is selected and the average inside . . 
iameter of these bearings is 1.4975 inches. Bearing diameter is known to be normally 

-distributed with standard deviation o = 0.01 inch. 
" (a) Test the hypotheses Ho: p = 1.5 versus HI: p # 1.5 using a = 0.01. (10 points) 

@) Compute the power of the test if the true mean diameter is 1.495 inches. (10 points) 

8. In a r,andom sample of 85 automobile engine crankshaft bearings, 10 have a surface finish 

roughness that exceeds the specifications. Does this data present strong evidence that thi 
propokon of ciankshaft bearings exhibiting excess surface roughness exceeds 0.101 State 
&dtest,the appropriate hypotheses using a = 0.05. . . (10 points) 
.,; . 

?. 

9. A rivet'is to be inserted into a hole. A random sample of n = 15 parts is selected, and the 

hdle . di&eter .. is measured. The sample standard deviation of the hole diameter . .. 
measurements is s = 0.008 millimeters. Construct a 99% lower confidence bound for $. 
(10 points) 



Table 11 Cumulative Standard Normal Ditribution 



Table I11 Percentage Points xk. of the Chi-Squared DLvibutlon 

1 .oo+ 
2 .01 
3 .07 
4 .21 
5 A 1 
6 .68 
7 .99 
8 1.34 
9 1.73 

10 2.16 
11 2.60 
12 3.07 
13 3.57 
14 4.07 
15 4.60 
16 5.14 
17 5.70 
18 6.26 
19 6.84 
20 7.43 
21 8.03 
22 8.64 
23 9.26 
24 9.89 
25 10.52 
26 11.16 
27 11.81 
28 12.46 
29 13.12 
30 13.79 
40 20.71 
50 27.99 
60 35.53 
70 43.28 
80 51.17 
90 59.20 

100 67.33 

v = degrees of freedam. 



1.For the sequence 18,6,23, 17, 10,3,8,14, show the merge sort step by step 
recursively (25%). 

2.Consider the following instance of the knapsack problem: n=3, M=20, @1, p2, 
p3)=(25,24,15) and (wl, w2, w3)=(18,15.10). Please find the maximum profit 
(25%). 

3. Given n numbers, use prune-and-search strategy to find its n/2 smallest element. 
(10%) 

4. (40%) 
(a)Describe the definitions of NP, P and NP-Completeness. (9%) 
@)Describe the concept of the Cook theorem. (6%) 
(c)Li the steps to prove a problem is NP-Completeness.(5%) 
(d)Show that the partition problem is NP-complete. Hint: The Sum of Subsets 
problem is a well-known NP-complete problem. (20%) 





Title no. 106-S34 

Behavior of Columns Constructed with Fibers and 
Self-consolidating Concrete 
by Hassan Aoude, William D. Cook, and Denis Mitchell 

A series of Ufull-scale uinl compression tesrs was conducred on One of the drawbacks associated with SFRC is that the 
reinforced concnle (RCJ sleel fiber-reinforced concrete addition of fibers to a lraditional conerete matrix can eause 
(SFRC) columns. The specimenr, which were demiled with problems in workayflily.15 TO solve this a highly 
varying amounls of transverse reinforcement, w e n  cast uring nowable self-consolida,ing (SCC) was used to self-comlidaring concrere (SCC) r h  contained variour qu~t i r ies  improve workability and offibers. The resullr demonrrr~~le lhal the addition offibers lends lo 
impmved load-carrying capnciry and posr-peak response. 
Furrhermore, Ihe addition offibers gnarly delays cover sp l lhg .  DETAILS O F  TESTS SPECIMENS 
The resullr also show ~hnr the addition ojsreelfibers can pninl ly An experimental program was condueted to investigate 
substiruu for the confinemen1 reinforcemenl in columns, rhereby the effect of S ~ C  on the response of subjected to 
impmving comfrucribiliry while achieving signijiccw confiement. pure axial compression loading. mien  full-xale RC 

columns, with various ratios of confinement reinforcement 
Keyword% bu b d i n g ;  columns; co~nemwl; c o w  reallng: duclilily; and wilhvarious fiber conLcnts, were conslructed and icsled. ulf-co~lidating roncrcle: rleel Lucn. The columns had an overall heiehtof 1200 mm (47.2 in.) Jnd 

INTRODUCTION 
Steel fiber-reinforced concretc (SFRC) is a composite 

material whose components include the traditional constituenls 
of portland cement concrete (hydraulic cement, fine and 
coarse aggregates, and admixtures) and a dispersion of 
randomlv oriented short discrete stecl fibers.' 

~~ , ~~~ 

Thc development of SFRC began in the early 1960s2 when 
r e s m h e n  rust studicd the concept of using steel fibers to 
improve the properties of ~onerete:~'~ ~incelhen,  the use of 
SFRC has gathered great inlerest, with research demonstrating 
the potential benefits that may lie in the use of the material 
in both slructural and nonstructural ap~lications?' Several 
reswchers have shown that steel  fib;;^ can improve m y  
of h e  ~ ro~er t i e s  of reinforced concrete (RC) including shear . . 
resistance, ductility. and crack c~n t ro i .~ . '~  The improved 
perfomunce tesuli from the ability of the randomly oriented 
fibers to mest cncks and the resulting improvements in the 
post-cracking resistance of the concrete. in addition, some 
research has bcen carried out on the potential of using steel 
fibers in combination with traditional steel r e i n f o ~ m e n ~ " ~ ' ~  

In high seismic risk regions, to improve confinement, 
closely spaced hoops often result in highly congested 
columns that mav cause problems during construction. The 
use of SFRC in such c o l b s  may a reduction in the 
amount of transverse reinf~rcement.'~ leading to improved - 
conslructibility. 

RESEARCH SIGNIFICANCE 
Although much rcse~ch cxisls on the s l r u c t d  appliwlions 

of SFRC, the potential of using this material in load-carrying 
slructuri elements has yet 6 gain wide acceptance. This 
experimental program has been undertaken to gain a better 
understanding of the performance enhancements that can be 

were 300 x 300 mm (11.8 x 1<8 in.) in cross sktion i i h  a 
30 mm (1.2 in.) clear cover. 

The longitudinal reinforcement consisted of eigbt 15M 
reinforcing bars (db = 16 mm [0.63 in.] and A, = 200 mm2 
[0.31 in?]), resulting in a vertical steel reinforcement ratio of 
1.8%. The transverse reinlorcement was provided by 10M 
hoops (db = 11.3 mm [0.45 in.] and A,= 100 mm2 L0.16 in.']). 
anchored with seismic hooks. The confinement details were 
selected using the provisions of the 2004 CSA A23.3-04 
~landard.'~ In all cases, the chosen hmp spacing for the various 
specimens was extended over the full height of the column. 

A-serles 
The A-series specimens were detailed in accordance with 

the confinement provisions in Clause 7 of the 2004 CSA 
standard, for columns having a ductility-related force 
modification factor Rd of 1.5 (convenlional conslruction). The 
confinement details areshown in Table 1 andFig. I(a) and2(a). 

Fig. I- .Reinjorcemetrr deroilsfor: (oJ A-series; (bJ B-Series; 
(cJ D-series; ond (dJ C-series specimenr. 
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The mnsverse reinforcement was provided by 1OM 
hoops, having sftaight bat extensions of 6db for anchorage. 
The spacing s of the 10M hoops was govemed by the bat 
buckling requirements of Clause 7.6.5.2, resulting in a 
required spacing of 240 mm (8.4 in.) (l&lb). This requirement 
is the same as the ACI code1 rqulrement (Section 7.10.5.2). 
Specimen A0 contained SCC concrete without any fibers. 
Specimens Al. A1.5, and A2 eontained SCC concrete wilh 
steel fibers at volume ratios of 1%. 1.570, and 2%. respectively. 

B-serles 
The B-series soecimens were detailed in aeeordance with 

the conlinemcnt drovisions in clause 21.7 of the CSA standad 
forcol~mnshavingR~of25 (mdcralely ductilecolumns).The 
conlincmentdctailsarcshown inTablc I and Fig. I@) and2(a). 

8-14M 

hoops 

I I I 
300 x300 mm 300 x 300 mrn 

(ll.8ln.xll.8m.) (11.8 in. x ll.8in.) 

(a) (b) 

Fig. 2-Cross-secrional delailr for: (0) A-B-D series 
specimens: and (b) C-series specimens. 

Table 1-Detalls of column spec lmens  

R ~ =  1.5 240 (9.45) 
A 7  CSA 

Spscimcn 

As per 

65 (256) 

CS A 

DO 
2.5 and 4.0 SO (3.15) 

The spacings of lhe 10M hoops was govemed by lhe bar 
buckling requirements of Clause 21.7.2.2.3, resulting in a 
required spacing of 120 mm (4.7 in.) (adb). Specimen BO 
was constructed wilhout any fibers. Specimens B1, BlS. 
and B2 eontained SCC concrete with steel fibers having I%, 
1.5%. and 2% by volume, respectively. 

Cross ssction, 
mm (in.) 

C-serles 
The C-series specimens were detailed in accordance with 

lhe more slringcni cor.finemcnt provisions lor ductile columns 
ofclause 21.4 in lheCSAs(uld;lrd(R~=4.0).Theconfinement 

Fibw 
contenl. % 

details are shown in Table 1 and Fig. l(d)bnd 2(b). 
Square- and diamond-shaped IOM hoops with seismic 

hooks were provided to ensure lateral support of eaeh 
longitudinal bar, resulting in an effective area of 
eonfinement reinforeement of 341 mm2 (0.53 in.2) in 
each principal direction. Clause 21.4.4.3 of the CSA 
standard is intended to provide a minimum degree of 
confinement of h e  core and also to provide lalenl support lor 
the longitudinal bars. Clause 21.4.4.2 of the CSA standard 
lakes into account the effecu of axial loading, reinforcement 
arrangement, member dimensions, cross-sectional area 
of transverse reinforcement, and material properties of 
the concrete and the transverse sleel.I8 These provisions 
resulted in a maximum hoop spacings of 65 mm (2.6 in.). 
Speeimen CO contained SCC conerele wilhout any fibers. 
Specimens C1 and C1.5 contained SCC concrele with steel 
fibers having 1% and 1.5% by volume, respectively. 

D-series 
The D-series specimens were detailed wilh a level of 

transverse reidorcement that is inlermediale between the 

Confinemen1 

requirements for Rd = 2.5 and 4.0 of the CSA smdud .  The 
confinement dcuils are shown in Table I and Fig. Kc) and 2(a). 

Tie spacing. 
mm (in) 

The transverse reinforcement was providedby   OM hoops 
at a spacing of 80 mm (3.2 in.). SpecimenDO containedSCC 
eoncrete without any fibers. Specimen D1.5 eontained SCC 
concrete with steel fibers in a quantity of 1.5% by volume. 

Materials 
Steel fibers-Hooked-end steel fibers were used to attain 

1% (76:8 kg/m3 [4.9 ib/ft31), 1.5% (1 15.2 k m3 [7 2 lb/ft31), ? ' .  and 2% fiber reinforcement (153.6 kg/m [9.6 lbllt3]) by 
volume of eoncrete. The fibers were made from cold-drawn 
steel wire and are deformed with hooked ends. The 0.55 mm 
(0.02 in.) diameler fibers had a length of 30 mm (1.2 in.) 
resulting in an aspect-ratio lld) of 55. The lensilestrength of 1 the fibers was I100 Nlmm (160 ksi). 

Conqrere-The concrete used in the various specimens 
consisted of a prepackaged SCC mixture. Table 2 lists the 
various SCC propedes as specified by the manufacturer. 
The mixture contained n maximum aggregate size of 10 mm 
(0.4 in.) with a sand-to-aggregate ratio of approximately 
0.45 and a waler-cement ratio (wlc) of 0.42 was used. 
Furthermore, the SCC product contained an air-enmining 
admixture, a high-range waler-redueing admixture, and a 
viscosity-modifying admixture (VMA), which were 
ineorporated into the mixture in the form of dry powder. 

Two batches of concrete (two casts) were used to 
produee the 13 reinforced concrete columns. Cast-l was 
used to produee the concrele for Columns AO-BO-CO. 
A1.5-B1.5-C1.5, and A2-B2. A second cast (Cast-2) was 
used for Columns AI-B1-CI and DO-D1.5. The 
compressive strengths fA were determined at the time 
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of testing the columns by testing 100 mm (4 in.) diameter 
by 200 mm (8 in.) cylinders. The modulus of mpturef, was 
de(ermined from flexural beams lhat were lesled in accordance 
with the ASTM C1018 lest melhod.19 Table 3 summarizes the 
concreteorooenies. Itis noted that the concrete suoolied bv 
the man;faiturer in Cast-2 had lower c ~ m ~ r e s s i v ~ ~ ~ l i n d ~ r  
strengths than that in Cast-I, due to a changc in the 
manufacturing process. Figure 3 shows typical compressive 
stress-seain relationships for the concrete produced in both 
casts. As can beseen inFig. 3, the additionof steel fibers has 
improved the descending branch of the compressive s m s -  
srnin responses. Figure 4 shows typical load-defleclion 
responses obtained from the flexural beam tests. As 
expected, the plain concrete specimens have no ductility 
with a brittle failure occurring when the first crack forms. 
The addition of sleel hbers, however. has transformedthe 
bride response of the plain concrete specimen by providing 
some significant post-cracking resistance, as seen in the 
descending branch of the load-deflection curves. 

Steel reinforcemenl-The propenies of the reinforcing 
steel are summarized in Table 4. Tension tests were 
petiomed on Uuee random specimens for each bar size. The 
longitudinal reinforcement had average yield strenglhs f of 
515 MPa (75 ksi), whereas the bansverse reinforcement had 
an average yield strength of 409 MPa (60 ksi). 

Workablllty of steel flber-reinforced SCC 
The L-box, slump-flow, and V-funnel tests were used to 

examine the influence of the fibers on the workability and 
flow characteristics of the SCC.'~ Tables 5 to 7 summarize 
the average results for the workability. As expected, the 
fibers reduced the workability of the SCC.  The results from 
the slump-flow and V-funnel tests indicate that the 1.5% 

Table 2--Concrete mixture proportions 

Mar dcnrily. kg/m3 (lb/ft)) I 23W (143.5) 

Coarse aggregate. kg/m3 (lblt') I 765 (47.7) 

Fine aggregate. kp/m3(lb/f?) 915 (57.1) 
Ratio fmcholal aggregates 

A" contcnl. % 

Table 3-Concrete propertles . 

ACI Structural Journal/MayJune 2009 
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scriu 

Cm1.l 

Can-2 

Table 4-Relnforclng steel propertles 

(a) Cast-1 
10 - 1.3% ----- 1% 

Reinlorring 
bar 
IOM 
ISM 

Fig. 3-Compressive stress-strain curves. (Note: I MPa = 
0.145ksi.) 

Fiber 
sontent, % 

0.0 
1.5 

2.0 
0.0 
1.0 
1 5  

0 05  I I5 2 25 
Deflection (mm) 

(a) Cast-1 
4 

....I..... 0y. 

Deflection (mm) 

(b) CaSI-2 

CornpnrrivcrtrsngIh 
fA I MPa (Lri) 

49.5 0 .2 )  
47.6 (6.9) 
45.9 (6.7) 
43.5 (6.3) 
4 2 6  (6.2) 
425 (6.2) 

Ultirnacc 
smin c. 

0.174 
0.165 

Yieldruess/y. 
MPa (h i )  

409 (60) 
51505) 

Fig. 4-Flexural load-deflection curves. (Note: 1 N = 
0.000225 kips; I mm = 0.039 in) 

Peakstrain 
cL 

0.0022 
0.W23 
0.0020 
0.W21 
O.WZ1 
0.W7.I 

Swain at 
hardening c d  

0.0095 
0.0194 

Modulurofrupturc 
fn MPi (kri) 

8.5 (1.2) 
10.2(1.5) 
8.8(1.3) 
7.7 (1.2) 
8.0 (1.2) 
8 5  (1.3) 

Ultimatcrllssr 
f,.MPa N i )  

640 (94) 
625 (91) 



fiber conlenl is an upper limit for a semi-workable mixture 
(rcfer to Tables 5 and 6). In &&tion. the mults of the V-funnel 
k t  suggest that the 2% fiber content is too high for this type 
of SCC mixture (refer to Table 6). Also it is noted that the 
smdard Lbox test for SCC was not an adequate testing 
method for SCC containing steel fibers (refer to Table 7). It 
is suggested that this test method should be modified such 
that the b u  size and the spacing between the bars matches 
the column reinforcement delails. 

During the actual casting of the columns, it was found that 
the 1% mixture was sufficiently workable, requiring no 
vibration, whereas the 1.5% mixture required some minimal 
vibration with a small 25 mm (1 in.) vibrator. On the other 
hand, the 2% mixture required significant vibration dur in~ 
plumentandit was noredredthat ace& amount of segregatioi 
had d e n  place at this high fiber contenL 

TESTING OF SPECIMENS 
Figure 5 shows some of the typical reinforcing cages 

before casting. The'cages for the A-series specimens were 
relatively easy to consuuct, whereas those for the C-serien 
specimens required significantly more effort and time to 
conswct due to the congested reinforcement. 

All of the column specimens were cast vertically. After 
casting the concrete, the specimens were moist cur* using 

Fig. 5-Typical reinforring cagesprior to caning. 

Fig. 6-A.tially loaded specimen prior to testing. 

352 

wet burlap and plastic sheers for a period of 5 days, after 
which the formwork was suipped. For the fust series of 
experiments, the first specimen was tested at 38 days, whereas 
the last specimen was tested at 48 days. 

All the specimens were tested under pure axial loading 
using an 11,400 kN (2600 kip) capacity MTS resting 
machine (refer to Fig. 6). Steel collars were placed at the top 
and bottom of each svximen to omvide additional confinement 
in the end regions. AII specim;ns were tested with a loading 
rate 012.5 kN/s (0.562kioIs) uo to a load of 3000 kN (674 kioI . . . 
and then displacement conml was uscd at a ma of 0 . k  
(7.9 x 15' inls). The tests then continued until the resistance 
of the given specimen dropped to 35% of the peak axial load 
or when the axial disolacement reached a value of 30 mm 
(1.2 in.). The intemal'load cell of the MTS testing machine 
was used to measure the axial loads that were applied to the 
column specimens. 

Four linear voltage differential transducers (LVDTs) were 
used to measure the axial deformations of each specimen 
under applied load and were placed vertically at the comers 
of each column over a length of 970 mm (38.2 in.). 

Electrical resistance strain gauges were used to measure 
the strains in the steel reinforcement. For each column, a 
comer b u  and a midside bar were insuumented at midheight 
of the column. Each insuumented lonpjtudind b u  h& a oair 
of strain gauges, with one gauge on theoutside of the bu ind  
the other on the insideof the bar, in an attemot to caature the 
onset of b u  buckling. The ins&menled hoops were located 
directly above the midheight of the specimens. 

EXPERIMENTAL RESULTS 
To account for the different concrete strengths in Cast-1 

and Cast-2, the normalized load-strain responses are used to 
compare the responses of the 13 columns. The normalized 
load P,, is computed as 

where PC is the axial load carried by the concrete:f;, is the 
compressive strength of concrete; and A , ,  is the net cross- 
sectional concrete area. 

Table 5--Results from s lump flow tes t  - 

Table &Results from V-funnel t e s t  - 
V-runnel lest -- 

Unruc Flow l ims  second3 2.7 3.9 11.9 now 

Table 7-Results from L-box t e s t  

- - Lbox l u l  -- 
Fibcrronanlvolumsntio, % 1 0.0 I - 1.0 I 5 ( 2.0 
Flow lime, rscondr -- - 1 3.0 1 Unruscsrrful (Iailurcof tcrl) 
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The axial load carried by the concrete, PC, is obtained by 
subtracting the force in the longitudinal bars h m  the total 
load. The steel force is determined at each load levcl by 
determining the stresses and forces in the longitudinal bars 
from the measured longitudinal strains. In the normalized 
load-shn curves. the strain corresponds to the average of 
thedeformations measured by the four LVDTs in the central 
970 mm (38.2 in.) region of each specimen. 

Summary of peak loads 
Table 8 summarizes the influence of confinement and the 

influence of fibers on the capacities. Table 8 gives the peak 
load PmtOe the peak concrete contribution PC, and the 
normalized concrete contribution-P,, for each column. To 
allow for a comparison of the capacities from the two 
different concrete balches, the P,, values are compared. 

For the specimens without fibers, as the degree of 
confinement increases, P,, inereases with values of 0.99, 
1.06, and 1.15 for Columns, AO, BO, and CO, respeclively. 
The influence of fibers on the concrete contribution is 
demonstrated by comparing the values of P,, within each of 
the series, A, B. C, and D. For example. the B series shows 
increases inP, from 1.06 for Column BO to 1.14 and 1.43 for 
Columns B1 and B1.5, respectively. This table shows the 
beneficial effects of i n m i n g  both the degree of confinement 
and the amount of fibers on the capability of the conerete to 
cany compression. 

Load-versus-strain responses 
A-series specitmns-The A-series speeimens were 

detailed in accordance with the basic confmement provisions 
of the CSA standard (Rd = 1.5) resulting in a tie spaeing s of 
240 mm (9.45 in.). The various columns contained a varying 
amount of fiberreinfommer.t. A compxiron ofthe nod- i l cd  
load-smin res~x)nse.s forthe four columns is shown in RE. 7(a). - .. 

Specimen LO had very little confinement due to the large 
spacing of the transverse reinforcement and, therefore, this 
column showed a sudden loss in load-canying capacity after 
the peak resistance was reached. Specimen Al, which was 
detailed with the same amount of transverse reinforeement 
but conlained 1% stecl fibers, showed an increased n o m a h d  
peak axial resistance as well as an improved post-peak 
response. These enhancements can be attributed to the 
improvement of the confiiement and the delay of cover 
spalling due to the presence of the fibers. Similar conclusions 
can be made upon examining the response of Specimen A1.5. 
which had a fiber content of 1.5%. 

Table &--Peak load-carrying capacltles 
of varlous soeclmens 

It is noted that the response of Specimen A2, which 
contained 2% fibers by volume, was not better than the 
response of the specimen constructed with a fiber content of 
1.5% (as seen in Fig. 7(a)). This reduced fiberefficiency may 
have been the result of segregation during the necessary 
vibration of the concrete and due to clumping of the fibers. 

B-series specimens-These columns had an intermediate 
amount of confmement reinforcement (Rd of 25; s = 120 mm 
[4.73 in.]) and varying amounts of fibers ranging from 0 to 
2%. A comparison of the normalized load-strain responses 
for the four columns is shown in Fig. 7(b). 

The tests conducted on the B-series specimens once again 
demonstrate that the addition of fibers weatlv imaoves the 
performance of the columns when compsed b the'specimen 
without fibers. An i n m e  in normalized ~eak axial resislance 
was observed in the fiber-reinforced specimens (refer to, 
Specimens B1 and B1.5). Furthermore, the columns 
containing fibers demonstrated improved post-peak response, 

I 
0.004 0.008 0.012 0.016 

Strain 

I 
0.004 0.008 0.012 0.018 

Smin 

(b) B-series specimens 

I 
0.004 0.008 0.012 0.018 

Swain 

(c) C-series specimens 

Fig. 7-Norrmlized load-strain resporzses. 
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with the ability to maintain a higher post-peak load capacity 
with increasing strain. 

The response of Specimen B2, which had a fiber content 
of 2%, had a lower peak load compared to the specimen 
conraining 1.5% fibers. This result demonstrates the reduction 
in fiber efficiency at this higher fiber content. 

C-series specimens--Specimens CO. CI, and C1.5 were 
detailed in accordance with the more stringent conlinement 
provisions of the CSA standard (Rd of 4.0; s = 65 mm 
(2.56 in.]). The various columns contained avxying amount 
of fiber reinforcement ranging from 0 to 1.5%. 

A comparison of the normalized load-shah responses for the 
lhree columns is shown inFig. 7(c).An increasein the noormalized 
peak axial resistance was observed in Specimen C15. 'Ilk 
improvement was not as signikicanl in Specimen CI. 

In lems of post-peak behavior. Specimen CO had an 
exceotionallv well-controlled resoonse with the onlv droo in 
capaky oc&ning after cover spailing. This can be ittribited 
to !he excellent dctailinc and dceree of confincment. ' h e  
columns containing fiLrs disFayed remarkably well- 
conmlled post-peak behavior. The observed enhancements 
in performance could be attributed to the influence of the 
fibers in delaying and minimizing the effects of cover spalling 
and, to a lesser degree, to the improved confinement. 

Load-versus-strain measurements  
In reinforcement 

Suains measured on the vertical reinforcing bars in 
Specimen A0 are shown in Fig. 8(a). The load-versus-strain 
responses show that the yield strain was reached in the 
insirumented comer bar. ~ l t h o u ~ h  lhe comer bar yielded, it 
dd not reach very large slrains due to the large spacing of the 

6000 
mid-slde (bside) 

Mia-strain 

(a )  Speciinen A0 

M icm-strain 

(b )  SpecimenA1.5 

hoops. Thegauges that were placed on the midside longitudinal 
reinforcing bar show that yielding was not reached due to 
the absence of lateral restraint (refer to Fig. 2(a)) and 
premature buckling. 

The measured strain response of Specimen A1.5 is shown 
in Fig. 8(b). The measured strains from the gauges placed on 
the longitudinal reinforcement demonslrate that the yield 
swain was reached in thecomer and midside bars.Theplots 
also show that much larger compressive strains were 
reached in the longitudinal reinforcement of this column 
before the droo in load-canvin~ caoacitv when comoared - - .  . 
to Specimen AO. It is interesting to note that both the comer 
bar and the rnidside bar experienced larger compressive 
strains on the inside faces of the bars than on the outside 
faces after the peak load. This provides evidence that these 
bars were buckling outward. 

Figure9(a) shows the measuredstrains in theinstrumented 
hoop neu the midheight of Specimen AO. The Eauge d n g s  
show that the hoop atthis lofation did not reach yield before 
failure in this poorly confined column. Figure 9(b) shows the 
measured strains in the instrumented hoop near the 
midheight of Specimen A1.5.The gaugeshows that the yield 
strain was reached in the lransverse hoop. % is noled that large 
tensile strains were measured as the column experienced rhe 
gradual decrease in load-carrying capacity. These result. 
demonshte that the steel fibers were able to improve the 
confinement of thiscolumn, which led to higherstrains in the 
transverse reinforcement and an improved response. Similar 
observations were made when examining the responses of 
the other fiber-reinforced speeimms. 

Gauge on 
50001 hoop , 1 

z 4 0 0 0  / 
-2 
3 3000 
B .- 
-,zoo0 1 
a 
< ,000 i 

: f y i e l d  slrain 

Oo 5000 10000 15000 
Micro-strain 

(uJ Specimen A0 

4 
Gauge on 

B i lransverse hoop 

< 1000 
: t y i e l d  strain 

Fig. &Measured strains in inidside and comer bars at Fig. 9-Measured strains in transverse hoop. (Nole: 1 irN = 
inride and outer gauge locations. (Nole: 1 irN = 0.2248 kips.) 0.2248 kips.) 
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Ablllty of flbers to substitute for confinement 
reinforcement 

Specimens Al.5, A1 versus Specimen 80-A comparison 
of the normalized responses of Specimens A1.5 and BO is 
shown in Fig. 10(a). It is noted that Specimen BO had a two- 
fold increase in the amount of transverse reinforcement 
when compared to the A-scrics columns. This response 
comparison demonskates that the addition of steel fibers in a 
column with minimum confinement reinforcement resulted 
in a column that had a level of performance that surpasses 
that of Specimen BO. In addition, Specimen Al ,  which 
contained 1% fibers by volume, showed a response that 
equaled or surpassed that of Specimen BO. 

Specimens Al.5, A1 versus Specimen DO--A comparison 
of the normalized responses of Specimens A1.5 and DO is 
shown in F~E. IO(b). Specimen DO had a ihree-fold increase 
in the amouit of transverse reinforcement when compared to 
Specimen A1.S. The response of Specimen A1.5 shows that 
ti& column was able tidissipate i n  amount of energy that 
was comparable to that of the specimen containing Lhree 
times the amount of transverse reinforcement. 

Specimens Bl.5, Bl  versus Specimen DO--A comparison 
of the experimenwl results of Specimens B1.5. B1, and DO is 
shown in Fig. Il(a). Although DO contained 1.5 times the 
amount of confiemenl reidorcement found in Specimens BI 
and B1.5, the fiber-reinforced specimens showed higher 
peak loads and im~roved oost-oeak responses. 

Specinen D1.5 Yersus S)ec&en C ~ A  comparison of the 
normalized load-swain resoonses of Soecimen D1.S and CO 
is shown in Fig. I l(b). ~decimen ~ l . ?  had a tie spacing of 
80 mm (4.7 in.). This column was able to mainwin a higher 
normalized load than that of Specimen CO (Rd = 4.0) up to a 
strain of 0.01 (after which its capacity dropped below that of 

Specimen CO, which continued to maintain its suength even 
at very high strains). This cornpaison shows that fibers can 
substitute for confinement reinforcement up to a certain 
point when compared to columns with ductile detailing. 

Effects of flbers o n  cover 
spall lng a n d  bar buckling 

Sudden cover spalling was observed in all the specimens 
that were constructed without fibers. For example, crushing 
was observed in Specimen BO (Fig. 12) near the midheight of 
the column soon after the peak load was reached. Similar 
observations were made for Specimens AO. CO, and DO. 

?his ex erimecwl progtam confirms observations made 
by Foste ;Is that cover spdling is delayed due to the prcsence 

(a) Specimen B1.5, BI verrur Specimen DO 

I 
0.004 0.008 0.012 0.018 

Strain 

(b) Specimen D1.5 versus Specimen CO 

(a) SpecimensAl.5, A1 versus Specimen BO 

I 
0.004 0.008 0.012 0.018 

Strain 
(bJ SpecimenAl.5, A1 versus Specimen DO 

Fig. 10--Non~mlized load-strain respo~ues. 

Fig. 11-Normalized load-strain responses. 

Fig. 1 2 i u d d e n  cover spalling in Specimen BO: (a) cmcking 
just prior to peak load; (b) crushing after peak loud reached; 
(c)  sudden cover spnlling; nnd (d) specimen at endof lesring. 
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confinemeng cover spalling, and bar buckling. In addition, 
SCC was used in an attempt to improve the workability of the 
SFRC. From rhis series of lesls, the following conclusions can 
be made: 

I. An addition of moderate amounts o( fibcrs to SCC can 
result in an adequately workable concnle mixture. Thwe is 
a limitina fibcr content (1.5% in this test p r o m ) ,  however. 
above which theSCC mutun: can lose much orils workability; 
leading to reduced fiber efficiency; 

2. The addition of steel fibers in reinforced concrete 
columns can lead to improvements, including an increase in 
peak load-cawing capacity of the column and a significant 
improvement h thc p6st-pcak responsc of thc column: 

3.Theresultsshowed that stcel fibcrs. LD to approximalelv 
1.5% by volume, can padally substit"te'for tk transversk 
reinforcement in RC columns and hence could result in 

Fig. 13--Gm&l cover Spouing in Specimen B1.5: (a) cmcking improved consuuctibility; and 
just prior IO peak iwd: (b) con!mUed cwhing; (c) grad& 4. It was observed that fibers transform the cover spalling 
spaUing of cover; wui(d) specimen at endof testing. from a sudden mechanism to a gradual mechanism. The 

addition of fibers, however, did not prevent bar buckling 

Fig. 14--Bar buckling in Specimen Al :  (a) bars pushing 
against large pieces of cover; (b) specimen at end of testing; 
and (c) bar buckling. 

of fibers. This enhancement is due to the ability of thc fibers 
to limit the progression of cracks in the concrete, thereby 
resul~iig in greater material integrity at large strains. For 
example. Fig. 13 shows the stages in cover spalling in 
Specimen B1.5. It can be seen that, with thc addition of the 
fibers. cover spallina was gradual and controlled. 

0b;ervatioL mad;: du r i2  testing, however, dcmonsuated 
that dthoueh the cover did not soall. the loneitudiml bus  
buckled. f w a s  observed that i e  bucklingbars pushed 
aeainst the SFRC cover that was still carrvine load but was - , - 
partially dclached from thc core. F1gurr14 shows a picture of 
the observed bar buckling in Spccimen A!. This dcochment 
was observed to occur more rapidly in the specimens with a 
larger spacing of lransverse reinforcement (such as the A- 
series specimens). 

SUMMARY AND CONCLUSIONS 
Thirteen specimens constructed using plain and fiber- 

reinforced concrete and containing varying amounts of 
transverse reinforcement were tested under pure axial 
compwion loading. These lesls examined the influence of 
several parameters, including the effect of fibers on 

from occurring. 
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NOTATION 
A ,  s nctmr-rsctional w n m l e  arca 
A, = cross-wctionrl m a o f  rvel reinforcsmcnl 
da = diamuer of steel reinforcsmenl 
f I comprerrivc rucngth of concrele 
f, = modulus of rvptureaf concrele 
f = ullimalc suers of rtcsl re idournenl  
f I yield rusrs of slsslrsinloiccmcnt 
PC I axial lord urricd by soncrets 
P, = normalized axial load 
P,.,A = Cowl applied axial load 
Rd = ductility-rslated forcs modification factor 
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Fig. 1. Prepmject plaoning proccss 

opuationd chmcteristics (Hunillon and Gibson 1996; Dumont 
ct al. 1997: Grilfith u d. 1999: Cho ct al. 1999). Success durine ., 
the derailed design, constructian. and sranup phases of a project 
depends highly on the level af effart expended during h e  scope 
definition phase and thc efficacy of the project scope definition 
pachge (Dumont et al. 1997; Cho et al. 1999). Although each of 
these research studies has focused on different owner organiza- 
tions and/or project types, significant similarities exist in the pre- 
project planning process. This anicle will address holistic findings 
of these studies as they apply to project management profession- 
als. The following discussion summarizes these five preproject 
planning research studies. including a brief ovewiew of tic meth- 
odology and analysis techniques. 

Study 1: Preproject Plannlng 

In 1991, the Construction Industry Institute (CII) chmered a re- 
search project "to find the most eflective methods of project defi- 
nition and wst estimating for appropriation approval." A research 
team wmposed of 16 industry practitioners (nine from owner 
organizations and seven from contractor organizations) and two 
faculty members was constituted to investiga~e this issue. This 
team help map the preproject planning process using the U.S. 
Air Folce~tructured Analysis and Design Technique (Gibson el 
al. 1995). y e  effort included an analysis of 62 capital projects 
that were ralldomly selected from a nominated pool of industrial 
projects offGed b i 2 4  owner organimlions. '~h i idara  sample rep- 
resented $3.4 billion in told proiccl wsts and included chemical. . - 
petrochemi~l, power, co~s,umerproducts, pelmleum refinery, and 
other manu pctunng fac~l~ues. The research team used a detailed 
questionnaire to quantify practice use and performance outcomes 
on these pnjjects and wnducted 131 smetured inferviews and 
h e c  projec case studies (Hamilton and Gibson 1996; Griffilh 
eta]. 1999)./ 

Preprojecf plamting was defined in this first study as "the pro- 
cess of developing sufficient strategic information with which 
owners can address risk and decide to commit resources to maxi- 

mize t ie  chance for a successful project" ( U I  1994). Other terms 
used in the industry for preproject planning include h n b e n d  
loading, front-end planning, feasibility analysis, programming1 
schemadc design, and conceptual planning. The research team 
devclopcd a process map for preproject planning as given in Fig. 
I. The preproject planning process can be summarized into four 
major sfeps: (1) organire for preproject planning; (2) select 
project alternative(s): (3) develop a project definitian package 
(which is the detailed scope definition of the project); and (4) 
decide whether 10 proceed with detailed design of the project 
(Gibson et al. 1995). 

Study 2: Front-End Planning 

CII assembled another research team in 1994 in order lo extend 
the previous research effort to allow owner and contractor wm- 
panies to better achieve business. operational. and project objec- 
tives (Gibson and Dumont 1996b). l l i s  !am consisfed of 15 
industry practitioners (eight from owner companies and seven 
from canuactors) and the academic research team. The goal was 
to develop effective and easy-to-use preproject planning manage 
ment tools. Tw6 objectives were established in order to reach this 
go& (1) quantify preproject planning effons; and (2) analyze the 
impact of the alignment of the project panieipants on a common 
set of project goals. 

'Ibis effon produced the Project Definition Rating Index for 
Industrial Projects (PDRI-Industrial) as a swpe definition twl. 
The PDRI is a weighted matrix will1 70 scope definition elements 
(issues that need to be addressed during preproject planning) 
grouped into 15 categories a d  funher summarized into three 
main sections. l l i n y - h e  pages of detailed descriptions 
d e h e  the 70 scope definidon elements (Gibson and Dumonr 
1996a). The development effon for this tool included input from 
more than 70 individuals during hee workshops, as well as the 
use of scope definition documents from I4 companies (Gibson 
and Dumont 1996b; Dumont et al. 1997). The team used input 
h m  54 experienced project managers and cnimators to weight 
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Flg. 2. Example PDRI-Indusuial score sheet for Category A 

each element based on its relative impact on overall project 
performance. 

Fig. 2 is an example of one of the I5 categories. "A. Manu- 
facturing Objectives Criterih" which includes the weights for 
each of [he element+ Fig. 3 is a represenlative example PDRl 
description for element "Al. Reliability Philosophy." When a 
project team uses the PDRl during preproject planning, it first 
reads the description of each element, assesses die definition level 
for each element based on the given description. and then takes 
actions to improve the scope definition of hose elements that 
present the greatest risks (indicated by the highest weights) to the 

(representing 19 contractor and owner companies) collected 
through structured interviews and hree workshops and an in- 
depth evaluation of 20 capital projects. Ten critical alignment 
issues were identified to have significant impact on project align- 
ment and on the potential for project su~cess. A linear regression 
analysis demonstrated that alignment was positively related to 
project success for this sample of 20 capital projects. The research 
results show that achieving and maintaining alignment is a key 
factor in preproject planning and in achieving project success 
(Griffih and Gibson 2001). 

S t u d y  3: Office of Faclllty Planning 
a n d  Construct ion (OFPC) 

The University of Texas (UT) System OFPC commissioned this 
study lo address early project planning on Universily of Texas 
System capital projects. The objectives wcre: (I) to describe the 
performance of OFPC capital projects completed from 1990 to 
1995 and use the results as a baseline for improvemenl; (2) to 
describe the extent of preproiect planning performed on these . . - .  - .  

project. projects; and (3) to provide recommendations for improving the 
The all0ws a project team quantify completeness early planning of UT System capital projects (Gibson et al. 1997). 

of a project's scope definition. The m i m u m  score is 1,000 Inlormation from 37 building projects, representing approxi- 
~ i n t s ,  and a lower swre represents a more complele scope defi- mately $402 million of total constructed cost, was collected. n t i s  
nition (Gibson and Dumont 1996b). The PDRl was inilially vali- sample, which included new, and engin-nd 
dated as an eflective swpe definition twl using a sample of 40 specialty projects, was based on preproject plan,,i,,gpm- 
industrial projects, representing approximately $3.3 billion (Du- tice as well as project perf-ance in terms of cost, schedule. 
mont et al. 1997). An additional 22 projects were collect* and connact variables impacting schedule and wst  
through Cll's Benchmarking and Metrics program, resulting in a changes were identified and analyd. 
total of 62 induslrial projeers for this effort. Project pedormance This third study specifically investigated the relalionship be- 
ad PDRl data were r m ~  the projects ad tween the preproject planning effon expended and project perfor- 
showed that thePDRI score and project success wereslatistically mance melrics. Descriptive analysis of ,,dance, 
related: that is, a low PDRl score (repmenling a better-defined and qualitative methods were used in the analysis. A facility pro- 
projeu scope definition package just prior to dedled design) tor- gmming guide process was developed to help improve future 
relates to an inc-ed probability for project s u m s .  Project sue- planning efforts, the capital budgeting process for O ~ C  was 

was quantified based On performance, schedule perfor- modified to put more emphasis on scope definition. Some of the 
man=, penenwe of design capacity (volume. yield, etc.) key conclusions from [he were [hat, for [he sample 
obuined at 6 months, and p l ~ t  utilization attained at 6 months projects, cost and schdula for approval 
(Wang 2002). were often poorly defined and umalistic, and a lack of early 

This second research investigation also a n a l y ~ d  the deme  to rqubements determination or definition between planners 
which the slated project goals supported the business needs of the and project sponsors led to a number of design and constnrction 
organization and the degree to which the goals of the owner's changes initiated by end users during the uecution phase, 
business, project management. and operations personnel, as well 
as kev contractor oenonnel. suooorted these stated ~roiect aoals. . .. . -  - 
The term olignntenr was used to describe "he condition where 
appropriate project participants are worldng within acceptable 101- 
m c c s  to develop and meet a uniformly defined and understood 
set of project objectives" (Griffith and Gibson 2001). This analy- 
sis was based on input from more than 100 industry participants 

Flg. 3. Example PDRI-Industrial element description -- 

Study  4a: PDRI-Bulldings 

The first PDRl (Study 2 above) was developed specifically to 
measure the completeness of industrial project scope definition 
and has been widelv used as a pl&g twl bv the industry. In - 
response to req~ests from its members, C11 commissioned a sludy 
in 1997 lo devcloo a similar tool for buildinc nroiects (Cho el al. -. . . 
1999; Cho and Gibson 2001). This effon was chartered to de- 
velop a user-friendly and generic twl for measuring project scope 
definition for commercial and institutional buildings and then to 
validate the tool through testing on sample projects. A team con- 
sisting of 17 induslry practitioners (eight hom owner organiza- 
tions and nine from contrac~ors) provided guidance to the 
academic researchers. 

This study led to the development of the Project Definition 
Rating Index ior Building Projects (PDRI-Buildings). rile PDRI- 
Buildings consists of 64 scope definition elemcnts in a weighted 
checklist iormat, which are grouped into 11 categories and further 
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Fig. 4. Example PDRI-Buildings swre sheet for Category G 

summized  into three sections. It is very similar in formal to h e  
PDRI-Indusuial. Thirty-seven pages of detailed descriptions de 
fine h e  64 scope definition elements (Gibson 1999). 
The dcvelo~mcn~ dfon for lhis t w l  included seven workshops 

and inout from nlore than 100 individuals. includinc engineus. - - 
architects, and oher indusy directly involved in 
planning and uecuting building projects. The ream used input 
from a b r a d  range of consuuction indushy expeW in a series of 
indusuy-practitioner workshops to weight each elanent based on 
its relative impact on overall project performance. Higher weights 
were assigned to hose elements whose lack of definition could 
have h e  most serious negative effect on project perfonnancc. 

Fig. 4 is an example of one of h e  11 categories. "G. Equip- 
 men^" which includes h e  weights for each of the elements. Fig. 
5 is a represenlative example PDRI description for element '52.  
Equipment Localion Drawings." 

PDRI-Buildings was tested on completed projects to validate 
its viahility as a predictor of project success (Cho and Gibson 
2001). A data sample of 33 projects from 10 owner organizations 
was collected. and h e  relationship between PDRI, scores and 
project performance was analyzed using regression pnalysis, 
nnalysis of variance. and qualitativeassessments. PDRI-Buildings 
swres were computed for each project at a point in timejust prior 
lo development of wnsuuction documents and compared to com- 
pleted project success criteria. such as wst  and schedule perior- 
mancc (note ha t  this was an after-he-fact evaluation, so h e  
PDRI assessments were based on h e  project participants' memo- 
ries of what was known at h e  time). Analysis results revenled a 
signifieant difference between projects w i h  a lower PDRI score 
(better preproject planning efforts) and projects wih  higher PDRI 
swres in t e r n  of wst, schedule, and change order performance. 

S t u d y  4b: PDRI Benchmark ing  Study 

Since its introduction in 1999, h e  PDRI-Buildings has bccn 
widely used by indusy practitionen and has proven to be an 
effective tool for m p e  definition of building =lor capilal 
projeets. One institutional organization (which prefen to remain 

GZ. EqvipmrntLoulionDrswingr 

Equipment Irrsatiodmgcmcnl draHingr idsntifj lhs specific I d o n  
olcacb itom olcquipment in a p a j a  Ihsw drawings should iden@ 
ilcmsllyh~: 

R P h  andclcvdlionvinvrof auiemolt and d d o m  
0   ad on ofcquipmsnt mms. ' 
0 Physical suppoltlrquknv.t(~p., hlallalion boll panmu) 
0 Cmdnaw or lowuonofall mrjor equipmal 

Flg. 5. Example PDR1-Buildings element description 
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Table 1. Prepmject.Planning EifoK Sununary 

Repraentd 
Year study Number of cost 

k w h  suldy completed projecls (US. billion 5)  

Study 1: Preproject 1994 62 3.4 
planning 
Smdy 2: Fmnl end. 2W1 62 3.8 
planning 
Study 3: OFPC 1997 '37 0.4 
SNdies 4a and b: 1999 and 2001 78 1.1 
PDRI-Buildings 
and benchmarking 
Total 239 8.7 

anonymous) approached researchers at UT and expressed interest 
in deploying h e  PDRI for heir large capital progmn. The objec- 
tive of this effort was to slighlly modify h e  PDRI-Buildings to 
reflect the necds of this organization's budgeting cycle, to develop 
an extensible benchmarking database, and to provide a path for- 
u a ~ d  for impluncnwtion (wang 2002). 

A workshoo uas held to modifv the PDRI-Buildinas lo reflcct 
~ ~ - 

the o~anization's specific terminology. A detailed project ques- 
t ion~& and a usersurvey w e n  dcv-%oped and s e a  to kspcctive 
oroiect manaccn and end uscn. Data from 45 buildillc proiccts . . - -. - 
were wllecred and studied. 

Conclusions and recommendations based on h e  data analysis 
were provided for h e  organization's future capital project devel- 
opment For &is sample, projects with more well-developed 
swpe definition saw better periormancc in lerms of cost, sched- 
ule, and change orders (Wang 2002). A lack of end user involve- 
ment boor alignment) was a common problem (Wang 2002). In 
addition, a benchmarking database was developed for h e  organi- 
zation. Taken togelher. h e  samples from Studies 4a and 4b 
represent approximately $1.1 billion in building-type projects 
analyzed using h e  PDRI-Buildings tool. 

Table 1 summarizes h e  five major research studies. The 
sample projects a~represenlalive of two major indusy  secton, 
indusuial facilities and building projects (Wang 2002). 

F lnd lngs  

Findings from hese research efforts are presented based on h e  
colleetive knowledge gained by h e  writers from hese studies. 
Several common themes have emerged. The following five points 
summarize the critical issues that must be addressed in order to 
adequntely perform preproject planning on a capilal facilily. Simi- 
larities and dserences of scope dehnition elements between 
huilding and indusuial projecu are also outliied: 
I. Prepmject pluming is a pmcess l h t  can positively Lnpact 
capital pmject pe$omlonce. 
A common understanding among many indusy practitioners is 
lhat it is ~nueh easier to influence a project's outwme during ihe 
project planning stage, when expenditures are relatively minimal. 
han  to affect h e  outcome during projeet execution or opemtion 
of the facility, when expenditures are much more signifieant (CII 
1995). However, many organizations do tiot undersland his  fact 
and lherefore do not place proper emphasis on preproject plan- 
ning. The following results from selected samples illusmte this 
potential impact 

' h o  indiees, a preproject planning index and a success index. 
were established from h e  sample projects in Study I to measure 



Pre-Prolect Plannlng Effort 

Fig. 6. Success index vusus preproject planning effon index. 
N=53 

preprojecr planning effort and project success. The preproject 
planning index was designed to m w u r e  h e  level of effort ex- 
pended for preproject planning prior to formal auhorilation by 
h e  owner organilation and consimed of six weighted variables 
(Hamilton and Gibson 1996). The index was established with a 
swre ranging from 1 (the lowest level of preproject planning 
effort) to 5 (the highest level). The success index was designed to 
measure h e  outcomes of project execution and ineluded a 
weighted blend of budget, schedule, design capacity, and utiliza- 
tion performance versus target Again. h e  index had a swring 
range of I (complete failure) to 5 (complete success). Fig. 6 
shows the preproject p l a ~ i n g  effon and success index scores for 
h e  53 projects surveyed. The regression equation resulted in a 
mfficient of determination. R2. of 0.42 and a significance level 
of 0.01 (Hamilton and Gibson 1996). 

In Study 2, a detailed evaluation of 62 industrial projecrs was 
coliducted by measuring the 70 scope definition elements in h e  
PDRI at the completion of scope development in relation to 
project performance parameters. Table 2 compares project pcrfor- 
mance for industrial projects exhibiting PDRI swres below and 
above 200 poit1t.i. Projects w i h  a P D N  score under 200 (more 
well-defined projects) statistically outpedormed projects with a 
PDRl score above 200 (Wang 2002). The table shows the mean 
aetual performance as eo~npued  to execution estimates. Tbe cost 
and sehedule performance are measured by comparing aetual 
cosl/schedule to budgeted cosl/schedule ai the beginning of de- 
tailed design. Change orders are measured by taking h e  absolute 
value of change orders as a percentage of the ws t  estimate at the 
beginning of detailed design. 

A similar evaluation was performed on B e  sample of 78 build- 
ing projects from Studies 4a and 4b. Table 3 summarks the 
project performance and P D N  seores for these building projects. 
Again, projects with beuer scope definition (lower P D N  score) 
significantly outperformed projects with poor scope definition 
(Wang 2002). 

Table 2. Comparison of Pmjccls with PDRl-lndusrrial Pmjeus Scors 
Above and Below 200 (Gibson and Papps 2003) 

PDRl scars - - 
Performance <ZOO >ZOO 

Cost 3% below budget 9% above budget 
Schedule 1% ahead of schedule 8% behind schedule 
Change orderr 6% of budget 8% of budget 

(Nz3.5) (N=27) - - -  . 

Table 3. Comparison of Pmjects wirh PDRI-Building Projects Score 
Above and Below 200 (Gibson and Pappas 2003) 

PDRl score 

Performance C200 >200 ' - 
Cost 3% bclow budget 13% above budget 
Schedule 3% ahead of schedule 21% behind schedule 
Change orders 7% of budget 14% of budget 

- (N= 17) (N=61) 

It should be noted that thorough swpe  definition during pre- 
project planning impacts project results in three ways. First. it 
allows the project team to more accurately predict the cost and 
schedule for detailed design and construction. Second. h e  team 
can reduce the real w s t  of the project versus other similar 
projects, because scope alternatives are addressed earlier in the 
project. Finally, achieving dignment-involving stakeholders and 
obtaining their commitmcnt-in the scope definition process typi- 
cally results in fewer user-initiated changes during design and 
construction. 
2. Preprojecr planning L a critical project process rluf n t w  be 
performed consisfcntly on each project. 
The process for performing adequate prepluject planning for capi- 
tal facility projects is shown in Fig. 1. It involves: (I)  organizing 
the planning effon and gelling appropriate stakeholder represen- 
tation: (2) selecting key alternatives. including site and technol- 
ogy selection; (3) developing a detailed, wriaen scope of work. 
including risk analysis, wntrol guidelines, execution approach, 
and scope documentation; and (4) measured and consistent deci- 
sion making. ?his general process was developed based on smdy- 
ing hose used by more than 100 organizations over the past 
14 years (CII 1994; Gibson and Dumont l996b; Gibson et al. 
1997; Cho et al. 1999; Gibson and Pappas 2003). An organiza- 
tion's colllmitmcnt, resources, and technical expenise applied' to 
h e  process were the key differences observed in planning effec- 
tiveness. In general, most organizations w i h  successful planning 
processes use a series of "gateway" checks lo ensure h e  process 
is being performed adequately by the project team, and consis- 
tently aeross all projects, before the project moves to the next 
phase. 

The rewmmendations from Study 3 to improve UT System's 
capital project performance provide a good example. They in- 
eluded: (1) standardizing h e  preproject planning process; (2) en- 
suring h a t  proper technical expenise was involved during p r e  
project planning; (3) p e r f o n ~ n g  adequate programming (space 
planning) on projects prior to schematic design; (4) ensuring ad- 
equate site investigations: and (5) including appropriate individu- 
als (skikeholders) and end users in the programming. schematic 
design, and design development phaies (Gibson et al. 1997). 
These changes were institutionalized withii the organization's 
capital approval process and are monitored by the UT System's 
Board of Regents. 

The fedwal government recently colnmissioned a study of the 
planning processes of 13 government agencies based on these 
principles. which led to mmmendat ions  to enhance h e  wnsis- 
tency and quality of preproject planning of federal facility 
projects (Gibson and Pappas 2003). 
3. l l ~ e  project manager and learn rnusr ensure rlrar ir is 
perfomling the "right project." 
It should be noted that many organimtions plan and wnrWct  
facilities h a t  do not add value to their project podolio. Good 
project objective setting, requirements determination using key 
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Table 4. Critical Scope Definition Elements To Determine the 'Right 
Project" 

Tndvsuivl projects Building projects 

Pmducts Building use 
Capacitics Facility requinnjents 
Technology Site selection considerations 
Procrcrer Businma justification 
Market slralegy Businw plan 
Project objectives Fururc cxpansionlalleration considemlions 
Reliability philosophy Evaluation of edsting facilitier 

stakeholders, and team alignment are absolutely essential in the 
verj  early phases of the project. The team must address the ex- 
pectations of the project sponsor, utcludinp, the selection of maior . .  . 
project alternatives such Y lca t ion ~ l d - m h n o l o ~ ~  conrent-ln 
aenml,  the identified ~ m i e c t  requirements should conform to and - . - ~~ ~ ~ 

enhance the mission or business requirements of the sponsoring 
organization. 

7he process of achieving alignment is not eyy.  Study 2 iden- 
tified 10 issues that impact alignment and correlate statistically to 
project success on the sample of industrial pmjects (Griflith and 
Gibson ZWI). These issucs can help the project team align its 
focus on project objectives and'include: (I) appropriate stake- 
holder representation on the project team; (2) defined, effective. 
and accountable project leadership: (3) clear priorities between 
cost, schedule, and project fa-; (4) open and dfective com- 
munication within the m m  and with stakeholders; (5)  timely and 
productive team meetings; (6) trust, honesty, and shared values 
fostering team culture; (;I) a preproject process that in- 
cludes sufficient fundina, schedule. and scow to meet obiectives: -. . 
(8) reward and recognition system that promole meeting project 
objectives; (9) effective teamwork and use of team building tech- 
niques; and (10) effective use of planning tools. 

Table 4 oullines the types of scope definition issues thar need 
lo oc addressed and defined to crls& h e  organiwtion pursues the 
righr project These issucs were selected from h e  PDN-Industrial 
G d  n d ~ ~ - B u i l d i n ~ s ,  and each is described in detail in the respec- 
tive PDRI publicadons (Gibson and Dumont 1996 and Gibson 
1999). Note &at most of these issues m related to the business 
opportunity, overall use, and operational focus of the facility. 
4. The pmjecr manager and team must ensure 1luI it is 
developing the "right work pioduct" during prepmject planning. 
Alter key alternatives have been selected and the m m  is aligned 
toward the correct busittess vcnture, it tnust identify, address, and 
documea the right scope definition elements to cnsure that the 

Table 5. Critical Scope Definition Elements To Determine the "Right 
Work Pmducr" 

lnduuial projects 

Site Ication 
Enviro~lenlal assessment 
Plot plan 
Process flow sheets 
P m w  and insmmenlation 
diapms (P&IDr) 
Hut  and material balances 
Utility sour= with supply 
conditions 
Mechanical eqvipmtnt list 

Envimnmenlal arsersment 
Civil/gea~echnical infomation 
Archileclural design paramekn 
Program swtemea 
Buildiog summary spvce list 

Mechanical design p m e t e n  
Smctural dcsign parameters 

Equipment list 

Table 6. Critical Scope Definition Elements To Detemline the "Righl 
Approach" to Derign and Comt~cdon Execution 

lndvsrrial projects Building projects 

Project schedulc Projea schedule 
Project cost atimate Project can estimate 
Long-lcadlcritical equipment Long-leadlcritical 
and materiuls equiptncnl and materials 
Project control requirements Risk management plan 
Enginecring/consmction plan Project schedulc conuol 
and approach merhcd 
Pmcurcment p r o d u r n  and plans Project delivery method 
Shut downlmmamund requirements Dcsign/constmction plan 

and approach 
Slanup requirements Project cast conVol methods 

project has a good design basis in order to provide a smooth 
ansi t ion from preproject planning m design and construction 
(Wang 2002). In padcular. the project team should perform and 
document a si? evaluation; develop flow design documents 
(space planning for buildings o r  process flow diagrams for indus- 
uial facilities); document dcsign parameters such as code, regu- 
latorj. stulduds, and user prcferences: and identify dctailed 
equipment requirements. Table 5 lists some of the issues that need 
to be defined prior to beginning dctailed design. Again, these 
issues were selqted hotn the PDN-Industrial and PDRI- 
Buildings and are discussed in detail in those documents (Gibson 
and Durnont 1996b; Gibson 1999). 
5. The pmjecr manager and teain rnusr choose the "righr 
appmach" to project design and consmction expculion. 
Finally, the team must choose an appropriate execution appmach 
to ensure a good basis for successfully managing the project dur- 
ing design and construction. Failure to properly address design 
and conswetion execution issues in preproject ~Iuminp, could - .  
severely impact the cost and schedule performance of theprojeit 
The oroiect teain should address baseline cost and schedule de- . . 
velopment, execution planning issues, the acquisition strategy, 
long-lead purchasing requirements, and commissionin~sranup 
plans. Table 6 ouUines the types of issues that need to be defined 
prior to detailed dcsign. These are discussed in detail in the PDRI 
publications [Gibson and Dumont 1996a,b); and Gibson 19991. 

Table 7. nvelvc Common and Significant Swpc Definition Uenlenu. 
Industrial and Building Projects 

Industrial projects Building projects - 
Capacities Facility requirements 
Site characteristics available Evaluation of existing fadlilier 
vmus reqvired 
Project slrategy Businw plan 
Project design criteria Project design criteria 
Site location Site byout 
Social issues Site selection considvations 
Project objecdve statement Roject objective sratement 
Fvlure expansion Alleralion considsra[ians 
Reliability philosophy Reliability philosophy 
AfIordabiilityKearibility Economic analysis 
Environmenlal arsersment Envimnmmlal as-ment 
Pmject schedule Project schedule 
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Table 8. Example of Comparable PDRI Scope Elements and Iheir 
Descriptions 

Scope element Description 

PDRI-Industrial: H- a project rvategy bccn defined 
Element 83. Ihvr suppons the markt strategy 
Project svategy in relation to the following item: 

(I) cost: (2) schedule; md (3) quality 
PDRI-Buildings: A project strategy should be developed 
Element A). Ihat suppons h e  business justifications 
Business plan in rrlation to Ihe foUowing items: 

(I) funding availability; 
(2) cost and financing; 
(3) schedule milestones 
(including known deadlines): 
(4) types and sources of project fun*, and 
(5) relatedlresulting 
projects. 

Common Preprolect P l a n n l n g  Scope Definition 
E l e m e n t s  

Many similarities exist in planning for different types of facilities. 
Organizational behavior and timely and appropriate input of key 
stakebolden is almost always one of h e  key ingredients. The 
general technical requirements are. in many cases, very simiIar as 
well, althouch the details may be different. The wmparison out- 
lined in subsequent paragraphs looks at industrial and building 
oroiects. It is not difficult to extend h i s  line of reasonitie to other ' . - 
types of projects, such as bridges, highways, pipelines. or water 
treatment facilities. 

One can find similarities in scope definition elemenq by com- 
paring tlie PDRI-Industrial and PDRI-Buildings. Because these 
two versions of PDRl are intended for different industry sectors. 
elements conrained in each PDRl are designed to have diierent 
applicability. Industrial projects focus primarily on products, pro- 
cesses, and technologies, while building projects focus on the 
specific use of space and function. For example, "Process1 
!&hanical" is a major category in PDRI-industrial but is not in 
thc PDRI-Buildinen. Additiondlv. PDRI-Industrial outs more cm- - .. 
phasis on scope definition of insuumentation and electrical rc- 
quirements. However, some of h e  scope definition elements are 
identically or similvly worded and can be applied during the 
planning and scope definition process regardless of the project 
type (Cho 2000). 

PDRI-Indusmial wntains 70 swpe definition elements, and 
PDRI-Buildings contains 64 scope definition elements, as de- 
scribed previously. Forty of the scopc definition elements are 
similar. Cho (2000) identified 12 itupanant scope definition ele- 
ments that v e  applicable to botlt classes of projects (idusuial 
and building); these are summarized in lhble 7. The specific 
wordi~ig of the elemenls is in some cases different for the two 
PDRI vcrsions (reflecting the focus of each tool), but the element 
pain arc comparable when examining the details of their applica- 
tion. An example of two comparable scopc eletnents wilh descrip 
tiom is given in Table 8. Significant attention during preproject 
planning should be given to the elemenls listed in 'hble 7 in order 
to achieve project success, regardless of the project type. 

S u m m a r y  

Experieticed pnctilioners in the consouction industry realize that 
poor scope definition is one of h e  major factors leading to poor. 

project p e d o m c e .  This article sutnmarizes resemh conducted 
over the past 14 years, which provides solid evidence that thor- 
ough scope definition during the preproject planning process can 
significantly enhance the predictability of project outcomes, im- 
prove user satisfaction, and provide cost and schedule savings. 
More imponantly. the key practices related to preproject planning 
have becn identified. 

When one is given the daunting rask of planning for a capital 
facility. it may seem to be an overwhelming prospect. It certainly 
requires h e  active involvement of h e  facility owner, although 
many have liule expertise in the consmction process. I n d d ,  due 
to h e  iterative and often chaotic nature of facilities planning, 
many owners face such uncertainty that they skip the entire plm- 
ning process and move to project execution, or decide to delegate 
the preprojeet plmning process entirely to  contractors, often with 
disaslmus results. However. it is important to realize that InaIly 
organizations have learned how to consistently and effectively 
plan capital facilities that meet their business needs. 

The planning process for most capital projects is similar, but 
needs to be adapted to the condiiions that ate unique to a particu- 
lar project and business circumstance. Certain common preproject 
planning issues should be addressed in order to achieve project 
success, whether the project is a commercial. building or an 
industrial plant. 

The foUowing recommendations are provided to project man- 
agement professionals. based on the results of numerous sludies: 
1. Commit to follow a standardized preproject planning process 

using experienced, lechnically proficient personnel. The fa- 
cility owner organization must be the leader of this effort or, 
at a minimum, be integrally involved in this process. 

2. Make sure that h e  project team is pursuing the "right" 
project in its work The planning team must ensure that the 
project is aligned w i h  business drivers. An understanding of 
organizstional behavior, as well as sound technical skills and 
business acumen. are critical for successful planners at h i s  
stage. 

3. The preproject planning prccess must genente the "right 
work product." Studies must.be performed and scope defini- 
tion documents p repmd in order to facilitate a smooth tran- 
sition from planning to design and construction. These scope 
definition documents generally relate to site assessment, 
equipment identification. flow design, and design panmeters. 
Using checklists such as those outlined in h i s  paper, or other 
planning tools, is essential to ensure that critical project 
scope risk issues are addressed 

4. The project team must choose the "right approach" to project 
execution during preproject planning. This task involves set- 
ting adequate cost and schedule baselines, choosing the right 
contracting strategy, focusing on the procurement process for 
long-lead items, m d  setting up a project wnlml system. 
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Abstract 
Purpose - This paper aims to examine the state of knowledge of performance measurement in 
facilities management, in particular regarding the mncepts underlying benchmarking in relation to its 
ability to drive innovation in the industry. 
Design/methodology/approach - An evaluation of the key issues surrounding pdormance 
measurement and the effective application of benchmarking systems are examined, exploring the 
possibility of applying a benchmarking technique to measure facilities performance. 
Findings - The paper suggests that a fully developed performance measurement solution via 
effective benchmarking can deliver as a business tool in facilities management (FM), whilst acting as a 
driver in the innovation process. 
Practical implications.. With the nature of performanoe measurement having changed over the 
past few decades, the paper acts as a cablyst to how performance measurement systems and 
techniques operate within FM and stimulate innovation 
Originality/value -By adopting the notion of innovation to pafomance measurement, the paper 
highlights new a r e s  of thought to facilities management and how performance measurement is 
shategically applied to the industry. 
Keywords Performance measures, Benchmarking, Facilities, Innovation 
Paper type Research paper 

Introduction 
Performance measurement is an area to which companies have paid much attention 
recently. Performance is regarded as a major competitive issue (Tranfield and 
Akhaghi, 1995). In hcilities management (FM), there is a wide range of choices in 
measuring FM performance, reflecting the varied nature of the field. The focus on FM 
skills and techniques should be in the areas that contribute to the overall management 
of a business, financial and personal criteria (Barrett, 1992). This paper aims to review 
the state of knowledge of performance measurement in FM and seeks to explore how 
measuring service performance is linked to innovation processes within the 
organisation. 

Benchmarking is a key performance measurement tool that allows organisations to 
achieve added value and "superior performance" (Camp, 1989). The discussion focuses 
on the proposition of adopting benchmarking techniques in measuring facilities 
performance, driving a framework of an FM performance measurement solution It is ROW h h ~ a p ~ e r ~  

important to smss however that by researching such an approach, with the emphasis V o L a G N a 4 . m  
pp  241.254 

on benchmarking, it does not contend that bencjmarking should be the only o E m d * c m u p ~ ~ g t i m i ~  
OW7472 

performance instrument implemented to organisational performance measurement w1iaiio8io2wi~ias1wm 



PM systems. It merely identifies the importance of benchmarking as a stimulant to 

26,4 achieving innovation in performance measurement 

Facilities management overview. 
EM is a relatively new discipline. It has developed since around 1&8 where the 

242 Herman Miller Corporation, the worlds leading furniture manufacturer, staged a 
conference on "Facilities Impact on Productivity". This might be seen as the beginning 
of FM. FM as a discipline emerged out of practice, just as the great established 
professions. It emerged with the integration of three main strands of activity: property 
management, property operations and maintenance and office adminishation fincaid, 
1994). More significantly it established a focus on the management and delivery of the 
business "outputs" of both of these entities; namely the productive use of building 
assets as workplaces (Varcoe, 2000). 

The International Facility Management Association (IFMA) and the British 
Institute of Facilities Manament  IBIFM) adout the following definition. "the ~ractise 
of coordinating the physicaiworkpiace with the people and work of the oigani&tion: it 
integrates the principles of business administrationlarchitectureibehaviour/ 
engineering sc ienk  (US Library of Congress). 

FM can be defined as the integration and alignment of the non-core services, 
including those relating to premises, required to operate and maintain a business to 
fully support the core objectives of the organisation. Over the years, FM has been 
growing as a business field and also as a scientific discipline, slowly finding and 
anchoring its position among organisations' business processes. Nowadays, the 
dedication of FM organisations to new developments and continuous innovation 
processes seems to be the way to stay in business, constantly exceeding customers' 
expectations and adding value to the core business of the client organisation (Mudrak 
el aL, 2004). 

Performance measurement principles and revolution 
The traditional view determined by Teague and Eilon 0973) of performance 
measurement is that it has three broad purposes: 

0 )  to ensure the achievement of goals and objectives; 
(2) to evaluate, control and improve procedures and processes; and 
(3) to compare and assess the performance of dierent orffanisations, teams and 

individuals. 

An early attempt at  developing financial measures was made by Du Pont (Waiters, 
1997). Du Pont is widely acknowledged as being the founder of financial performance 
measurement, by introducing a pyramid of bancia1 ratios as early as 1903. However, 
in the late 1970s and 1980s, numerous authors expressed a general dissatisfaction with 
traditional backward looking or lag accounting based performance measurement 
svstems. In the 1990s. attention on ~erformance measurement shifted to aualitv and 
&nsumer satisfaction. A broader c~~ce~tual isat ion of business performan& emerged, 
as the emphasis on operational performance (i.e. non-financial performance) was added 
to indicators to meashe busin& performance (Venkatraman and Ramanujam, 1986). 



Traditionally the use of financial indicators has detamined the way in which Performance 
businesses operate -. if the cost is low, and the profit is high then they are happy. With measurement in 
the considerable influence of the changing business marketplace however, this 
philosophy is no longer sustainable, and the emergence of non-financial or qualitative FM 
indicators, specifically focused on process, structure and change, instead of traditional 
cost, profit, and output, has drastically changed the way in which businesses perceive 
performance 243 

Dmcker (1993) desaibed traditional measures as not adequate for business 
evaluation and fail to meet new business needs as they-are lagging indicators. By this, 
they mean that traditional indicators are not able to provide real time performance, 
they are always set on past periods. This was reiterated by Varcoe (1996) terming 
traditional indicators as being "past their sell by date". Kaplan and Norton (1996) 
contended that "companies were in the midst of a revolutionary transformation" as 
they shifted from industrial age competition to information age competition. By this, 
they urged that it was no longer feasible to gain "competitive advantage" within 
business merely through the deployment of new technology (Kaplan and Norton, 1996). 
To this, a shift has occuned, as Kaplan and Norton (2001) claim that financial 
measures are historical in nature, they ieport only on outc;m&and the consequences 
of past actions. Amartunm and Baldry (2003) surnrnarised the views advanced in the 
debate on traditional m&skement as follows: 

Criticism of traditional management control (Brown and Laverick, 1994; Stone, 
1996; Letza, 1996; Rangone, 1997; Neely, 1998). 
Need to represent non-financial measures (Olve et al, 1999; Emst & Young, 
1998). 
Lack of presaiption on how to implement the measures (Olve et aL, 1999; 
McFadzean, 1995). 
Lack of strategic focus ('Hally, 1994). 

The debate and the criticism on traditional performance measurement show that 
financial performance measures are not a solution to the measurement of business 
performance. Therefore the principles of performance measurement become revolution, 
as contemporary ideas and practices of how to strategically measure business 
performance change. For Nani et aL (1990) performance measurement systems were 
developed as a means of monitoring and maintaining organisational.contro1: 

Organisational control may be defined as the process of ensuring that an organisation 
pursues strategies that lead to the achievement of overall goals and objectives. 

Hronec's (1993) work emphasises this, defining performance measures as a vital sign of 
the organisation, showing how well activities within a process or the outputs of a 
process achieve a specific goal. According to Zairi (1994) performance measurement is 
the systematic assignment of a number of activities. Kanter (1995) claims that in 
today's dynamic business environment the emphasis has shifted to the "three C's" - 
concepts, competence, and connections, which drives from investments in innovation, 
education and collaboration. As cited in. Wilson (2000), the roles of performance 
measurement have been intertwined with the premise that organisations achieve 



PM success (meet their objectives) by delivering services with greater efficiency and 

26,4 effectiveness than their competitors (Ghobadian and Ashworth, 1994). 
Further themes emerging in contemporary academic literature that relate to adding 

value to performance measurement systems have been determined and analysed by 
Wilson (2000). The themes are: 

244 
Measurement for improvement, which states that measurement systems are 
service functions and only have the right to exist if they add. value to the 
organisation (Van Schalkwyk, 1998). 
The integration of broad measures, which see the challenge for performance 
measurement systems as being the ability to balance multiple measures (i.e. cost, 
quality and time) across multiple levels (i.e. the organisation, the prpcess and the 
people) (Hronec, 1993). 
Ckar communication and a!isse?nination, where, if information is poorly 
presented, it may be misunderstood, poorly assimilated or at the extreme 
completely ignored (Harvey, 1984). 

Research by Amartunga and Baldry (2003) described performance measurement as a 
process of assessing progress towards achieving pre-determined goals, including 
information on the efficiency by which resources are hmsformed into goods and 
services, the quality of these outputs and outcomes, and the effectiveness of 
organisational objectives. Therefore, the basic foundations of performance 
measurement are the qualifications of elements, which impact on organisational 
objectives, management control and evaluation. 

Fitzgerald et d (1991) examined performance measurement in service businesses. 
They highlighted the complexity of measuring performance within the service sector, 
as opposed to that of the manufachuing sector, as services are intangible in nature. For 
example, Fitzgerald et d (1991) talk about air travel where there are many intangible 
factors such as the helpfulness of the cabin crew, but also more tangible factors, such 
as the measure of luggage with passengers. Fitzgerald et d (1991) contended therefore 
that "a range of measures" is required, which act as a "contingency theory" to the 
uniqueness of performance measurement within the service sector.' Fitzgerald et d 
(1991) stressed however that the selection of a range of performance measures should 
be made according to the shtegic intentions of the organisation. What this means in 
essence is that measures should have a balance so that one dimension is not 
dominating the performance system and consequently skewing the strategic goals of 
the organisation. 

Facilities performance and innovation 
The objectives and roles of performance measurement to achieve organisation goals 
have been expounded as FM is growing and enhancing into this business.However, as 

. business performance becomes revolution, the need for learning, growth, and 
innovation becomes crucial. 

There are as many definitions of innovation as there are of FM. Innovation can be 
defined as a continuous process of bringing new ideas into practical uses (Tidd et d, 
2001). A broad definition as cited in Mudrak et aL (2004) is that innovation is: 



a management process, involving multiple activities, paformed by multiple actors from one 
or several organisations, during which new combinations of means andlor ends, which are 

Performance 
new for creating andlor adopting a unit, are developed andlor produced andlor implemented measurement in 
andor transferred to old andor new market-wtners. FM 

According to Tidd et d (2001) the innovation processes in product and service 
development are similar in principle; however, they vary in specific routines and 
activities performed, by which the innovation processes are enabled. One of the more 245 
common debates concerning the definition of. innovation asks whether innovation 
should be regarded a s  a process or a discrete event (Cooper, 1998). 

Either a process or discrete event, innovation is a synergised element to organisation 
growth and competition in the market According to Cooper 0998) understanding of 
learning processes is a key requirement for the facilitation and optimisation of 
improvement and innovation in business processes. By understanding and optimising 
learning processes, managers in organisations will be able to achieve behavioural 
change leading to performance measurement. With respect to performance 
measurement and the innovation process in organisations' it shows that 
performance measurement is the driver. 

Buckler (1998) explained the link between learning and performance improvement 
and stated that by understanding and optimising learning process, managers will be 
able to achieve behaviour change leading to performance improvement (Figure 1). 
Therefore the growth in performance measurement within the FM discipline seems to 
relate and directly impact on the organisations performance and actual innovation of 
that performance. 

Facilities performance measurement  
The focus of hcilities management skills and techniques should be in the area that 
contributes to the overall management of a business by relating accommodation and 
support infrastructure issues to business, financial and personal criteria (Barrett, 1992). 
Therefore the issue of measuring facility performance is a critical task to the facilities 
manager. 'However, why should FM organisations want to measure performance? 
From a classical management perspective there is a need to assess performance in 
order to guide management decision-making, and as FM is a subset of general 
management, performance measurement applies to management in the FM context 
(4naratunga et d ,  2000). Further, performance measurement is a driver to an 
innovation process in an organisation. 

Alexander (1996) identifies measurement of performance as one of the "three 
essential issues for the effective implementation of a facilities strategy". Thus 

Innovation and require What we do require 
Incremental Improvement in 

Pmcess. Products and and 

Sewi~es How we do 

Source: Buckler (1998) 

Acquiring and 
Developing new 

Knowledge 
Attihldes 
and skills 

Figure 1. 
The link between learning 

and performance 
improvement 



PM performance measurement has become increasingly important both for reasons of 

26,4 justification to general management and to support managenlent and practise within 
FM organisations. The measurement of facilities has three main components, namely, 
physical, functional, and financial (Williams, 1996). Physical performance relates to the 
behaviour of the building fabric and embraces physical properties such as smctural 
integrity, heating, lighting, energy efficiency, maintainability, and durability. 

246 Functional performance concerns the relationship of the building with its occupiers 
and embraces issues such as space, layout, ergonomics, image, ambience, 
communication, health and safety, and flexibility. Finally, financial performance 
arises from the physical and functional performances of the building and comprises 
capital and recurrent vie-cycle) expenditures, depreciation and efficiency of use etc 

According to Amartunga and Baldry (2003), the contribution made by FM will be 
judged by organisations' stakeholders over a wide range of performance criteria, 
including the hard metrics of finance and economics. FM is seen to be able to contribute 
to the performance of an organisation in many ways, including strategy, culture, 
control of resources, service delivery, supply chaii management, and perhaps most 
importantly, the management of change. Quality, value and the management of risk 
also emerge as significant factors. Thus it is important to have systems to measure the 
effect of the FM functions on an organisations core business, together with systems to 
measure FM's own performance. 

There is a wide range of choices in measuring FM performance reflecting the varied 
nature of the field, and is regarded as a major competitive issue (Kincaid, 1994). 
Facilities managers must understand the nature and the business of the organisation 
and their work process in order to derive the effective and efficient measurement tools. 
Besides this, the facilities manager may also have to clarify the purposes of 
measurement before deciding on the technique to be applied for assessing facilities 
management performance 

Measuring facilities performance: a practical insight 
The key determinant in achieving ef f~ t ive  performance measurement is to view FA1 
strateg&lly, where FM is alignedto supportthe core objectives of the organisation. To 
exemplify how this may operate practically, let us take one element of FM, the reception 
service The reception service is a t  the front-line of the business. Often it is the fist '  
service that the customer comes in contact with, and consequently has a significant 
impact on their initial perception of the organisation. One wuld assume therefore that 
the most efficient method to measure the perfomlance of the reception service is through 
customer satisfaction indicators. However, is this comparable for all organisations? Here 
is where FM performance measurement must be viewed from a strategic context. 

This can be further exemplified by comparing three diierent organisations 
deliveringareception service F i t l y ,  the reception service within a telecommunications 
office. Primarily, the core business objectives within the telecommunications indusby 
are centred on the customer through the delivery of a product All business operations 
must meet the needs of the customer in order to generate mass customer satisfaction and 
stimulate market sales. Hence, when measuring the efficiency of the reception service 
within a telecommunications office, the primary indicators will be focussed on customer 
satisfaction, such as the helpfulness of staff, the ability of staff to deal with a query, and 
the comfort of the waiting area. 

b 



Second, the reception service within an international bank. Again, primarily core Performance 
objectives if an international bank are cenked on the customer, in this case however in 
through the delivery of financial support and management. Here, the core business 
objectives differ slightly, as the bank is still primarily selling services to the customer FM 
and therefore needs to promote high levels of customer satisfaction, but also has an 
important security element involved due to the nature of the core business. When 
measuring the efficiency of the reception service within the bank, the indicators will be 247 
different focussed around two kev factors - ensurine hieh levels of customer . 
satisfaction, and ensuring security measures are in place wien &ding with customers. 
This is likely to involve ensuring that standard identification checks are taking place, 
such as moss-checking persona~details within a database. 

Thud, the reception service within a government security building. Here, the core 
business objectives differ dramatically to the previous two examples, as the primary 
focus is cenked on security. In this instance, measuring the levels of customer 
satisfaction of the reception service fall much further down the list of priority 
indicators, and are overtaken with robust security measures ranging from ensuring 
that standard identification checks are taking place, to more sophisticated measures 
involving rigorous scanning and checking of visitors entering and exiting the building. 

Through using the example of one element of FM, it illustiates the importance of 
how the practical application of performance measurement must be cenked on the core 
business objectives of that organisation. FM performance measurement however is 
often too internally focussed. Measures can therefore be benchmarked in order to 
understand how an organisation is performing compared to industry overall. However, 
the scope of benchmarking data depends heavily on the diversity and depth of the 
particular sector in which the organisation functions. From the examples above, 
benchmarkincr rece~tion ~erformance is much more accessible in the first two ~~~~ ~~~~ 

examples. ~owever;obtaining benchmarking data on high level security buildings is 
more difficult. The paper now seeks to ullderstand how benchmarlung can be used as a 
tool to measure facilities performance, and what impact this canhave on driving 
innovation in FM performance measurement. 

Using benchmarking as a tool to  measure facilities performance 
Benchmarkincr is essentiallv .a cost reduction method (McDoueaIl and Hinks. 20001 
  he principle;f benchmargng evolved out of the total quality management movement 
and allows managers to place their performance measurement in context (Camp. 1989). 
It is the most ~owerful iechniaue for mining and maintaining com~etitive advantage 
(Codling, 1992). Sarkis (2601) outlines-that from a managers perspective, 
benchmarking has been defined as a continuous, systen~atic process for evaluating 
the products, services and work processes of organisations that are recognised as 
representing best practices, for the purposes of the organisations' improvement 

For Camp (l989), benchmarking in the first instance is about practices, not metrics. 
Many immediately consider benchmarking as a set of outputs, just like many confuse 
innovation as a one off invention instead of a process. Benchmarking is not as simple 
as gathering indicators together so an organisation can evidence that they are 
measuring something. Because what are they measuring, and how relevant is it to their 
overall objectives? Hence, there must be a meaning before the measurement, a process 



PM before the output, or in Camp's case, a practice before the metric To this, Camp defines 

26,4 benchmarking as follows: 
Benchmarlting is the search for industry best practices that lead to superior performance. 

In order to achieve this, Camp identifies four basic steps that are fundamental to 
benchmarking success: 

248 (1) Know your operafion - evaluate internal operation strengths and weaknesses. 
(2) Know the Lidustry leaders or competitors - know the strengths and weaknesses 

of the competition. 
(3) Incorporate the best - emulate the strengths of. the leaders in competition. 
(4) Gain superiority - go beyond the best practices installed and be the best of the 

best 

Hence, benchmarking techniques can significantly help FM organisations to gain 
"superiority", and can significantly drive innovation in their performance 
measurement systems. Benchmarking within FM began to take shape in 19&, 
where the IFMA started to collect data on facilities trends and demographics. This was 
expanded in 1987 to include occupancy costs, which coincided with the initial interest 
in such data in the UK (Varcoe, 1996). In FM, benchmarking as a performance 
measurement techn.ique is now well known however, and the application of 
benchmarking to FM performance uiteria is now apparent within large organisations 
(McDougall and Hinks, 2000). It is the ideal tool for setting corporate goals and 
transforming them into tangibles which are delivered to the end customer and it is the 
tool that enables the senior manager to answer questions such as: where are we now? 
Where do we need to be? How do we get there? How could we remain there? The 

. desired standards of performance are therefore to optimise process performance in 
order to deliver total quality and 100 per cent value to the end customer (Zairi, 1994). 

Gieard and Yat-Lung (2004) stated that FM benchmarking issues are typically 
driven by financial, organisational, change management, and customer-related needs. 
They may be either internally focussed or external driven. Therefore it has put 
pressure on FM teams that value customer-driven issues such as delivery of quality 
and timely services. It also fails to take into account how an organisation performs ata 
strategic level, whether from the worker or the workplace perspective The Department 
of Trade and Industry @TI, 1993) produced an executive guide and point out the 
importance of benchmarking against 

The best you can find whether within your industry or outside. 

What is relevant to your customers view of what is important. 
That thing that affects financial performance. 

From an FM context, manipeople think that benchmarking is only about comparing 
cost levels. However Wauters (2005) revealed there are other aspects of FM that can be 
benchmarked. The most prominent of these aspects are: 

Space use: Benchmarking the space use is a prime aspect as it drives all of the 
premises costs. The floor areas need to be lmown for the purpose of comparing 
costs of maintenance, cleaning etc; 



FM t n a i m g ~ r ~ r t :  Benchmarking the effectiveness and cost of the facilities Performance 
management operation on a skategidtactical level; and measurement in 
Computer-aided FMsystans: Benchmarking of the costs and effectiveness of the 
help desk. 

FM 

In addition, H i  and McNay (1999) emphsise the need to measure performance gaps 
between service delivery and customer satisfaction. Hence, Hinks and McNay skess 249 
the need to rank benchmarking criteria, linking these to performance and service in 
such a way that their overall influence may be evaluated against business-driven 
imperatives. Further, Hinks and M d a y  suggest that the application of a 
manage-by-variance tool. The tool identifies business and facility key performance 
indicators (KPI), helping to create a rank order among the benchmarking aitm.a. 
Further literature on benchmarking techniques focused within the FM discipline has 
come from Wauters (20051, Gilleard and Yat.Lung (20041, Loosemore and Hsin.(2001), 
Massheder and Finch (1998), Akhlagi (1997) and Varcoe (1996). According to Wauters 
(2005) benchmarking is one of the techniques that has been used by many 
organisations and if applied correctly will lead to effective value management of 
facilities services. By this Wauters means that to use benchmarking effectively, you 
must identify the "ideal perfolmance", and then emulate it. 

Benchmarking and service performance in FM 
Most services are nrovided throueh facilities (Brackertz and Icenlev. 20021 and it has 
been suggested k a t  the measurement of facihies should relate t d k e  c&e business 
objectives such a s  customer satisfaction or service delivery (kg. Walters. 1999; Tucker 
and Smith, 20081. As an inteerated approach in managingthe work~lace. service is one - - 
of the key components fazlities managers put forward and s&ously consider in 
achieving the set-up goals of the organisation. In service provision, FM is wide in 
scope, concerned with the major strategic decisions to the very detailed decisions such 
as posting the signs to the ladies' toilet in a restaurant G o y  et al,  2003). Therefore, in 
order to achieve organisational objectives, measuring service.performance is uucial to 
the facilities manager. 

However, applied models that link faciIities performance measurement to 
organisational strategy have to date, been limited (Brackertz and Icenley, 2002). It 
has been noted that in service firms, the importance of the physical setting depends on 
the nature of the job as  well as the consumption experience. Consequently, she 
presented a typology of service environments or "servicescapes", being those 
categories of a service based on who is performance in the sewicescape (the customer, 
employees, or both) a s  well as  the complexity of the servicescape. According to Looy 
et al i2003), the cktomer perceives the se.icescape holiti&lly. They suggest the 
environmental dimensions where customers value the service. Environmental 
diiensions comprise ambient conditions, spatial layout and process, and sign, 
symbols and artefacts (Figure 2). 

Ambient conditions refer largely to backgound characteristics such as  noise, 
temnerature and scent. In short. all the elements of our human environment affect the 
h&n five senses. Spatial layout and process includes elements of the environment 
that are closely related to the core elements of service delivery. These dimensions refer 
to the way of arrangement and the physical and psychological effects on the customer. 
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Ternpentwe, Air Qunlity, 
Noise, Music. Odour etc. 

Sign, Synbols B. Artefacts 
Signage, Personal me6cts 

~k;icescape environment 
Source: Looy el 01. (2003) 

The other dimension relates to sign, symbols and artefacts. It is the item in the physical 
environment that serves as explicit or implicit communications to its users about the 
place. 

Tucker and Smith (2008) explored the importance of user perceptions within an 
ormnisational context. and how their ~erce~t ions  can be evidenced and abdied within 
~i. ~ u c k &  and~mithmntelided thaithereis a "logical customer perfon&nce ladder" 
(LCPL) that organisations should aspire to climb in order to achieve optimum levels of 
service deliv& (Figure 3). The ladder acknowledges the importance of the initial user 
input to determine innovative ways of delivering whit is important; to the internal 
business processes that will enable this delivery to be successful; to the strategic 
direction of the performance measures in line with their core business objectives; and to 
the consequent added value by increased customer satisfaction. 

Figure 3. 
Logical customer 
performance ladder 

Source: 'hcker and Smith (2008) 



Perfoimance measurement is integral to the effective implementation of continuous Performance 
improvement and added value within business (Tucker and Pitt, 2008a) and can act as in 
a key driver for embedding innovation into the mindset Tucker and Pitt (2008a) 
illustrate the importance of incorporating a performance-focused strategic concept in FM 
FM (Figure 4), emphasising that in order to achieve strategic FM; organisations should 
incorporate performance measurement through a balance of competitive iervice 
delivery and the application of best value priinciples, which will in turn feed directly 251 
into the core objectives of the organisation. 

Research in benchmarking a n d  innovation in FM 
Generally the review of the literature has determinedthe area of proliferation in 
measuring FM performance. Measuring facilities performance contributes to the 
organisational successfulness to the innovation process. Benchmarking is among the 
accepted approaches involved in measuring "hard" and "soff' issues in facilities 
performance without denying the weaknesses of the technique itself. Hence, the 
innovation process of periormance measurement systems, can be significantly 
enhanced via the application of effective benchmarking techniques. Focusing on 
measuring service performance in a facilities context, benchmarking seems to be an 
approach to be considered However, questions to be asked as an ongoing research 
project before applying a benchmarking technique are as follows: 

(1) How do customers value the service performance and how is it distinct from the 
service itself! 

(2) What are the mechanisms to measure the service peiformance and how is it 
measured? 

(3) How does one differentiate between the appreciation of service provided and the 
physical environment? 

These questions and the general application of benchmarking and achieving customer 
satisfaction and added value within organisationalperformance measurement systems 
form the basis for the authors' further research in this area. 

An example of this is through Tucker and.Pitt (2008b) attempting to enhance the 
level of performance measurement sophistication in FM by filling the existing void of 
strategically applying customer satisfaction systems. Tucker and Pitt are 
implementing a strategic management approach to develop a customer performance 
measurement system (CPMS). The concept of the CPMS is to in temte generic industry 
benchmarks into a cistomised organisation framework in order to kick-start a gap 

Change management 
Core business objectives 

Competitive FM Perfomlance Best value 
serviu: delivcry - mcaswcment principles 

Figure 4. 
Performance-focused 

strategic FM Source: Tucker and Pi& (2008~) 



PM analysis process and stimulate continuous improvement. It is hoped that in turn this 

26,4 research will generate innovation within FM by applying performance measurement 
strategically. I 

Conclusions 

252 Performance measurement is an established concept that has taken on renewed 
importance in varieties of organisations. In FM, performance mwsurement is 
important to contributing to organisational success in terms of effectiveness, 
efficiency-adding value. The review of the literature suggests that the key components 
that impact on FM implementation are the synergistic blend of "hard" and "soft" 
issues. The principle of benchmarking seems to be techniques that can be applied in 
measuring facilities service performance and a catalyst in generating innovation to the 
performance process. It is important to highlight that the characteristic of the services 
itself are very subjective to measure, and the acknowledgement that benchmarking 
should not be the only performance mechanism within an  organisations overall 
system However it does suggest that benchmarking techniques are sparse and can 
directly generate innovation processes to performance in FM. Hence, the questions put 
forward will be sautinised in whole or in part through further extensive research 
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