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ABSTRACT

In the past, the most popular computer models for the construction management
of major buildings were large models based on the graph theory and their
consequent, discrete event simulation on the mainframe computer to have a view
of the operational level. We think that in the future if we want to remain
competitive on the world market the trend will be the use of small systenm
dynamics .generic models in relation to micro-computers at the strategic
management level that can generate the reference modes i.e. the project
control baselines.

INTRODUCTION

In the last thirty years, there has been a remarkable growth in number, size
and complexity of MACRO-Engineering Projects, including Major Buildings. To
handle the construction of these complex projects succesfully, powerful
computer oriented techniques of control have been developed in the last twenty
years.

These computer models, developed for management at the operational level, i.e.
for project control at the bottom level, have revealed themselves to be
inadequate at the top level for strategic management purposes.

In the past, for Major Projects, there have been no formal strategic
approaches to help construction management executives to find the net effect
of their policies on the project control baselines and consequently on the
construction delays and cost overruns.

Now, the technology exists for Top Management to help evaluate the impact cost
caused by a disruption of work due to the decisions of Owners since
Pugh-Roberts Associates have developed for +the mainframe computers: the
Program Management Modelling System (P.M.M.S) that has been applied
succesfully to resolve a $500 million claim against the U.S. Navy in late
1970's.

We are of the opinion that to develop a better sense of vision in the
realization of large scale programs in general and major fast-track buildings
in particular, we need to develop an appropriated educational set of small
generic structures with the system dynamics methodology.

The object of +this paper is to present our preliminary research on one such
structure and to demonstrate its usefulness in the context of the analysis of
different strategies to build a giant skyscraper,
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THE NEED FOR EFFECTIVE STRATEGIC PLANNING TOOLS IN THE CONSTRUCTION OF MAJOR
BUILDINGS

Before attempting the realization of any future giant skyscraper (in New York
a building of 150 floors with a height of 1,940 feet is envisaged while in
Chicago it is a building of 250 floors with a height of more than 2,000 feet),
we think that it shall be prudent to establish a system dynamics model. At
this moment we deplore the absence of any proper system approach to tackel the
strategic management level of major projects.

To close this gap, the Center for Building Studies of Concordia University has
given attention to system dynamics and initiated with the Natural Sciences and
Engineering Research Council of Canada a small research program to investigate
the usefulness of the methodology as to the construction management of
buildings.

In the construction of major buildings we are convinced of the utility of
gystem dynamics as a very helpful tool, not only for Top Management but also
for arbitrators to assess impact costs caused by a production rate decrease
due to disruption of work on account of change orders from the Owner, the
designers, or the field, :

WHY DO WE FAST-TRACK CONSTRUCTION OF LARGE SCALE PROJECTS?

For economical reasons on account of size, we cannot realize a large project
with the +traditional conventional counstruction method in one unique package
following the rigid procedure of the design-procure-construct phases, the
duration of the +total project would be too long. It is more economic to
fast-track large projects because we save up to 30Z of the time on the normal
schedule of a conventional project realized in rigid and independant phases.
Fast-tracking can reduce from 30 to 50% the cost of a conventional undertaking
on account of escalation on material and the cost of borrowed money. Long
delays of certain material deliveries and borrowing money cost millions of
dollars. This applies also to large scale buildings such as skyscrapers.

In a fast-track construction, we build at the same time that we design. A
fast-track project 1is realized in design/built packages configurated to suit
the needs of the constuction. But this is not a full proof process in terms of
quality and productivity.

A fast-track project generates rip-out and rework, not only on the design
table but also on the field. Rip-out and rework are equivalent to negative
productivity and affect the morale of workers and the dynamics of program
performance. Major buildings are highly sensitive to quality control and
schedule pressure. Extended delivery time, reduction of material availability,
and schedule pressure result in work out of sequence, jeopardizing the cash
flow and consequently the internal rate of return of the project.

In a fast-irack we subdivide the project in many work packages that are going
to become more and more precise as the definition of the scope develops
through configuration management. We plan the construction of the first
packages as soon as possible and we 1iry to maintain continuity and avoid
disruption in the continuous design/built process. In this process, the
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designer and the contractor are working more closely and often the designer is
part of the contractor organization, in what we call a Design/build company.

Reciprocal relationships exist between the designer and the contractor in each
package. In a major fast-track project, it is almost impossible with
traditional operational methodological approaches to establish claims on
tdelay and disruption! costs- and third -~order "ripple effects of dealing with
direct changes on original scope.

On account of reciprocal relationships in a fast-track project, we need a tool
to properly assess the impact of scope changes on the project control
baselines, such as duration, budget, quality and productivity. This can be
achieved with system dynamics.

PROJECT CONTROL BASELINES VS BEHAVIOUR MODES

We can define any project by a certain number of parameters like time, cost,
manhour resources, rate of productivity, etc. and those parameters can be
associated with the design and construction behaviourial modes of the project
to become the project control baselines. A baseline is a control pattern on a
time scale.

Some of the control patterns we have identified in our model are:

-~ the duration of the project;

-~ the human resources to be used on thé project;

- the productivity of the project;

- the total cost of the project;

~ the time remaining to scheduled completion date;

-~ the percelved progress.

When those modes of behaviour dependent on specific policies have been
established by the simulation process according to a specific strategy, they
become the project control baselines of the project. Project control baselines

are indicators that are necessary to evaluate performance deviation.

PRODUCTIVITY IS THE MOST IMPORTANT BEHAVIOUR MODE IN THE CONSTRUCTION OF MAJOR
PROJECTS

Productivity is the most severe problem on large projects as identified in
many studies in the 1970's, especially in the projects with a high degree of
complexity and with & dimension of R & D. In our opinion, system dynamics
models can help us to understand the productivity phenomenon in major projects
by its original handling of both complexity and R & D.

In the model we are about to see, we have given equal attention to design
productivity and construction productivity because differenciation between
design and field labor is essential for better strategic planning and project
control,
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We have considered the effect of the learning curves of the different
specialities and the trapezoidal distribution of the working resources on
productivity. We believe that there is a relation between quality and
productivity. A better productivity has a tendency to improve quality and most
of the time poor productivity means poor quality. In a fast-track project, the
degree of overlap on design-construction has an effect on productivity and
consequently on quality.

DESCRIPTION OF THE MODEL

The model —consists of the assembly of three subsystems: design and
construction, which each represents an assembly of three important sectors
(workforce, progress and scheduling) and the procurement subsystem for
procurement progress. All of this has the following functions (see figure 1
and table 1.)3

- the design subsystem describes how drawings are produced;

- the procurement subsystem simulates requisitions, purchase orders and
delivery of material, starting from the design's evolution;

- the construction subsystem describes the physical progress of the project,
taking into account the two previous subsystems.

In those subsystems, the management estimates the remaining work at each
simulation step, and forecasts the global delay and the final delivery date.
From these estimates, the management sector may shift the workforce betweem
the different tasks, or may take people from the company's other projects. It
may also be necessary on occasion to change the schedule and the final
delivery date.

In this model, the user decides when procurement and construction processes
start and can evaluate from different design-procurement-construction overlap
schemes, the optimal solution that minimizes duration, cost and maximizes
quality and productivity.

BASIC CAUSAL LOOPS FOR THE DESIGN AND CONSTRUCTION SUBSYSTEMS

The design and construction subsystems are each composed of three major loops:
two negative loops and one positive loop (see figures 2 and 3).

The major negative loop has the goal to realize the project: as the workforce
goes up, the progress rate and the cumulative progress go up, then the tasks
perceived remaining go in the opposite direction; when the tasks remaining go
down, the effort remaining, the indicated workforce, the net hiring and the
total workforce go in the same direction.

The second negative loop works as follows: when it is recognized that the
forecast schedule completion date is behind schedule, the schedule pressure
increases, the workers and the management will increase the work rate to be on
the target date, reducing the pressure on the schedule.

At the same time, the schedule pressure will decrease the quality of
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TABLE 1 : EQUATIONS OF THE LARGE BUILDING MODEL
FQR ERO'CU'REMENT AND CONSTRUCTION ONLY

HOTE
MOTE
MITE COMSTRUCTION CONSTRUCTION CONSTRUCTION CONSTRUCTION
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HOTE UALITY OF COMST.
A 0C.X=SHOOTH(TABRR (TCIFPCONC.Ks0s 1o 1)STABHL (TONCSRROCTD Ky
X 0919,2)$CHEQKESCPEGC KSEFDHDKoQOEL)
T TANCa15o999098109820960.55
T T0C3.9950 949850980 93549690789 0981 4 9492571,93
HOTE RATIO OF REVISED DRAVINGS 10 TOTAL DRAVINGS
& RRDCTD.K2DTRASC.K/(TRAKFIW)
HTE DRAVINGS TO REWORK AFTER THE CONSTRUCTION START
L BTRASC.K=DTRASC, JIDTRRDRASC.J
¥ DTRASC=0
A CYERK=TABHL(TWEQs CUFOF oK1 091542} -
# CUFCE K=CUFEXP. K/ CTCHF JK#1) _
" & SCPELC.K=TABHL(TSCPEQ/RRFSCC.K10139.5)
KOTE
WTE CRIR. PERCEIVED NOBT.PMSS

HTE

# CPCP.K=CHR.KHIDIR K

W FRACTION PERCEIVED COMPLETE OF CONSTRUCTION

A FPCONC.X=CPCPWK/TRCS K

WITE

WOTE CONST, EFFDRT PERCEIVED REMAINING

[} CEPRB!.K*(TPCJ.K-CPCPJ)IU.IP(CPMD.K'SPROBCnTIHE.KvCUHS‘.ﬂ)
# TPCIK={TUHTHAKISRED

C RCD=4

@ CPPROB.K=SHOOTH(IPRODC.Ks TPPRODY

HOTE INDICATED PRODUCTIVITY IN CONST.
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A CRPROD,X=CLIP(CIHR K/ ({CCUFD.K$1)/5) sCNNRP oK/ ( (CHFEXP JICHFIEN K1)
X 8DT)1FPCONC.Ks.99)
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A RCORLK=RCMR. XK

L CANRP .X=CHNRP - JIDTS(RTIBR1  J-RCHHR2, JX)

H QiRe=0

R RCHNR2 KL~CHMRP.K/DT

& YTREC.X=TABHL (THTRPsFPCOHC.KeOrlr.1)

HOTE

HOTE SCHEDULING FOR THE CONSTRUCTION

NOTE

& TPREQC.K=CLIP(CEPREN.KSRTRAFC. K/NAX(CHFS Ko 1)e

X SCBC.X-CONSSToTINE.X»CONSST)

& RTRAFC.K=TABHL{TRTRFC)FPCONC.Ks0221,1)

T TRYRFC=6159 4450785097510 299103751.5002.8211 068014360401

A ICOC.X=SYTTCH(CLIP{TINE K$TPREGC K+ 5CDD. KSCOIN-SCOND» TINE (K2 CONSST)»
% CLIPCTIHE KHTPREGCJKsMAX(SCODKsSCOCNY o TINE Ko CONSST) 4 TESTL)
€ TESTI=0

L SCOC.K=SCOC. JIDTRRACS . K

N SCDCsSCOCH

£ SCOCH=384

R MACS.KL=(ICDBC.K-SCOC.K)/CSAT.K

& CSAT.K=TABHL(TSATC/FPCONC.Ki811142)

T TSATC=205209105894:3

A TREMC.K=CLIP{SCBC.K~TINE,KsSCOC.K~CONSSTs TIME K5 CORSST)

WITE

WIE (DISCOVERED CON5T, REEDING REVORK

MOTE

R RUCHR.XL=APPREC.KE{1-0C.K)

L UOR.KUCHR, JHDTS(RUCHR . JK-RIUCKR, XK)

R UCNR=0

R ROUCNRKL=UCHR . K/TDCRE K

A TBCR K=TABHL {TTDRYsFPCONC.Ko0es.1)
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NOTE CONST, NOT MEEDING REWORK
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L CORK=CI0R, JHDTERONR . KX-RETRRD. JK)

) ONR=0

R m.n.xmasc.mc.x

MOTE CONSTRUCTICH 7O REVDSK DUE 70 REVISED DESIGH
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e
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HOTE EFFECT OF AREA VORXLOAB IM CONST.
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NOTE EFFECT OF JOB SIZE IN CPNST.

& EFJSC.X=TABHL (TEF JSC/ TPCHD, KENHUL/ 5056000000, 1000000)

T TEFJSC=140608749874970.961.951,92

NOTE EFFECT OF HOLYDAYS (TRICE PER YEAR) O LEARMING EFFECT
€ L1=0.05:L2=24+13-24
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WOTE

ROTE RECOGHISED RATIO OF FORECAST TO SCHEDULE CORPLETICH DATE
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& UCOUF JK=TABHL(TUCCHF o FPEOAC.Ks0r1542)

T TCCWFsLilalslslel

A CUFS.X=NIN(CLTOWF K« CUFND.K)

A CLICHF X=TARML(TCTORF s FPCONC Ko 00 1142)

T TCTCUF=4000+6000+4000+50001 500016000

A CHFGAP . K=CUFS. K-TCWF oK )

R CHIRERT.KL=HAX(0s CUFGAP +K/CHIRDY)

€ CHIRDY=2

A TOMF JX=(CHFEXP JKHCUFNEN K) SCLIP (1209 TINE X, CONSST)
L OUFNER, K CHF REW. HDTS(CHIRERT, JX-ASTHRC . X-NEVCTR. SHTRTHCH, X)
¥ CUFNE¥=0 :

R ASIMRC. XL=CUFNEN. K/ASIDYC

C ASIDYC=4

L COVFD.X=CORFD. DTS TCUF . JASR( (NWCHOVRTHE . J)/NIC) S (1/DT))
N COFD=t

A EVCTR.K-BIN(TRNFRC.K» CUFREN .K/BT)

# TRNFRC.X=MAX(0r-CUFGAP . K/TRNSIT)

L GFEP . X=CUFEXP, JIDTS(ASTIRC  JK-EXPTRC. J-QUITRE  JK-TRTHCW. KX}
R QUITRC.XL=CRFEXP.K/AVEPTC

€ MXEPTC=50

A EPTRC,K-HIN(CUWFEXP JK/DTs TRNFRC K-NERCTR K}

R OFEXP=0

BTE THDICATED CONST, SORKFORCE

A ICHF X=(CEPREM K/(TREMC K#1) YIRTRAFC.XSCLIP (1200 TINE K5 CONSST)
A TPCHD.K={CEPREN.K15)1COVFD.K

HTE €osT

& TCCOST.K-TPOND.K38%20/.33

‘A TPCOST.K=(TDCOST.KFTOCOST.K)/2

A TCCOSC. K=CORD. XS8R0

A TBCCOS.K=TCLOSC.KETCCOSOK

KOTE

MTE SUTTCH OF CONST. WGRKFORCE (TWICE)

R TRTHCY.KL=(CWFEXP.K$.8/DTISCLIP (1,05 SWTCHF JK$DT s 1)
A SHTCHF K=SHTCHR  JX

R SWTCHR, KL=(FSYTCH XISSETCH.K) /BT

& FSWTCH.K=CLIP(1s0+FPCONC.Ks 4 22)SCLIP(Ds1,SUTCH.Ks1)
A SSWTCH.KSCLIP(190+FPCONC.Ky o 60)8CLIP (02 1sSUTCHKs2)
L SUTCH.X=SHTCH. HDTESWTOHR. X

N SWTCH=0

WOTE

WOTE MATERIAL ORDERS

KOTE

KOTE POTENTIAL ORDERS OF MATERIAL IN RELATION WITH DESIGN PROGRESS
A PRETL K=TABHLCTPRNTLsFPCOND.Ks0r11.2)

T TPRMTL=010+ 05542555001

WOTE BEQUISITIONS OF HATERIAL

L REGHTL ,X=REDNTL,HDTS(REQRIQ. « JX-ODRNTL, X}

N REUNTL=0 .

& REQRM ,KL=( (PRITL K-REQNTL . K-NTLODR,K-MTLOST . K}/REQDY) S
X CLIP(1+00 TINE.X/PROCST)

€ REQDY=4

NOTE ORDERS DELAY

€ ORDY=4

¥OTE ORDERS RATE OF MATERIAL

R OGRATL.KL=REGMTL.K/CRDY

KOTE NATERIAL ORDERS

L NTLODR.K=NTLOOR. J4DTS{ODRNTL . K-DELRAL X}

M KTLODR=0

WOTE MATERIAL ON SITE

L KTLOST.K=NTLOST. HDTSDELRHL. X

¥ NTLOST=0

WOTE DELIVERY RATE OF MATERIAL

R DELRML .KL=NTLOJR.K/DELDY.K

HOTE DELIVERY DELAY

A DELDY,K=TABHL{TDELDY»QDSD«Ks0v11.2)

T TDELDY=20520120s16+14+8

NOTE QUALITY OF DESIGN OF SHOP DRAWINGS
A QDSB.K=TABHL(TADSDs AVAD oKy eSris+1)

T T088D=e5r06r4704800911

MOTE SUIMATION OF QUALITY DESIGN

L $2B.X=50D.JDTIAOGN. S

N Sa0=0D

NOTE QUALITY GF DESIGN TO DETERMINE THE QUALITY OF SHOP DRAVINGS
A ODSN,.X=CLIP(0+GD. K/BT+RFCOID X5 1)

MOTE AVERAGE QUALITY OF DESIGN

A AVGD,X=50D,K/CLIP(SCDD.Ks TINE Kt1sFPCOND.Ks 1}

MITE EFFECT OF DELIVERED MATERIAL ON QUALITY OF CONSTRUCTION
A EFDNQ.KsTABHL (TEFDNQsRMNTND K1 42515 41}

T TEFDHQ=4851452145701

MTE RATIO OF WATL. ON SITE 70 MATL. MEEDED

A RIMNTHD.K=HTLOST.K/MAX(NTLND.K» ,001)

NOTE EFFECT OF DELIVERED MATERIAL ON PRODUCTIVITY (APPARENT)
A EFDNP.KaTABHL(TEFIRP sRIHTND K5 011402}

T TEFIP=0s 45894701 ¢839,93s1 -

NOTE PATERIAL NEEDED (IN THEORY)

A NTLMD.K=XIN(1+FPCORC.KSDELYF)

€ DELYFs.1

NOTE

WIE CONTROL CARDS
MOTE

€ CONSST=144,PROCST=120

€ UA=05T22100, 13999

€ DC=0rT4220,TS=30

SPEC DT=1/MAXLEN=500,PLIPER=8/SAVPER=E

& PRTPER.K=LENGTH.K

A LENETH.K=CLIP(TIKE X/ MAXLEN,RFCONC.K0 . 99)
KTE REAL FRACTION CONPLETE OF CONST.
A RFCOMC.K2CHNR. K/ ( (IB+THALK)SRCD)
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construction and then will reduce the rate of construction not needing rework
and therefore maintains the slippage of construction schedule and the schedule
pressure on workers; this is the positive loop.

THE DESIGN SUBSYSTEM

A mandate for the design/built of a skyscraper is undertaken by a Developer
who hires Consulting-Engineers. A construction work breadown structure for
fast-tracking the building is established according to scope configuration
management and constructibility, which means that after preliminary
engineering, the building projeet is packaged to be designed the way it is
going to be built.

Preliminary engineering defines (besides the type and position of shearing
walls, elevator lifts, curtain walls, beams, etc.,) the non similarities, like
the different types of floors, typical cross sections, etc.; the final design
consists of finalizing the details of each similarities. In buildings, there
are sixteen specialities and to those specialities, a construction trade is
corresponding. When you design/built, you will detail the structural design
for about three floors ahead before you start the construction. In this
process the design, procurement and construction are proceeding in sequential
packages. We will assume an equal number of drawings for each floor. In this
paper, the building has 250 floors.

After the approval of a preliminary architectural sketch, the architect will
detail his drawings sufficiently to allow the structural engineer to design
the building for the fondation and the infrastructure. At the same time, the
electrical engineer and the mechanical engineer progress in the design in
coordination with one another and with the interior designer.,

The Consulting-Engineer starts with a certain number of designers in each
specialities, but he will be obliged during the design process to hire
designers in each speciality. The hiring is represented by the Hire Rate
(HIRERD) and this is cumulated in a level, the Workforce NEW in Design
(WFNEWD)., After an assimilation period, this workforce becomes experienced
(WFEXPD). The total distribution of resources is done trapezoidally during the
design 1life cycle as required in practice. We asssume a complete build-up of
the resources at 22% schedule progress and a run-down of the resources at 38%
schedule progress (see figure 4):

The design effort perceived remaining (DEPREM) divided by the time remaining
in design (TREMD) and multiplied by the required trapezoidal factor that
varies with the progress of design, will determine the indicated workforce in
design (IWFD).

The trapezoidal factor takes in account two parameters:

1- the required number of men using the trapezoidal distribution compared to
the constant number of men using the rectangular distribution;

2~ the effort perceived remaining using the trapezoidal distribution compared
to the effort perceived remaining using the rectangular distribution.
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The factors vary with the fraction perceived complete of design (FPCOMD) and
are determined by the following table:

T TRTFD=429,478,31e3241045,1652,1e4731e42,1:37,1e24451.11,.48
Different factors will be used for the construction workforce distribution.

The Design Workforce Sought (DWFS) will be measured also in regard of the
Indicated Workforce (IWFD) and by the Ceiling to Design Workforce (CELDWF). If
there are +too many resources, the firing process or the Transfering Rate For
Design (TRNFRD) will start by the new workforce (WFNEWD). The New Workforce
(WFNEWD) with the Experienced Workforce (WFEXPD) represent the Total Design
Workforce (TDWF) that will realize the design according to the Apparent
PRODuctivity (APRODD) defined in function of a Gross PRODuctivity (GPRODD)
that can be modified by the following three factors:

1- the SChedule Pressure Effect on Productivity in Design (SCPEPD);
2- the Learning Effect on PRODuctivity (LEPROD);
3- the EFfect of Job Size on Design (EFJSD).

‘The willingness to meet the target dates, especially when a project is late,
has the consequence to increase the Schedule Pressure (SCPEPD) that will
augment the productivity unless it is recognized impossible to meet the target
date,

LEPROD implicates that the work becomes repetitive. The learning effect
augments the apparent productivity (APRODD) up to the resource run-down of
each discipline when there is no more production possible due to a lack of
similar work.

EFJSD will decrease the productivity in a large project on account of the
number of designers to coordinate and a slow down in the decision process.

PRODUCTION OF DRAWINGS

Our model considers the production of two types of drawings:

1~ Drawings Not Needing Rework (DNNR);

2~ Undiscovered Drawings Needing Rework (UDNR):

In practice, those drawings are function of the quality of design (QD) which
will decrease slightly after the beginning, then will augment due to an
increase of motivation for more construction quality and it will decrease at
the end of the design of the corresponding speciality.

Anyhow, the quality of design (QD) will be affected by the experience of
workforce (WEQD), by the schedule pressure effect on quality (SCPEQD) to meet

the target date, by the effect of work added during the design (EWAQD) that
has an effect of demotivation on the designers to produce quality work.
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The drawings that do not need rework (DNNR) represent the cumulative real
progress and are affected by design changes (DTRDC) that are requested by the
owner, the consultants, a governmental department or the contractor and also
by the work added (DTRWAD).

The time perceived required for the design (TPREQD) which determines the
indicated completion date of design (ICDD), depends on the effort perceived
remaining (DEPREM), the workforce sought (DWFS) and the trapezoidal factor.

In regard with the time perceived required, the management can modify the
schedule completion date of design (SCDD) and adjust the indicated workforce
for the design (IWFD) to meet the revised schedule date.

Design and construction subsystems have specific modules to differenciate
design from construction for workforce, schedule completion date and apparent
productivity.

THE CONSTRUCTION SUBSYSTEM (see figure 5)

In a fast-track project, the construction starts when there is enough material
on site, between 30 and 40% of the total project time.

The general contractor plans his workforce sought (CWFS) in function of the
schedule completion date (SCDC) stipulated in the tender document. To achieve
this, we have distributed trapezoidaly the construction manpower with a
build-up at 40Z construction progress and a run-down starting at 70%
construction progress:

The trapezoidal distribution of workers is composed of the sum of three major
specialities: structural, mechanical-electrical and architectural, that are
phasing at different times during the construction.

The experienced construction workforce (CWEXP) and the new construction
workforce (CWFNEW) represent the total construction workforce (TCWF) that will
carry on the construction according to an apparent productivity (APPRODC).
Also the model transfers 80% of the experienced workers to new workers twice
without hiring process.

The productivity will generally decrease when the following factors appears in
the construction: fatique, decrease motivation, lack of work space, lack of
effective direction, wrong number of skill types of workers, lack of proper
material or equipment.

The Apparent Productivity in Construction (APRODC) is defined by this dynamo
equation composed of a constant and six endogenous variables:

A APRODC.K=GPRODC*SCPEPC .K*LEPROC .K*EFDMP (K *EFAWLC . K*EFJSC . K*EFOVTC.K
where

GPRODC : Gross PRODuctivity (tasks/worker-week)

SCPEPC : SChedule Pressure Effect on Productivity (dimensionless)
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LEPROC : Learning Effect on PROductivity (dimensionless)

EFDMP : EFfect of Delivery of Material on Productivity (dimensionless)
EFAWLC : EFfect of Area Workload (dimensienless)

EFOVIC : EFfect of OVerTime (dimensionless)

The gross productivity in construction is a constant; we assume a gross
budgeted physical output for each man per unit of time. Because our concept of
productivity in design is the rate at which drawings are produced, a physical
measure without qualitative implications results to be 10 drawings/man/year;
and it is also recognised that the constrwetion manhour budget is about six
times greater than in design. So we have eonsidered this result and set the
same value for the Gross PRODuctivity in Design (GPRODD) and in Construction
(GPRODC) and assume every drawing generates six jobs in the field.,

Those parameters involved in the Apparent Productivity are described
hereafter:

1~ the SChedule Pressure Effect on Productivity (SCPEPC):

SCPEPC varies in function of the recognised ratio of forecast to schedule
completion date (RRFSCC).

A SCPEPC.K=TABHL(TSPEP,RRFSCC.K,0,2,.25)
T TSPEP=004’O.5,0.6,0.8,0.9’1 ’1 .2’ 09’ 06

If the forecast completion date is ahead the schedule completion date the
schedule pressure will have a negative effect on the construction productivity
because the workers will tend to decrease the productivity to stay on the
known target date. If the forecast completion date is behind the schedule
completion date, the schedule pressure will have a positive effect on the
productivity because the workers will try to stay on target date, unless the
workers perceive that there is no possibility to be on the target date; in the
last case, the productivity will decrease due to team demoralization (see

figure 9),
2- the Learning Effect on PROductivity (LEPROC):

We have considered in our model the learning curve phenomenon on productivity.
The construction of a skyscraper, on account of the similarities such as the
typical floors, gives us the opportunity to study the learning effect on the
productivity.

In the construction of a building, the learning curve is modified constantly
because there are different learning curves due to the various specialities
involved. Repetition of complex operations tends to exhibit high ratio of
productivity improvement.

The Learning Effect on PRODuctivity in Construction (LEPRODC) is defined by a
table, (TLEPC) that is the sum of the different learning curves (see figure
6). A pulse function takes into account the lost productivity on the learning
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curve due to the work interruptions, such as vacations. It is amazing to
observe that the structural learning factor shows a rapid decrease of learning
effect instead of an improvement. ‘

A LEPRODC.K=TABHL(TLEPC,FPCIWC.K,0,1,.1)-PULSE(L1,L2,L3)

T TLEPC=¢95,140454905490,.95,141,1.05,1,1.03,.96,.9

Where L1, L2 and L3 equal respectively 0.05, 24 and 24.

A FPCIWC.K=MIN(1,CPCP.K/((IW)(RCD))

The 1learning effect factor must be in relation with the Fraction Perceive
Complete of Initial Work in Construction (FPCIWC) which is the Cumulative
Perceived Construction Progress divided by the Initial Work. The minimum
function 1is used because the work done can be greater than the initial work if
‘work is added.

3- the EFfect of Job Size in Construction (EFJSC):

The Jjob size has a significant effect on productivity. By experience, we
assume that the productivity decreases when the project construction manhours
are over one million and increases under one million manhours:

A EFJSC.K=TABHL(TEFJSC, TPCMD,K*NHWC/5,0,6000000,1000000)

T TEFJSC=1.0651,.98,.97,.96,.95,.92

TPCMD:Total Perceived Const. Man-Days.

NHWC:Normal Hours per Week in Construction.

4~ the EFfect of Area WorkLoad in Construction (EFAWLC):

In  construction, if there are too many workers in a work area, the
productivity will be affected. We assume that the productivity will decrease
if the area per man is under 160 feet:

A EFAWLC.K=TABHL(TEFAWL,RATCWF.K,80,160,20)
T TEFAWL=0.85,0.90,0.95,0.98,1

A RATCWF,K=CLIP(200,CLIP((FLAREA)(NBRFLR.K)/6,2(FLAREA),FPCOMC.K,O.25)
X /(TCWF.K+1),1-FPCOMC.K,1)

The ratio of area to construction workforce (RATCWF) is defined by an assumed
area divided by the total construction workforce (TCWF). The area of two
floors 1is available to the circulation of the structural workers (progress
less or equal to 25%) and 1/6 of the total floor area of the building is
available to the circulation of the other specialities (progress greater than
25%) .

C FLAREA=27,000 square feet, i.e. the area of one floor of the building.




-399-

A NBRFLR.K=(IW+TWA.K)*RCD*5%8%20/(.33#85*GPRODC*FLAREA)

A variable computes the number of floor (NBRFLR) of the building taking into
account the initial work (IW) and total work added (TWA) converted in
construction jobs (RCD), the cost per worker per week (5 day*8
hours/day*$22/hour), the expected percentage of the workforece cost in the
total project cost (33%), the average construction cost per square feet ($85),
the gross productivity (GPRODC) and the area of one floor (FLAREA). :
5~ the effect of delivery of material on productivity (EFDMP):‘

A lack of material affects the progress of work, the effect of delivery of

material on productivity (EFDMP) is a table that varies between. zero and one
according to the Ratio of Material oN Site to Material neeDed (RMNTMD):

A EFDMP.K=TABHL(TEFDMP,RMNTMD.K,O,1,.2)

T TEFDMP=0,.58,+7,+83,.93,1

A RMNTMD.K=MTLOST.K/MAX (MTLND.X,.001)

We consider that we only need a requested flow of delivered material, In
practice we have to consider three types of material: material with long lead
time delivery, material in short supply and material fabricated in cyeling.
The factor RMNTMD is equal to 1 when the progress of procurement is 10%
greater than the progress of the construction

6- the effect of overtime on construction (EFOVTC) 2

When we have an extended workweek, the increase of the progress rate will be
lower than the overtime increase (see figure 14). The productivity loss
adjusment applies to total manhours and not to the additional overtime hours.

It is known that selection or spot overtime does not normally decrease the
productivitys

A EFOVTC.K=TABLE(TEFOVT,RONHWC.K,0,0.80,.2)((NHWC+OVRTHC.K)/NHWC)
T TEFOVT=1,0.90,0.83,0.75,0.68

A RONHWC.K=OVRTHC/NHWC |

A OVRTHC.K=TABHL(TOVRTC,RRFSCC.K,0,2,.5) *TESTOV

T TOVRTC=0,0,0,0,20

C NHWC=40, TESTOV=0

NHWC: Normal Hours per Week in Construction = 40

OVRTHC: OVeRTime Hours in Construction

RONHWC: Ratio Overtime hours to Normal Hours per Week
in Construction :
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THE PROCUREMENT SUBSYSTEM

When the management decides to start the procurement process (PROCST),
requisitions of material (REQMTL) are submitted in regard to the potential
number of vrequisitions which is a function of the design progress (PRMTL);
then purchase orders of material (MTLODR) are issued to the vendors who will
prepare shop drawings for approbation by the engineers before starting the
fabrication. In consequence, the quality of design of shop drawings (QDSD)
will affect the delay of delivery of material and could postpone the duration
of the construction. The quality of shop drawings is also a function of the
averag;) quality of design (AQD) prepared by the consultants (see figure 7 and
table 1) . .

We have assumed that the material delivered on site must be 110Z of the
construction progress in such a way that if the real quantity of material on
gite (MTLOST) is less than the theorical quantity of material needed (MTLND),
there will be a reduction of the apparent productivity (APRODC) and of the
quality of the conmstruction (QC):

THE BASE CONSTRUCTION SIMULATION (see figure 8 and table 2)

We have used the conventional construction scheme (we complete the design
before to start the construction at week 144) as the base simulation.

We have started the procurement 24 weeks before the start of the comstruction
and 120 weeks after the start of design. The schedule completion date for
construction initially was 384 weeks. After the simulation, the construction
finished date is week 417, 33 weeks more than the initial schedule. The cost
of human resources is 359 million $.

THE FAST-TRACK CONSTRUCTION SIMULATION (see figure 9)

In the fast-track construction simulation, the construction is completed 55
weeks in advance of the conventional construction base simulation for an
additional cost of four million $.

The negative effect is that we have rework during the construction because we
construction starts 56 weeks before the completion of design. We have chosen
to start procurement 30 weeks before the construction start to have an advance
on procurement to be able to order enough material and taking into account
material delay deliveries.

We will adopt the fast-track policy to compare three particular cases: the
conventional construction with fixed schedule policy, the conventional
construction with a ceiling on design resources plus a fixed schedule policy
on construction, and finally a fast-track with fixed schedule policy with a
ceiling on design workforce (see table 3).

COMPARISON OF A FAST-TRACK, WITH THE CONVENTIONAL CONSTRUCTION WITH FIXED
SCHEDULE POLICY (see figure 10)

The conventional construction with a fixed schedule policy has a duration of
388 weeks, this is 26 weeks more than the fast-track construction for a cost
of two million $ less than the fast-track. The saving could represent up to 30
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THELE 2! MODEL PARAMETERS FOR BASE SIMOLATION

Initial  Design

Work

8,000

8,000

8,000

8,000

ASIDYC ASsimTlation DelaY of Workers
in Construction
CHIRDY Construction HIRing DelaY
CONSST  CONStruction Start Time
DELIF DELiverY Factor for material nesded on
© site
pass Delay to Recognize Schedule Situation
GPRODC  Gross PROductivity in Construction
GPRODD Gross Productivity in Design
pg Initial Work
ORDY ORder DelaY of material
OVRTHC OVeRTime Hours in Construction
PROCST PROCurement Start Tize
RCD Ratio Construction to Design man-hours
SCDCN Schedule Completion Date for Construc-
tion iNitially
SCDND Schedule Completion Date iNitlally
for design
WA Work Added
Const. Proc.
Start Start
~Time Tize
{manhour) (weeks)
Conventional 144 120
Fast-track 90 60
Conventional
with fixed
schedule
. policy 144 120
Conventional
with celling
on design &
fixed-sche.
policy 144 120
Fast-track
with ceiling
on design work
force & fixed
schedule 50 5

8,000

(drawings) (weeks)

4 vorkable wveeks
2 workable weeks
144
1.1

6 worksble weeks

0.208 job/
pan/veek

0.208 dravings/

man/week

8,000 drawvings
4 vorkable veeks
0 (hours)

120

6

384 workable
weeks

]
144 workable
weaks

0 (drewings)

Const.

Pinish Finieh
Tine Tize

(weeks)
146 47
146 362
146 388
146 389
146 273

Manhour
Cost

$359E6

$363E6

$361E6

$360E6

$369E6

*
TABLE 3 : MANHOUR RESOURCES (DESIGN & CONSTRUCTION) COST COMPARISON
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million constant $, assuming that the rental revenue is collected to reach a
maximum revenue of approximately 10Z of the total cost after four year.

COMPARISON OF A FAST-TRACK, WITH A CONVENTIONAL CONSTRUCTION WITH A CEILING ON
DESIGN RESOURCES, PLUS FIXED CONSTRUCTION SCHEDULE POLICY (see figure 11)

The design resources are limited at 300. On account of limited resources, the
design will take longer and will be completed at week 230, 86 weeks later than
originally scheduled. During that period of time, because construction has
started, undiscovered drawings that need reworks are discovered and generate
additional work on the field.

In this solution, we see that the productivity and quality go down in the
period of overlap between design and construction. This is a conventional
construction that becomes fast-track on account of the limited resources. It
costs three million $ less than the fast-track and finishes 27 weeks later. We
can estimate that the ordinary fast-track construction represents an
additional rental revenue up to 37 million constant $.

COMPARISON OF A FAST-TRACK, WITH A FAST-TRACK THAT HAS A FIXED AND CRASHED
SCHEDULE POLICY AND A CEILING POLICY ON THE DESIGN WORKFORCE (see figure 12)

We compare an ordinary fast-track (with no policy to control schedules) with a
crashed schedule fast-track (with a policy to control schedules), where we
start procurement 5 weeks and construction 30 weeks after the beginning of
design. We slip only by two weeks the end of design and by three weeks the end
of construction that finishes at week 273, 89 weeks earlier than the ordinary
fast-track construction scheme for an additional labor cost of six million $.

The additional revenue generated by the crashed, fast-track and fixed schedule
construction could be up to 100 million constant $. This alternative
illustrates why in major projects it is economic to take the risk of loosing
millions at the front end to crash a project, at the expense of reworks to
save hundred of millions.

CONCLUSION

Is the crashed fast-track construction of major projects really on the long
term the most economical procedure?

The above question was raized in the conclusions presented by Jean-Claude Huot
at the First International Colloquium in French on Major projects in May 1981
and this paper is part of the answer, '

A MACRO-Engineering Center regrouping four Monteal universities has been
created by one of the authors of this paper in 1984 to assist the universities
in doing further researches on that subject.

At an important colloquium organized on March 1985 by the Large Scale Program
Institute of the University of Texas at Austin, an interesting query came from
the assistance to find out about existing researches on the effect of delaying
design in major projects. This will be answered with a more elaborate system
dynamics model taking into account all the economical factors (such as
escalation, interest on borrowed money, capitalization, internal rate of
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return on investment, etc.), and will constitute the next phase of our
researches,

In a period of declining growth, on account of the economy of scale on high
interest rates and inflation, there are indisputable avantages for crashing
the schedule to a maximum and to start the construction as soon as possible,
even at the expense of productivity, quality and project team morale. This is
going usually to be the solution retained by a management motivated only by
the maximization of profits on the short term. But we believe that system
dynamics can help us to find another solution, a long term solution, that
maximizes not only economics but also quality, productivity and human
resources., ‘

We have chosen a building of 250 floors, a major building of a dimension not
achieved yet, to illustrate the dilemma of size that we face with
MACRO-Engineering Projects. The tendency to crash major projects with fixed
schedule policy and strong management teams is dependent of the political and
economical survival of the project itself. Major Projects too often fail and
become Mega-Project Disasters; this has been brillantly demonstrated by O.P.
Kharbanda and E.A. Stallworthy and has been one of the preoccupation of the
Major Projects Association of U.K.

We see that there are definitely three major problems in crashing a major
projects, a problem of quality, productivity and morale. It is obvious that
poor quality and productivity have a bad influence on employees'! morale.
Rework 1is no good for workers, nobody 1likes to build for the sake of
demolishing, it is a vicious circle that keeps generating poor quality and bad
productivity. It kills the initiative and ingenuity that have been so
important for the innovative and competitive contractors.

Because we are bound to build MACRO-Engineering Projects in the future that
will support the next Kondratieff long wave, as predicted by Dr Frank P,
Davidson of M.I.T., we have to investigate further the dynamics of large scale
programs and the strange economics that they generate to avoid mega-project
disasters. For every unusual major project, it should be mandatory to develop,
at first, a system dynamics model to test its limits.
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