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Preface

The ACI Compilation Series offers an opportunity to gather together material pre-
viously published in Institute periodicals as a compact and ready reference on a
specific topic. The material in a compilation does not necessarily represent the
opinion of an ACI technical committee — only the opinions of the individual au-
thors. However, the information presented here is considered a valuable resource for
readers interested in the subject.

Victor E. Saouma
Chairman, AClI Committee 118

Use of Computers

On the cover: A three-dimensional stability analysis and design program for con-
crete monolithic structures was developed by the U.S. Army Corps of Engineers and
is now extensively used at the Waterways Experiment Station, Vicksburg, Miss. This
program, known as 3DSAD, features special purpose modules to compute quanti-
ties of volume, weight, and centroid for general geometry, analysis, and loads of

dams, locks, and other structures.

American Concrete Institute, Box 19150, Redford Station, Detroit, Michigan 48219
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uring the past two decades,

a dramatic change has oc-

curred in the manner in

which engineering projects
are designed and managed. Long
and tedious calculations have been
replaced with fast, accurate, and
detailed results. Complex analysis
that only a few years ago was
thought impossible or impractical
now is conducted on a routine ba-
sis.

Computers have found their way
into nearly every aspect of concrete
technology; the extent of this inter-
action can be seen in Fig. 1. Com-
puter technology has intertwined
knowledge and applications in a
manner that results in remarkable
improvements in efficiency, begin-
ning with a better understanding of
material behavior and extending to
the design and the construction of
structures.

Computer programs have be-
come everyday language and the
mystique that surrounded their use
in the sixties has been replaced to-
day with a hands-on, do-it-yourself
attitude. The complete area of ma-
terials science is expanding at a re-
markable rate in the use of com-
puter technology.'? The computing
power available in desktop and lap-
top microcomputers of today rivals
the capability of mainframe com-
puters of a few years back. The cost
of these systems has in turn de-
creased such that today this tech-
nology is affordable by even the
smallest companies. The rate at
which computer technology contin-
ues to develop points to even fur-
ther involvement of computers in all
aspects of engineering over the years
ahead.

Some of the more common appli-
cations of computers in concrete
technology are testing, material
modeling, analysis and design,
quality control, construction man-
agement, fatigue analysis and pre-

Gomputers in
Goncrete Technology

by M. A. El-ahman and W. J. D. Shaw

diction, cost estimating, and in-
volvement in codes and specifica-
tions.

Testing

The use of computers in the labo-
ratory is vital for testing and evalu-
ation. They are now commonplace
in structural testing and are used in
several different manners.?

One major use is data acquisi-
tion, which usually involves gather-
ing data, its subsequent storage, and
sometimes displaying either the data
or the current status of the test. An
example is that of reading and stor-
ing strain-gage data for loaded con-
crete components either in the lab-
oratory or the field. This replaces
the use of data loggers, which re-
quire considerable manual handling
of data for analysis at the end of
the test.

Computers used for data acquisi-
tion also are suited to analyzing and
reducing test data, tabulating re-
sults, and plotting engineering rela-
tionships with minimal human in-
volvement.

Microcomputers can be used in
computations for test setups as well
as verifying the status and zero po-
sitions of sensors. Some programs
allow for internal calibration and
offset conditions prior to testing.
Computers also can be interfaced
for interactive control of testing
machines. Fig. 2 shows a testing
system controlled by a microcom-
puter that also acts as a data acqui-
sition system. A microcomputer,
acting as a smart terminal also can
feed collected data to a mainframe
computer so the data can be added
to a data base or used for other
analyses.

Another use is determining air-
void system parameters or aggre-
gate size and distribution in hard-
ened concrete. These values can be
determined easily using a computer-

COMPUTERS IN CONCRETE CONSTRUCTION

controlled microscope stage cou-
pled with a video recording and
analysis system. These image-analy-
sis systems now are standard items.

Computerized materials-testing
systems have paid off in a number
of ways. There has been an increase
in experimental efficiency and pre-
cision and an improvement in the
quality of both testing and the anal-
ysis of the test results. The test en-
gineer has more information avail-
able and more time to visually ob-
serve the specimen during testing as
well as to consider the significance
of the results after testing is com-
plete.

Material modeling

The stress/strain and cracking be-
havior of concrete and reinforced
concrete structures can be described
by formulating specific equations of
state. These special relations are de-
veloped using power law relations
or polynomial equations based
upon analysis of experimental in-
formation.

For cracked concrete structures
where analytical relations are not
available, or when the exact analy-
sis is tedious and time consuming,
the structures’ behavior can be sim-
ulated through numerical analysis
procedures. The state of the art in
modeling concrete structures has
been basically through two distinct
approaches, smeared-crack
representations** and discrete-crack
representations.5’

Each method has specific advan-
tages and disadvantages, and care
must be taken in the selection of fi-
nite element size when using the
smeared-crack approach.® Because
of this, a hybrid model using fea-
tures borrowed from the two base
models has been proposed.®® This
area of modeling continues to
evolve.

The DIANA program'® was con-

structed accordirBB&lﬁ m"érfﬂ‘s
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crack concept to model the nonlin-
ear behavior of reinforced and pre-
stressed concrete elements. Using
the discrete approach, conditions
for crack propagation in a porous
structure have been studied analyti-
cally.!

An example of the results of
computer simulation analysis using
discrete-crack representations for
cracking in coarse and fine aggre-
gate is shown in Fig. 3. In addition,
three-dimensional elliptical voids
have been used as models to study
crack problems.'>" Fig. 4 shows the
interaction of initiation stress at
voids in concrete under biaxial
stress fields. These were obtained
using the computer program SCA-
TEC.?

Computer image analysis also can
be used to help investigators assess
microcrack patterns in concrete!*
and trace the migration of different
chemical species in hardened con-
crete. Once analysis is complete,
complex random-path statistical
models then can be constructed and
used for behavior prediction in
other problem configurations.

Design and structural
analysis

The design of structural compo-
nents always has been a repetitive
and time-consuming task; similar
analysis relationships are used for
most types of members. The loads
applied to a structure give rise to
stresses, strains, and displacements
in the structural elements, which are
sized for limiting values of these
parameters.

The optimum design of each
component in a structure does not
necessarily insure the best design of
the structure as a whole. Rather,
conceptual input from the designer
always will be necessary. In statisti-
cally indeterminate structures, the
interaction of stiffness in adjacent
members also must be considered.'
In problems such as this where iter-
ative analysis is required, the use of
computer programs has a definite
advantage.

An overall computer flow dia-
gram for the design of engineering
structures is shown in Fig. 5. Such

Fig. 1—Applications of computers in concrete technology.

a process always involves an inter-
active approach with the designer
and incorporates a redesign por-
tion. Many computer programs,
classified as inhouse, university, or
commercial, are available for the
design of concrete structures.

Two of the most important crite-
ria for selecting a design program
are user interaction and program
flexibility. These two features allow
a designer to alter a design solution
easily as a project progresses. For
iterative programs the efficiency of
convergence to a final solution is an
important attribute.

Quality control

Concrete, as compared with other
engineering materials, is inherently
a largely variable material. When
tested, two identical concrete sam-
ples can show moderate but sub-
stantial variations in mechanical
properties. Variations in strength,
workability, and durability of con-
crete are caused by many factors
that should be corrected quickly by
adjustments in mix proportions and
close supervision at the time of
mixing and placement.

Consistency in the properties of
the tested concrete specimens is a
prime objective at concrete batch-
ing plants, which leads to a need for
a high degree of quality control
during the manufacture of con-
crete. Computer programs can pro-
vide better control in obtaining
good quality concrete and pro-
grams are able to perform virtually
any operation that might be re-
quired.'s"

facing page:
Fig. 2—(top left) Computer controlled
concrete testing.

Fig. 3—(right) Compressive load
crack patterns using a computer
simulation technigque:™ a) hardened
cement paste; b) concrete.

Fig. 4—(bottom left) Crack initiation
stresses at voids under biaxial
conditions.™

For example, the Project Con-
crete Quality Control System pro-
gram,'s PCQCS, written in FOR-
TRAN, was developed to provide in-
formation on controlling specific
properties of concrete. It incorpo-
rates gradation commutations and
proportions and adjustments of mix
proportions for scale weight, gra-
dation summarization, and com-
pressive strength data. The pro-
gram also can compute and store
data for monthly summaries and
make the necessary mix proportion
adjustments for gradation and
moisture. The overall structure of
the program is shown in Figure 6.

Another program, COPMU-
MIX," written in BASIC, allows an
automated step-by-step procedure
for the design of normal weight
concrete. The ACI, CSA, and Brit-
ish design procedures were incorpo-
rated into the program, which al-
lows the user to design a mix ac-
cording to a specific code. Once the
mix is designed, it can be modified
for partial replacement of cement

by flyash. The p dmends

ACI COMPILATION
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low the target strength to be calcu-
lated and gradation of fine aggre-
gates to be analyzed in detail.
Integrated software is available
that combines separate programs
into a unified versatile program.
Thus spreadsheet calculations,
graphics, word processing, and
communication can be used with
quality-control software. The main
strength in the use of computers for
quality control is the ability to exe-
cute complex interactive relation-
ships in a quick and systematic
manner. Concrete mix computer
programs, when combined with
good inspections and workman-
ship, help to obtain the best end re-
sult, which is based upon a total
approach to quality control.

Construction management

Computers have found their way
into construction and are used in
job analysis, ordering materials,
and bookkeeping and also as a tool
to coordinate geometry, control
alignment, and control reference
points.

For large-scale construction proj-
ects, planning and organization are
vital and construction and materials
scheduling using critical path plan-
ning is essential. This method is
available in commercial programs
that prevent unplanned time delays
and provide the most efficient path
for job progress.

Formwork design is another area
that can be improved upon signifi-
cantly by using computers. Form-
work often has been either overde-
signed or underdesigned, resulting
in wasted time and money or even
collapse.

The reluctance to design form-
work accurately is associated with
the time and effort required to per-
form the necessary strength analy-
sis. The use of microcomputer pro-
grams can lead to the rapid design
of more rational formwork sys-
tems, resulting in improvements in
construction, safety, and cost.

Fatigue

Computers are used in a growing
number of applications of concrete

technology with regards to fatigue
behavior, resulting in progress in
both knowledge and design. Com-
puters often are used to gather and
store fatigue information during
testing of concrete, reinforced con-
crete, reinforcement, and post-ten-
sioning rods.

Field loading spectrums for spe-
cific structures can be fed back into
the testing machine through inter-
active computer control, allowing
the laboratory test component to
undergo the same spectrum loading
conditions as those occurring in the
field.

The analysis of fatigue data also
is conducted easily using computer
systems. Generally, empirical fit-
ting relationships that allow life
predictions can be made. Data bases
are compiled for different materials
and conditions that later can be in-
corporated directly into prediction
or design programs.

Design and analysis of structures
are accomplished easily with spe-
cialized computer software. Most
design and analysis for fatigue con-
ditions involves an iterative process
to predict the fatigue life of the
structure. This is particularly true
where fatigue cracks exist in the
structures as life prediction depends
upon crack propagation.

In many respects, concrete is sim-
ilar to such other materials as met-
als, ceramics, and polymers when
fatigue behavior is involved. The
use of computers for fatigue test-
ing, analysis, and life prediction can
be extended easily from metals to
concrete structures.

Cost estimating

Estimating a price during the tender
process is a difficult and time-inten-
sive job. Accuracy is required if a
low tender is to be achieved and a
profit maintained. Contractors are
able to derive considerable benefit
when using a computer program or
special computer and takeoff pen
system for estimating the costs of
projects. The return from using
such a system can be measured in
terms of success in winning con-
tract awards, efficiency, accuracy,

STRUCTURAL
LAY -QUT

STRUCTURAL
PROPERTIES

LOADING
CONDITIONS

DESIGN
CRITERIA

ANAL?SIS
GN

DESIGN
EVALUATION

STRUCTURAL
DETAILS

CONTRACT
SPECIF

TECHNICAL
REPORTS

Fig. 5—Structural design process
flow chart.

and time savings. In addition, esti-
mating programs are helpful for
project supervisors when placing
materials orders.

Codes and specifications

In design procedure, the engineer
frequently refers to building codes
to insure that a structure meets the
minimum requirement for safety
and performance. This sometimes is
a tedious job. Computer programs
implementing the code require-
ments make it possible to search for
relevant topics with considerably
less effort than usually is involved.
Using computer programmed codes
also helps to avoid overlooking
portions of the code since cross ref-
erencing is easily incorporated.

Future directions

The major advance in the use of
computers in concrete technology

currently is in mmmi’

AC| COMPILATION
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Fig. 6—Project concrete quality control system moduies.

personal computer (PC) systems.
The increasing capability in com-
puting power and availability of
software means that more small
companies are able to afford this
technology. Future applications for
PC use likely will occur first in
computer-aided design. Addition-
ally, more testing laboratories will
incorporate computer-controlled
equipment and data acquisition in
their evaluation of material proper-
ties.

Computer use can be expected to
increase in the areas of fatigue and
fracture mechanics. In addition, in-
tegrated quality control using feed-
back circuitry during the mixing of
concrete also is likely to grow. Us-
ing feedback, either automatic or
computer-guided, corrections can be
made prior to the completion of
mixing so that exacting quality con-
trol of concrete strengths and work-
ability can be maintained.

Computer use is a powerful de-
sign aid and and can be an excellect
investment as long as the engineer’s
judgement is not sacrificed.
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Interactive Vertical

Formwork Selection System
I L A R e

hrinking construction mar-
kets and shorter construc-
tion periods are driving more
and more contractors to ex-
ecute critical path activities and
large cost items with their own
forces. Typically, the first item for
a general contractor to do in-house
is the structural concrete frame. The
reasons for this are:
® It is a large cost item.
¢ It controls the project pace
e It is a phase of the work where
labor is exposed to risky or unsafe
conditions.
e The quality of the structure can

Wood Spreader

Ties

§

A8

P e A T

Fig. 1 — Conventional formwork.

8

Sill or piate

also dictate the quality of work-
manship acceptable on the project
to the trades that follow.

A large portion of the cost of the
structural frame is the cost of form-
work for columns and walls. Typi-
cally, the selection of a formwork
system is made by a senior member
of the contractor’s organization.
The decision is heavily based on
that individual’s experience. This
article describes a tool that the au-
thors developed to assist the form-
work engineer/planner in selecting
a vertical formwork system. The
tool was developed by systemati-

Board Sheathing

Plywood Sheathing

Brace to solid
construction
Studs

Double Wales

Sill or Plate

cally capturing the expertise of peo-
ple involved in all phases of the life
of the formwork, from design
through erection and concrete
placement to removal. The end re-
sult is a body of decision rules and
knowledge represented as an expert
system.

Vertical formwork systems

Vertical formwork systems are
those used to form the vertical sup-
porting elements of the structure
such as columns, core walls, and
shear walls. The function of the
vertical supporting systems is to
transfer the floor loads to the foun-
dations and to resist the lateral
loads from winds and earthquakes.
Consequently, the construction of
vertical structural elements precedes
flat horizontal work.

Typically, columns and walls are
formed and placed one or two days
ahead of the floor slab. Some
formwork systems, however, offer
the contractor an option to con-
struct the vertical structural ele-
ments several floors ahead of the
flat work, and sometimes to con-
struct the entire core before the
horizontal work starts. A field
study' yielded five vertical form-
work systems: conventional,
ganged, slip, jump, and self-rais-
ing.

Conventional formwork

This all-wood forming system con-
sists of sheathing made of plywood
or lumber, supported by vertical
wood studs.? Single or double hori-
zontal wales are used to support the
studs. Ties may be inserted through
holes drilled ip, the wales (single
wale) or i"lsela VaG

ACI COMPILATION
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Wing Nut
Top Tie Assembly 2 P
A Z Clamp
panai [ ’ Fiat
1
Aligner Clip :
Taper Tie
(Optional Tle Systam:
l mﬁ'&ﬁﬁ:‘.‘.‘fﬂl":ﬁ'ﬁm,
(double wale) to resist the horizon- m.'te/ . : Sence’
tal pressure of plastic concrete. An 1k |
inclined bracing system is used to 1
prevent forms moving (Fig. 1). | 1 JJime
N . L Grade ’ /// %
% | ) Coll Bokt Jack NG5
Ganged forms s 4 &z
Ganged forms are made of large .°°° ‘ Prambing
panels joined together with special g Wakwsy A
hardware and braced with strong- =~ T
backs or special steel or aluminum e
frames. These large panels are usu- o
ally built or assembled on the
ground and raised into place by gé
crane. In high wall construction, the %
ganged panels are frequently raised e
by crane to the next placement po- Aje
sition and supported by steel brack- .
ets fixed to the lift below. Figure 2  Fig. 2 — Ganged forms.
shows some of the standard ganged
forms available for contractors.’
Slipforms )
Slipforms are usually used to cast Reinforcing Steel " Jack Red

walls, piers, towers, and structural
cores. Slipforms consist of inner
and outer forms, 3.5 to 6 ft (1 to
1.8 m) high, using 1-in. (2.5-cm)

thick lumber. Forms may be fabri- ggéﬁ'"g
cated from wood or steel, and are

supported by strong vertical yokes. iy 7

The yokes are tied together at the ———J| e

top to give the form sides the rigid- i — Deck
ity needed. Joists

Vertical sliding is accomplished
by jacks climbing on smooth steel
rods or pipes anchored at the base
of the structure and embedded in
the concrete (foundations) below
the forms. The jacks may be hy-
draulic, electric, or pneumatic and
operate at speeds up to 24 in./hr (61
cm/hr). Jacks usually have carrying > T——— :
capacities between 3 and 25 tons B N —, =
(2.7 and 22.7 Mg) and are spaced 4 e T
ft (1.2 m) on centers (Fig. 3). Documents

Finishers
Scaffoid

Fig. 3 — Slipforming system.
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A) Begin by removing all form ties and
anchor positioning bots.
B) Next, strip the gang by tuming the
pipa braces' adjusting screws. -
C) With the inserts now aoeesslble from
the upper level platform, attacl
landing brackets for the next Ilﬂ
v} AI the same time, while working from
kower platform, remove wind
al\chovs and finish concrete
paichi
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€) Hook the crane up to the gang,
workers leave the JumpForm.

Fig. 4 — Typical jump form cycle.

Fly:

F) Lift the JumpForm, flying it to the
next level,
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Reset:

larding brackets.
H) Workars than return to the

JumpForm and immediately release

the crane.

1} Wind anchors are attached at either
the tis location or the landing bracket

inserts.

J) Then, after cleaning and oiling the
gangfvommempsrulnmnnoﬂhc
gang,

opposite
K plumb the gang using the adjusiable
ipe braces.

V] Ormeennoﬂsetallsoeeiand
baxouts, working from the upper

levei of the oppasing form .

G} where it automatically attaches to the

L
1

[yl

Repeat steps A-K

M) Conclude the JumpForm cycle by
setting the ties and embedments.

Concrete is placed into the form
from a working platform that is at-
tached to and slides up with the in-
ner form. Concrete is usually placed
continuously, often 24 hours a day
while the forms are moved up-
wards, until the structure is com-
plete.*

Jump forms

Jump forms are used where no
floor is available on which to sup-
port the wall formwork, or the wall
and column proceed ahead of the
floor. Jump forms consist of a
framed panel attached to two or
more strongbacks. They can be one
floor high, supported on inserts set
in the lift below. Two sets, each one
floor high, that alternately jump
past each other can also be used.
Figure 4 shows a typical jump form
cycle, which consists of three basic
operations: strip, fly, and reset.’

Self-raising forms

This system consists of upper
form(s) and lower lifters (self-rais-
ers). The lifters are attached to the
wall already cast below the form.
Figure 5 is a schematic representa-
tion of a typical self-raising form
cycle.s’
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Factors affecting selection
of formwork systems

Selecting the formwork system for
cast-in-place reinforced concrete
buildings is a critical decision af-
fecting cost, safety, quality, and
speed of construction. Many fac-
tors must be considered for the
proper selection of the vertical
formwork system.

Vertical and lateral support?®

Typically, columns and walls are
utilized to support the vertical loads
resulting from the dead loads and
live loads. In high rise buildings,
another vertical support system is
needed to withstand the loads from
winds and earthquakes.

" Rigid frame. A rigid frame system

consists of rectangles of vertical
columns and horizontal beams con-
nected together in the same plane.
A bearing wall is a special case of
the rigid frame system (Fig. 6a).

Shear walls. A shear wall forma-
tion is a thin slender beam cantile-
vered vertically to resist lateral
forces (Fig. 6b). It can take the

form of a rectangular or box-
shaped core, which can contain ver-
tical transportation and energy dis-
tribution systems (e.g., stairs, ele-
vators, toilets, mechanical shafts).

Framed shear wall. This system
consists of a combination of frames
which utilize beams and columns
with the shear wall designed to re-
sist lateral loads (Fig. 6¢).

Framed tube. This is a structural
system in which the perimeter of the
building, consisting of vertical,
closely-spaced supports, connected
by beams or bracing members, acts
as a giant vertical internally stiff-
ened tube (Fig. 6d).

Table 1 — Structural sys-
tems and building height®®

Structural system Optimum height

Rigid frame Up to 20 stories

Shear wall Up to 35 stories

Framed shear wall
Framed tube Up to 55 stories

Tuwbeinwbe [)CYIINVEIES

ACI COMPILATION

Up to 50 stories



http://www.avadocuments.com/doc/aci-compilation-15
http://www.avadocuments.com/doc/aci-compilation-15

ACI COMPx15 xx EE 0ObLbk2949 050L089 207 W
0 | — 0
o
T
Lifting T u}
Mechanism
Sheathing (Form)
| - | »Ho Lo ET * R -
’ E] P i b,
s s: >: :»: :: :ai:l y b
’, )’ P’ 5, ’} }’ *
> ” }, ?’ ’, 1 : ,? *
= » ?, N >? ,’ ,’ >
S > b > b E »
k| > > > >
B > E] P td b E >
A ¥ > > >
» T 1 ¥’ T P’ T >, T ,? ” >
b ] > H— P | L He | 5] > ¥
b 34 N > i ] L -
bal'y > 3 > E >
(313 A y s > >
= >’ ” ?" 5’ ’3 ,’ >
=1£% H 3 g8 o . »
Ot N S - > P, o b *1 T
E > . * > it K b >
b > > 14 > N
> > 4 td b, b L]
b > > ? H]
* > P td b b >
b » > 2> ]
> > o t .&) ,’ >
9 & = S . ] X
b4 ,’ 2 td b L >
E L4 > > ]
* > b i 3 E 3
E > td 3 >
» > b » » » 3
\ 3 \ > > H >
Ld Ll N P t] b o L]
L > Ed E] >
» > a & b L | H]
> L 2> > > >
» » ,’ ” ” ” »
s __LI".J 2] 3 e o e s
s +] 5 3 » E »
L3 L3 [ 2] 2] L2 > s
L. 1>
Forms and Lifters Lifters pulled away Lifters Up to Lifters pushed Forms puiled Forms up to a Forms pushed
against the wall a new position back to the wall away new position back to the wall

Fig. 5 — Typical self-raising form cycle.

Tube-in-tube. This system is a
combination of the framed-shear
wall, which acts as an interior tube,
and the framed tube, which acts as
an exterior tube. The floor struc-
ture ties the interior and exterior
tubes together to allow them to act
as a unit to resist lateral loads
(Fig. 6E).

Table 1% indicates the optimum
height of each lateral support sys-
tem and serves as a rough guide for
determining the suitable lateral sup-
porting system for each building
height. Judgment, experience, and
the personal preference of the de-
signer are all-important factors in
choosing the proper lateral support
system.

Concrete finish

Surface quality and appearance is
always referred to as the concrete
finish. Concrete surfaces can be
classified as rough finish as-cast
surface, smooth exposed, or cov-
ered (with a special cladding mate-
rial or painted), and textured (with
an architectural surface texture and
treatment).

As-cast concrete finish typically
shows some irregularity and may
contain concrete surface defects. An

as-cast finish is usually found in
concrete buildings where appear-
ance is not important, such as
warehouses.

Exposed concrete finish is char-
acterized by a smooth regular con-
crete surface and regular position-
ing of form ties. Exposed concrete
surfaces are typically found in col-
umns and bearing walls.

Architectural concrete is favored
in vertical concrete elements (col-
umns and walls). As a result, con-
crete finish must be considered as
one of the major factors in the se-
lection of a formwork system. Ar-
chitectural concrete requires careful
selection of a formwork system that
includes stiffer form liners, tighter
joints, smoother finishes, and more
care in implementing chamfers and
rustications.

Site characteristics

The building site may influence the
selection of a suitable formwork
system, because of site limitations
and accessibility for construction
operations. The feasibility of using
ganged forms, for instance, is influ-
enced by site characteristics such as
accessibility, availability of a make-
up area, and surrounding area re-

COMPUTERS IN CONCRETE CONSTRUCTION

strictions such as property lines, ad-
jacent buildings, power lines, and
busy streets. In open and unre-
stricted suburban sites, all form-
work systems are usable and some
other considerations should be eval-
uated to determine the most effi-
cient and cost effective system. In
downtown restricted sites, the
choice may be limited to slipforms
and self-raising forms.

Hoisting equipment (cranes)
Some formwork systems require
special handling techniques includ-
ing adequate crane service. The
ganged formwork system is a good
example of crane influence on the
selected system. The size of the
ganged modules may be limited by
the crane carrying capacity and its
maximum and minimum lift radii.
Another important factor that in-
fluences the selection of the form-
work system is the available crane
time. In one case study,® the limited
crane time available for formwork
erection to meet the project com-
pletion date was the major factor
that led the formwork designer to
choose the self-raising form alter-

native (which repyises 1ot o

time).

11



http://www.avadocuments.com/doc/aci-compilation-15
http://www.avadocuments.com/doc/aci-compilation-15

Fig. 6 — Lateral support systems.

12

ACI COMPx15 xx HM 0Obbk2949 0506090 Te9 WN

Rigid Frame System (a)

=3

C1C]

Shear Walis (b)

Framed Shear Walil (c)

Framed Tube (d)

<Q 74

FgTrrTTrTEo

o

Tube-in-Tube (o)

The WALLFORM vertical
formwork selection system

WALLFORM is an expert system de-
veloped to assist the formwork en-
gineer select a vertical formwork
system. Expert systems are an ef-
fective tool for archiving the ex-
pert’s knowledge on selecting the
appropriate vertical formwork sys-
tem for buildings. Expert systems
are interactive computer programs
incorporating judgement, experi-
ence, rules of thumb, intuition, and
other expertise to provide knowl-
edgeable advice about a variety of
tasks.'

WALLFORM knowledge base

Knowledge for WALLFORM was ac-
quired through literature review and
unstructured and structured inter-
views. Twelve structured interview
sessions were conducted with ex-
perts working for formwork sub-
contractors and manufacturers. The
knowledge acquired was arranged in
a tabular format. Table 2 shows the
influence of various factors on the
selected formwork systems for ver-
tical concrete work. The informa-
tion in the table represents the con-
densed form of the formwork selec-
tion knowledge base.

Knowledge representation
for WALLFORM

Production rules chosen to repre-
sent the WALLFORM knowledge base
were directly extracted from the
tabular knowledge base. The tables
were also used to create subgoals.
For example, in developing the ex-
pert system for the vertical form-
work system, there was a subgoal
called ““adequacy of hoisting equip-
ment.”’ This subgoal is a synthesis
of availability of crane and crane
time involvement, existence of ad-
jacent buildings and other obstruc-
tions, and adequacy of crane carry-
ing capacity.

Explanation facility

The WALLFORM explanation facility
is designed to respond to two types
of questions:

® During the consultation, the user
may wonder why the system needs
to know the information it is re-
questing. If the user types WHY, the
system will respond by displaying
the rule(s) for which it is trying to
determine validity. The rules con-
tain a textual note that clarifies their

purpose and the terminology asso-
ciated with each rule. It also con-
tains a reference telling the user
where the information for the rule
was obtained.

e At the end of the consultation
session, the user may desire an ex-
planation of a certain conclusion
output. If the user types the line
number of the choice or statement,
the system will respond by display-
ing all of the rules used to deter-
mine the value of that choice or
statement (line of reasoning).

Output of WALLFORM

WALLFORM contains 5 possible so-
lutions (formwork systems) to the
problem among which the expert
system will decide. The goal of an
expert system is achieved by selec-
tion of the most likely choice based
on the data input, or by a list of all
possible choices arranged in order
of likelihood.

At the end of each run, the sys-
tem will display the selected types of
formwork followed by ‘‘probability
="’ or ‘“‘confidence =’’ and a
number. The number indicates the
confidence that the choice is cor-
rect. The system utilizes a zero to 10
rating system. In this system, zero
indicates definitely NO, and 10 indi-
cates definitely YES. Values between
1 and 9 are degrees of certainty be-
tween the extremes. Values scored
above 6 are strong candidates for
selection, and the final selection
may be based on system availability
and area practices. In this mode,
the final confidence factors are sim-
ply the averages of the fired (evalu-
ated) rules which contain choices in
their consequents. An assignment of
zero or 10 to a choice by any rule,
however, excludes all other confi-
dence factors from consideration.

In a pure production system, rule
ordering is not important. There-
fore, addition and deletion of rules
is quite simple. The only concern is
the effect of the changes (addition
or deletion) on the structure of the
subgoals.

System features

The system was developed using a
commercially available expert sys-
tem shell. The shell has the capabil-
ities of utilizing both forward and

backward chaining techniques.
However. the ém&i By
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Table 2 — Factors affecting selection of vertical formwork systems

Formwork systems |

Influence factor Conventional forms

 Lateral support
system & w0

| Building height

"I Lateral support

| Column/wall size.
1 and location

" ‘Building design

' Building shape

Openings/inserts | System can han
e 1 T 'openings/inserts o
different size and
location

| Concrete finish . |

Const;kctipn :
' sequence .-

construction:

Job specification

C&Eie time
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WALLFORM is a design problem
characterized by a limited number
of solutions (goal state), which war-
rants the use of backward chaining.

It is a rule-based expert system,
designed to assist formwork design-
ers and planners to select the opti-
mum formwork system. WALLFORM
selects the vertical formwork sys-
tem and tie type, and recommends
some formwork manufacturer’s
products.

The primary users of these sys-
tems are general contractors and
formwork subcontractors. The sys-
tem assumes that the user has some
knowledge about formwork. The
user would be at the early phase in
the development of the project,
with some information available
about building shape, site condi-
tions, and resources.

In multi-purpose high-rise build-
ings, each set of floors has certain
functions and features which may
result in the use of different form-
work systems for each section. In
this situation, the user is advised to
run the system more than one time
to determine the optimum system
for each part of the building.

Expert’s evaluation

To assure the validity and credibil-
ity of the implemented expert sys-
tem, the tabular knowledge base
was sent to a well known expert in
formwork who reacted favorably to
the tabular knowledge base. It
should be noted that this expert was
not a major source of knowledge
for the research, and thus the ex-
pert’s views were considered un-
biased.

The second attempt at validation
was provided an expert who acted
as a major source of knowledge.
The expert used the expert system to
select a formwork system for one of
his current projects. The system
provided the answer he was expect-
ing. The expert then changed some
parameters and reran the system. It
again provided him with the ex-
pected answer.
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by K.W. Day

here surely can be no dis-
pute that the objective in
concrete production should
be to produce a concrete
having constant properties. The
major properties to be held con-
stant would include:
® Strength
¢ Slump/workability
Sandiness/cohesion
Entrained air content
Setting time
The factors that may cause varia-
tion in the above would include:
e Aggregate grading, cleanliness,
moisture content and specific
gravity (SG)
Cement quality
Concrete temperature
Batch proportions
Admixture dosage
The task of controlling concrete
quality is to vary the batch propor-
tions and admixture dosage so as to
avoid, or at least reduce as far as
possible, variation of items in the
first group. There are two alterna-
tive philosophies on which control
may be based:
Quality Assurance (QA) is to pre-
test the first three items in the sec-
ond group and vary the last two
items accordingly.
Reactive Quality Control (QC) is to
closely monitor the items in the first
group along with selected items
from the second group (including
actual batch proportions) so as to
rapidly identify the cause of, and to
correct, any variation occurring in
the first group.

On paper the QA approach is
clearly superior, but it does involve
being able to accurately predict the
quantitative effects and necessary
adjustments.

The reactive QC approach may

sound risky, but if the variations are
small and they are rapidly detected
and rectified it can produce lower
variability than QA (e.g., a cement
content adjustment based on a lab-
oratory cement test can be more
immediate than an adjustment
based on early age strength of pro-
duction concrete, but it is not likely
to be as accurate).

The task of the controller is not
to select one of these alternatives
but to blend both together to pro-
duce an acceptable degree of con-
trol at a minimum cost. In effect
this means operating reactive QC to
establish which items merit the QA
approach, whether the adjustments
made by the QA system are accu-
rate, and whether any new factor
has emerged to affect the concrete
quality.

In February 1989 the author in-
stalled a system in a large commer-
cial ready-mix plant which, when
fed with normal concrete and ag-
gregate test data, integrates this
with actual batch proportion data
to show the interaction of all the
factors discussed above. The system
has the basic ability to automati-
cally compensate for all variations
advised or detected, but has so far
been used only to assist and advise
a human operator to make such ad-
justments.

Automatic adjustments

Strength

Automatic strength compensation
requires great care if it is not to
make the situation worse. First, it is
necessary to be reasonably sure that
a change to a new stable level has
occurred. Second, it is necessary to

COMPUTERS IN CONCRETE CONSTRUCTION

Automatic Adjustment
of Concrete Mixtures

establish this very quickly. An anal-
ysis of 30 test results, running or
not, is not a sufficiently current ba-
sis. Cusum analysis’ is the only suit-
able basis yet known to the author.
It is possible to automatically assess
cusum data, but to date the author
has preferred to do this manually.

Very accurate adjustment is pos-
sible. A 7-day strength cusum (of
fairly low variability concrete) will
very clearly show to within 10
Ib/yd® (6 kg/m’) what cement
change has been made or is needed.
Cement efficiency will certainly be
between 5 and 15 Ib per 100 psi (3.3
and 9.9 kg per MPa), and for a
particular concrete will be known to
within + 11b per 100 psi (+0.66 kg
per MPa). It is therefore possible to
‘“tune’’ the mean strength of con-
crete to about + 50 psi (345 kPa).
This is a far greater accuracy than is
possible in the best laboratory trial
mix, and in any case laboratory test
results are not accurately transfera-
ble to field conditions. It would
therefore be quite ridiculous to re-
quire a laboratory trial as a basis
for amending a current production
mix.

Slump/workability

It is true that stlump does not accu-
rately indicate the relative work-
ability of different mixes. In fact
about the only thing that slump
does well is to indicate the relative
water content of otherwise identical
concrete mixes. However since this
is precisely what is required in the
current situation, the slump test is a
satisfactory basis. Of course there
may be major inaccuracies in indi-
vidual slump tests, but we are talk-
ing here about adjusting water con-

tent at the batch Jaenis
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succession of readings (or opinions)
on a succession of truckloads. Final
discretion may or may not be given
to the truck driver to adjust slump,
but in any case the slump at the
batch plant should be as uniform as
possible.

Sandiness/cohesion

The author’s specific surface’
(which is not true specific surface,
but a figure especially designed to
represent water demand) can be
used to maintain sandiness/cohe-
sion/water demand constant as
sand grading varies. This works
over a wide range of sand percent-
ages (from 25 to 50 percent of total
aggregates is a reliable area; 20 to
55 percent may give satisfactory re-
sults depending on such items as
coarse aggregate grading and shape,
cement content, and required work-
ability).

In the author’s mix design/
batching control system, the pro-
portions of all mixes simply change
automatically when the revised spe-
cific surface figure is input.

Entrained air content

Admixture dosage must be varied as
necessary to maintain desired air
content, rather than maintaining a
constant dosage. There should not
be much need for adjustment unless
the sand/silt or fly ash/carbon con-
tents vary substantially.

Whilst it may be desirable to reg-
ularly monitor air percent directly
(using a pressure meter or alterna-
tive device), reasonably adequate
control is obtained by monitoring
cylinder density and only carrying
out direct testing when cylinder
density changes. '

Setting time

It is desirable to have a table relat-
ing concrete temperature to admix-
ture dosage (and type), but this
would be over-ridden by field ob-
servations and requests. Again, the
intention should clearly be to pro-
vide a concrete with consistent
properties rather than to maintain a
fixed admixture dosage/type re-
gardless of concrete performance.

16

Aggregate variations

Grading has been dealt with above.
In the (fairly rare) event of varia-
tion in SG, a fixed volume rather
than a fixed weight of the aggregate
in question must be maintained.
Properly adjusted for, neither
grading nor SG variation should
cause a change in water or cement
requirement. Silt content is a differ-
ent matter. Silt/clay will increase
water requirement just as surely as
a finer grading, but it does not jus-
tify a change in sand content. The
same applies to a more angular par-
ticle shape, as may be experienced
when using crusher fines in the ab-
sence of natural sand. In both these
cases a higher water requirement
must be accepted (unless compen-
sated for by additional water reduc-
ing admixture), requiring conse-
quent small adjustments to cement
and aggregate batch quantities to
maintain strength and correct yield.

Cement quality

In controlling over a million cubic
metres of concrete in many differ-
ent countries, the author has never
found it necessary to carry out reg-
ular cement testing but does not
deny that it may be worthwhile in
some areas or circumstances. Two
pre-conditions must be met to jus-
tify omitting cement testing: a very
effective early age concrete strength
monitoring system must be in place,
and strength variations must be
small enough not to cause concern
over structural adequacy in the pe-
riod between detection of a down-
turn and its rectification.

Where regular cement testing is
not undertaken, it is a useful pre-
caution to take a small airtight con-
tainer of cement from each deliv-
ery. The sample is kept until satis-
factory concrete strengths are
obtained at 28 days, and then dis-
carded. If the cement does come
under suspicion, the sample is
available to test.

Concrete temperature

Although denied by some authori-
ties, the author’s control graphs al-
most invariably show a strength
downturn (due to a water increase)
when concrete temperature rises.

The effect is not great enough to
make a day to day cement content
adjustment essential, but certainly
makes a seasonal adjustment neces-
sary in Australia and countries with
similar climatic variations. Al-
though not essential, a small auto-
matic adjustment that would even
take place between a cold morning
and a hot afternoon would improve
strength uniformity.

Batch proportions

There are two aspects to batch pro-
portion variations: intentional vari-
ations as dealt with above, and the
extent of unintentional variation
being experienced.

The author’s batch plant control
system records the actual and in-
tended batch weights for every
batch produced and provides auto-
matic computer analysis of this
data, including integration with ac-
tual concrete test results. Such a
system might be considered essen-
tial before permission was granted
to allow the batching computer to
initiate automatic adjustments to
the mixes in use. With such a sys-
tem it can readily be seen what ad-
justments the computer ‘“‘decided”’
to make and how accurately it was
able to execute its own intentions.
Further, it could clearly be seen
how typical of the overall produc-
tion were the batches actually sam-
pled for testing.

The system could also single out
the weakest (highest w/c) batch of
any grade and predict what strength
it would have. The amount of error
involved in such a prediction would
be clearly established by the normal
operation of the control system.
This functions in part by predicting
the strength of every batch tested
(from its batch proportions and
material properties) and analysing
the accuracy of such predictions.

Admixture dosage

Again, variations would include in-
tentional and unintentional varia-
tions. These are both monitored by
the batching control system in ex-
actly the same way as other batch

proportions (e t ing. is
by volum: *atlﬁﬁlm‘
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Conclusion

This article was written because is
was realised that some (many?)
specifying authorities actually pre-
vent the production of uniform
concrete, or at least ensure very
slow reaction to variations in con-
ditions and materials.

Nothing in this world is totally
uniform and consistent, and con-
crete materials are certainly not the
exception. To require batch propor-
tions to remain rigidly unchanged is
to ensure that no attempt can be
made to compensate for whatever
variations in materials or condi-
tions occur.

It may be true that many con-
crete producers have neither the
technical knowledge nor the physi-

Keywords: admixtures; aggregate gradation; air
entrainment; batching; concretes; mix
proportioning; moisture content; quality control;
setting (hardening); workability.

cal facilities (or even the interest?)
to make effective use of permission
to continuously adjust mixes, but
this does not excuse the inhibition
of desirable technical advances.

Where a new mix or new mate-
rials are introduced, a preliminary
laboratory trial may be desirable
(although the author usually prefers
to go directly from a computer mix
design to a trial truck of concrete
supplied to a non-critical location
since trial mixes are rarely more ac-
curate than the computer design).
However, to suggest that a labora-
tory trial is more accurate than a
calculated small adjustment of a
mix in production, and to hold up a
desirable adjustment until the re-
sults of such a trial are available, is
quite unrealistic.

The future progress of the con-
crete industry depends upon the
origination of new techniques and
new equipment for both the pro-
duction and the control of con-

crete. Such developments will be
hindered if they are not matched by
improved methods of specifying
concrete, establishing a climate in
which it pays to do a better and
more scientific job of. producing
concrete.
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Interactive Horizontal

@
Formwork Selection System

n multistorey reinforced con-

crete building construction, se-

lection of formwork to shape

and support freshly cast con-
crete is largely based on the experi-
ence of the person selecting the sys-
tem. There are typically one or two
such experts in a company who
make these decisions. This may of-
ten result in the selection of a par-
ticular system that is not the opti-
mum. Also, the expert “‘Knowledge
Czar”’ is not always available and
an outside consultant is expensive to
hire. This fact imposes some limita-
tions especially for small and me-
dium size contractors.

This article describes a computer
system the authors developed to
help the contractor select a horizon-
tal formwork system. The expertise
of several formwork engineer/plan-
ners was used to produce a body of
decision rules and knowledge repre-
sented as an expert system.'

Horizontal formwork
systems

Horizontal formwork systems are
those used to form the horizontal
concrete work (slabs or floors).
There are seven horizontal form-
work systems that can be used to
support slabs and roofs. Two of the
systems — joist-slab and dome
forms — are usually placed above
the plywood sheathing. They are
therefore considered special cases,
because they can be used in con-
junction with any of the five basic
systems described below.'?

Conventional wood systems

Conventional wood systems consist
of wood shores supporting wood
stringers and joists, with the deck

18

surface made of plywood (Fig. 1).
The deck may also be made of large
panels tied or ganged together and
supported by scaffold-type shor-
ing.3*

* Conventional metal systems

Conventional metal systems usually
consist of wood or aluminum shores
supporting aluminum stringers and
joists, with the sheathing made of
plywood (Fig. 2). The same type of
deck forms can be made up of large
panels tied or ganged together and
supported by steel scaffold-type
shoring.>*

Flying truss systems

Flying truss forms usually consist of
large sheathing supported by steel
or aluminum trusses (beams) that
rest on screw jacks that allow the
forms to be adjusted to the right
level (Fig. 3). For stripping, after
the concrete has gained enough
strength, the system can be lowered
away from the slab by turning down
the jacks. The truss-mounted forms
are then moved by crane from one
casting position to the next.*

Column-mounted shoring
systems

Formwork under cast-in-place slabs
has typically been supported by
shores resting on the floor or
ground below. Another way to cast
the slab without using the shoring
system is to use long span form
panels supported by up-and-down
adjustable brackets attached to the
bearing walls or columns of the
building itself. The system consists
of plywood decking that can be as-
sembled on the ground or in place
once the form has been flown and
set on the columns (Fig. 4). The
plywood decking is supported by

joists (headers) attached to the
stringers (steel beams). For strip-
ping, jacks are lowered until the
framing beam of the deck rests on
the rollers attached to the bracket
and the entire form assembly is
rolled out and carried by crane to
the next floor.?

Tunnel formwork systems

Tunnel forms (also known as tun-
nels) are U-shaped or inverted L-
shaped prefabricated steel forms
that allow slab and supporting walls
to be cast simultaneously (Fig. 5).
After the concrete has gained
enough strength the tunnels are re-
moved and moved to the next level
(Fig. 6). Half tunnels are used for
spanning wide rooms, full tunnels
for spanning narrow rooms. Stan-
dard modular panels offer a wide
range of flexibility in room size.
Forms range in width from 13 ft to
24 ft, in height from 7.5 ft to 10 ft,
and in length up to 40 ft.5°

Joist-slab formwork
systems

A one-way joist slab is a monolithic
combination of regularly spaced
joists arranged in one direction and
a thin slab cast in place to form an
integral unit with the beams and
columns. One-way joist slabs have
frequently been formed with stan-
dard steel pans. Any spacing be-
tween pans more than 30 in. is re-
ferred to as a wide-modular or skip-
joist system.*"?

Dome formwork systems

Standard size domes are usually
used for waffle slab construction.
They are based on two, three, four,
and five foot modules.? The two

domes, wit TIOGHIIERES
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Fig. 1 — (above) Conventional wood formwork system.

Fig. 2 — (right) Conventional metal formwork system.

Fig. 3 — (below right) Flying truss formwork system.

Fig. 4 — (below) Column-mounted shoring system.’
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them. The three foot modules can
be formed with 30 x 30 in. domes
and 6 in. ribs.

The preceding sections presented
five different horizontal formwork
systems and two special ones, joist
and waffle slab formwork systems.
Two of these systems — the con-
ventional wood system and the con-
ventional aluminum system — are
classified as hand-set systems. The
remaining systems are classified as
crane-set systems. Joist-form and
dome forms can be handled by
hand or attached to the surface
deck of the flying form and flown
as a unit.

Factors affecting selection
of formwork systems

There are several ways to form any
given concrete building. One of
them will typically be the lowest
cost method. Selecting the lowest
cost method of formwork requires
searching through a maze of form-
work systems and their attributes.

The construction cost of slabs is
often more than half the cost of
structural framing systems, except
in extremely tall buildings.* Selec-
tion of the floor formwork system
therefore deserves considerable at-
tention to minimize cost.

Types of slabs

The selection of a formwork system
should be made on the basis of the
selected floor system that satisfies
the structural loading conditions.
Floor slabs in concrete buildings are
classified into two basic types,
based on the load distribution ap-
plied on the slab:

e Two-way slabs, in which the rec-
tangularity ratio (slab length/width)
is between 1 and 2, and the slab
load is transferred to the support-
ing beams in two directions. Two-
way slabs include flat plates, flat
slabs, waffle slabs, and two-way
slabs supported by drop beams.

® One-way slabs, in which the rec-
tangularity ratio (slab length/width)
is more than 2, and the slab load is
transferred to the supporting beams
in one direction. One-way slabs in-
clude solid slabs on beams or walls,

20
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Fig. 5 — Tunnel formwork system."

s

Fig. 6 — Stripping of tunnel form.™

Room Tunnel Form
/ crane-handled to
o next location

and one-way joist (ribbed) slabs
supported by beams or bearing
walls.

Two-way flat plate. A flat plate is
defined as a structural floor system
consisting of a concrete slab of con-
stant thickness throughout, without
beams or drop panels at the col-
umns (Fig. 7a). The supporting col-
umns for flat plates are usually
equally spaced to facilitate the de-
sign and construction of such slabs.
Flat plates can be constructed in
minimum time because they utilize
the simplest possible formwork.
Two-way flat slab. A flat slab is
defined as a structural system con-
sisting of a constant thickness con-
crete slab with drop panels at the
columns (Fig. 7b). In earlier years,
column capitals were used along
with drop panels, but because of the
higher form cost, column capitals
are less favoured in today’s con-
struction practices."

Waffle slab. Waffle slab construc-
tion (Fig. 7e) consists of rows of
concrete joists at right angles with
solid heads at the columns. Waffle
slabs can be used for spans up to
about 50 ft., and are used to obtain
an attractive ceiling.

Two-way slab supported by
beams. This system consists of a
solid slab designed to span in two
directions to either concrete beams
or walls (Fig. 7g). The primary ad-
vantage of the system is the saving
in reinforcing steel and slab section
as a result of being able to take ad-
vantage of the two-way action.
Formwork for the two-way system
is complicated and usually out-
weighs the cost advantages associ-
ated with the saving in reinforcing
steel and slab thickness.

One-way slab, beam, and girder.
This system consists of a solid slab

Formly oceed it WSHEHTS
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Two-Way Flat Plate (a)
il M
Two-Way Flat Slab with Drops (b)
[N 0

Skip Joist/Wide Module (c)
0

Fig. 7 — Slab systems.

Two-Way Joist Slab (Waffle) (e)

Two-Way Beam and Slab (g)

[ !
S}TA\&

One-Way Flat Stab (h)

~.

right angles to the beams transfer
the loads to the columns. This sys-
tem generally affords the opportu-
nity to span longer distances than
two-way slabs by designing deeper
beams and girders.

One-way slab supported by
beams or bearing walls. This
modification of the slab, beam, and
girder system eliminates the second-
ary beams (Fig. 7h). Reinforcing
steel is relatively simple, and the ex-
istence of openings is generally not
a critical concern.

One-way joist (ribbed) slabs. One-
way joist slabs are a monolithic
combination of uniformly spaced
beams or joists and a thin cast-in-
place slab to form an integral unit.
When the joists are parallel, this is
referred to as one-way joist con-
struction (Fig. 7d). Joists are very
attractive to architectural layout
and mechanical requirements.

Building design: building shape
Special buildings such as industrial
buildings and power plants usually
have extensive electrical and me-
chanical requirements that do not
lend themselves to any formwork
system. As a result, they should be
constructed using the traditional
formwork method (stick forms).

The feasibility of using a form-
work system or traditional form-
work methods is influenced by sev-
eral design features such as varia-
tion of size, shape, and location for
various structural elements (col-
umns, walls, beams, cantilevers),
existence of blockouts and openings
for windows and doors, and HVAC
requirements.

A building’s structural layout is
either uniform modular or irregu-
lar. Uniform modular design is
characterized by regular spacing be-
tween columns and walls, equal
story heights, and regular spacing of

COMPUTERS IN CONCRETE CONSTRUCTION

cantilevers and openings. Irregular
design is characterized by irregular
positions of the different structural
elements and broken lines or irreg-
ular curves in architectural plans.

Speed of construction

The most important advantage of
using a formwork system is the
speed of construction. The speed of
construction affects cost because it
determines the time when the build-
ing will be available for use and also
influences the financing charges. In
recent years, casting two floors per
week in high-rise buildings has been
achieved, especially in metropolitan
areas.!* This fast floor cycle can
only be achieved by using sophisti-
cated formwork techniques such as
flying forms, which are capable of
forming one story every two days.

Area practice

In areas where the labor force is ex-
pensive and unskilled, the use of
formwork systems can substantially
reduce the cost. In areas where the
labor force is inexpensive and
skilled, a conventional formwork
system is an economical alternative
even if the building features lend
themselves to a formwork system.
As a result, preassembled form-
work systems are used in some ar-
eas because of the lack of inexpen-
sive skilled labor.

Site characteristics

The building site influences the se-
lection of a suitable formwork sys-
tem, because of site limitations and
accessibility for construction opera-
tions. The feasibility of using flying
forms, for instance, is influenced by
site characteristics such as accessi-
bility, existence of surrounding area
restrictions, and availability of a
make-up area to the site.

In open and unrestricted subur-
ban sites, all formwork systems are
viable and some other considera-
tions should be evaluated to deter-
mine the most efficient and cost ef-
fective system. In downtown re-
stricted sites, the only possible
system may be ganged units that
can be transferred from floor to

floor. Documents
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Table 1 — Factors affecting the selection of horizontal formwork systems.

Less expenmve if
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up area
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Supporting organization

Most of the ganged formwork sys-
tems (flying forms, column-
mounted shoring forms, and tunnel
forms) require high initial invest-
ment and intensive crane involve-
ment. The major resource require-
ments that should be carefully eval-
uated when selecting a formwork
system are discussed below.

Available capital (cost)

The cost of concrete formwork is
influenced by three factors:*

¢ Initial or make-up cost, which in-
cludes cost of transportation, mate-
rials, assembly, and erection.

e Potential reuse, which decreases
the final total cost per square foot
of contact area.

e Stripping cost, which also in-
cludes the cost of cleaning and re-
pair. This item tends to remain con-
stant for each reuse up to a certain
point, at which the total cost of re-
pairing and cleaning start rising
rapidly.

In deciding to use a specific
formwork system, the initial cost
should be evaluated versus the
available capital allocated for form-
work cost. Some systems tend to
have a high initial cost, but through
repetitive reuse, they become eco-
nomical. For example, tunnel forms
have a high initial cost, but the av-
erage potential reuse (usually over
100) reduces the final cost per unit
of contact area of this alternative.
In the case of rented formwork sys-
tems, the period of time in which
the formwork is in use has a great
effect on the cost of formwork.

Hoisting equipment (cranes)

Some formwork systems require
special handling techniques includ-
ing good crane service. The flying
truss system is a good example of
crane influence on the selected sys-
tem. The size of the flying modules
may be limited by the crane carry-
ing capacity and its maximum and
minimum lift radii.

Supporting yard facility

The feasibility of using preassem-
bled forms for floors or walls is
largely influenced by the availabi-
lity of a local or central (regional)
yard facility. When a local or cen-
tral yard facility is available, the

Total building size is

1. small - less than 100,000 sq. ft.

2. medium - between 100,000 and 200,000 sq. ft.

3. large - more than 200,000 sq. ft.

Enter the number(s) of the value(s), WHY to display rule

being used, Quit to save data, <H> for Help

Fig. 8 — Input format.

standard formwork elements can be
manufactured and assembled under
efficient working conditions. How-
ever, the cost of transporting form
sections to the site may influence
the economy of the selected system.

The SLABFORM horizontal
formwork selection system

SLABFORM is a rule-based expert
system, designed to help the de-
signer/planner select the optimum
horizontal formwork system. The
system selects a horizontal form-
work system and provides advice on
a variety of issues. The system re-
quires the user to answer questions
in multiple choice format. The
questions cover a variety of items,
including building shape, site char-
acteristics, and available resources.
To gain the largest benefit,
SLABFORM should be run before
preparing the project cost estimate.
The system could be used for the
whole building or part of the build-
ing that has repetitive features.
When the analysis is complete,
SLABFORM will provide a list of
formwork systems with numeric
ratings reflecting the suitability of
the desired system.

SLABFORM knowledge base

The basis of the success and valid
knowledge included in any expert
system depends upon the interac-
tion of an expert or experts in the
process of system development. In
developing SLABFORM, periodical
interviews were conducted with two
experts in formwork selec-
tion/design. The two experts were
selected by an intensive literature
review, referral by others, and their
years of experience. They provided
the basis from which SLABFORM was
developed. Short interviews with
other experts were conducted to ac-

COMPUTERS IN CONCRETE CONSTRUCTION

quire specific knowledge or to re-
solve conflict among the principal
experts. Table 1 shows the effect of
some of the above influence factors
on the selected formwork system
for concrete slabs. The information
in the table represents the con-
densed form of the formwork selec-
tion knowledge base."

Input of SLABFORM

During the consultation session,
SLABFORM asks the user questions
by displaying a list of all the possi-
ble options to the question. The
user answers the question by typing
the number of the desired response.
Multiple answers are allowed and
are achieved by typing all the de-
sired answers separated by com-
mas. Fig. 9 shows examples of some
questions presented to the user. A
user who wants to know why the
system needs to know the informa-
tion can type WHY, and the system
will respond by displaying the rules
for which it is trying to determine
the validity.

Output of SLABFORM

At the end of each consultation ses-
sion, the system provides the user
with the optimum horizontal form-
work selection. Each formwork sys-
tem is followed by number from 0
to 10. A value of 10 denotes abso-
lute suitability for the building,
while 0 means absolutely wrong se-
lection. Numbers in between repre-
sent various degrees of suitability.
Any score above 6 indicates a rea-
sonably economic system. Fig. 10
shows output from the program.
The system also gives advice about
a variety of issues including the se-
lection of the shoring and reshoring
system, and the type of sheathing

d for th -
s for the expepyR BT SHEs
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System features

SLABFORM was developed using a
commercially available expert sys-
tem development shell. Knowledge
is loaded into the shell directly in
the form of if-then rules. SLABFORM
is similar to WALLFORM, the inter-
active vertical formwork selection
system developed by the authors.'
SLABFORM uses a backward chain-
ing mechanism through its knowl-
edge base to make influences.

Expert’s evaluation

The fact that the construction of an
expert system is an iterative process
led to an early development of a
prototype system. A working sys-
tem prototype was developed early
in the process to provide a starting
point for more adjustments. This
prototype system was then refined
and expanded to produce decisions
acceptable to the expert. The pro-
totype system was then tested on a
series of sample problems. Running
the prototype system on these sam-
ple problems led to the detection of
some inconsistencies in the knowl-
edge base. These problems were
corrected and more rules were
added.

Once the writers were satisfied
that the expert system was fully de-
veloped and performing with con-
sistency and reliability, it was ap-
plied to some test cases. The disk-
ette was given to a formwork
designer/planner, who ran the sys-
tem using information from a cur-
rent concrete building. The run was
so successful that he decided to use
the system as a training tool for his
company.
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for Goncrete Placing

By Sabah Alkass and Apraham Aronian

prototype integrated com-
puter system has been devel-
oped to assist in planning
and controlling concrete
placing operations. Developing the
system has illustrated the complex
managerial decisions that must be
made during the process. The sys-
tem has considerable value in assist-
ing less experienced personnel in
reaching such decisions.

Concreting operations in any
construction project are major bid
items, with planning and estimating
accuracy being of considerable im-
portance in winning a job and max-
imizing profit. Quality control and
careful selection of equipment are
essential in the process.

The required quality of concrete
materials used is usually well de-
fined in the specifications. How-
ever, concrete production proce-
dures are often left unspecified;
consequently the resulting concrete
quality may suffer from the lack of
standard production procedures.!
This increases the risk of reworking
the unsatisfactory concreting oper-
ations, thus affecting productivity
and increasing costs.

Contractors generally want to
minimize costs and maximize prof-
its within the constraints of a speci-
fication. This requires prior knowl-
edge of the cost of mixing, trans-
porting, placing, and finishing a
unit of mixed concrete in its final
placing zone. The total cost com-
bines the cost of material, labor,

and equipment. As a consequence,
the equipment resources would, by
implication, have already been de-
cided. Inexperienced personnel are
clearly unable to reach this deci-
sion.

To reduce the complexity of the
problem, Artificial Intelligence and
Expert System techniques have been
applied. These are based on com-
bining heuristic and mathematical
techniques to select the equipment
required for the task. The approach
relies on well-founded principles re-
quiring the amount of placed con-
crete to be carefully evaluated after
which the appropriate equipment
selections are made using rules of
thumb, i.e. types of knowledge ac-
quired from the domain experts and
stored in an expert system. Data
base information and algorithms
for making routine calculations are
also linked to the system.

There have been very few at-
tempts to develop computer sys-
tems for concreting operations. Ce-
lik, Thorpe, and McCaffer' devel-
oped a prototype expert system
which provides expert advice rela-
tive to concrete batching and mix-
ing operations. Phelan, Radji,
Hass, and Hendrickson? developed
a computerized method for con-
crete placement optimization which
considers both material costs and
time delay penalties to minimize the
total cost of placing concrete. Un-
fortunately, these systems failed to
consider the importance of equip-

COMPUTERS IN CONCRETE CONSTRUCTION

ment selection and its cost effect on
concreting operations. The authors’
experience in concreting operations
and other areas of construction®
proved that equipment selection
process plays a vital role in the pro-
ject’s planning, execution, and
Costs.

This paper describes the develop-
ment of a prototype integrated ex-
pert system designed to assist the
construction management team
control concrete placing operations
and equipment selection. Knowl-
edge and experience possessed by
planning engineers and equipment
specialists has been captured and
interpreted in a form suitable for
manipulation by computer pro-
grams.

Expert systems

Expert systems are computer pro-
grams that incorporate human ex-
pertise to provide advice on a wide
range of topics. They are developed
by creating knowledge bases which
contain information collected from
all possible sources, mainly with the
help of an expert practitioner in the
domain. These systems function as
consultants in the given area of
knowledge and can provide expla-
nations of reasoning. They can sim-
ulate a consultation as though the
computer was the tutor and the user
a pupil."*3

Because of their ability to com-
bine factual knowledge with ]udge-

ment, handle incplg ¢ HNA
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equipment selection
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haul road, dump area,
supervision, traffic,
surrounding area,
and weather assess as

volums and job

List own machines

conditions

Calculate cost of

cubic unit for
equipment

Fig. 1 — System’s integration process.

tain data, and communicate with
the users in a natural language like
English, such systems have a special
appeal to the construction profes-
sion. However, expert systems are
not a total substitute for experts.
They help to conserve expertise and
are used to make expertise more
widely, easily, and quickly available
to assist the decision making proc-
ess. Expert systems and their appli-
cations have been extensively de-
scribed in literature.®5’

Aims of the system

The objectives in developing the ex-
pert system were:

26

e To obtain a precise understand-
ing of the methods of analysis and
decision making used by those per-
sonnel involved in concreting oper-
ations on construction sites and
equipment rental companies.

e To arrange the knowledge gained
into a form capable of advising the
inexperienced on the most appro-
priate methods of concreting and
equipment selection for different
job conditions. The potential of the
system lies in using the computer to
behave as the expert would.

e To link external programs to the
system capable of calculating the
cost of utilizing these resources in

ACI COMPx15 *xx HE 0bb2949 050b104 343 I

order to arrive at the most eco-
nomic combination.

Concrete placing

Concrete placing takes place be-
tween the stages of mixing and
hardening. This is only possible
when the concrete is still plastic and
workable. During concrete placing,
two operations must be carefully
controlled even if the fresh concrete
is of desired quality: concrete haul-
age and concrete consolidation.

Concrete haulage involves trans-
porting concrete from the mixer to
the placing position. Transporta-
tion of the concrete has a signifi-
cant contribution to the cost of
concrete operations and is essential
in making a realistic cost estimate.

Many ways for transporting con-
crete exist, each with different char-
acteristics. The choice is wide and
difficult, and only by proper evalu-
ation involving experience and
judgement can the correct approach
for a particular set of circumstances
be chosen. Any evaluation of the
means of transporting concrete has
to consider the following factors:
¢ Vehicle capacity
Vehicle output
Site characteristics
Weather conditions
Operator efficiency
Hiring costs
Purchase and maintenance costs
Depreciation
Other possible uses
Temporary haul roads
Concrete consolidation, or com-
paction, is the removal of en-
trapped air from fresh concrete. In
order to achieve the required speci-
fications and produce good con-
crete quality, efficient concrete con-
solidation equipment and work-
manship must always be present
during placing operations. Gener-
ally, vibrators are used in concrete
consolidation and they should be
applied systematically at short dis-
tance intervals in order that all ar-
eas of concrete overlap without
omission.

Vibration should be continued
until all fills and voids are thor-
oughly filled and consolidated. It is
usually best to apply more vibra-
tion than less vibration for this will
not drastically affect a properly
proportioned mixture. However, on

construction si U efider
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