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Preface 

The AC1 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 AC1 technical committee - only the opinions of the individual au- 

thors. However, the information presented here is considered a valuable resource of 

readers interested in the subject. 

Victor E. Saouma 

Chairman, Committee 118 

Use of Computers 

On The Cover There are an infinite number of ways to improve concrete detailing in 

Computer Aided Design (CAD) programs but considerable time is often required to 

develop procedures. Cover photo shows a portion of a program for detailing of rein- 

forcing bars and hooks in a given plan. (See article on page 47.) 
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Computers in 
Concrete Technology 

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 
tha t  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.'S2 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- 

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  manner^.^ 

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- 

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 
a p p r o a c h e s ,  s m e a r e d - c r a c k  
repre~entations~~~ and discrete-crack 
 representation^.^^' 

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.8 Because 
of this, a hybrid model using fea- 
tures borrowed from the two base 
models has been p r o p o ~ e d . ~ , ~  This 
area of modeling continues to  
evolve. 

The DIANA programlo was con- 
structed according to the smeared- 
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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. 'I  

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 problem~. '~J~ 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.12 

Computer image analysis also can 
be used to help investigators assess 
microcrack patterns in concreteI4 
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 ~onsidered.'~ 
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 

Fia. 1 -ADr>lications of comDuters in concrete technoloav. 

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 
areauser 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. 

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. 16~17 

Quality control 

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

Fig. 3-(right) Compressive load 
crack patterns using a computer 
simulation technique:" 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,I6 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 program also can al- 
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Concrete Technology 
continued 

o m  

o 
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 

6 

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-OUT 

DESIGN 
EVALUATION 

STRUCTURAL 
DETAILS 

I CONTRACT 
SPECIFICATIONS 

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 the widespread use of 
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Fig. 6-Project concrete quality control system modules. 

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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he electronic spreadsheet, 
originally conceived as a 
tool for business manage- T ment, has found many ap- 

plications in structural engineering, 
In recent years much focus has been 
placed on spreadheets and numer- 
ous articles dealing with spread- 
sheet topics have been presented in 
professional publications. 

Electronic spreadsheets possess 
several features that make them at- 
tractive for engineering applica- 
tions: 

A change to any part of the input 
data is reflected in all calculations 
almost instantly. 

The template can be organized to 
follow the logical flow of the design 
process in the same way as an engi- 
neer would organize design compu- 
tations. 

Graphic interface and database 
capabilities allow more options for 
data representation. 

A spreadsheet can be customized 
to  fit a user’s needs. One of the 
simplest ways of doing this is to  
create macros that execute a series 
of keystrokes when a single key is 
pressed. If a spreadsheet contains 
many macros, they can be assem- 
bled into a menu system. A spread- 
sheet program can be made more 
application-specific by having all 
interaction controlled by a menu 
system. 

In any bridge design problem 
there are many variables that affect 
the final design: span length, girder 
selection, girder spacing, and deck 
thickness. Other parameters related 
to prestressed concrete include ma- 
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teria1 properties, prestress force, 
and tendon eccentricity. It is evi- 
dent that there are many alterna- 
tives that may be considered in a 
bridge design. 

By implementing a design proce- 
dure on a spreadsheet template, the 
engineer creates a design aid that 
will increase efficiency, allow con- 
sideration of more alternatives, and 
reduce design time. Spreadsheet 
programming makes the microcom- 
puter a very flexible and responsive 
tool for the engineer. 

Design procedure 
The spreadsheet described here is 
intended as a tool for the prelimi- 
nary design of prestressed concrete 
bridge girders. The required data 
includes load information, material 
properties, bridge geometry, and 
prestressing data. This information 
is processed to determine the re- 
quired prestress force, tendon pro- 
file, initial and long-term stresses, 
ultimate moment capacity, required 
shear reinforcement, and centerline 
deflections. The basic organization 
and layout of the template is simi- 
lar to that presented in reference 8 .  

T h e  des ign  p r o c e d u r e  was 
adapted from references 6 and 7. 
The following five assumptions that 
were made in the development of 
the prestressed girder design tem- 
plate should be considered when us- 
ing the template: 

Full prestressing 
Normal weight concrete 

Unshored construction 
Span length greater than 28 ft 
Precast T-sections are not com- 
posite with cast-in-place topping 
When the spreadsheet is loaded, 

a menu appears that helps the de- 
signer move through and work with 
the spreadsheet. The main menu has 
six options: DESIGN, ANALYSIS, 

simplified menu tree is shown in 
Fig. 1 .  

(150 Ib/ft3) 

GRAPHS, PRINT, SAVE, and QUIT. A 

Page 2 

Section: AASHTO Type: IV Slab Thickness= 7.50 in. 
SECTION SELECTION 

Provided Girder Properties 
H = . 54 in. 

Ag = 789 sq. in. 
St = 8908 inA3 
Sb = 10543 inA3 
I = 260730 inA4 

y.b = 24.73 in. 
y.t = 29.27 in. 
rA2 = 330.5 sq. in. 

b.w(eff)= 8 in. 
b.w = 8 in. 

t.flange= 2 in. (FOR T'S 

Provided Composite Properties 
n =  54 in. 

b.eff = 96.0 in. 
St.c = 45067 inA3 
Sb.c = 16436 inA3 
1.c = 650353 inA4 

y.cb = 39.57 in. 
y.ct = 14.43 in. 

ONLY) 

Fig. 2 - Selection of cross section. 

Page 3 

Tendon Profile: W E D 2  
Strands : Required Provided* 
reqd # = 27.0 Pi = 781.2 kips Pi = 809.7 kips 

Pe = 625.0 kips Pe = 647.7 kips 

SELECTION OF PRESTRESSING STEEL 

# = 28 R = 0.8 losses R =  0.8 losses 

Ap = 0.153 sq. in. Asp = 4.13 sq. in. Asp = 4.28 sq. in. 
dia. = 1/2 "  

e.end = -10.00 in. e.end = -13.38 in. * Select quantities such 
e.0.3 = -20.00 in. e.0.3 = -21.56 in. that provided exceeds 
e.mid = -22.00 in. e.mid = -23.12 in. required ! !  

m m m m  (in.) a 
inLw= 29.27 29.27 29.27 29.27 29.27 29.27 29.27 29.27 29.27 29.27 29.27 

e(x) =-1O.a) -13.33 -16.67-a0.a) -a0m -2l.03 -23.03 -B.o3 -16.67 -u.33 -mm 
e-kk=-l3.38 -16.89 -I2.Q-2l.5 -22.73 -23.12 -22.73 -21.56 -19.61 -16.89 -u.% 
hntct=-24.73 -24.73 -24.73-24.73 -24.73 -24.73 -24.73 -24.73 -24.73 -24.73 -24.73 

Fig. 3- Flexural design segment. 

x =  0.a) 8.a) 16.00 24.03 32.a) 4O.a) @.a) 56.a) 64.a) 72.a) 8o.a) 

e.-= 16.Z 6.08 -4.75-12.81 -17.9 -18.83 -17.9 -12.81 -4.75 6.08 16.Z 

The design procedure can be out- 
lined as follows: 

Specification of loads and mate- 
rial properties 
Selection of cross section 
Flexural design 
Shear design 
Check of serviceability 
Bridge design loads are different 

from those used for typical building 
designs. The loads usually consist of 
standard vehicles, impact factors, 
and distribution factors as pre- 
scribed in the AASHTO Specifica- 
tions.' The standard vehicle can be 
either a truck load or an equivalent 
uniform lane load representing a se- 
ries of vehicles. The template calcu- 
lates the live load forces by using 
influence line envelopes with the 
appropriate AASHTO loading. 

Dynamic effects are caused by 
vehicles crossing the bridge at a high 
velocity. The impact factor allows 
these dynamic effects to  be in- 
cluded in a quasi-static analysis. 
The distribution factors account for 
the fact that the loads act on a fi- 
nite width of slab that may or may 
not be directly above a girder. 

The  LOADS and the  M A T ' L S  

choices of the DESIGN menu both 
bring the user to the first phase of 
the design segment which contains 
the design data. The span length, 
girder spacing, load information, 
material properties and allowable 
stresses, as well as prestress losses 
are specified in this segment. With 
this information, the impact factor 
and distribution factor are calcu- 
lated. The girder self-weight and the 
weight of the slab are calculated as- 
suming normal weight concrete. 

The compressive strength of both 
the precast and the cast-in-place 
concrete and the grade of the pres- 
tressing and reinforcing (mild) steel 
must be provided by the user. The 
allowable stresses in the precast 
concrete are calculated in accor- 
dance with AASHTO Section 
9.15.2. In addition, the flexural 
strength, stress of tendon at failure, 
and the allowable initial stress in the 
prestressing steel are calculated. 

option of the ANALYSIS menu brings 
the user to a window displaying the 
design moments and shears in tabu- 
lar form. The moments and shears 
included are due to the girder self- 

SekCtiIIg the MOMENTS & SHEARS 
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TENDON PROFILE 
A n d  Optimal Tendon Zona 

weight, the weight of the slab, the 
dead load on the girder, the dead 
load carried by shear diagram can 
also be viewed graphically. 
Section selection 
The CROSS-SECT choice of the DE- 
SIGN menu brings the user to the 
girder selection section of the de- 
sign segment, shown in Fig. 2. The 
user can specify either an AASHTO 
standard girder, a single tee, or a 
double tee section. When the girder 
has been selected, the spreadsheet 
finds the section properties in a data 
table and displays them in the girder 
selection window. In addition, the 
user can specify the dimensions for 
a non-standard rectangular, T, or I- 
section. 

The deck thickness is specified 
and the provided composite section 
properties are calculated and dis- 
played next to  the girder section 
properties. The calculations for the 
composite section properties take 
into account any differences of ma- 
terials by the use of modular ratio 
transformations. 

Flexural design 
The FLEXURE choice of the DESIGN 
menu brings the user to the flexural 
design segment of the program (Fig. 
3) which consists of selecting the 
area of prestressing steel and the 
tendon profile. The designer is given 
the required prestress force and the 
area of steel required to achieve tht 
force based on the initial allowable 
stress in the cable. The next step is 
to  select the number and size of 
strands such that the amount of 
steel provided will exceed the calcu- 
lated required amount. The cross- 
sectional area of the various diame- 
ter strands is maintained in a data- 
base within the spreadsheet. 

The verification for flexural 
strength is based on the philosophy 
that the moments induced by the 
acting factored loads should be less 
than or equal to the design moment 
capacity of the girder. 

To aid the engineer in selecting 
the tendon profile, the allowable 
tendon zone is calculated and can 
be displayed graphically (Fig. 4) by 
selecting TENDON from the GRAPHS 

10 

-30 I l I l I l l I 
O 20 40 60 BO 

Mstance Along Girder (fi) 
A U  X Bottom O Top + u L  O Tendon 

Fig. 4 - Tendon and allowable tendon region. 

sub-menu. This data is also pre- 
sented in tabular form in this win- 
dow of of the design template. The 
engineer has the option of selecting 
either a parabolic, straight, singly- 
harped, or doubly-harped profile. 
For the case of a doubly-harped 
profile, the cable is harped at 
and %, of the span. As a final check 
of the design, the ultimate moment 
capacity is calculated and compared 
to the provided moment capacity. 

Shear design 
Section 9.20 of the AASHTO Spec- 
ifications is dedicated to the design 
of the shear resistance for pres- 
tressed concrete elements. The pri- 
mary philosophy of the code is that 
the resistance provided by the con- 
crete and steel reinforcement should 
be greater than or equal to the ef- 
fect of the imposed factored loads. 

The expressions provided in Sec- 
tion 9i20.2 of the specifications 
have been implemented to calculate 
the shear strength of the concrete 
V,. With this value known, the 
shear resistance which must be pro- 
vided by steel reinforcement can be 
determined. The user then must 
specify the size and spacing of the 
stirrup bars. To aid the engineer in 
selecting the stirrup spacing, the 
maximum allowable spacing is cal- 
culated and displayed by the work- 
sheet. 

The shear capacities and the fac- 
tored shear caused by external loads 
can be viewed graphically for half 
the span (Fig. 5 )  by selecting the 
Vc-DIAGRAM option of the GRAPHS 
menu. 
Allowable stresses 
The bridge girder is designed so that 
at any point along the span the 
maximum acting stress is less than 
the allowable stress. The allowable 
s t resses  a r e  se t  f o r t h  i n  t h e  
AASHTO Specifications.' The act- 
ing stresses are calculated at both 
the top and bottom face of the 
girder at two stages of loading. The 
first stage is at initial transfer of 
prestress force into the girder be- 
fore any losses have occurred and 
the only loads acting are the initial 
prestress force and the self weight 
of the girder, The second stage is at 
the service load stage when all losses 
have occurred and all loads are ap- 
plied. The acting stresses are calcu- 
lated using the following general 
form of the flexure formula: 

P Pe M 
f =  _ -  

A f S ' S  

where: 

f = Acting stress 
P = Prestress force 
e = Tendon eccentricity 
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Fig. 5 - Shear capacities diagram. 

M = Externally applied bending 
moments 

A = Cross-sectional area 
S = Section modulus 

The  STRESSES option of the 
ANALYSIS menu displays a table of 
the extreme fiber stresses a t  the 
tenth points of the span at the ini- 
tial stage and the service or long- 
term stage. In addition, the initial 
and long-term allowable stresses are 
also tabulated. The concrete stresses 
can be viewed graphically by select- 
ing the INITIAL and LONGTM op- 
tions of the GRAPHS menu for the 
initial stresses and the long-term 
stresses, respectively, A plot of ini- 
tial concrete stresses is shown in 
Fig. 6 .  By viewing the concrete 
stresses graphically, it becomes evi- 
dent at a glance if the acting stresses 
exceed the allowable. 
Deflection computation 
Girder deflections can be displayed 

ANALYSIS menu. The deflection of 
the girder is calculated at several 
load stages during the construction 
process. The first stage is at trans- 
fer when only the initial prestress 
force and girder self weight are act- 
ing. The deflections are calculated 
again after losses and most concrete 
creep has occurred, The next stage 
is after construction but before long 
term loading effects have occurred. 

by selecting DEFLECTIONS from the 

The last two stages are the long 
term dead load deflection and the 
live load deflection. 

The camber caused by the pre- 
stressing force is calculated using 
discrete formulas which depend on 
the tendon profile selected. The de- 
flections caused by dead loads are 
calculated using the equation for 
deflections on a simple span under 
uniformly distrubuted loads. The 

live load deflections caused by the 
truck loading are calculated by 
placing the wheel loads such that 
the maximum moment is achieved, 
calculating the deflection due to 
each load, and superposing the in- 
dividual deflections to get the total 
deflection. 

Results 
The design template presented is in 
no way a complete representation of 
the design procedure. It is intended 
rather, as a tool to aid in the pre- 
liminary sizing of prestressed con- 
crete bridge girders and to demon- 
strate the use of spreadsheets in 
structural engineering. The spread- 
sheet can also be used to evaluate 
various alternative bridge designs, 
which will save time and produce a 
better design. 

Most current computer programs 
for the design of highway bridges 
are simply analysis tools for prede- 
termined designs. This requires a 
trial and error design of the entire 
bridge. The template presented 
functions as a design tool because it 
allows modification of the design as 
the analysis of each section is com- 
pleted. While it is still a trial and 

INITIAL STRESS DISTRIBUTION 

O 

-0.2 - 
A A 

Y 

-0.6 -&+ 1 

-1.6 4 

-2.1. 4 I ,  _ [ Y  I -  t " 1  I Y I -  C 
O 20 40 60 80 

-Ce d l 0 4  C M O X  (fi) 
O f t I  f !.top 0 !.bot A ic i  

Fig. 6 - Initial extreme fiber stress distribution. 
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error process, the design can be al- 
tered easily and the effects of the 

It has been shown that spread- 
sheets are a valuable, time-saving 
tool. They make it possible for the 
engineer to create more efficient de- 
signs due to  their computational 
speed and interactive nature. The 
tirne and effort invested program- 
ming a spreadsheet will manifest it- 
self later as an increase in produc- 
tivity and a reduction of design 
time. In addition, the time put into 
developing a clear and understand- 
able worksheet will result in a de- 
sign tool that can change with the 
design codes and be employed fre- ‘ 
qiiently to create efficient designs 
with a minimum of effort .  The 
spreadsheet brings the power of the 
microcomputer to the engineer in a 
concise, simple to use, user-friendly 
package. 

. -  changes are realized immediately. 

.. 

References 
1. Standard Specifications for High- 

way Bridges, 13th Edition, American 
Association of State  Highway and 
Transportation Officials, Washington, 
D.C., 1983, 394 pp. Also, Interim Re- 
visions, 1984-1988. 

I 

l 

~ 

i a  AC1 COMPILATION 

2. Casas, A., and Oppeiilieini, I. J., 
“Spreadsheet Programming for Struc- 
tural Design,” Cotnpiiter Applicatioirs 
in Concrete Technology, SP-98, Ameri- 
can Concrete Institute, Detroit, 1987, 

3. Fagundo, F. E. and Garinizo, D. 
W., “The Use of Spreadsheets in the 
Design of Prestressed Concrete Bridge 
Girders,” 2nd GPPE National Meeting 
on Prestressed Structures, Porto, Por- 
tugal, Nov. 1988. 

4. Woit, M. I.; Fagundo, F. E.; and 
Johnson, H., “Integrated Design Envi- 
ronment for Concrete Structures,” 
Cotizptrter Applications in Concrete 
Technology, SP-98, American Concrete 
Institute, Detroit, 1987, pp. 139-148. 

5. Kittridge, D. Ci., and Barriett, R. 
E., “Spreadsheet for Concrete Beam 
Design- M, V, T,” Cotiipzrter &pli- 
cations in Structurnl Engineering, 
American Society of Civil Engineers, 
New York, 1987, pp. 403-41 1. 

6 .  Nilson, A. H. ,  Design of Pres- 
tressed Concrete, John Wiley & Sons, 
New York, 1987. 

4. PCI Design Handbook-Precast 
and Prestressed Concrete, 3rd Edition, 
Prestressed Concrete Institute, Chi- 
cago, 1985, 531 pp. 

8. Reinhoni, A. M.; Yeli, L. J.; and 
Snyder, J., “Prestressed Concrete Beam 
Design,” Coinputer Applications in 
Structi4ral Erigitieeritig, American Soci- 

pp. 233-247. 

ety of Civil Engineers, New York, 1987, 

9. Salmon, C. G., “Coiicrete Beam 
Design Using Menus & Macros of Lo- 
tus 1-2-3 ,” Computer Applications in 
Strrtctitral EtigitieeriFig, American Soci- 
ety of Civil Engineers, New York, 1987, 

10. Precast Prestressed Short Span 
Bridges: Spaiis to 100 Feet, 2nd Edi- 
tion, Prestressed Concrete Institute, 
Chicago, 1980, 40 pp. 

11. Shoemaker, W. Lee, and Wil- 
liams, Steve, “Prestressed Concrete De- 
s i p i  Using Spreadsheets,” Journal. 
Prestressed Concrete Institute, V. 33, 
No. 2, Mar.-Apr. 1988, pp. 110-129. 

pp. 383-394. 

pp. 424-437. 

Selected for reader interest by the editors. 

AC1 member Fernando Fagundo is 
an associate professor in the 
Department of Civil Engineering at the 
University of Florida, Gainesville. He 
is a member of AC1 Committees 11 8, 
Use of Computers; 408, 
Reinforeernetit Bond and 
Development; and 444, Modela of 
Structures. 

AC1 inember David W. Garrnizo is a 
graduate student in the Department 
of Civil Engineering at the University 
of Florida, Gainesville. 

Full document details: ACI Compilation 14-90

http://www.avadocuments.com/doc/aci-compilation-14-90
http://www.avadocuments.com/doc/aci-compilation-14-90


Applying PC-Based Graphics 
to the Display of Loads on 

he U.S. Army Corps of En- 
gineers designs and builds a 
wide variety of concrete T monolithic structures. One 

common and especially tedious task 
involved in this work is hand com- 
puting an overturning and sliding 
stability analysis and the subse- 
quent design of the structure. This 
is especially true for a three-dimen- 
sional analysis. 

A task group of the Computer 
Aided Structural Engineering Pro- 
ject of the Office, Chief of Engi- 
neers was established to determine 
criteria for developing a compre- 
hensive three-dimensional stability 
analysiddesign program (3DSAD).' 
The program2 was then developed 
with not only special purpose mod- 
ules for dams and  lock^,^,^ but also 
for general geometryY5 general 
loadsY6 general analysisY7 and free- 
body modules.* 

Computing the geometric quanti- 
ties of volume, weight, and cen- 
troid in an extremely efficient and 
unified mannerg proved essential. 
However, the most difficult chal- 
lenge in this development was how 
to describe, compute, and display 
general loads in a user-friendly and 
efficient manner. The computation 
of loads is now well defined,"J2 and 
great progress has been made in 
user-friendly definition. Surpris- 
ingly useful results with the mean- 
ingful display of loads in a PC en- 
vironment have also been accom- 
plished. 

Complex geometry 
The geometry of the structures be- 
ing analyzed can become very com- 

plex. Fig. 1 shows an example of a 
gravity lock monolith with several 
parts that was modeled by solid- 
modeling-type capability. The pri- 
mary tool used was to sweep two- 
dimensional cross sections in the 
third direction. 

Another example is the tower 
shown in Fig. 2. Note the extensive 
use of curved surfaces in this exam- 
ple. Clearly, using color hidden-line 
and continuous-tone plots is essen- 
tial to view of this type of geometry 
adequately. 
Color graphics 
implementation 
The need to produce color plots of 
these structures on the PC is obvi- 
ous. To facilitate this, a partial 
frame buffer consisting of 50 lines 
of screen was implemented in soft- 
ware to run on either the EGA or 
EGA emulation on VGA graphics 
boards. 

The limitation of only two shades 
( l i gh t  b l u e / d a r k  b lue ,  l i gh t  
greeddark green, etc.) would seem 
to discount the possibility of con- 
tinuous-tone shaded plots. How- 
ever, consider the power houses on 
dam piers in Fig. 3 and its EGA 
continuous-tone shaded plot given 
in Fig 4. Using only two shades al- 
lows a clear definition of the struc- 
ture. Compare this picture with the 
plot produced by the Matrox SM- 
640 Solid Modeling Engine using 32 
different shades for each color (Fig. 
5 ) .  This is an obvious improve- 
ment, showing a clearer definition 
of curvature. 

Hidden-line plots may be ob- 
tained by a slight modification of 

the frame buffer algorithm. Fig. 6 
shows a hidden-line plot of Fig. 4. 

Loads 
Two ways have been developed to 
define loads: by pressure-volumes 
and by determining the loads on 
each face and integrating them to 
find the forces and moments. 

Pressure-volumes are volumes 
with a direction. For instance, con- 
sider the overflow section with pier 
and curved gate given in Fig. 7. The 
triangular load represents horizon- 
tal water, and other nongeometry 
pieces represent the vertical weight 
of water on the structure. An iso- 
metric view of the geometry and 
loads is given in Fig. 8. This plot is 
ineffective due to the massive num- 
ber of lines displayed. 

Consider, however, the hidden- 
line plot given in Fig. 9 and the 
continuous-tone plot in Fig. 10. 
These are surprisingly effective in 
showing the different pieces of ge- 
ometry and loads, although .only 
two shades (light and dark) are 
used. Fig. 11 is another example, 
using different color specifications. 

The advances of PC-based high- 
performance graphics boards can be 
used effectively to display loads as 
well. Of significant interest is using 
translucent shading for loads and 
solid shaded colors for geometry. 
Fig. 12 is an example of this using 
the translucency capability of the 
Matrox SM-640 Solid Modeling 
graphics board (translucency is im- 
plemented in the hardware), while 
Fig. 13 shows both geometry and 
loads as solid. The SM-1281 board 
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Fig. 1 - Gravity lock monolith. 

would show results a t  a n  even 
higher resolution. 

If the second way of defining 
loads (Le., determining the loaded 
faces and integrating) has been 
used, the loaded faces may be dis- 
played by painting the soil and wa- 
ter levels on the affected surfaces. 
This can also be easily accom- 
plished by modifying the frame 
buffer algorithm again to  paint 
brown soil and blue water on the 
proper faces, in both hidden-line 
and continuous-tone plots. Fig, 14 
and 15 show two examples of a wa- 
ter load displayed in this manner, 

Fig. 2(a) - Tower. 

14 

Fig. 2(b) - Tower. 

Fig. 3 - Power houses on dam piers. 

with Fig. 14 being the hidden-line 
version and Fig. 15 the continuous- 
tone version. 

Other systems and program 
availability 
This display capability has also been 
implemented on the Intergraph En- 
gineering Workstations, where 
added memory and other factors 
greatly increase the plotting speed. 
The entire three-dimensional stabil- 
ity program with its various mod- 
ules is available for the PC upon re- 
quest from the authors. 

An application that runs on a PC 
automatically has a broad user 
base. The mainframe version of 
Three-Dimensional Stability Analy- 
sis/Design (3DSAD) program has 
been successfully converted to the 
PC with new and exciting enhance- 
ments. Solid modeling capability 
that has until fairly recently been 
available only on larger systems are 
now available in this program. Us- 
ing color in both a standard PC 
(EGA or VGA environment) has 
been successfully applied to the dis- 
play of geometry and loads for con- 
crete monolithic structures. 
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Fig. 4 - EGA continuous-tone plot. Fig. 5 - Matrox SM-640 continuous-tone plot. 

Fig. 6 - Hidden-line plot. Fig. 7 - Pressure-volume example. 

Fig. 8 - Isometric plot. 
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Fig. 1 O - Continuous-tone plot. 

Fig. 12 - Transluscent loads example. 

Fig. 14 - Hidden-line version. 
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Fig. 11 - Different color combinations. 

Fig. i 3  - Solid loads example. 

Fig. 15 - Continuous-tone version. 
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Design with the PC 
o simplify concrete mix de- 
sign, the author has written 
a spreadsheet using Lotus T Symphony. The spread- 

sheet, shown here in Fig. 1, was 
used to design pumpable concrete at 
the Al Wehdah tunnel project in 
Jordan, near Irbid, and the mix 
shown in the figure was one of 
those actually used. 

The conventional method for de- 
signing concrete mixes calls for us- 
ing tables and a series of simple but 
laborious calculations. Usually, at 
the outset, a water-cement ratio is 
selected to satisfy the given strength 
requirement. Other design criteria, 
such as durability or impervious- 
ness, also may have to be consid- 
ered at that point. 

Second, based on the desired 
slump, the total quantity of water 
per cubic meter or per cubic yard is 
estimated, although the influence of 
the size of the aggregate and the de- 
gree of air entrainment also should 
be considered here. 

The content of coarse and fine 
aggregate per unit volume of con- 
crete is then conventionally ’esti- 
mated with the help of tables. A ta- 
ble in AC1 21 l .  l helps the designer 
to estimate the dry bulk volume of 
the coarse aggregate per volume of 
concrete as a function of the fine- 
ness modulus of the fine aggregate. 
From another table, the designer 
can estimate the unit weight of con- 
crete as a function of the maximum 
size of aggregate. The designer is 
then ready to calculate the quanti- 
ties of coarse and fine aggregates as 
the difference between the total 
weight of concrete and the sum of 
the weights of water and cement. 

As long as the aggregate is dry, 
calculations are quite easy. If, how- 
ever, the aggregate contains a sig- 
nificant amount of surface mois- 

ture, it must be considered as part 
of the total free water content. 
Consequently, we have to deduct 
the weight of the surface moisture 
from the weight of the aggregates, 
and we arrive at the final weights of 
added mix water, cement, and ag- 
gregate by trial and error. More- 
over, if we design a mix for a batch 
plant with several aggregate bins for 
materials with different unit weight 
and surface moisture content, cal- 
culations need to be carried out by 
computer. 

Aggregates were purchased from 
nearby quarries for the Al Wehdah 
project. The various types of sand 
that were considered for use had to 
be transported from as far as the 
Jordan River valley. The original 
concrete specifications indicated 
only the grading of the coarse and 
fine aggregate. 

However, because the contractor 
had a five-bin batch plant installed 
at the site, we modified the specifi- 
cations according to the recommen- 
dations of a concrete pump manu- 
facturer. There, the upper and 
lower limits of the grading of the 
combined aggregates was specified 
by two curves on a grading dia- 
gram. The batch plant did not au- 
tomatically measure and adjust the 
quantity of mix water for the sur- 
face moisture of the aggregates. 

The spreadsheet (Fig. 1) is di- 
vided into several groups of figures, 
or “ranges,” each identified by a 
heading. These headings are cited in 
capital letters in the following de- 
scription. To design a concrete mix 
we have only to type the usual data 
into the appropriate locations on 
the spreadsheet.  Because the 
spreadsheet is in the “manual recal- 
culation” mode, the user has to  
press the Re-calc Key after data en- 
try is completed. 
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The design procedure begins by 
entering the screen analyses of the 
aggregates into the range located in 
the upper left-hand corner of the 
spreadsheet. That range contains 
the columns SCREEN ANALYSES and 

FRACTIONS in four  of the five 
batch-plant bins. In this example, 
the fifth bin remained empty be- 
cause the sand that we finally used 
at the project satisfied the mix re- 
quirements better than the two sand 
fractions from another source we 
had tried previously. 

It should be remembered: if only 
four aggregate fractions enter into 
the concrete, and one of the bins 
will therefore remain empty, it is 
not permissible to enter only zeros 
for the missing screen analysis. Do- 
ing so would introduce a division- 
by-zero error elsewhere ‘in the cal- 
culations. To prevent this type of 
error, the programmer should de- 
lete the columns that correspond to 
the bin that is out of service. On the 
other hand, if a batch plant handles 
more than five products, the pro- 
grammer can easily expand the 
spreadsheet with the “copy” com- 
mand. 

Into the second range below the 
upper left-hand corner, we enter the 
surface-dry AGGREGATE SATU- 

tions, and their respective AGGRE- 

of percent of their dry weights. Ad- 
d i t i ona l ly ,  we enter  t h e  W A -  
TER/CEMENT RATIO and the FREE 
WATER content of the fresh con- 
crete in terms of liters per cubic 
meter. The expected AIR CONTENT 
should be simply typed into the 
spreadsheet unless the user has 
found a correlation between the 
amount of additive per sack of ce- 
ment and the percentage of air en- 

% THRUS for four AGGREGATE 

RATED DENSITY O f  the four frac- 

GATE SURFACE MOISTURE in terms 
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2 50.08 
1.1/2 36.10 

1 25.00 
3/4 19.00 
3/8 9.50 
w 4.80 
W 2.40 

#l6 1.20 
ao 0.60 
#50 0.30 

HO0 0.15 
WOO 0.07 

(PAN) 

AGGR SATUR DENSITY 
u/c RATIO 
FREE UATER LT/!!3 
CEHEHT K G m  COHCRETE 
AGGR SURF M I S T  X UT 

SCREEN ANALYSES, X THRUS 
AGGREGATE FRACTION # . . . 
(1) (2) (3) (4) 

SCREEN ANALYSES, X OVERS 
AGGREGATE FRACTIOH # . . . 

(5) (1) (2) (3) (4) (5) . . VEICHT-PROPM(TIOHS OF FRACTIONS . . 
1 0.3 0.6 1.8 

100.0 
88.2 
42.6 100.0 
6.4 94.8 100.0 100.0 
0.7 7.1 96.1 99.0 

0.4 3.1 89.3 
0.0 72.3 

58.2 
42.9 
20.8 
6.7 
2.9 

11.8 0.0 0.0 0.0 
45.6 0.0 0.0 0.0 
M.2 5.2 0.0 0.0 
5.7 87.7 3.9 1.0 
0.7 6.7 93.0 9.7 
0.0 0.4 3.1 17.0 
0.0 0.0 0.0 14.1 
0.0 0.0 0.0 15.3 
0.0 0.0 0.0 22.1 
0.0 0.0 0.0 14.1 
0.0 0.0 0.0 3.8 
0.0 0.0 0.0 2.9 

(1) (2) (3) (4) 
2.579 2.569 2.563 2.6 

adj f o r  epial density: 
adj f o r  actual dmsity: 

(5) 

0.6 
190.0 
316.7 

0.3 2.1 4.6 9.0 

SIZE OISTRIBUTIOH, X OVERS 
AGGREGATE FRACTIOH I f  . . . 
(1) (2) (3) (4) 

0.118 
0.456 
0.362 
0.057 
0.007 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

1 .O00 
1 .OM1 
27.OX 

0.3877 
0.0030 

0.000 
0.000 
0.016 
0.262 
o. 020 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.299 
0.300 

8.1% 

0.1163 
0.0063 

0.000 
0.000 
0.000 
0.023 
0.555 
0.018 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.5% 
0.604 
i 6 . Z  

0.2341 
0.0276 

0.000 
0.000 
0.000 
0.018 
0.176 
0.308 
0.256 
0.278 
0.401 
0.256 
0.069 
0.053 

1.815 
1 .mo 
U.6X 

O .6923 
0.1620 

(5) 

PLASTICIZER - - - - - - - - - - - - - - - - M L  PER 50 KG CEIENT 

A I R  ENTRMT AGENT - - - - - - - - - - - - - M L  PER 50 KG CEMENT 
ML/)13 COHCRETE 

ML/H3 CONCRETE 
A I R  CONTENT 

AGGREG KG/M3 C M I C  474.18 142.25 284.51 853.53 
SURF MIST KG/M3 CONC 1.42 2.99 13.09 76.82 

AGGREG B I N  VEIGHT,KG 475.60 145.24 297.60 930.34 
M I X  UATER LT/M3 CMICRETE 
CEHENT KG/H3 CONCRETE 
AGGREG/CEMENT R A T I O  
CMICRETE KG/M3 

- - - - -  SLUP 

STRENGTH 

- - - - -  - - - -  - - - -  
13-May 17-May ~ - n a y  
3 days 7 days 14 days 

150 
950 
50 

317 
3.0% 

1,754.47 
94.31 

1,848.78 
95.69 

316.67 

2,261.14 
5.54 

- - - -  
07-Jui 

28 days 

TRIAL: 0.04 n3 

FRACTiY# (1) (2) (3) (4) (5) TOTALS: 

. . . . . . . . . . . . . . . . . . . . .  

AGGREG 19.02 5.81 11.90 37.21 73.95 KG 

CEMENT 12.67 KG 
M I X  UATER 3.83 KG 
PLAST1 2 38 ML 
AIR  ENTR 13 ML 

BATCH VOL 1.5 H3 ..................... _-_____-___-_-_------ 
BIN# (1) (2) (3) (4) (5) TOTALS: 
AGGREG 713.41 217.86 446.39 1395.51 2773.18 KG 
(CUMUL) 713.41 931.27 1377.66 2773.18 KG 

CEMENT 475.00 KG 
M I X  UATER 143.53 KG 
PLAST12 1425 ML 
AIR ENTR 475 ML 

Fig. 1 - Spreadsheet for concrete mix design. 

trainment in the fresh concrete. In 
such a case, it should be easy to  
write a formula into the spread- 
sheet cell that shows the AIR CON- 

In the second range from left, the 
program automatically converts the 
Yo THRUS to Yo OVERS. At the top 
of that group of screen analyses and 
under the heading WEIGHT PRO- 

where the designer types the pro- 
portions in which he wishes to mix 
the contents of the four aggregate 
bins. The program will then multi- 

with the Vo OVERS of each of the 

TENT. 

PORTIONS OF FRACTIONS is a line 

ply these WEIGHT PROPORTIONS 

fractions, corrected for density. 
The horizontal sums of these 

products, divided by their vertical 
total, are shown in the next column 
to the right. That column shows the 
GRADING of the resulting synthetic 
mix. The grading of the mix should 
fall between the values given in the 
next two columns to  the right, 
called the GOAL, which show the 
upper and lower limits of the Vo 
THRUS of the specified grading of 
all aggregates. 

If the resulting grading does not 
fall within these given limits, other 
mix proportions should be tried. It 
is very useful if the graphics envi- 

ronment of the spreadsheet is capa- 
ble of producing a diagram (Fig. 2) 
showing the lower and upper limits 
of the specified grading range and 
the grading of the synthetic mix. 
With the help of this feature, and 
some practice, the selection of the 
mix proportions can be completed 
within minutes. 

To calculate the quantities of ag- 
gregates, cement, and water in ac- 
cordance with the previously en- 
tered mix specifications, the pro- 
gram continues in the following 
manner: 

The spreadsheet adds up the pro- 
portioned AGGREGATE FRACTIONS, 
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GRADING 
TOTAL % MIERC % THRUS 

- i n o m  
0.118 3.2% 96.8% 
0.456 12.3% 84.5% 
0.378 10.2% 74.4% 
0.364 9.7% 64.6% 
0.758 20.4% 44.Z 
0.328 8.8% 35.4% 
0.256 6.9% 28.5% 
0.278 7.5% 21.0% 
0.401 10.8% 10.2% 
0.256 6.9% 3.3% 
0.069 1.9% 1.4% 
0.053 1.4% - 

3.710 100.0% 
3.700 
100.0% 

1.4309 AGGRECATE,H3 
0.1989 SURF MOlSTURE,W 
0.2018 H I X  UATER,H3 
0.2120 CEHENT,K3 
0.0020 MDITIM.113 
0.û633 A I R , M  

2.1089 TOT H3 CMICRETE 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  
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MIX Gol 9.1 G O A L  FINENESS 
% THRUS ( 4 )  (5) 1 ’  

100% 100% 0.9 - 
100% 100% 
Bo% 87% 
70% 80% 
55% 70% 1.0 0.0 
40% 58% 10.7 0.0 
27% 47% 27.7 0.0 f 
17% 37% 41.8 0.0 

9% 13% 79.2 0.0 

0.8 - ’ 0.7 - 

4 o.6 - 
10% 23% 57.1 0.0 W 

3% 7% 93.3 0.0 t;l 
0% o x ,  - 

8 0.5 - 

0.4 - $ 
3.108 0.000 I 0.3 - a 

0.2 - 

0.1 - 
O I I I I I I I I I I 

2 1 . 1 / 2  i 3/4 3/8 p4  #a # i 6  #rm goo grzoo 
SCREEN SIZES 

Fig. 1 - Spreadsheet continued. Fig. 2 - Graphic expression of grading range. 

adjusted for ACTUAL DENSITIES. 
Purely for the convenience of cal- 
culation, the spreadsheet now as- 
sumes the totals of the fractions to 
be metric tons. These assumed tons 
of aggregates are then divided by 
the respective densities; this gives 
the solid volumes of each of the ag- 
gregate fractions. The weight of 
surface moisture, given on the next 
line below, is the product of the 
weight of each aggregate fraction by 
its respective percentage of mois- 
ture. However, the amounts of mix 
water and cement cannot be calcu- 
lated directly because they must re- 
main in a fixed relation to the still 
unknown total volume of fresh 
concrete, and the solution is found 
by the following method: 

The spreadsheet adds these items: 
1. AGGREGATE, m3 
2. SURFACE MOISTURE, m3 
3. MIX WATER, m3 (= TOTAL mJ 

CONCRETE x liters water/m3 con- 
crete) 

4. CEMENT, m3 (= TOTAL m3 
CONCRETE x kg cement/m3 con- 
crete) 

5. ADDITIVE, m3 (= TOTAL m3 
CONCRETE x ml additive/m3 con- 
crete) 

6 .  AIR, m’ (= TOTAL m3 CON- 

The sum equals TOTAL m3 CON- 
CRETE x Yo air/m3 concrete) 

CRETE. 
At first sight, this addition seems 

not to make sense, because its total, 

also as a factor in Items 3 through 
6. However, when the spreadsheet 
repeatedly receives the command to 
“recalculate,” the TOTAL m3 CON- 
CRETE is substituted that many 
times into Items 3 through 6, and 
the total of the summation, TOTAL 
m’ CONCRETE, will rapidly converge 
to the correct value. These itera- 
tions are not visible on the screen 
because the spreadsheet is pro- 
grammed to go through ten calcu- 
lation loops every time the Re-calc 
Key is pressed. The user may, of 
course, write a simple algorithm to 
let the program loop until the de- 
sired precision of the TOTAL is 
reached. 

In the lower part of the spread- 
sheet, the weights of aggregate frac- 
tions, cement, and mix water are 
given per cubic meter of fresh con- 
crete, Additionally, the mix weights 
are shown for a laboratory mixer of 
a user-specified size, and for the 
mixer of the batch plant. 

the TOTAL m3 CONCRETE, appears 
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The spreadsheet dates itself, and, 
assuming that the trial mix will be 
prepared on the same day, auto- 
matically inserts the dates of the 
compression tests. 

For a modification of the slump, 
the user has only to increase to the 

mately six liters per inch of increase 
of slump, press the Re-calc Key, 
and the corrected mix with the orig- 
inally specified water-cement ratio 
appears on the screen. Any other 
modifications of the concrete mix 
can be calculated with equal ease. 

FREE WATER content by approxi- 

Selected foc reader interest by the editors. 

AC1 member Kurt 
F. Peyfuss is cur- 
rently on assign- 
ment on a tunnel 
construction pro- 
ject with DeLeuw, 
Cather and Com- 
pany in Izmir, Tur- 
key. Since receiv- 
ing a Dipl.lng. degr 
tan Universitaet Leoben in Austria, he 
has worked for several American en- 
gineering companies on mine devel- 
opment, hydroelectric, and tunnel pro- 
jects in the U S . ,  Chile, Brazil, Paki- 
stan, Egypt, Jordan, and Peru. 
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Computer spreadsheets save time, money, and unnecessary 
frustration in concrete reinforcing steel design 

ngineers, by their very na- 
ture, tend to seek efficiency, 
practicality, and creativity in E most things that they do, 

both on and off the job. It is for 
this reason that engineers and com- 
puter spreadsheets are so wonder- 
fully matched. Spreadsheets are ef- 
ficient in that they accomplish with 
the push of a button what can take 
the engineer many hours or days to 
compute by hand. They are practi- 
cal because they take relatively little 
time to create and can be used for a 
wide range of applications. They 
are creative in that the engineer has 
virtually unlimited potential in solv- 
ing problems and can aliow his or 
her creativity to flow freely. 

As you approach an engineering 
project, ask yourself the following 
questions: 

Are there any sets of computa- 
tions that must be repeated several 
times over the course of the proj- 
ect? 

Could these sets of computations 
be set up in the form of a table or a 
template, in which input values are 
provided based on the design pa- 
rameters and output values are 
computed based on these input val- 
ues and certain known formulas? 

Could a simple mistake or change 
early in the computations carry 
through to require a large amount 
of undesired recalculation? 

Do you want to  minimize the 
amount of time, money and effort 
needed in performing the computa- 
tions both for your own sake as well 
as that of your client? 

Do you want to maximize quality 
control, reducing both the amount 
of potential errors and the need for 
checking each computation? 

If your answer to these questions 
is “yesyy, then a computer spread- 
sheet may provide the best method 

of performing your computations 
and completing your project with 
the greatest efficiency and excel- 
lence. 

The birth of a spreadsheet 
On a recent bridge project, approx- 
imately 20 reinforced concrete pier 
footings needed to  be designed, 
each having unique loads and di- 
mensions. For each of these foot- 
ings, flexural steel had to be de- 
signed in both directions, resulting 
in a total of about 40 unique sets of 
design computations. 

For each of these sets of compu- 
tations, four basic design criteria 
had to be satisfied: 

The factored moment at the sec- 
tion must not exceed the design mo- 
ment strength (AC1 318 Section 
10.2 or AASHTO HB-14 Section 
8.16.3.2. i), 

The ratio of reinforcement pro- 
vided must not exceed 0.75 of the 
ratio that would produce balanced 
strain conditions for the section 
(AC1 318 Sec t ion  10 .3 .3  o r  
AASHTO HB-14 Section 8.16.3.1), 

The minimum reinforcement re- 
quirements for flexural members 
must be satisfied (AC1 318 Section 
10.5 or AASHTO HB-14 Section 
8.17.1), and 

The distribution of flexural rein- 
forcement requirements to control 
flexural cracking of the concrete 
must be satisified (AC1 318 Section 
10.6 or AASHTO HB-14 Section 
8.16.8.4). 

Performing manual calculations 
for these four basic design criteria 
can take as much as a day for each 
pier section. This is particularly 
time consuming since several trials 
are often needed before ali four cri- 
teria are optimally satisfied. As the 
design progressed, it became in- 
creasingly apparent that a computer 

spreadsheet would provide the best 
method for solving the 40 sets of 
design computations. 

Getting started 
The first step in creating a spread- 
sheet is to develop a clear, orderly 
and systematic template to facilitate 
the desired computations. An easy 
way to accomplish this is to prepare 
one complete set of calculations by 
hand in the most logical and orga- 
nized manner possible. Then go 
through the manual calculations 
and identify each of the following 
types of information: 

An inputted numerical value that 
will be used by the computer for 
computational purposes. 

A formula that uses either input- 
ted numerical values or previously 
computed numerical values to gen- 
erate additional outputted numeri- 
cal values. 

A piece of text that will vary for 
different projects, such as a de- 
scriptive project title, the user’s 
name and the date. 

A piece of text that will be com- 
mon for each use of the spread- 
sheet, such as descriptive labels for 
input or brief explanations of out- 
put. 

It may be helpful to use color 
pencils to identify each of the var- 
ious types of information on the 
template. 

Creating the spreadsheet 
Once a systematic template has been 
developed and the various types of 
information have been identified, 
the next step is to sit down at the 
computer and begin creating the ac- 
tual spreadsheet. The spreadsheet 
for this project was created using an 
IBM-compatible computer and Lo- 
tus 1-2-3 software, both of which 
are the most widely used. 
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EZZEZ$= Inputted numericai values 
..................... Computed numerical values based on given formulas 
....................................... Inputted text that WU vary for different projects .................... ........................................ 

W E  BY: 
CHW BY: 

INPUT: 

wu, LOAD FACTOR DESIOH HOHEUT = K-FT IFT  
il, SERVICE L O W  DESICY W E N T  = K-FT IFT  

fy, YIELD STRENGTH OF REIUFORCEREUT = K S I  
fc', COHPRESSIVE STREHGTH (28-DAY) OF CMICRETE K S I  
n, HOOULAR RATIO OF ELASTICITY = 

d, EäTREME FIBER TO CEHTROID OF REIUFORCEKEHT = 
b, YIDTH OF MEMBER PER F W T  = 
h, OVERALL THICKNESS OF MEHBER = 

beta 1 (REFER TO AASHTO 8.16.2.7) = 

2 ,  WANTITY L l H l T I N G  FLRNRAL DISTRIBUTION = 

I N  
I N  
I N  

K I I N  

As, AREA OF R E I U F ~ C I U G  STEEL (IH TEUSIW)  = sa INIFT 
s, SPACIUG OF REIWFOI(C1HG STEEL BARS = I N  

w1m: 

LOW FACTOR REIUFORCIIIG STEEL DESIGN (AAsmTo 8.16.3.2): 

a, DEPTH OF EaUIVALENT RECTAHWLAR STRESS BLOCK = 
phi W. WfflINAL W E N T  STREUGTH = 

AS (REWIRED), AREA OF REIUFORCING STEEL = = SP I H I F T  

IH 
K-FT IFT  

- 

WIM REIHFMICEHEHT OF FLEXURAL HEMERS (MSHTO 8.16.3.1): 

DESIO! OF REIUFMICIUG STEEL FOR COHCRETE BASED W LOAD FACTOR DESIGN . HADE BY: KEU 
SAHPLE RUH CHW BY: 

INPUT: 

nu, LOAD FACTMI DESIGN HOHEUT = 
H, SERVICE L O W  D E S I G I  HOHEN1 = 

116.5 YI-FTIFT 
66.0 K-FTIFT 

fy, YIELD STRENGTH OF REIUFORCMENT 60.0 K S I  
fc', MHPRESSIVE STREHGTH (28-DAY) OF COHCRETE = 3.0 K S I  
n, UCüULAR RATIO OF ELASTICITY i. 9 

d, EXTREME FIEER TO CEHTROID OF REINFCKEHENT = 37.50 i n  
b, YIDTH OF HEMBER PER F W T  3 12.0 IS 
h, OVERALL THICKNESS OF WEHBER 42.0 111 

beta 1 (REFER TO M S H T O  6.16.2.7) = 0.85 

2, PUAUTITY L I R I T I N G  FLRNRAL D ISTRIEUTIW = 170 K I I U  

As, AREA OF REIUFORCING STEEL ( I N  TEUSIW)  = 
8, SPACING OF REINFORCING STEEL BARS = 9.0 I N  

1.05 SP I H I F T  

OUTPUT: 

LOW FACTOR REIUFORCIUG STEEL DESIGN (MCHTO 8.16.3.2): 

a, DEPTH OF EWIVALEUT RECTANWLAR STRESS BLOCK = 2.06 I N  
phi lh, N ü i I H A L  HMEUT STRENGTH = 172.3 K-FTIFT 

As (REWIRED), AREA OF REIUFORCING STEEL = 0.70 sa INIFT 

HAXIHUY REIHFORCEHENT O F  FLEXURAL HEHBERS (AASHTO 8.16.3.1): 

HIUIIW REINFMICMENT OF FLEXURAL UEI(BERS (Msm 8.17.1): 

BASED OH CRACKIUG W E N T  (MSHTO 8.17.1.1): 

y, GROSS CEUTROIDAL AXIS TO EXTREHE TEHSIMI FIBER = 
Is, GROSS TRANSFM(nED W E N T  OF IUERTIA = 

fr, WMULUS OF RUPTURE OF UHICRETE = 

IW 
IN'4 

KSI  

Mor, CRACKIUG HCUENT = 
1.2 M c r  i. 

= K-FTIFT 
- K-FTIFT 

BASED ai INCREASIIIG REWIRMEUTS FRW AHALYSIS (AAsmTo 8.17.1.2): 

- 
4 / 3  * As (REWIRED) = SP I H I F T  

DISTRIBUTIW OF FLEXURAL REIUFWCEMEUT (MSHTO 8.16.8.4): 

rho, TEUSION REIHFORCEHEUT RATIO = 
k =  
I =  
fs (ACTUAL), SERVICE L O W  BEUDING STRESS = __ K S I  

- 
- - - 

dc, THICKHESS OF COHCRETE COMR = - I N  

z/(dcA)-1/3 = K S I  - 
0.6 fy  = - K S I  
fs  ( A L L M B L E ) ,  BASED ON DISTRIEUTION REWIRMENTS = K S I  

A. EFFECTIVE TEHSION AREA = __ sa IN 

DESIGN S W Y :  

THE DESIGHER SHWLD CHECK THAT THE FOLLWIUG FWR STATEMENTS ARE TRUE: 

1. l+a == Y-FTIFT < Y-FTIFT = phi * Hn 
2. AS =- SP INIFT < -sa INIFT = AS (WIWUH) 
3. 1.2 Hcr = = K-FTIFT < K-FT IFT  = phi * Hn 
4. fs (ACT)== K S I  < K S I  = fs ( A L L W )  

I F  ALL  FOUR OF THE AEOYE STATEHEUTS ARE TRUE, THEW THE DESIGHER'S I N N T T E D  
VALUES FOR REIUFMICIHG STEEL AREA -IBO SATISFY MSHTO RECUIRWNTS. 
AREA OF REINFORCING STEEL EWALS -SP I N I F T  AHD SPACIUG OF 
REIHFORCIHG STEEL EARS EWALS IUCHES. 

I F  STATEMENTS 1, 2 AH0 4 ARE TRUE, BUT STATEUEHT 3 IS F A W U  THE 
DESICUER HAY USE A REIHFORCIUG STEEL AREA 0: 
AH0 A REINFORCING STEEL BAR SPACIUG OF IHCHES. HOWEVER, 
THE DESIGNER S H W U F Y  THAT ALL MSHTO REWIREHENTS W E  S T I L L  SATISFIED 
BY USING 
AREA AH0 CWFIRIIING THAT STATEHENTS 1, 2 AH0 4 ARE S T I L L  TRUE. 

SP I W F T  

54 I H I F T  AS THE HEU IUNTTEO REIUFORCIUG STEEL 

I F  STATEMENT 1 IS FALSE, THEN THE DESIGNER WUST IHCREASE THE IHPUTTEO VALUE 
FOR AREA OF REIHFORCING STEEL. 

I F  STATEHEUT 2 IS FALSE, THEU THE DESIGHER HUS1 DECREASE THE IHWTTED VALUE 
FOR AREA OF REIHFOIICIUG STEEL. 

I F  STATMEUT 4 IS FALSE, THEN THE DESIGHER WUST EITHER INCREASE THE IHPUTTED 
VALUE FOR W U  OF REIUFORCING STEEL, DECREASE THE I U W I T E O  VALUE FOR 
SPACIUG OF REIHFORCIUG STEEL BARS OR A CCUBINATIOH OF THE TM IWX)IFICATIONS. 

rho (BALANCED) = 
rho (WIW) = 
AS (IW(IW4) 

0.0214 
0.0160 

7.22 Sa W I T  

HINIWJII REINFORCEHENT OF FLEXURAL HEWERS (MSHTO 8.17.1): 

BASED MI CRACKIUG W E N T  (MSHTO 8.17.1.1): 

y, GROSS CEUTROIOAL AXIS TO EXTREHE TENSIOR FIBER = 
IQ, GROSS TRANSFGMEO W E N T  OF IHERTIA = 76337 IN-4  

fr. HOOULUS OF RUPTURE OF UHICRETE = 0.411 K S I  

20.73 IN 

Hcr .  W C K I U G  W E H T  = 
1.2 iicr = 

126.1 K -FT IFT  
151.3 K -FT IFT  

BASED W INCREASIUG REPUIREMENTS FRW AHALYSIS (MSHTO 8.17.1.2): 

4 / 3  A s  (REPUIRED) 0.94 SP I N I F T  

DISTRIBUTIOI OF FLEXURAL REIUFMICEHEUT (MSHTO 8.16.8.4): 

rho, TENSION REIHFORCEHEUT RATIO = 0.00233 
k =  0.185 
J =  0.938 
f s  (ACTUAL), SERVICE LOAD BEHDING STRESS = 21.4 K S I  

dc, THICKNESS OF COHCRETE COMR = 4.5 I N  
A, EFFECTIVE TEHSIMI AREA = 81.0 sa IS 
z I ( d c A ) ' l l 3  = 23.8 K S I  
0.6 fy = 36.0 K S I  
fs (ALLWABLE), BASED MI OISTRIEUTIW REWIREHENTS = 23.8 K S I  

DESIGN S W W R Y :  

THE DESIGHER SHWLO CHECK THAT THE FOLLWIHG FWR STATEMEHTS ARE TRUE: 

1. lu = 116.5 Y-FTIFT < 172.3 K-FTIFT = phi Mn 

3. 1.2 H c r  151.3 K -FT IFT  < 172.3 K-FT IFT  phi Hn 
4. f6  (ACT)= 21.4 K S I  < 23.8 K S I  = fs (ALLOW) 

2. AS = 1.05 sa IHIFT < 7.22 SP IHIFT = AS ~HAXIIRM) 

I F  ALL  FOUR OF THE ABOVE STATEMEHTS ARE TRUE, THEN THE DESIGHER'S IHPUTTED 
VALUES FOR REIUFM(C1NG STEEL AREA AND SPACING SATISFY AASHTO REWIRWENTS. 

REIHFORCIUG STEEL BARS EWALS 9.0 IUCHES. 
AREA OF REIUFORCINO STEEL EWALS 1.05 sa INIFT AHD SPACING OF 

I F  STATEHEHTS 1, 2 N D  4 ARE TRUE. EUT STATEHEHT 3 I S  FALSE, THEU THE 
DESIGHER B Y  USE A REIUFMICIHG STEEL AREA OF 0.94 sa INIFT 

BY USIHG 0.94 sa IHIFT AS THE UEW IUPUTTED REIIIFORCING STEEL 

AH0 A REIHFMICIUG STEEL BAR SPACING OF 9.0 IRCHES. HUJEVER, 
THE DESIGNER SHOULD VERIFY THAT ALL AASHTO REPUIREMENTS M I E  S T I L L  SATISFIED 

AREA AH0 CMIFIRRIUG THAT STATEMENTS 1, 2 AH0 4 ARE S T I L L  TRUE. 

I F  STATEHEHT 1 IS FALSE, THEN THE DESIGNER WST IUCREASE THE IUPUTTEO VALUE 
FOR AREA OF REIUFORCIHG STEEL. 

I F  STATEHEHT 2 
FMI AREA OF 

IS FALSE, THEN THE 
REIHFOIICIUG STEEL. 

DESIGNER WST DECREASE THE IUPUTTED VALUE 

I F  STATEHEUT 4 IS FALSE, THEU THE DESIGNER WST EITHER INCREASE THE INPUTTEO 
VALUE FOR AREA OF REINFORCING STEEL, DECREASE THE IHPUTTED VALUE FOR 
SPACING OF REINFORCING STEEL BARS OR A MHBIUATION OF THE TM HWIFICATIWS. 

Fig. 1 - Spreadsheet created for pier footing design. 
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Fig. 2 - Spreadsheet sample run. 
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DESIGN OF REINFORCING STEEL FOR CONCRETE BASED ON LOAD FACTOR DESIGN HADE BY: 7 1  
I CHKD BY: 

INPUT: 

Mu, LOAD FACTOR DESIGN MOMENT = 
M, SERVICE LOAD DESIGN MOMENT = 

K-FT/FT E K-FT/FT 

fy, YIELD STRENGTH OF REINFORCEMENT = 
fc', COMPRESSIVE STRENGTH (28-DAY) OF CONCRETE 
n, MODULAR RATIO OF ELASTICITY = 

d, EXTREME FIBER TO CENTROID OF REINFORCEMENT 
b, WIDTH OF MEMBER PER FOOT = 
h, OVERALL THICKNESS OF MEMBER = 

beta 1 (REFER TO AASHTO 8.16.2.7) = 

L, W A N T I T Y  L I M I T I N G  FLEXURAL DISTRIBUTION = 

As, AREA OF REINFORCING STEEL ( I N  TENSION) = 
s, SPACING OF REINFORCING STEEL BARS 

I I  i: 
O 

K / I N  

E 
Fia. 3 - SDreadsheet inDut form. 

Fig. 1 is a copy of the spread- 
sheet, showing inputted numerical 
values, computed numerical values 
based on given formulas, and in- 
putted text that will vary for differ- 
ent projects. All other portions of 
the spreadsheet are either text that 
will be common for each use of the 
spreadsheet or cells in which there is 
no entry and which are not being 
used a t  ali. Fig. 2 is a sample run 
using the spreadsheet, and Fig. 3 is 
a spreadsheet input form. 

In this spreadsheet, all inputted 
values are given at the beginning of 
the spreadsheet, with the computed 
output immediately following. 
However, it is also possible to inter- 
mix inputted values with computed 
output throughout the spreadsheet. 
Also, since there are four basic de- 
sign criteria, a design summary is 
provided immediately following the 
output section to allow the user to 
review quickly whether each of the 
four criteria is satisfied. 

This spreadsheet is set up so that 
the area of the reinforcing steel and 
the spacing of the reinforcing steel 
bars are provided in the input. The 
user may input different values 
based on trial and error until all 
four criteria are satisfactorily met. 
However, with the creative capabil- 
ities of spreadsheets, it could also 
have been developed so that the 
area and spacing of the reinforcing 

steel bars were simply presented in 
the output without using a trial and 
error method. 

The advantage of using a trial 
and error approach is that the user 
may investigate the status of each of 
the four criteria for any given area 
and spacing which he or she may 
wish to input. Such a trial and error 
approach usually takes about a 
minute of trial runs before ali four 
criteria are optimally satisfied. The 
advantage of computing the re- 
quired area and spacing as output is 
that it can be accomplished with the 
single push of a button and the sta- 
tus of the four criteria is checked by 
the computer instead of by the user. 

Quality control 
A valuable feature of computer 
spreadsheets is that they facilitate a 
high degree of quality control. A 
spreadsheet may be checked using 
any combination of the following 
methods: 

Check the actual formulas in the 
spreadsheet. 
9 Generate a sample run using ar- 
bitrary input values and check that 
the output is computed correctly. 

Generate a run based on a pre- 
vious manually-computed design 
and compare the spreadsheet-gener- 
ated output with the manually-cal- 
culated answers. 

After it has been confirmed that 
the spreadsheet is free of computa- 
tional errors and textual errors and 
it is in its final form, it is important 
that the spreadsheet be properly 
protected. This may be accom- 
plished by entering: 
I W G P E  
This will make it impossible for any 
future user to change or manipulate 
a n y  of  t h e  f o r m u l a s  o r  t ex t  
throughout the spreadsheet. 

However, since the user must be 
able to  enter inputted numerical 
values and to enter pieces of text 
that will vary for different projects, 
these portions of the spreadsheet 
must then be unprotected. This may 
be accomplished by going to each of 
the appropriate cells and typing: 
I R U [Enter] 
At this point, the formulas and the 
permanent text are protected and 
may not be altered, while the cells 
which contain inputted numerical 
and textual data are unprotected 
and may be changed as the user sees 
fit. 

After the spreadsheet has been 
thoroughly checked and the appro- 
priate portions of it have been pro- 
tected, it is then ready for use by 
the designer. For all subsequent de- 
sign runs, the only checking that is 
required is for the inputted numeri- 
cal and textual data. 
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Savings in time, money and 
unnecessary frustration 
It took approximately one day to  
create this spreadsheet including 
both thoroughly checking it and ap- 
propriately protecting it. Since this 
is approximately equal t o  the 
amount of time that was spent on 
each set of manual calculations and 
since about 40 sets of computations 
needed to be generated, a signifi- 
cant savings in both time and 
money was realized on the project. 
Furthermore, the elimination of 
needing to check the output for 
each run resulted in additional sig- 
nificant savings. 

If design parameters are changed 
at a future date, it will take merely 
a few minutes to enter the new in- 
put, arrive at an optimal design so- 
lution and print the new results. 
Not only does the development and 
use of a computer spreadsheet pro- 
vide significant savings, but it also 
eliminates unnecessary frustration 
for the design engineer when initial 
trials do not work, when errors are 
encountered or when revisions are 
needed. 

Potential for innovation 
This spreadsheet has been described 
not so much for the reader to dupli- 
cate, but rather to illustrate the 
many potential benefits from the 
use of spreadsheets and to foster vi- 
sion and creativity for additional 
applications. Are there any compu- 
tations that you repeat on a regular 
basis and that could be organized 
into a table or into a template, as 
was done in this example? The po- 
tential for the use of spreadsheets is 
virtually endless and is waiting to be 
tapped. 

Some potential spreadsheet appli- 
cations from “Building Code Re- 
quirements for Reinforced Con- 
crete (AC1 318-89)’’ include, but are 
certainly not limited to, the follow- 
ing: 

Design of concrete for shear and 
torsion (Chapter 1 i), 

Prestressed concrete design 
(Chapter 18), 

Special provisions for seismic de- 
sign (Chapter 21), and 

Alternate design method (Appen- 
dix A). 

Spreadsheets are also especially 
practical for: 

Monitoring cost and time bud- 
gets for project managers, 

Preparing construction quantity 
and cost estimates, 

Designing concrete mixtures, and 
Computing reinforced concrete 

section properties or composite sec- 
tion properties. 

As you consider the projects with 
which you are presently involved, 
what are some of the applications 
for which a computer spreadsheet 
could save you significant time, 
money and unnecessary frustra- 
tion? The potential for benefits 
from the use of spreadsheets is lim- 
ited only by our creativity and in- 
novation. 

Kenneth E. Wilson works as a struc- 
tural engineer with Baker Engineers, 
Beaver, Pennsylvania, a consulting 
engineering firm with extensive expe- 
rience both in structural analysis and 
design and in computer software de- 
velopment. He is a graduate of Cornell 
University and the University of Illi- 
nois, and has eight years of design ex- 
perience as a bridge engineer. He 
presently serves as computer liaison 
for the structural department and is 
cochairman of Baker’s Bridge Users 
Group. 

SP.4, FORMWORK FOR CONCRETE 
The fifth edition of SP-4, Formwork for Concrete, will provide answers to the questions 
that designers, contractors, engineers and architects ask most. 
in addition to dealing with fundamentals of form design and construction, Formwork for 
Concrete presents chapters devoted to specialized problems of architectural concrete, 
mass. concrete, shell structures, underground structures and speclal construction 
techniques. The fifth edition has a completely revised section on slipforming and an 
entirely new section on segmental box girder bridges, plus a listing of new products and 

rocesses throughout. Design tables are ail recalculated to follow the latect changes in P umber design standards. 
The updated text of SP-4 reflects the latest provisions of AC1 34713-88, Guide to 
Formwork for Concrete, and the 1988 revisions in OSHA safety standards. Both 347R-88 
and OSHA’s 1988 regulations for concrete and masonry construction are reprinted in full 
in the appendix. Also in the appendix are building code provisionsfor formwork from the 
new AGI 318-89, Building Gode Requirements for Reinforced Concrete. 
Throughout Formwork for Concrete, the term “formwork“ is employed in its broadest 
sense to include the total system of support for the freshly placed concrete-form lining 
and sheathing plus all necessary su porting members, hardware and bracing. The 
entire publication is dedicated to tRe premise that the form builders primary 
objectives are: quality, safety and economy. 
With more than 475 pages, and over 550 photogra hs and line drawings, 
you cannot afford to be without the latest formwor! information. 
Order your copy today! 
SP-4, Formwork for Concrete, fifth edition, 1989, hardbound, 475 
pages. 

AMERICAN CONCRETE INSTITUTE TH 
EDITION 
OF SP-4 

P.O. Box 19150 Detroit, MI 48219-0150 
313532-2600 FAX313533-4747 
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Knowledge-based expert systems for 
proportioning and detailing reinforced 
concrete members must incorporate 
both the mathematical reasoning 
wherein each decision step follows 
directly from the previous calculated 
information and the intuitive reasoning 
based on acquired knowledge that is 
required to arrive at a plausible design. 
The general requirements for such 
systems in the domain of structural 
engineering are examined and some 
solution strategies and heuristics used 
in the design of reinforced concrete 
columns are presented. 

ost computer programs 
that have been written for 
the design of reinforced M concrete members, for ex- 

ample programs by Halvorsen,’ Eh- 
sani,’ DavisterYs Ross and Yen,4 and 
BalaguruY5 either determine the load 
capacity of a section selected and 
input by the user or check to con- 
firm that such a section is satisfac- 
tory for a specified loading condi- 
tion. While these programs are use- 
fu l  i n  performing the  tedious 
mathematical computations in- 
volved, they lack the intuitive rea- 
soning required to arrive at an effi- 
cient design when only minimum 
essential data is available. 

The engineering logic and deci- 
sions inherent in the design proce- 
dures are subjective and implicit in 

Keywords: columns (supports); computer 
programs; expert systems; reinforced concrete; 
structural design. 

nature and are dependent on the ac- 
quired knowledge and experience of 
the structural engineer. The trans- 
lation of the engineer’s judgment 
and design concepts into computer 
programming is an essential com- 
ponent for building knowledge- 
based expert systems (KBES). 

As the design process increases in 
complexity, the value of a KBES to 
assist the engineer becomes more 
apparent. A detailed description of 
KBES’s and the techniques used in 
their creation is given by Froste6 

Knowledge-based expert 
systems 
Feigenbaum7 defines an expert sys- 
tem as “an intelligent program that 
uses knowledge and inference pro- 
cedures to solve problems that are 
difficult enough to require signifi- 
cant human expertise in their solu- 
tion. The knowledge necessary to 
perform at such a level, plus the in- 
ference procedure used can be 
thought of as a model of the exper- 
tise of the best practitioners in the 
field. 

The key aspect of a KBES is the 
representation of a body of knowl- 
edge and the ability to use it intelli- 
gently. Thus, a computer program 
that, starting with the same infor- 
mation, proportions member sec- 
tions comparable to those selected 
by practicing design engineers may 

be classified as a KBES in the do- 
main of structural design. 

In its simplest form, an expert 
system consists of three main com- 
ponents: a knowledge base; a con- 
trol module that selects, interprets, 
and applies the appropriate knowl- 
edge; and a blackboard in which in- 
termediate results and observations 
are stored temporarily. 

Although KBES’s may be written 
in any programming language, 
computer  programs known as 
KBES shells8 are available that have 
built-in data structures and infer- 
ence mechanisms. Such programs 
are domain independent but possess 
a syntax that permits the user to 
link to the knowledge base using 
character strings. This facilitates 
building and upgrading the knowl- 
edge base since quantities may be 
identified using common engineer- 
ing terminology. 

A characteristic of structural de- 
sign problems is the amount of 
computational work required in the 
solution. Hence, it is essential that 
existing computational programs 
written in, say, FORTRAN can be 
easily linked to the system. Many of 
the new KBES shells have this ca- 
pabibty and it is expected that this 
feature will improve as newer ver- 
sions of the shells are marketed. 

Although there are several forms 
of knowledge representation the use 
of production rules is the most 
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ANALYSIS MODULE - 
I I I 

common in structural engineering. 
Production rules are generally based 
on public knowledge that includes 
well-defined theories and facts. Ex- 
amples include such items as the 
principles of equilibrium and the 
fact that reinforcing bars are avail- 
able commercially only in certain 
diameters. Code specifications are 
frequently based on experimental 
research. When these quasi-empiri- 
cal methods are codified into stan- 
dards, they become established in- 
formation and form part of the 
public knowledge available to the 
engineer. 

Ano the r  f o r m  of avai lable  
knowledge, referred to as experien- 
tial knowledge, consists of rules of 
thumb, intuitive design concepts, 
and sound engineering judgment at- 
tained through experience in a spe- 
cific field. It is the knowledge 
unique to the specific field that the 
engineer possesses that is generally 
unknown to others and that marks 
him as an expert in that field. 

Production rules known as heu- 
ristics manipulate experiential 
knowledge by proposing a short- 
term plan that may not lead directly 
to a final solution but will give re- 
sults that can be evaluated and used 
as a basis for invoking other pro- 
duction rules or subsequent heuris- 
tics. 

The KBES in structural 
engineering 
Obviously a KBES in structural en- 
gineering must produce designs that 
are safe, serviceable, constructible, 
and economical. In practice, how- 
ever, it is the engineer who must 
take ultimate responsibility for the 
design. Therefore, it is essential in 
the planning of a KBES that provi- 
sion is made for the engineer to im- 
pose, a priori, any limitations on 
the selection of, or prescribe spe- 
cific values to, any or all of the de- 
sign parameters. This means that 
the knowledge base must contain 
production rules and solution strat- 
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I 

Fia. 1 -Architecture of an intearated structural enaineerina CAD svstem 

egies that will accommodate any 
combination of these limitations 
when execiiting the design. 

In most practical design situa- 
tions, adherence to  a particular 
building code is stipulated in the 
contract of works. These codes, in 
turn, require the design be per- 
formed in accordance with other 
design codes such as those from 
AC19 or CSA,?O for example, in 
reinforced concrete. Thus, the re- 
quirements of the appropriate de- 
sign codes must be incorporated in 
all KBES?s that are intended for use 
by practicing engineers for propor- 
tioning structural members. 

In the design of a building, a se- 
ries of independent but interrelated 
KBES?s could be developed. One, 
based on knowledge of the occu- 
pancy and geographic location of 
the structure, could determine the 
magnitudes and combinations of 
loading to be used. Another could 
determine the most suitable fram- 
ing system to be used, while still 
others could select actual member 
sections. 

These separate KBES?s could be 
made to  interact through a data- 
base to form a comprehensive CAD 
system as shown in Fig. 1. This in- 
tegration can be done manually, 
thereby giving the engineer the 
means to monitor and control pro- 
gress of the design directly, or by 
yet other KBES?s that have the ca- 
pability of evaluating the progress 

of the design in accordance with 
objectives specified by the engineer 
to  form an  automated CAD sys- 
tem. 

There are two approaches to or- 
ganizing the solution strategy for 
the control module of a KBES. In 
the complete cycle approach, the 
required input parameters, includ- 
ing any designer limitations or re- 
quirements, are entered. The pro- 
gram is then run without any fur- 
ther external directives or user 
intervention until a complete design 
is executed. Obviously this requires 
the complete solution strategy and 
appropriate knowledge to be con- 
tained within the program. 

In contrast, in the interactive or 
decision design approach, the pro- 
gram stops execution at appropriate 
stages and requests further infor- 
mation and/or decisions. The de- 
signer, therefore, intermittently in- 
teracts with the computer to control 
the course of the solution proce- 
dure. While the second approach 
may be desirable or even necessary 
in expert systems in some domains, 
it is not considered appropriate for 
systems intended for proportioning 
and detailing member sections. 

KBES for member design 
A KBES for the sizing of a struc- 
tural member is only a part or mod- 
ule of a larger design process. In 
developing any module, care must 
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