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PRE F ACE 

In this report specific design procedures and details concerning 

the use of several computer programs developed to assist in the design 

of slender concrete bridge piers are outlined. The detailed verifica

tion of the program results through comparison with a wide range of 

experimental results is contained in a companion report on this project. 

The overall project objective was to develop design-oriented 

procedures for slender reinforced concrete bridge piers with special 

attention to tapered and hollow bridge piers. In the initial phase of 

the study a comprehensive survey was carried out which documented the 

general ranges of important bridge pier parameters. Both the experi

mental and analytical phases of the study were aimed at providing designer

oriented procedures to simplify design of slender bridge piers for the 

ranges of variables reported in the survey. 

The work was sponsored by the Texas State Department of Highways 

and Public Transportation and the Federal Highway Administration. It 

was administered by the Center for Transportation Research at The Univer

sity of Texas at Austin. Close liaison with the State Department of 

Highways and Public Transportation has been maintained through 

Mr. Dave McDonnold, the contact representative during_the project. 

Mr. Gary Johnson has provided similar liaison for the Federal Highway 

Administration. 

The Project was conducted in the Phil ~ Ferguson Structural 

Engineering Laboratory located at the Balcones Research Center of The 

University of Texas at Austin. The authors are particularly indebted to 

Mr. John Sladek, who developed the initial state of the art survey document 

and helped with the overall study. 
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SUMMARY 

This report contains detailed recommendations for desirable 

revisions in the AASHTO Specifications design approach for slender 

columns, and introduces second order analysis computer codes for elec

tronic computation to improve design of slender concrete bridge piers 

and bents. The computer codes were developed to treat solid and hollow 

cross sections and to include both prismatic and nonprismatic piers and 

bents. The computer codes contain designer-oriented input provisions so 

that automatic application of load factors and simplified reinforcement 

distribution patterns can be selected. Separate verification showed 

the programs to be accurate for a wide range of pier configurations and 

loading. Input guides and several examples are included. The programs 

were developed to cover a wide range of variables indicated from a 

survey of highway departments. This survey is also summarized in this 

report. 
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IMP L E MEN TAT ION 

The computer programs reported in detail in this report were 

developed to carry out the requirements of AASHTO Specification 

Article 1.5.34(A)(I) which specifies the requirements for a general 

analysis for slenderness effects in compression members. The pro

grams developed can handle a wide range of pier cross sections and 

geometries. Designer-oriented input guides allow simplified input 

for square column, rectangular column, circular column, oval column, 

and hollow cross sections. The piers can have varying geometry along 

their height. The programs have straightforward input for constant 

sections, linearly tapering or flaring sections. Other irregular 

geometries can be specified. The program PIER handles the case of 

a single isolated pier with variable end conditions, while, program 

FPIER treats the case of a pier bent with up to two bays and three 

stories. The design programs were separately verified by comparison 

with comprehensive test results in the companion report. Acceptance 

of these programs by designers should make it easier for them to use 

a general analysis for slender compression members, leading to safer 

and more economical pier design. Comparative design studies between 

solid and cellular tall piers for bridges in the 200 ft span range 

have indicated that provisions of the cellular pier with the same 

approximate stiffness as a solid pier can result in substantial 

dead load reductions resulting in important foundation cost savings 

as well as savings in pier material costs. Use of these programs will 

make it easier to design such cellular sections and utilize these 

possible savings. In addition, the use of the programs should greatly 

simplify analysis of tapered and flared piers which may be desirable 

for economic or aesthetic reasons. 
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NOT A T ION 

b 

bll,b12,b13,b2l,b22,b23,b3l,b32,b33 

c 

d 

D 

DFX 

DFZ 

e 

E 
c 

f 
c 

f 

f' c 

xix 

= total area of longitudinal 
reinforcement 

= flexibility parameters of a 
section 

= width of compression face 

flexibility parameters of a 
section 

= distance from extreme compres
sion fiber to neutral axis 

= distance from extreme compres
sion fiber to centroid of 
tension reinforcement 

= diameter 

= change in force in the 
x-direction 

= change in force in the 
z -d irec t ion 

eccentricity of axial load 
from neutral axis of a 
compression member 

= concrete modulus 

= steel m:>dulus 

= tangent modulus 

= flexibility of end B of 
member forces at end B 

concrete stress 

= flexibility matrix of a 
section 

= compressive strength of 
concrete (determined with 
6 in. X 12 in. cylinders) 

= k • f' 
c 

= steel stress 

= tensile stress in concrete 



f~ 
f 

\' 

t,F 

G 

h 

h' 

= tensile strength of concrete 

= yield point of steel 

force matri~ 

incremental forces in global a~is 

= shear modulus of elasticity 

= overall thickness of a member 

= height of column in Reduction Factor Hethod 

height of story, center to center of floors or between 
regions under consideration as in a bridge pier 

lateral load H 

H 

J 
u 

total factored lateral force acting on a story (segment) 

polar moment of inertia 

k 
u 

effective length factor; or capacity reduction factor 

= c/d at ultimate conditions 

stiffness matri~ of a section 

j7 = coefficient t L) calculate correction in steel strain 

KAA 

KAB 

KBA 

KBB 

L 

:1 

~1 
v 

~\1 
'-' \'b 
~1 z 

= 

= 

= 

= 

= 

stiffness of end A of member for displacements at end 

stiffness of end A of member for displacements at end 

stiffness of end B L) f member for displacements at end 

stiffness of end B of m:!mber for disolacements at end 

length of a segment 

,msllpported length of columns 

length of member 

m0ment about plastic centroid 

incremental mJment about y-axis 

incremental moment about y-axis of end B of member 

incremental moment about the z-axis 

~[ = incre~ental moment about the z-a~is of end B of member 
~ zb 
X axial load 

~\ = incremental axial load 

P = axial load 

P = pure axial load strength 
o 

P = factored a~ial load at given eccentricity 
u 

Q stability index = (~u~l/(Huha» 
" 

xx 

A 

B 

A 

B 



r radius of gyration of a cross section of a compression member 

R = capacity reduction factor used in conjunction ~ith the 
R-method (ACI 318-63) or; rotation matrix 

RT = transpose of rotation matrix 

s = spacing bet~een cracks 

t = time under sustained load, days, or t = wall thickness 

u 

t,u 

t,u' 

v 

hv 

t.v" 

101 
C 

y 
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C HAP T E R 1 

INTRODUCTION 

1.1 Bridge Pier Design Trends 

Current trends in bridge construction indicate increasing use 

of slender reinforced concrete compression members as bridge piers. 

This is primarily due to growing utilization of higher compressive 

strength concretes and higher yield point reinforcing steels along 

with a shift to more material-efficient factored load design proce

dures. In addition, increased sensitivity to bridge aesthetics has 

increased utilization of flared and tapered bridge piers such as those 

shown. in Fig. 1.1. These slender, graceful piers have become particu

larly popular where access conditions for pier construction are 

restricted, as in canyons, heavily developed urban areas, and in 

deep reservoirs. Throughout the United States, virtually all bridge 

piers are being constructed of reinforced concrete. Responses in a 

recent survey detailed in Chapter 2 indicated very occasional use of 

prestressed concrete and of structural steel. The latter was used in 

a few railroad trestle applications but almost all piers reported 

were of reinforced concrete. 

In very large bridge piers the dead load of the piers becomes 

substantial, increasing the foundation size significantly in many 

long span bridges. In order to reduce material quantities, many suc

cessful projects have utilized slender piers of hollow or cellular 

cross section to provide adequate stiffness and strength while 

reducing dead load. Savings can be quite substantial, depending upon 

the geometric configuration of the cross section. When a hollow 

cross section exceeds a width-to-depth ratio of around 3, the cost 

of extra formwork probably exceeds the material savings, but the 

1 
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(a) In a busy highway exchange 

(b) As a part o f a river cross i ng 

Fi g. 1. 1 Tapered bridge piers 
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reduction in pier dead load can still produce appreciable savings in 

foundation cost. Modern construction techniques such as slip-forming 

or segmental precasting are well-suited to hollow or cellular pier 

construction. Use of these methods s~bstantially reduces. formwork 

costs and makes hollow pier construction attractive. 

In bridge pier design more attention must be given to the 

large movements which are possible due to nonload effects such as 

temperature changes than is usually true in building design. In con

tinuous bridge systems there is a growing trend to minimize bearing 

problems by using more monolithic construction and allowing the large 

restraint forces that would be set up to be minimized by using more 

slender and, thus, restraint-relieving, piers. 

Due to all of these factors, bridge designers are being more 

frequently challenged with the design of slender piers of more 

involved geometry. 

1.2 Slender Pier Design Problems 

Designers are facing increasing difficulty with bridge pier 

design as slender nonprismatic or hollow piers become more commonplace. 

Recent revisions to the AASHTO Specifications [5] base the design of 

slender concrete compression members on the column slenderness design 

procedures of the ACI Building Code [1]. These procedures reqUire 

either a second order analysis considering realistic column stiffness 

values reflecting the influence of cracking, reinforcement, and time 

effects, or an approximate evaluation of slenderness effects using 

the 'moment magnification" procedure. Initial application of these 

provisions to bridge structures upon adoption of the revisions to the 

AASHTO Specifications caused considerable confusion and frustration 

became many of the important concepts for application of the moment 

magnification procedure, such as effective length factors, were con

tained in the ACI Building Code Commentary rather than in the Code 
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itself. The AASHTO provisions only incorporated the Code values and 

little guidance was given concerning the Commentary provisions. Sub

sequent familiarity with the Commentary provisions provided some gen

eral guidance for design of slender columns of prismatic cross section 

when no substantial percentage of voids is present in the cross section. 

Even with the substantial explanatory material concerning the 

application of the moment magnification procedures contained in the 

ACI Building Code Commentary and background literature [14,26], the 

practical application of these procedures in tall pier design is 

extremely difficult and possibly inappropriate in some cases. The 

types of problems that exist in application of the slenderness provi

sions to design of tall piers are: 

(1) The second order analysis and the more approximate moment 

magnification procedures are analysis methods and are time-consuming 

when used in design without suitable design aids or computer codes. 

(2) The important empirical equations for column cross section 

stiffness were based on tests of solid prismatic column or pier 

specimens. Their validity and applicability for use with tapered or 

hollow sections has not been verified. 

(3) While some analytical procedures are available which can 

extend the basic thrust, moment, curvature relationships to irregular 

sections, the general limits and assumptions for such extensions need 

to be verified experimentally for a range of cross sections, void 

ratios and configurations, and reinforcement percentages and arrange

ments typical of tall pier construction. 

(4) All basic parameters in the procedures were set based on 

consideration of typical building values, not bridge parameters. 

(5) The AASHTO provisions are based on the ACI Building Code 

provisions which focus on strength and design to provide proper 

moment capacity. These provisions do not clearly focus on lateral 
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displacement, although they consider such displacements in the moment 

magnification. In typical multistory building construction, the 

story drifts are small and the magnitude of the lateral displacements 

is not a primary criterion. In contrast, the design of slender bridge 

piers must consider the tip displacement and the interactive effects 

on bearing and joint design. Elliot [27] and Leonhardt [28] have 

both pointed out the critical ~portance of assessing and controlling 

deflections of bridge supports in their evaluation of bridge damage 

resulting from the San Fernando earthquake. Application of the 

current AASHTO moment magnification procedures does not clearly alert 

the designer when a deflection problem exists. 

The background for the ACI Building Code provisions for slender 

column design which form the basis for current AASHTO Specifications 

is summarized in Ref. 14. The extensive exper~ental and analytical 

studies which formed the basis for these provisions considered only 

solid, prismatic columns with concrete cover, bar arrangements, and 

cross section shapes typical of those found in buildings. Studies 

completed since the adoption of these procedures have indicated that 

the procedures are well-suited for analysis for the conditions envi

sioned, but need verification in many other cases. The specific case 

of hollow wall box or cylindrical piers is far removed from the cross 

sections previously checked. The procedures should be evaluated for 

these type cross sections. 

Recent studies [29,30,31] have indicated that design of 

slender compression members can be accomplished more efficiently by 

the use of second order analysis procedures than by use of the approxi

mate moment magnification procedures. The basis for these procedures 

is very similar to the current provisions but they are considerably 

more efficient to ~plement on digital computers when design programs 

are developed. These procedures have the further advantage that 
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deflection values can be obtained as well as strength values and the 

design required to meet strength and/or deformation limits. 

The 1976 and 1977 Regional Meetings of the AASHTO Bridge 

Committee indicated concern over design procedures for the design of 

nonprismatic bridge piers, related to the definition of unsupported 

length, the effect of cracking and reinforcement on relative stiff

ness, the effects of fixity, and the establishment of a suitable 

effective length factor for nonprismatic columns. Concern was also 

expressed over the lack of guidance in the Specifications regarding 

the stiffness of individual elements of hollow columns, the required 

amount of ties to be used in hollow columns, and the minimum amount 

of reinforcement to be supplied. 

Discussions indicated that the primary hope for solution of 

these concerns was the development of a comprehensive computer program 

to assist the design process. The State of Washington undertook devel

opment of a column computer program, but reported to AASHTO that it 

was not operational and that there were reservations about the program 

which needed investigation by qualified persons and the program 

required verification. Examination of the program guide "Deflection 

and Buckling of Prismatic and Nonprismatic Columns," as circulated in 

the 1977 AASHTO Bridge Subcommittee Regional Meeting Agenda, indicated 

it to be a generalized elastic buckling solution based on iterative 

recursive procedures. It gave no guidance for inputting important 

parameters such as concrete stiffness, effect of cracking, effect of 

duration of loads, effect of reinforcement, or realistic effect of 

voids. This program could not be considered an answer to the needs 

indicated above. 

1.3 Objectives of the Research 

The primary objectives of this study were: 

(1) Develop design-oriented computer codes for slender concrete 

bridge piers considering the influence of axial loads and variable 
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moment of inertia on member stiffness, effects of deflections on 

moments and forces, and the effects of duration of loads. Through

out, the procedures are to consider typical bridge applications, 

including tapered and hollow bridge piers. 
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(2) Verify those components of the design method which have 

not previously been authenticated. These include stiffness of hollow 

cross sections and the applicability of the basic assumptions to 

solid and hollow sections subjected to biaxial loadings. 

(3) Verification of computer codes by detailed checks 

with a wide range of experimental results. 

(4) Suggestion of improvements in approximate design 

methods for slender bridge piers under the AASHTO specifications. 

Detailed information on satisfaction of Objectives 2 and 3 

are presented in a companion report [18] on this project. 

1.4 Report Contents 

A comprehensive survey of the current state-of-the-art in 

usage of concrete bridge piers was undertaken. Results of a survey 

which gathered detailed information representing over 150,000 concrete 

bridge piers is given in Chapter 2. A discussion of deSign require

ments for slender piers is given in Chapter 3 which includes 

recommendations for desirable revisions in current AASHTO Specifi

cations. A detailed treatment of the basic fiber model selected as 

the key element in development of a general second order analysis 

program is given in Chapter 4. Chapter 5 contains the basic 

information on three computer codes developed for general analysis 

of pier bents. Program BIMPHI is of use mostly in a research context 

for evaluating section moment-curvature relationships. Program PIER 

is a generalized analysis for single pier bents which can treat hollow 

sections and piers which have variable cross sections along the 

column height. Program FPIER is a generalized analysis for multiple 
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pier bents which can handle the same type of variable cross sections 

as program PIER. Testings, input guides and sample input and output 

are given in Appendices A through C for these programs. Verification 

of the programs is given in a concurrent report [18]. Chapter 6 

summarizes the conclusions and recommendations from the overall study. 



C HAP T E R 2 

STATE OF ART SURVEY 

2.1 Introduction 

The initial phase of this study concentrated on gathering 

data concerning usage and design considerations for concrete bridge 

piers as well as the views of major users concerning possible trends 

in bridge piers over the next decade. A comprehensive questionnaire 

was developed to solicit input on usage and was sent to the bridge 

engineers of all states and provinces as well as to a number of 

prominent consulting engineering offices, railroads, and municipalities. 

A sample questionnaire is included in Appendix D. 

The response to the questionnaire was very good. Almost 

forty organizations returned completed questionnaires and a number 

submitted supplemental information in the form of typical plans. 

Detailed information was received from 24 states, 2 provinces, 6 

consultants, 2 railroads, 2 cities, the Federal Highway Administration, 

and 1 foreign bridge ministry. The comprehensiveness of the study 

can be seen from the number of piers covered. The respondents 

reported that during the period 1960-1980 the trends indicated were 

determined from surveys of 155,000 actual pier bents that were 

designed and constructed. They further estimated that during the 

next decade they would construct 60,000 additional pier bents. In 

general, anticipated usage in most variables mirrors usage in the 

past two decades. Actual usage results will be the basis for all 

figures unless otherwise indicated. 

2.2 Overall Geometrical Configuration 

As can be seen from Fig. 2.1, the predominant type of bridge 

pier usage is in multiple pier bents, with isolated or single piers 

9 
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occurring in about lout of 6 cases. Respondents anticipated a 

somewhat higher usage of single piers in the future with a prediction 

of use in about lout of 5 cases. Similarly, there is an overwhelming 

use of solid cross sections. Figure 2.2 indicates that cross sections 

in multiple pier bents are predominantly solid although there is a 

much higher percentage of use of hollow cross sections in single 

pier bents. Figure 2.3 indicates that solid cross sections dominate 

in lower height applications and that usage of hollow cross sections 

increases with pier height. The survey indicated that 81% of the 

piers built from 1960 to 1980 with a height greater than 100 ft 

were of hollow cross section~ Thus, analysis procedures for slender 

piers should definitely consider hollow cross sections even though 

relatively few such cross sections are found in shorter piers. 

Seven different states reported the use of hollow piers. 

Numerous uses of such piers have been reported in foreign applications 

and this use will be touched on in later discussion. The general 

distribution of pier cross-section type is shown in Fig. 2.4 for 

both single pier bents and for multiple pier bents. Again, it can 

be seen that the hollow cross sections occur most often in single 

pier bent applications. 

A wide variety of pier vertical configurations was reported 

in the survey. The types of piers are shown in Fig. 2.5 for single 

pier bents and in Fig. 2.6 for multiple pier bents. In each 

figure the percentage distribution of all single or multiple pier 

bents in a given height range are shown. For example, Fig. 2.5 

indicates that 82.3% of all single bent piers of less than 30 ft 

elevation are type A which is a constant dimension shaft along its 

entire height. Similarly only 3.5% of single bent piers of less 

than 30 ft elevation are type D which is a stepped pier. Note that 

the Sum of all the percentages for the bars with L < 30' for types 

A through I total 100%. Thus the bar charts give an indication of 

usage of various-vertical configurations for four different height 
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ranges. The category "other" represents piers which in almost all 

cases had linear variations in both width and depth. These piers 

were almost always larger at the base than at the top. 

Figure 2.5 indicates that a wide variety of vertical configura

tions are in use for single pier bents. For pier heights above 50 ft 

only a small minority of piers have constant dimension shafts. For 

the moderate height piers (50' < L < 100') almost 38% are types F 

or H having linearly varying cross sections while another 16% are 

stepped. This trend is even stronger for the tallest piers (L> 100'). 

Over 70% of the tallest piers have variable cross section dimensions 

(types F, H and others) while only 20% are constant section. A 

relatively small number (6.7%) are stepped. Relativ£ly few single 

pier bents have flared profiles or taper inwards towards the bottom 

(types B, C and G). These results indicate that comprehensive 

design programs for tall single bent piers must be able to treat 

vertical variations in cross section for linearly tapering, flared, 

and stepped cross sections. This is possibly even more important 

than handling prismatic constant cross section piers since these 

types tend to be most widely used in lower elevation applications 

where slenderness effects are less pronounced. This reinforces the 

bridge designer complaint that the present approximate procedures in 

AASHTO Specifications for slenderness effects need to be able to 

handle varying cross sections. This variation is much less frequent 

in building applications for which the present AASHTO approximate 

design methods were originally developed. This was a main reason 

for the general development of program PIER which will be reported 

in detail in Chapter 5. 

Figure 2.6 indicates that the shorter ranges of multiple pier 

bents (L < 3D' and 30' < L < 50') have a much higher percentage of 

constant cross section shafts than the single pier bents did. Above 

L = 50 ft, the stepped shaft configuration (type D) plays a much more 

important role. These represent stepping of the shaft at a lateral 
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bracing beam level in almost all cases. Note that type D is 

used in a majority of cases for 50 ft < L < 100 ft and about 35% of 

the cases when L > 100 ft. In the tallest multiple pier bents 

relatively few (2%) have variations in depth (type H) as compared to 

the wide usage of this type in tall single pier bents (25%). When 

variations of cross section are used in multiple pier bents they tend 

to be in the width (types E and F). However, the survey results 

clearly indicate that if a comprehensive analysis program for multiple 

pier bents is limited to constant cross section_members or stepped 

size members with the steps only at the level of interconnecting 

bracing beams, it would bn1y be able to handle 52% of the bents with 

50 ft < L < 100 ft and 27% of the tallest bents with L > 100 ft. Thus, 

even for mUltiple pier bents the general analysis program should be 

able to handle variable cross section. This is why the program PIER 

which can treat variable sections was chosen for expansion into 

program FPIER as detailed in Chapter 5. 

2.3 Pier Slenderness 

All of the piers reported were classified according to their 

overall height into four general ranges: 0-30 ft, 30-50 ft, 50-100 ft, 

and over 100 ft. General height distributions for all piers and then 

separately for solid and hollow piers are shown in Fig. 2.7. As 

mentioned previously the vast majority of piers fall into the below 

30 ft range. However, there are almost 10% of all piers in the over 

50 ft ranges and these involve over 70% of hollow pier applications. 

Approximately 15% of the piers in the over 50 ft height ranges are 

hollow with the predominant number being in the over 100 ft range 

where over 80% of the piers are hollow. 

However, pier height is not in itself as meaningful a 

parameter as pier slenderness ratio, defined herein as the pier height, 

L, divided by the radius of gyration of the cross section, r. The 

L/r ratio is an indication of a basic structural parameter which 



70.3 • > > i 
mI'I'I"I"m'! 

L 
Range 

<30' 

18.0 

P==-@ Total 

~Solid 
[It~~~!~~!!!!jjIIjlIIl}!l!fIf!1 H 0 II ow 

10.6 

30'- 50' 50'-100' 

19.5 

Fig. 2.7 Pier height distribution 

11111111111111' 0.2 

> 100' 

51.7 

...... 

.,0 



20 

governs the secondary moment characteristics and pier instability. 

The actual ratio of interest is kt /r where k is the effective length 
u 

factor which depends on degree of restraint to both lateral displace-

ment and rotation at the ends and t is the unsupported height. It 
u 

was felt that it was asking too much of respondents to the survey 

to indicate such precision in slenderness ratio and so only gross 

L/r was asked for. In most American bridge applications little 

positive restraint against translation parallel to the bridge axis 

is provided at the top. In addition, little rotational restraint 

is provided at the top of piers and the base is far from perfect 

fixity. In these conditions k can range from 1.5 to 3.0. Thus, the 

L/r values must be looked at critically. The approximate analysis 

procedure for slenderness of AASHTO Spec. Art. 1.5.34(B) is for 

ranges of 22 to 100. Below kt /r of 22 (say in the present case 
u 

L/r of about 10) there is no need to check slenderness as secondary 

p-~ moments will not be significant. Above kt /r of 100 (say in the u 
present case L/r of about 40) the moment magnification approximate 

calculation procedure is not verified and a comprehensive second 

order analysis must be used. 

The distribution of the ratio L/r reported by the respondents 

is shown in Figs. 2.8 and 2.9 for single and multiple pier bents 

respectively. Fig. 2.8 shows several interesting aspects of single 

pier bent slenderness. In single piers the proportioning of the 

more slender hollow columns seems to be quite conservative. Note 

that 91% of these columns fall in the L/r range of 20 or less. Since 

it has been shown in Fig. 2.7 that hollow piers are frequently used 

in quite tall applications, this means that such sections are sized 

quite conservatively to actually reduce slenderness ratios. The 

movement of material towards the outer fibers in hollow sections 

naturally increases r and makes such sections more efficient. Note 

that in single pier bent applications about one third of all cases 

would seem to fall above the kt /r = L/r = 40 level which represents u 
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a rough upper bond for the moment magnification method. This 

indicates the need for a general analysis procedure for a large number 

of cases. Figure 2.9 is harder to interpret, since the large number 

of stepped columns or multiple level multiple pier bents makes l 
u 

very difficult to ~elate to L. Since many of these cases are multi-

ple levels, the L/r ratios would be divided by 2 or 3 to give L /r 
u 

ratios. This probably explains the greatly higher slenderness 

apparent for multiple pier bents when compared to single pier bents. 

Again, the high slenderness ratios, even if reduced appreciably for 

k and l corrections, indicate the need for a general analysis. 
u 

The ratios perpendicular to the bridge axis differed appre

ciably and were generally of lower slenderness. Figure 2.10 compares 

the overall totals (both single pier bents and multiple pier bents) 

for L/r ratios perpendicular and parallel to the bridge axis. It 

can be seen that lower ratios of L/r perpendicular to the bridge 

axis show more frequency of occurrence in almost all cases. 

Figure 2.11 illustrates the same variables except that these 

are the anticipated future usages in the 1980-1990 decade as seen by 

the respondents. Note that there is a decided shift towards higher 

slenderness ratios (L/r > 30) when compared to the present usage shown 

in Fig. 2.10. This is one of the areas of the survey where the respon

dents clearly indicated an anticipation of a change in practice •. This 

reinforces the need for development of a general analysis program. 

2.4 Pier-Superstructure Connections 

Several questions probed the usage and trends of various con

nection types. The survey asked respondents to categorize usages of 

various types of connections with respect to variables such as: pier 

type (single pier bents vs. multiple pier bents); pier height (less 

vs. greater than 50'); span length (less vs. greater than 100'); and 

continuity (simply supported vs. continuous spans). Only the latter 

variable seemed to cause any significant difference in connection 

type. 
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The distribution of connections reported is shown in 

Fig. 2.12. Current usage seems to favor elastomeric bearing pads, 

sliding bearings, and steel shoes for simply supported span applica

tions. In continuous spans the use of steel shoes increases slightly 

but it appears that monolithic joints and pot bearings replace 

elastomeric pads and sliding bearings in many cases. There were a 

number of comments which indicated that this is a rapidly changing 

area and that current trends are towards increased use of more 

sliding Teflon or Fabrika bearings in place of stainless steel 

bearings in spans less than 100 ft. S~larly, a trend towards 

higher use of pot bearings for longer span bridges was predicted. 

The relatively low percentage of monolithic joints in contin

uous spans (15%) indicates u.s. practice is not following a number of 

European countries where wide use of monolithic pier and superstruc~ 

ture construction is being used. 

2.5 Bent/Foundation Types 

Respondents were asked to estUnate the degree of usage by 

their organization of the bent-type foundation classification shown 

in Fig. 2.13. Estimates were made on the basis of pier height, L, 

in four categories of height. For each type bent foundation it was 

possible to indicate whether the bent was either carried on a spread 

footing or raft-type foundation or was carried on piles or piers. 

In all four height categories approximately 1/3 of the piers were 

carried on spread footing or raft foundations while approximately 

2/3 of the piers were carried on piles or pier foundations. This 

indicates a need for analysis procedures which can model very 

different types of foundation stiffness and restraint. 

The results shown in Fig. 2.13 show the percentage distribu

tion of pier bent/foundation types by pier height classes. In any 

pier height classification (i.e., 30' to 50') the overall total of 

all bent-foundation types was considered as 100%. Thus the bars in 
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each height category total 100% when types A through F are summed 

for both spread footing and pile foundations. Type A seems to be 

the overall widest used type and is used in all height ranges but 

dominates in higher piers. Type B ifi very widely used in the lower 

pier height ranges. Types D and F are found in higher height ranges 

but type E seldom occurs. 

Respondents from the Tokyo Metropolitan Expressway Commission 

indicated a surprisingly large number of very different bent configura

tions in their congested urban construction areas. These are shown 

in Fig. 2.14 as types e through L. These very special configurations 

provide a good deal of challenge to analysis program developers. The 

nonsymmetry of types G, K and L would place them outside the range 

of the programs developed in this study. 

2.6 Load/Effects 

Respondents were asked to indicate the relative importance 

of the following load/effect categories on tall concrete bridge pier 

design: 

Structure dead load 
Horizontally curved structure dead load 
Unbalanced line load 
Vehicle braking loads 
Live load centrifugal forces--curved bridges 
Temperature variations 
Shrinkage and creep 
Foundation settlements and lateral movements 
Foundation rotational stiffness 
Pier stiffness at various load levels 
Deflection limits 
Wind perpendicular to superstructure 
Wind parallel to superstructure 
Wind on line load 
Ice/snow loads 
Stream ice/current loads 
Seismic loads 
Out of p1umbness due to construction tolerances 
Construction forces 
P-~ moment, slenderness effects 
Biaxial bending effects 
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From this overall broad list the general consensus of the 

respondents was that the critical load/effects which tended to 

govern pier design were dead load, unbalanced live load, wind, 
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seismic load, and/or stream ice and current, depending on geographical 

location, and biaxial bending effects. MOst respondents indicated 

that the p-~ moments or slenderness effects were quite important in 

piers over 50 ft in height but were not generally critical in piers 

less than 50 ft in height. Forces occurring during construction were 

indicated to be important for particular types of construction such 

as precast and cast-in-p1ace cantilever construction. In general, 

more loads and effects were indicated as critical in taller piers. 

Several respondents suggested some drift limits should be introduced 

for very tall piers. 

The results indicated that a comprehensive analysis program 

should have the ability to handle biaxial loading, slenderness (P-~) 

effects, and a wide variety of loading cases. These requirements had 

much to do with the analytical procedures selected. 

2.7 Load Combinations 

Respondents were asked to indicate the relative importance 

of each of the AASHTO Load Factor Design Groups on tall concrete 

bridge pier design. Most respondents indicated that they always 

found it necessary to check Load Group I with Sd = 1.0 and Load 

Group III with ~d = 1.0. They indicated that they are always 

critical groups in design. For increasing span lengths (span length 

> 100-150') and for increasing pier heights (L> 50') then it was 

indicated that Load Group II with Sd = 1.0 and Sd = 0.75 and Load 

Group III with Sd = 0.75 tend to become critical. Respondents from 

seismic areas indicated Load Group VII is often critical. MOst other 

groups were not usually critical although isolated cases were indicated 

where particular conditions had required that a given case should be 

considered. 
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The survey results indicated that input to a general analysis 

program should include both load and deformation effects. It also 

indicated that in many cases it would be desirable to check several 

Load Groups or combinations. Because of this alternate input modes 

were selected for the programs. One input mode allows the user to 

input specific loads or deformations for a single run. The other 

input mode allows the user to indicate all possible loads and their 

basic classification (dead, live, wind, etc.). The user can then 

indicate which Load Groups are to be checked and the program applies 

the required load factors and selects the combinations for the various 

groups. 

2.8 Prestressing of Pier Bents 

A pair of survey questions asked for information regarding 

usage of prestressed concrete pier bents. Only three of the 

respondents indicated any use of prestressed concrete (other than 

prestressed concrete piles below the piers). In all these cases the 

use of prestressed concrete was indicated to be very limited (less 

than li. of all piers even in those organizations). Several respondents 

indicated they were giving some consideration to prestressing pier 

bents where they were very tall or had very high transverse loading. 

Since the response was so low, the analysis programs were developed 

for nonprestressed concrete only. 

2.9 Detailing 

A wide variety of questions were asked concerning detailing 

practices. The information supplied by respondents included both 

answers to the questions and submission of a wide variety of plan 

sheets. No clear consensus was possible in most areas since the size, 

shape, and complexity of the structures was so variable. However, a 

number of areas indicated trends which can be reported for information, 

but with a caution that wide variations were generally experienced. 
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In overall cross section dimensions the minimum width for 

solid cross section single piers ranged from 1.5 ft to 13 ft. The 

larger values (greater than 6') corresponded to wall-type piers. 

Common values were in the range from 2.5 ft to 4.5 ft. Hollow 

sections were generally in a smaller range (2' to 8'). The minimum 

widths suggested for piers in multiple bents were in a much tighter 

range from 1.5 ft to 3 ft. Minimum depths of solid single piers 

ranged from 1 ft to 4 ft while for hollow single piers it ranged from 

1 ft to 8 ft. Again in multiple pier bents a much smaller range of 

minimum depth from 1.5 ft to 3 ft was reported. 

In most questionnaire responses the minimum percentage of 

vertical reinforcement was suggested as 1%. However, there was 

very considerable disagreement on the maximum percentage. Figure 2.15 

indicates the distribution of opinions. While the largest number 

favored the traditional limit of 8%, half of the respondents favored 

4% or less. Considerable discussion by contractors questions the 

constructability of compression members with more than 4% reinforcement. 

It was quite interesting and informative to study the actual designs 

submitted along with the questionnaires. A wide number of these were 

checked for actual steel percentages. It was found that while minimum 

values ranged from 0.7 to 1% there were virtually no cases of maximum 

values greater than 4%. This suggests that the maximum limit might 

be reduced to 4% to improve constructability with no serious penalty 

to actual designs. 

Spacing limits for vertical reinforcement also showed wide 

differences of. opinion between respondents. Minimum spacing values 

used for solid and hollow cross sections ranged from 1-1/2 in. to 

6 in. with the majority of respondents favoring 4 in. Several favored 

expression in terms of bar diameter. A number of respondents favored 

3 to 3-1/2 d. Maximum spacing limits showed more difference in 

opinion with values from 6 in. to 18 in. Almost equal numbers 

favored 12 in. and 18 in. 
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A wide variation of opinion was given considering the 

permissible wall thickness parameter for hollow sections lu/t shown 

in Fig. 2.16. Opinions on this limit ranged from 4 to 30 with an 

average of 12. In startling contrast the actual hollow section plans 

submitted for ten different actual structures in five separate states 

indicated a very narrow range from 3 to 6. Japanese plans for hollow 

circular structures indicated actual nit ranges of 4 to 5. As 

indicated in Fig. 2.17 from the companion report (Ref. 18), full 

section action was not found experimentally for sections where lu/t 

was> 7.5. Additional data supporting this evidence comes from a study 

by Proctor [45] and Jobse [46]. Thus this limit should be maintained at 

6 to 7 for calculation purposes. As shown in Ref. 18, the general 

compression flange width limits seem appropriate for strength comparisons. 

Other detailing questions indicated a wide difference of 

opinion on mechanical rebar splicing devices. Several states insist 

on welding citing concerns regarding fatigue and cracking of concrete 

cover over splice devices. Several states permit compression sleeve 

splices only. Almost equal numbers indicated they permit or forbid 

use of thermite fusion-type couplers. Some allow it only for 14 and 

18 bars or in splicing to existing steel. No clear consensus emerged. 

Suggestions for minimum wall thickness in hollow piers ranged 

from 10 in. to 30 in. with the most frequent values being 12 in. and 

18 i~. One proposal indicated a stepped scale ranging from 12 in. 

for t < 10 ft to 24 in. for j > 18 ft. This is another area where 
u u 

constructability is a large factor. An l It limit of 6 will tend to 
u 

ensure realistic t values to improve placement. 

It should be noted that the recent comprehensive work by 

Podolny and Muller [25] surveying a wide range of u.S. and European 

segmental bridges indicate much wider ranges of l It values in these 
u 

large bridges in Europe. The California bridges cited range from 3 

to 10 while the European bridges range from 8 to almost 20. The 

Houston Ship Channel bridge which has heavy European influence varies 

from 12 to 17 in one axis and 8 in the other. 
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2.10 Design Approaches 

The survey results show that in the u.s. 30% of design is 

done under AASHTO Allowable Stress Design, 65% is done under AASHTO 

Load Factor Design, while a few respondents working on railroad bridges 

use AREA criteria. This indicates most pier design is under a 

factored load format and the programs were developed accordingly. 

Respondents detailed a number of problems concerning current 

AASHTO slender pier design although almost 25% of the respondents 

indicated they simply did not run into very slender piers and the 

current AASHTO approach met their non-need as well as anything else. 

Problems frequently mentioned regarding current AASHTO 

slenderness methods involved uncertainty regarding choice of kL , u 
handling voids, treating biaxial loading cases, determination 04 

Rd where signs reverse on dead load and total load, and the inability 

to get deflection behavior information. A frequent complaint was 

that the method was hard to use and needed to be computerized. A 

number of respondents indicated they were using peA computer programs 

for column design and especially biaxial design with some degree of 

success. 

About one-third of respondents indicated interest in improved 

equations and design aids for slenderness provisions of AASHTO Article 

1.5.34(B). A similar number indicated the need for a computer analysis 

program which would check the adequacy of sections input for specified 

load conditions. A much smaller number were interested in optimized 

design-analysis programs. 

This interest proved crucial in structuring the obje~tives 

in the design phase of this study. 



C HAP T E R 3 

SLENDER BRIDGE PIER DESIGNS 

3.1 Overview 

The design of a bridge pier normally occurs only after many 

conditions and factors affecting the entire bridge are considered. 

Some of these factors are site geometry and foundation conditions, 

acceptable locations of supports (abutments and piers), longitudinal 

and transverse superstructure alternatives costs, aesthetics, and 

construction techniques. The interaction of these parameters is 

shown conceptually in Fig. 3.1. In the design process the super

structure is often chosen almost independently of the pier type. 

There are two design processes occurring. The first is the design 

of the superstructure. The second is the design of the pier to 

fit the superstructure system chosen. Even though the pier location 

is established early in the bridge layout, the exact type of pier 

and the actual pier design are often not determined until much 

later. This means little overall superstructure-pier interaction 

is taken into account. 

Figure 3.2 shows some of the longitudinal framing systems 

currently in use. Most of the piers shown are prismatic and 

probably would have a solid cross section. Each of the systems 

represents different pier behavioral characteristics. The transfer 

of the load, the degree of fixity, and the imposed deflections 

are all different. The choice of method of connection between pier 

and superstructure can greatly affect the pier design. Very often 

the piers will have to provide for substantial superstructure 

movement due to thermal and other volume changes. 

A wide variety of transverse pier configurations are also 

possible. Distributions found in the survey are shown in Figs. 
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2.5 and 2.6. Each of these configurations introduces new problems 

for the designer. Results from the survey reported in Chapter 2 

clearly indicate that biaxial loading effects will be encountered 

in many piers and a substantial number will fall in slenderness 

ranges where the secondary moments due to pier deflection must be 

considered. While the survey indicated the vast majority of all 

piers would be solid in cross section, it also clearly indicated a 

growing trend towards hollow cross sections in large, tall piers. 

The basic reason for the trend towards hollow piers can be 

seen in Fig. 3.3 which contrasts pairs of solid and hollow cross 

sections. The hollow sections were selected to have approximately 

the same moment of inertia about their x- and y-axis as the solid 

sections. Also shown are some relative dead load weights and 

relative costs. The costs were estimated using realistic values 

for materials and formwork and represent pier construction costs 

only. Savings in foundation cost due to the appreciable dead load 

reduction would result in additional cost savings. The formwork 

for the hollow section costs more, but the material savings cancels 

out this cost increase. Each of the three aspect ratios (width/ 

depth) indicate a reduction in the weight of the hollow section 

over the solid section and the lower aspect ratios show a reduction 

in direct costs. The aspect ratio of 1.5 is of particular interest. 

This solid section is approximately the same size as the piers of 

the John F. Kennedy Memorial Causeway Bridge in Corpus Christi, 

Texas [32]. If the hollow section had been used, the dead weight 

of the pier would have been 45% of the solid section weight at 

about 75% of the cost. In addition, there would have been substan

tial savings in foundation costs due to the reduced dead load. 

However, there are also some disadvantages in the use of 

hollow sections. Presently, there is no specific design criterion 

for their use although there have been successful projects incor

porating slender piers with cellular cross sections built around 
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the world. Figure 3.3 suggests that direct cost advantages of 

hollow sections extend only to depth-to-width ratios of about 3. 

Above this ratio, extra formwork costs probably surpass material 

savings. This is indirectly confirmed by examination of the tall 

piers for segmental bridges reported by Podolny and Muller [25]. 

These piers are almost all in the aspect ratio range from 1.0 to 

3.0 and the aspect ratios reported average 1.75. Other constraints 

are associated with detailing. For example, preliminary investi

gation indicates a minimum wall thickness of a hollow section may 

be 12 in. based solely on reinforcing steel cover requirements. 

Further investigation of applicable detailing requirements is 

urgently needed. 

It is obvious that bridge pier design procedures need to 

be able to accommodate a wide variety of longitudinal and transverse 

configurations. It is also apparent that the general nature of 

support conditions in the United States tends towards nonfixed super

structure connections so that deflection criteria for piers might 

be as important as strength limits. This suggests that the most 

appropriate analysis techniques are those which will provide dis

placement values as well as appropriate strength information. 

Although the design of slender bridge piers can become 

quite complex, the vast majority of piers actually used is very 

stocky and slenderness effects are minimal and may be neglected 

in design. As shown in the survey results given in Chapter 2, 

bridge piers tend to fall in the less than 30 ft height range with 

height-to-thickness ratios often well below 10. If reasonable 

resistance to sway is present no slenderness effect need be con

sidered. If the pier is free to sway then a check of the kl /r 
u 

ratio is necessary. AASHTO Specifications Article 1.5.34(B)(4) 

indicates that slenderness effects may be neglected for compression 

members not braced against sidesway when kt /r is less than 22. 
u 

Such checks are extremely important and need to be expanded. A 



major simplification in pier design would be easier and more 

direct ways of diagnosing similar cases where slenderness will be 

unimportant and hence slenderness effect calculations can be 

avoided. 
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The various procedures for analysis of slender compression 

members will be briefly surveyed in subsequent sections. Suggested 

improvements or adaptations in several of the approximate methods 

will be suggested. Some changes in the AASHTO Specifications will 

be suggested. The basis and philosophy for comprehensive computer 

analysis procedures able to handle almost all cases reported in the 

state of art survey will be given. Development and use of the pro

grams is given in subsequent chapters. 

3.2 Differences between Slender Bridge 
Pier Design and Slender Building 
Column Design 

While many factors affecting the design of slender bridge 

piers and slender building columns are the same, there are a number 

of important differences which have added to the uncertainty of 

design of bridge piers utilizing design procedures developed 

originally for slender building columns. 

3.2.1 Longitudinal Restraint Conditions. A number of 

possible longitudinal pier configurations are shown in Fig. 3.4. 

All of these configurations have been reported in use for bridge 

piers. The degree of movement at .the top greatly exceeds those 

found in buildings. Figure 3.4(a) illustrates a pseudo rigid frame 

action or fixed-fixed condition. This fixed condition at the top 

implies that there is no articulated joint requiring maintenance, 

and provides increased overall stability especially during construc

tion. One of the disadvantages with the condition is the moments 

induced at the foundation. These moments can cause rotation of the 

foundation, 9 , which in turn increases the effective length. 
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Another condition is shown in Fig. 3.4(b). This fixed

hinged condition provides for little or no moment at the foundation. 

However, there is a hinge detail requiring attention, and possible 

instability of the bridge unless the superstructure is continuous. 

Figure 3.4(c) contains hinges at both ends of the pier. In 

this situation, the first-order forces are relatively easy to calcu

late since there are no primary moments. However, there are now two 

joints to detail and keep free to rotate substantial instability 

problems until the entire bridge is completed. 

Finally, Fig. 3.4(d) depicts a quasi-free cantilever config

uration. Any longitudinal force on the superstructure would impose 

a lateral load at the top end of the pier. This condition offers 

advantages in construction, but disadvantages in the maintenance of 

the bearings. The moments at the base can cause rotation greatly 

reducing stability. 

Cases (a) and (d) are the ones most widely used in practical 

structures. The longitudinal displacement restraint at the top of 

the pier needs careful definition and greatly affects the effective 

lengths in these two cases. Similarly, pier-to-foundation rotational 

stiffness are not well-defined. 

The present approach of designing the pier independently of 

the superstructure does not provide for possible interaction. In 

order to properly evaluate the effects of longitudinal stiffness, a 

comprehensive analytical approach which included overall girder and 

pier interaction is required. This is not included in the current 

AASHTO approximate slenderness calculation procedures but can be 

treated in a general analysis in which longitudinal spring stiffness 

at pier tops can be input. 

The degree of rotational restraint at the foundation level 

is an extremely significant and uncertain variable. In the current 

AASHTO approximate slenderness procedure this must be input through 



46 

its effect on the effective length factor k. The 1969 FHWA Ultimate 

Design Guide [33] provided guidance for relating pier stiffness to 

foundation stiffness. Numerous authors [20-24] provide guidance for 

detennining approximate vertical, longitudinal and rotational stiff

ness for shallow foundations on various soil types. These approaches 

seem much more suited for use with comprehensive analysis procedures 

than with the approximate procedures. 

3.2.2 Biaxial Bending. In most buildings appreciable 

biaxial bending effects are limited to corner columns. Usually the 

cross frames provide bracing against lateral translation at story 

levels. Few building cases seem to be governed by biaxial bending 

analyses. In the state-of-the-art survey a number of respondents 

indicated that biaxial bending was often a major design consideration 

in slender pier design. This is very difficult to do in the approxi

mate procedures and another reason for the use of a general analysis. 

3.2.3 Load Case Combinations. Most buildings are governed 

by either combinations of dead and live load or of dead, live and 

wind or seismic load. In contrast, as seen from the survey results 

in Chapter 2,bridge piers are subject to a much wider range of load 

combinations. In various locales ice, current, wind or seismic are 

appreciable while thermal and volume change effects greatly affect 

many restraint combinations. These complex load combinations make 

approximate analysis more difficult. 

3.2.4 Cross Section. Most building columns are square, 

rectangular or circular. While occasional crucifonn or L~haped 

compression members occur in buildings, there are very few hollow, 

oval, or cellular sections. Few building columns taper, flare, or 

are stepped between floor levels. The wide variety of such occur

rences in bridge piers greatly complicates their design. 



3.3 Slender Compression Member 
Analysis Procedures 
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There have been several methods of analysis advocated for 

slender compression members and utilized in past or present Ameri-

can Codes or Specifications. These include: 

~) Reduction Factor Method 

~) Moment Magnifier Method 

~) Stability Index Procedure 

~) Computer based second order frame analysis 

In the following subsections a very brief review is given of 

each method and suggestions for improvements in utilization of sev

eral are made. A paramount consideration is the need for a relatively 

simple way of determining whether slenderness effects must be con

sidered in a given case. Several of the approximate procedures can 

be extremely useful in making this determination. This will be 

pOinted out when applicable. 

A very fundamental problem affecting highway bridge design

ers is the lack of a concurrent commentary document to the AASHTO 

Specifications. Commentary-type material is given when changes are 

first adopted but then is not printed in subsequent revisions. Much 

of the practical implementation of the ACI Building Code procedures 

for slender column design depends on material contained in the ACI 

Building Code Commentary. This severe lack should be rectified by 

AASHTO. 

3.3.1 R-Method (Reduction Factor Method (ACI318-63». 

(A procedure of this type was previously used in AASHTO Specifica

tions.) The R-method of the ACI Building Code (ACI 318-63) uses a 

reduction factor, R, which was a linear function of the slenderness 

ratio hilt (k£ Ir). This factor was applied to the short column 
u 

axial load and moment capacity to determine the permissible long 

column capacity. The required R was determined from empirical 

straight line equations considering the restraint conditions, 
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eccentricities, and slenderness ratios. The method was shown to be 

unsafe for many members which were not restrained against sway [14]. 

A version which was virtually limited to columns restrained against 

sway was allowed in the ACI Building Code 1971 Commentary but the 

method was dropped from the ACI Building Code and subsequently from 

theAASHTO Specifications. 

There are several arguments for not using this particular 

method for slender column design [14]. The R-method implies main

taining the same eccentricity for the short column and its long 

column counterpart. 

the actual behavior. 

This condition does not physically represent 

In actuality, the load-carrying capacity is 

decreased because of an increasing eccentricity. The eccentricity 

is changing because of secondary deflection moments. No sense of 

these deflections is given in using the procedure so that the neces

sary increase in restrained moment capacity is often overlooked. The 

R-method is attractive because of the relative ease of use, but 

neglects many important parameters. It was found that due to the 

neglect of these parameters, the equations were overly conservative 

in many practical cases. Also, tests indicated that the R-method 

could be extremely unsafe in some cases of instability of unbraced 

frames and members [14]. 

In the 1977 ACI Building Code Commentary the R-method is 

allowed as an alternate procedure for compression members not braced 

against sidesway for kt /r not exceeding 40. However, the method 
u 

discounts the capacity of any member with kt /r greater than 9. 
u 

This is considerably less than the present AASHTO Specification 

limit in Article 1.5.34(B)(4) which allows slenderness to be 

neglected for any unbraced member with kt /r less than 22. In 
u 

addition, the R-method has never envisioned nonprismatic or hollow 

members. 
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Considering the many problems associated with its use, the 

R-method does not represent a viable method for analysis of slender 

bridge piers. 

3.3.2 MOment-Magnifier Method (ACI 318-71). The moment 

magnifier method is an approximate solution for the maximum moment 

in an elastic beam-column [14]. The magnification factor is calcu

lated from the ratio of end moments, axial load applied, and the 

theoretical critical load of the column modified for reductions in 

stiffness due to cracking and nonlinear effects. This procedure is 

more rational than the R-method since it reflects the actual behavior 

of the column. The concept is very familiar to American engineers 

who use much of the same procedure for designing stee! columns under 

the AISC Specifications [34]. It has been adopted by AASHTO as the 

basic approximate method for determination of slenderness effects 

in concrete compression members. However, the AASHTO Specifications 

do not reproduce the large amount of commentary contained in ACI 

Building Code Commentary Section 10.11 which is extremely helpful 

in its proper utilization. 

There are some other limitations to application of the pro

cedure to bridge piers. The range of variables originally investi

gated was limited. These ratios include slenderness ratios (kl /r), 
u 

restraint conditions, and eccentricity to thickness of column ratios 

(e/h) comparable to those found in buildings [14]. Bridge piers 

are likely to have larger ratios. Also, the column tests against 

which the method was verified consisted of only prismatic and solid 

sections. Finally, the procedure is based on strength considerations 

and does not directly alert the designer if a deflection problem 

exists. 

In practical application this method is basically a "hand" 

technique for making approximate second-order analysis. It was 

originally presented as a substitute approach for use when more 

exact second-order analysis procedures such as utilization of 
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comprehensive computer analyses are not available. In order to 

extend and validate the procedures for nonprismatic or hollow pier 

design, a wide range of variables needs to be studied. A criterion 

for deflection would have to be incorporated into the magnification 

procedure to alert the bridge designer to possible deflection prob

lemS. The method would require major revision to treat variable 

cross sections. It is very difficult to use with biaxial bending. 

It is suggested that the method be used primarily for preliminary 

design or for design of prismatic piers which are not particularly 

slender. 

However, for piers of low to moderate slenderness the 

method can be used to advantage. AASHTO Article 1.5.34(B)(4) is 

extremely useful in defining a large category of compression mem

bers for which slenderness effects can be safely neglected. For 

members braced against sidesway slenderness may be neglected for 

ktu/r less than 34 - (12 Mt'M2)' For members not braced against 

sidesway slenderness may be neglected for kt /r less than 22. A 
u 

prompt check of these values will eliminate many bridge piers from 

any need for further slenderness checks or computations. 

(a) 

~) 

~) 

~) 

This check requires knowledge of four factors: 

whether the member is braced or not braced against sidesway 

the effective length factor k 

the unsupported length t 
u 2 

the radius of gyration r (I = Ar ) 

The latter two factors are adequately defined in AASHTO 

Article 1.5.34(B)(1) and (2). However, responses to the state 

of art questionnaire indicated that there is considerable confusion 

and uncertainty as to what is proper for (a) and (b). This seems 

to stem from the omission of needed ACt Commentary material in 

Article 1.5.34(B). In absence of a companion AASHTO Commentary, 

some informative material should be added to the Specifications. 
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There are two practical ways to determine if the compres

sion member is braced against sidesway. The first method is better 

suited for buildings where there is a possible mix of the compres

sion members in a story with shear wa~ls, shear trusses or other 

types of lateral bracing. In this type application a compression 

member may be assumed braced if the other bracing elements have a 

total stiffness resisting lateral movement of the story at least 

six times the sum of the lateral stiffness of all the compression 

members within the story. In applying this criterion to continuous 

bridges the engineer could compare the effective longitudinal plane 

stiffness of the deck-abutment system to the sum of the lateral 

stiffnesses of the piers to determine whether the system is braced. 

The 1977 ACI Commentary gives another method for determining 

whether a structure is to be considered braced or unbraced. This 

method is based on the stability index, Q, which is outlined in the 

next subsection. When the stability index, Q = (.DP ~ /H h ), for u u u s 
a story is not greater than 0.04, the p~ moments are minimal and 

the structure can be considered as braced. H is the total factored 
u 

lateral force acting within the story and ~ is the elasticity com-

puted first order lateral deflection due to H (neglecting p~ effects) 
u 

at the top of the story relative to the bottom of the story. This 

procedure seems very well-suited to typical highway pier structures, 

since many first order analysis programs are readily available for 

computing ~ for a wide range of base and top restraint conditions. u 

After determination of whether the structure is to be con

sidered braced or unbraced, the designer must determine the effective 

length factor, k. This requires a determination of the relative 

rotational restraint at each end of the compression member and then 

determination of the effective length as a function of the ratios 

\v= ~I/t of compression members to IEI/t of restraint members in 

planes at the ends of the member. Since the members are often 



52 

restrained by a pier, footing, or other base this is probably best 

expressed as ~= ~ K /K where K is the rotational stiffness of c r c 
the compression member and K is the rotational stiffness of the 

r 
top or bottom restraint. In calculating relative stiffness effects, 

reinforcement percentage and cracking should be considered. For 

restraining members cracked transformed section properties should be 

used and for compression members the EI from AASHTO Eq 6-17 [51 with 

Rd = 0 should be used. Typical calculations for spacing constants 

for foundation types may b~ found in Refs. 20-24. The FHWA suggested 

~Ivalues for footings are in Ref. 33. When the values of ~ at top and 

bottom have been determined, then k can be found from the nomographs 

of Fig. 3.5 (ACI 318 Commentary Fig. 10-3). A set of equivalent equa

tion values are given in the ACI Commentary for use when charts are 

inconvenient such as in computer programs. These could be included 

in the AASHTO Specifications for designer guidance. These values 

are: 

For braced compression members, an upper bound to the 
effective length factor may be taken as the smaller 
of the following two expressions: 

k = 0.7 + 0.005 0il
A 

+ ~B) s; 1.0 (A) 

k = 0.85 + 0.05~ i :s; 1.0 (B) m n 
where ~A and ~B are the values of ~ at the two ends 
of the column and ~ i is the smaller of the two 
values. m n 

For unbraced compression members restrained at both 
ends, the effective length may be taken as: 

For ~m < 2 

20 - ~ 
k = 20 m J 1 + ~m (C) 

For ~ ~ 2 

k = 0.9J 1 + ~ m 
(D) 

where ~ is the average of the ~va1ues at the two 
ends of the compression member. 
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Fig. 3.5 Effective length factors [ACI 318-77 Commentary Fig. 10-3J 
VI 
W 
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For unbraced compression members hinged at one end, 
the effective length factor may be taken as: 

k = 2.0 +0.3~ (E) 

where ~ is the value at the restrained end. 

Inclusion of these changes should greatly reduce the 

bridge designer's uncertainty in computation of effective length. 

For members with kl lu less than 60 a simpler procedure of determinr 
ing ~ can be used. Flexural stiffness of restraint members can be 

based on 0.5 I and of compression members can be based on I. This 
g g 

will adequately model cracking effects for the determination of k. 

In braced members k can always be initially estimated as 1. These 

assumptions will speed the check as to whether slenderness effects 

need to be considered. 

Another problem area in application of the moment magnifi

cation procedures indicated by respondents was in the determination 

of ed . In the specifications, Bd is defined as the ratio of maximum 

dead load moment to maximum total load moment, always positive. 

Questions were raised as to what happens when dead load and total 

load moments were of opposite sign. The ed factor is a crude way 

to express the creep effect. The intent was that if the moment 

being magnified (which is the total moment) was mostly sustained 

load moment then the factor should approach 1. If the moment being 

magnified was mostly short time load moment then the factor should 

approach zero. The present formulation is faulty since in its 

origin it did not clearly envision reversed signs on dead load 

and live load moments. In early stages it was formulated in terms 

of dead load and total load thrust values which are almost always 

positive. When converted to moment terms the sign problem was 

mishandled. Since the entire procedure is based on flexural stiff

ness ed is more appropriately based on moments than on thrust 

values. However, the original intent would be more clearly realized 

and the present confusion would be removed if the definition were 



changed to "Sd is the ratio of the absolute value of maximum dead 

load moment to the sum of the absolute values of the moments com

prising the total load moment." This would then be a positive 

value between 0 and 1 as originally envisioned. 
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In view of the relatively low percentage of hollow and cel

lular piers, the complex process of determining appropriate EI values 

is not justified. Second order analysis programs will be proposed 

for these cases as well as stepped, tapered, and flaring piers. 

In very recent years several important developments have 

been recognized by ACT Committee 318 and adopted for the 1983 ACI 

Building Code. One of these affects the moment magnifier approach 

and has substantial potential for greatly reducing design moments 

in slender piers. The substantiating data are contained in Ref. 

19. Completion of a RCRC-sponsored project resulted in these 

recommendations which clarify the application of the moment magni

fication procedure to unbraced frames. The proposed changes will 

generally result in substantially lessened pier design moments, 

since gravity load moments will be magnified by braced frame magni

fication factors in most cases. The new provisions will lead to 

economy in both piers and footing systems where unbraced piers are 

used. The proposed provisions do not require computation of more 

magnifiers than that of the current procedures. The text adopted 

by ACI Committee 318 but slightly modified for consideration by 

AASHTO is: 

Introduce the following new notations in Article 1.5.34(B): 

"Cb = moment magnification factor for frames braced against 

sidesway to reflect effects of member curvature between 

ends of compression members 

Cs = moment magnification factor for frames not braced against 

sidesway to reflect lateral drift resulting from lateral 

and gravity loads 
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~b = value of larger factored end moment on compression 

members due to loads which result in no appreciable 

sidesway, calculated by conventional elastic frame 

analysis 

M_ = value of larger factored end moment on compression 
-.LS 

member due to loads which result in appreciable 

sidesway, calculated by conventional elastic frame 

analysis. II 

Revise Article 1.5.34(B)(5) on p. 108 to read as follows, and 

renumber subsequent equations accordingly: 

"(5) Compression members shall be designed using the 

factored axial load P from a conventional frame analysis 
u 

and a magnified factored moment M defined by: 
c 

where 

C 
~ 1.0 

~ 1.0 

and 

(6-14) 

(6-15 ) 

(6-16 ) 

(6-17) 

~P and ~P are the summations for all compression members u !~ c 
on one level comprising a bent or connected integrally to 

the same superstructure, and collectively resisting the 

sidesway of the structure. For frames not braced ~gainst 

sidesway, both 0b and Os shall be computed. For frames 



braced against sidesway, 5 shall be taken as zero. In 
s 

calculation of P , k shall be computed as for compres
c 

sion members braced against sidesway for 0b and as for 

compression members unbraced against sidesway for 5 ." s 
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(The remainder of Article 1.5.34{B){5) on p. 109 of the 1977 Speci

fication remains the same.) 

Suggested commentary as follows: 

"~en Eq. (6-14) is used in the design of a braced bent, 

the second term becomes zero since the moment magnifi

cation factor 0 is taken as zero for a braced bent 
s 

(0 = 0). For sway bents both terms must be evaluated. 
s 

The moment M2b is the moment resulting from gravity 

loads while M2s is the moment resulting from lateral 

loads. In both cases these moments are computed using 

a conventional (first-order) frame analysis. The 

member stiffness used in the analysis should allow, at 

least approximately, for cracking of the flexural 

members. 

"Since the moment magnification procedure of Article 

1.5.34(B) is an approximate procedure, some judgment 

must be used in the application of Eq. (6-14). The 

application of gravity loads to an unbraced bent in an 

unsymmetrical pattern or to an unsymmetrical unbraced 

bent will result in some calculated sidesway of the 

bent. Unless this lateral deflection due to vertical 

loading is appreciable (6/L > 1/1500), the minor effect 
u 

of this sway component can be neglected and the corre-

sponding moments can be considered as nonsway moments 

and should be magnified by the braced bent magnifier. 

The definition of M2b and M2s both contain the termi

nology "appreciab1e sway." For use in this approximate 
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technique, a deflection ratio of ~ ? l /1500 is a 
u 

reasonable upper limit above which sway deflections 

become "appreciable." In computing ~ for this pur

pose, only the nonlateral loads should be used. 

"Equation (6-14) is new in this edition of the Speci

fications. Article 1.5.34(B) of the '77 specifications 

contained similar provisions for an approximate compu

tation of the additional compression member secondary 

or p~ moments due to slenderness effects. A distinction 

was made between the magnifier (5) computations for 

braced and unbraced bents, but no distinction was made 

regarding the moment to be magnified. In the 1977 

Specifications, design of compression members used the 

factored axial load P from a conventional frame analysis 
u 

and a magnified factored moment Mc defined by: 

(3-1) 

M2 was the larger factored end moment on the compression 

member as calculated by a conventional elastic frame 

analysis. This definition strongly implied that in un

braced bents, M was the sum of the moments due to gravity c 
loading (which generally would not produce major sidesway) 

and the moments due to lateral loading (which would pro

duce s idesway). 

"Specification provisions do provide for different methods 

of calculating 5 for the braced and unbraced cases. For 

the braced bent, the magnifier 0 uses effective length 

factors of 1.0 or less, while for the unbraced case they 

are greater than 1.0. C factors for braced bents can 
m 

be from 0.4 to 1.0, while for unbraced bent, 1.0 is used. 

Thus, critical loads P are higher and magnification 
c 

factors are smaller for the braced case. For unbraced 



bents, 1977 Specification Article 1.5.34(B)(9) required 

that two values of 6 be computed and the larger value 

used. To check the effects of overall member group 

stability, the unbraced value of 6 is computed as an 

averaged value for the entire group based on use of 

~p/~. This reflects the interaction of all compression c 
members in the bent on the p~ effects since the lateral 

deflection of all compression members in the bent must 

be equal in the absence of twist. In addition, since it 

was possible that a particularly slender individual com

pression member in an unbraced bent could have substantial 

midheight deflections even if adequately braced against 

lateral end deflections by the other members in the bent, 

the 1977 Specifications required that each individual 

compression member be also checked using the braced bent 

magnifier value. The specific Specification wording 

implied that one calculated the two ° values, selected 

the larger, and applied it to the value of ~. 

"A fundamental problem was that the 1977 Specification 

used a single symbol 0, without subscript, for two very 

different cases, the braced or nonsway magnifier (~b) 

and the unbraced or sway magnifier (0). These new sym-
s 

boIs should be introduced in the 1983 Specifications to 

clearly distinguish between the two cases. An additional 

problem was that the 1977 Specifications used a single 

symbol ~ for the moment to be magnified and defined it 

in such a way that it strongly implied ~ was the sum 

of the factored nonsway moments and factored sway moments. 

UBasic stability theory indicates that moments which pro

duce sway should be magnified by a sway magnifier (6 ) and 
s 

moments which do not produce sway should be magnified by 

a braced magnifier (ob)' In addition, it must be realized 

59 
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that the maximum magnified moments produced by 6
b 

occur 

at different locations, i.e., somewhere along the com

pression member length but not necessarily at the member 

end. 

"Measurements made in frame tests clearly support the dif

ferentiation between sway or nonsway moments in computa

tions of maximum design moments for the gravity plus 

lateral load case. Results indicate that 

Mc = M + 6 M g s s (3-2) 

where M and M are the gravity load moments and lateral 
g s 

load moments, respectively, should be used rather than 

the usual interpretation 

M = oM... = 0 (M + M ) c -L g s (3-3 ) 

Test results showed Eq. (3-3) to be extremely conservative 

when compared to Eq. (3-2) [14]. All supportive evidence 

in the frame tests and accompanying computer analyses 

indicated that sway magnification of the gravity moment 

by the sway magnifier is unwarranted. 

"If the gravity moments are significantly larger than the 

lateral load moments and 0b is large, the maximum moment 

for the gravity plus lateral load case can theoretically 

occur at some midheight region of the compression member. 

The specific location is not known and a conservative 

approximation can be made by recognizing that, while 

0bM and 0 M do not occur at the same location, the 
g s s 

actual moment cannot exceed their sum. Hence, the Speci-

fication may use a conservative approximation of the 

design moment as 

(3-4) 



"Equation (3-4) has two distinct advantages over Eq. (3-1). 

It will almost always reduce the design moments from the 

extremely conservative levels of the 1977 Specification, 

and it more clearly indicates the application of the two 

magnification factors required to be computed for unbraced 

frames under 1971 Specifications Art. 1.5.34(B)(9). That 

article may then be deleted. 

"If the lateral load deflections involve a significant 

torsional displacement, the moment magnification in the 

compression members farthest from the center of twist 

may be underestimated by the moment magnifier procedure. 

In such cases a second-order analysis is recommenjed." 
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3.3.3 "g" or Stability Index Procedure. This method of 

including second order effects has been suggested by several authors 

[29,30,31]. Some elements of its use are currently found in the 

ACI Building Code Commentary [2]. The Commentary suggests calcula

tion of the stability index, Q, of a story of constant height to 

determine if the structure is braced. 

where 

H = total factored lateral load acting on the story 
u 

~l = elastic first order deflection of the story 

LP = summation of the factored axial load of the story 
u 

h = center-to-center height of the story 
s 

(3-5 ) 

When the stability index for a story is not greater than 4%, the 

p~ moments should not exceed 5% of the first order moments, and the 

structure could be considered braced [2]. 

In reality the Q methods application for bridge pier design 

is somewhat more complex. The formulation by MacGregor and Rage 



62 

on which the ACI Commentary is based assumes that columns are 

stiffer than beams and all columns in a story have equal height. 

In those cases where bridge piers are connected monolithically 

to superstructures, the flexural restraint stiffness of the super

structure is often significantly greater than that of the pier. 

The Qmethod expression for stability index needs to be modified 

for such a case. Similarly, the entire procedure must be modified 

for piers of different heights. 

The Q method is based on an expression suggested by Rosen-

b1euth 

where 

D' = KL cr 
y 

y = 1.0 for stiff columns, flexible beams 

y = 1.22 for stiff beams, flexible columns 

H K = ~ = translational stiffness or force per unit 
deflection 

When the values of ~ are checked against the more cr 
conventional expression 

p = 
cr 

(3-6 ) 

(3-7) 

it is found that good correlation exists through a wide range of 

relative EI values as long as the approximate value of y is used. 

Q' is defined 

QI = 

as P Ip ,thus 
u cr 

p p y 
u _ u 

P - K L 
cr 

= 
P Y t::. u 

H L 
(3-8) 

Note the absence of the y term when Eq. (3-8) is compared 

with the ACI Commentary Q expression given by Eq. (3-5). MacGregor 

has assumed y = 1 is appropriate for building columns. However, it 

is not appropriate for some bridge pier conditions so that the Q 

method needs modification for bridge use. 
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The application of the stability index in second order 

moment analysis is shown in Fig. 3.6 by application to a cantilever 

beam. In this case it is hard to see the parallel with the moment 

magnification approach. However, if the relationship of Eq. (3-6) 

is substituted in Eq. (3-10) then since 

p = 
cr 

KL 
Y 

= (3-11) 

(3-12 ) 

(3-13 ) 

(3-14) 

(3-15 ) 

For those cases where v = 1.0 (stiff columns with flexible beams) 

then 

Q = 

so 

(3-16 ) 

Since Hh is the primary moment, the quantity (l/l-Q) becomes in 

effect the moment magnifier. 

For those cases where y = 1.22 (flexible columns with stiff 

beams) then still using Q = P~l/Hh 

M2 = Hh + Hh (1 _ Q yQ ) = Hh+Hh( 0 1 1 - 1.22Q 
(3-17 ) 

M_ = Hh ( 1 - .220) 
-"2 1 - 1. 22Q (3-18) 
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M 

6. = ('~t) 6, 

M2 = Hh + P.o.. = Hh + P (,_'.!i) 6, 

Per 

Fig. 3.6 Stability analysis index 

( 3-9) 

(3-10) 
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Thus the effective moment magnifier is (1 - .22Q)/(1 - 1.22Q). 

The advantage of this procedure is that the stability index Q can 

be computed by ordinary analysis procedures without resort to 

effective lengths. However, in computing Q it is extremely impor

tant to recognize that the stiffness K = H/~ will vary with load 

level since the relation between lateral force H and resultant first 

order displacement 6
1 

should consider realistic stiffness, rein

forcement effects, cracking effects, creep effects, etc. Similarly, 

the term P I¢p is necessary since the designer cannot count on 
u u 

ideal properties. These qualifications have often been overlooked 

in application of .the procedure. 

Application of the Q or stability index proceuure is fairly 

straightforward for the uniform height pier groups shown in Fig. 

3.7(a). Assuming proper stiffness modeling of the overall bridge 

frame properties, a normal analysis will yield the first order dis

placement ~ for factored lateral load H and the P values. Q can 
u 

then readily be determined as 

Q = (3-19) 

and the magnified moment for design computed from Eq. (3-17) or Eq. 

(3-18) depending on the level of relative column and restraint stiff

ness. For moments occurring at ends of the member this will be an 

accurate procedure. It does not determine possible instability of 

a slender braced member and this must be still checked as in AASHTO 

Article 1.5.34(B) for individual braced members. 

The application to more general bridge cases where some piers 

will have different heights as shown in Fig. 3.7(b) is more difficult. 

For this case it is necessary to determine an averaged Q by deter

mining an equivalent K which considers all column properties. 

For this application there are two approaches for finding 

LPcr . The first is to work with effective lengths. For this case A 
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H 
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(a) Uniform Heivht 

(b) Variable Heivht 

TTTT 
A-3 A-12 

(e) Coeff ielent A 

Fig. 3.7 Application of stability index 
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(A) l:Pcr 
= (Pcr \ + (P cr)2 + (P )3 + . • . cr 

- 2 
n

2 
(EI)2 n

2 
(EI)3 

.l (3-20) 
: n (EI)l + + + . . 

= I 

L (klhl )2 
2 2 

(k2h2) (k3h3) J 
The second approach uses Eq. (3-6) • For this case B 

(B) 2l'cr 
1 

[klhl + k2h2 + k3h3 + . ] (3-21) = 
y 

1 [ Al (EI)l + A2 (EI) 2 + A3(EI)3 + . .J = 
y (h )2 (h )2 (h )2 

1 2 3 

In this equation the value of y is from 1.0 to 1.22 depending on 

relative stiffness and the values of the coefficient A. depend on 
l. 

the pier end conditions as shown in Fig. 3.7(c). Either method is 

used to determine P 
cr 

A normal frame analysis is run in which reasonable stiff

nesses are input to model cracked, reinforced concrete. This anal

ysis will yield the first order displacement 6 for the factored 

lateral load H. 

At this stage an equivalent value of h can be determined 

from 

LPcr 

h = e 

= Kh 
Y 

= 
"1 h 

H Y 
(3-6 ) 

Then Q can be computed as P 6l /Hh and the averaged magnifier found 
u e 

for each column. 

Overall the Q method shows great promise for analysis of 

moderate slenderness unbraced systems. The procedure must consider 

the reinforced concrete properties at the factored load limit state 
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in determination of relative stiffness, EI, creep effects, and all 

the other complications in the general problem. It is strictly a 

frame or member analysis tool and does not include cross section 

strength or dimensioning ability. However, by allowing use of more 

conventional first order elastic analysis programs for computation 

of ~l values, it can simplify computations for some complex situa

tions. It certainly should be allowed for a moderate slenderness 

range, say l /r ~ 50. Above that range the normal first order 
u 

analysis needs to be modified to include the effect of axial load 

on stiffness and carryover factors. In addition, there are more 

possibilities of member instability in a braced mode and this method 

may be unreliable and unconservative. 

One of the biggest advantages of the Q-method is that there 

is no need for absolute differentiation between ''braced'' and "unbraced" 

structures. Most structures lie somewhere in between. This 

method is also a wise way of judging the degree of "bracing" present 

for use of the moment magnification methods. 

3.3.4 Biaxial Slenderness Effects. The R-method, moment

magnifier method, and stability index procedure are fairly straight

forward for the uniaxial bending case. However, the various short

comings of each method are amplified when considering biaxial 

bending. There have been many suggestions made for the shape of 

the interaction surface of solid sections from which, knowing the 

uniaxial strengths, the biaxial bending strengths may be calculated 

[15}. At present this surface is not accurately described, even 

for solid sections. No major attempts have been made for hollow 

and cellular sections. Few attempts have been made to treat biaxial 

bending in tapered, flared, or stepped members. The procedures 

outlined in Sections 3.3.1 - 3.3.3 for analysis of slender compres

sion members are greatly compiicated when biaxial bending is 

considered. 
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3.3.5 Computer Methods. A comprehensive computer analysis 

of slender piers which would be able to handle solid or hollow, 

prismatic or varying, uniaxial or biaxial loaded members or bents 

would need to include both section behavior and member behavior. 

The program must also be verified for both section and member behav

ior by comparison with experimentally measured data. 

The most common technique which has been utilized in 

computer analyses of section and member behavior is an iterative 

search procedure [3,6,35,36,37,38]. In this procedure, there is 

first a determination of the relationship between axial load, moment, 

and curvature of a section. The plane of strains which results from 

the load and moment must be found. When the correct plane of strain 

has been determined, the curvature of the column at a particular 

point is known, thus the P-M-¢ relationship. The deflected shape 

is then determined from the curvatures along the member. The final 

component of the solution is an iterative search for the deflected 

shape. The use of this method has been limited mainly to rectan

gular prismatic columns. This method would be difficult to extend 

to hollow or nonprismatic members. 

Other possible methods are based on stiffness formulations 

which are easily adaptable for computer usage [3,11]. The methods 

are very general and can easily incorporate nonlinearities such as 

second ordex deflection effects. A general stiffness method would 

include formulating the stiffnesses of the members, assembly into a 

total system matrix, then solution of the equilibrium equations for 

the unknown displacements. Material nonlinearities such as for rein

forced concrete would present problems if a general three-dimensional 

stiffness formulation was utilized. The three-dimensional constitu

tive relationships of concrete would need to be known, and at present 

they are not well-defined [13]. The main problem in using stiffness 

methods are the vast amounts of computer storage and time needed 



70 

for a solution. One method, the fiber model, needs only a 

uniaxial compressive stress-strain definition of concrete and 

minimizes computer usage if some assumptions are made. This 

method will be discussed in a later section. 

There are several state-of-the-art assumptions necessary 

for any method of computer analysis chosen [6,11,35,36,37]. The 

first is commonly used with engineering beam theory based on 

Navier's hypothesis that plane sections before bending remain 

plane after bending [12]. This assumption is valid provided shear 

distortions are not a problem. This has been shown true for solid 

sections, and was verified in the companion report for hollow and 

cellular sections with moderate to thick walls [18]. Another 

assumption is that the maximum strain of concrete does not vary 

as the shape of the compression area changes. This assumption 

was found not true by Rusch [39]. A conservative lower bound 

value for the ultimate strain corresponding to a rectangular com

pression area should be utilized. There must also be an assump

tion about the effect of torsion on a member. Most methods ignore 

torsional effects altogether. Other methods only consider elastic 

torsional theory and include only St. Venant torsion. Other sim

plifying assumptions must be made about time-dependent effects, 

and confinement effects of transverse ties and moment gradients 

due to the complexity of the problems. 

The following sections describe some of the methods ut~ 

1ized and available for axial load-moment-curvature analysis of a 

section, and load-deflection analysis of slender piers including 

those which are nonprismatic or hollow and which may be subject 

to biaxial loading. 

3.3.5.1 Axial Load-Moment-Curvature (P-M-¢) Analysis of 

a Section. There are several possible methods for biaxial P-M-~ 

analysis of sections. The first is termed the "grid method" [3,9]. 

In this partitioned element method, discrete strips are divided 
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parallel to the assumed neutral axis as in Fig. 3.B. Knowing the 

plane of strain of the strips, the resulting axial load and moments 

can be found. When the correct plane of strain is determined, the 

curvature of the section is known, thus the P-M-¢ relationship. 

Farah and Huggins described another procedure for predicting 

biaxial bending deformations [40]. This method is analogous to the 

previous grid method, except there are an infinite number of grids. 

Therefore, the solution is "exact." The procedure uses a set of 

equations to be solved simultaneously for the P-M-¢ relationship. 

There could be some problems extending this procedure to hollow 

sections because of boundary conditions. 

One final method is termed the "fiber model" [3]. This 

procedure is similar to the grid method, in that the section is 

discretized, but into fibers shown in Fig. 3.9. In this procedure, 

incremental curvatures about the x- and y-axes are applied and the 

associated changes in strain found. Incremental stiffness param

eters are then found, from which the incremental moments about 

the x- and y-axes can be determined. This procedure is continued 

until the entire P-M-¢ relationship of the section is known. The 

method is particularly well-suited for arbitrary cross sections 

such as hollow sections. 

3.3.5.2 Load Deflection Analysis of a Member. Most of 

the procedures are extensions of the previous P-M-¢ methods, and 

find the deformation of the column by elastic beam theory of inte

grating curvatures. There are some other methods available using 

stiffness formulations. 

Brett1e and Warner assumed a sine curve for the deflected 

shape of their single curvature column [41]. By numerically 

integrating curvatures. deflection of the column can be found. 

However, their procedure is limited to the column bent in single 

curvature, a situation rare in actual bridge piers. 
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Farah and Huggins [40] and Redwine [42] used a closed-form 

solution for finding P-M-¢ relationships of the section, then also 

integrated curvatures to find the deflected shape. If the defor

mation of the column found for the curvatures did not agree with 

that initially assumed, a new shape was assumed and the procedure 

repeated until the deformed shape was found. This procedure was 

only carried out for prismatic members. 

Finite difference method (FDM) is another possible solution 

technique for a beam~olumn [43]. Bending equations of a member 

are approximated by finite difference equations which are expressed 

as a function of deflections at grid points. Problems encountered 

using the method are extensions of the equations from planar to 

space behavior, arbitrary or unsymmetrical loading, and imposed 

boundary conditions. 

The finite element method (FEM) is the most general analyti

cal technique available. The pier would be divided into subregions, 

the deformation patterns of which are assumed. When displacement com

patibility is explicitly enforced at two nodal points, the displace

ments along the element interface connecting the two points will be 

compatible. Once the displacement assumptions are made, the element 

stiffness matrix may be derived, and the analysis is carried out by 

the direct stiffness method. The primary disadvantage associated 

with the finite element method is the large number of equilibrium 

equations to be solved. A conceptual finite element model of a pris

matic rectangular solid pier is shown in Fig. 3.10. Each node point 

would have 6° of freedom. As can be seen, there would be many 

degrees of freedom to be solved. The finite element method generally 

requires vast computer storage and execution time for even small 

problems o 

The final method is an extension of the fiber model dis

cussed in the previous section [3]. In this procedure, the pier 

is divided into longitudinal segments, and the segments into 
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Fig. 3.10 Conceptual finite element model of a rectangular 
solid prismatic bridge pier 
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sections as shown in Fig. 3.11. Each section is then divided into 

fibers. The desired load for the pier is applied in increments. 

For each increment of load applied, the incremental displacements 

and forces are found. New stiffness parameters are found, and 

the procedure repeated for each increment of load. The stiffness 

of each section is placed in a total stiffness matrix for the pier, 

and the resulting equilibrium equations solved. The method is 

not "exact" but Can be used easily for arbitrary cross sections 

and nonprismatic members. 

3.4 Objectives of Computer Program Development 

The state-of-the-art survey summarized in Chapter 2 showed 

increasing utilization of slender compression members becoming more 

common for very slender applications. It further indicated that 

biaxial bending needed to be considered for many applications of 

practical interest and that both isolated pier and multiple pier 

bents needed to be considered. A range of nonuniform shapes such 

as tapered, flared, and stepped compression members require design 

and analysis treatment. 

The basic objective of the computer program development 

stage of this project was to develop a group of general analysis 

programs which would meet all requirements of AASHTO Specifications 

Art. 1.5.34(A)(1). 

1.5.34 Slenderness Effects in Compression Members 
(A) General Requirements 

(1) Design of compression members shall be based on 
forces and moments determined from an analysis of the 
structure. Such an analysis shall take into account the 
influence of axial loads and variable moment of inertia 
on member stiffness and fixed-end moments, the effect of 
deflections on the moments and forces, and the effects of 
the duration of the loads. 

Three such programs were developed and are outlined in detail in 

Chapter 5. Listings and user guides are given in Appendices. The 
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programs are verified by extensive comparison with experimental 

results in Ref. 18. The programs will at present handle rectangu

lar solid, rectangular hollow, rectangular cellular, circular solid, 

circular hollow and oval cross sections. The programs are easily 

adaptable to any arbitrary cross section. The programs handle 

single pier bent of arbitrary longitudinal cross section variation 

as well as multiple bay, multiple story pier bents. 

The model selected for the study is the "fiber model" intro

duced in the previous sections and treated in detail in Chapter 4. 

It was chosen because of its adaptability to handle arbitrary cross 

sections and arbitrary longitudinal configurations. With this 

method, the nonlinear characteristics of concrete and column 

slenderness effects can be easily handled. There are various com

puter analyses available to handle the elastic beam-column, but the 

treatment of arbitrary cross section and arbitrary longitudinal 

configurations of reinforced concrete piers or multiple pier bents 

seems unique to this report. 





CHAPTER 4 

FIBER MODEL FORMULATION 

4.1 Introduction 

The basic analytical model selected in this study uses a tangent 

stiffness formulation [3]. Incremental loads are applied to the struc

ture, then the incremental displacements and forces are calculated and 

added to the previous displacements and forces to obtain the new dis

placements and forces. The stiffness method is used to calculate the 

incremental displacements from the applied loads, and the incremental 

forces are then computed from the displacements. The model uses a linear 

formulation which has been modified to include various nonlinear effects. 

The nonlinearities included in the study are second-order deflection 

effects (P-delta), geometric nonlinearity, and material nonlinearity. 

In the analysis of the idealized bridge pier, it is assumed 

to be made of many prismatic segments assembled together. The actual 

pier may be nonprismatic, but is represented by discrete prismatic 

segments. This concept is illustrated in Fig. 4.1. 

4.2 Derivation of the Stiffness Matrix 

To obtain the incremental force-displacement relationship, con

sider a member loaded only at its ends with the forces and displacements 

assumed as in Figs. 4.2 and 4.3. For the assumption that small changes 

in strain can be related linearly to small changes in member force, the 

following relationships hold: 

t.N = / Et t:.t; (4.1) 

cross section 

79 
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where AN = increment 

fJ:1y 
= increment 

l:l1 = increment 
z 

A .. = increment 

f Z Et Ae 

cross section 

l:l1 = -f y Et A .. 
Z 

cross section 

in axial force 

in moment about the y-axis 

in moment about the z-axis 

in strain 

E
t 

= tangent modulus of the section 

z = distance to differential element in z-direction 

y distance to differential element in y-direction 
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! 4.2) 

The change in strain, A~, is a function of two directions and given 

by the folloNing: 

Ady, z) = At. + z A 
, - A 

, 
~ 4.4) ql Y rpz 0 y 

where A€ = increment in axia 1 strain 
0 

A ' cry = increm.::!nt in rotational strain about the y-axis 

Acp,' = increment in z rotational strain about the z-axis 

This expression can be substituted into Eqs. (4.1), (4.2). and (4.3) 

to give the following expressions: 

boN = f Et (A€o + z Ar.p' - Y Atlk) y (4.5) 
crOSd section 

lM == f zEt ( Ae o + zl::.~' - y A~r') y y z 
cross section 
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(4.7) 

cross section 

If the member cross section is divided into finite pieces or "fibers," 

the integrals can be replaced 'With t he discrete sununations. 

t.N == I Et ( ~( + Z ~(p' - y~q{) 
fibers 0 y z (4.8) 

toM = I zEt(~eo + Z ~<p,' - yl::.cp') y fibers y ~ 
(4.9) 

t.M = -I yEt (~eo + Z~Cf~ - y l::.<'/ ) Z fibers 
IZ ( 4.10) 

These equations can be simplified further to 

(4.11) 

( 4.12) 

(4.13) 

where all I Et fibers 

a l2 
;:; '5" ZE

t fibers 

aU -I yEt 
fibers 

a
21 == I 2E

t fibers 

I 2 
an == 2 Et 

fibers 
... 

zyEt a23 == -.I. 

fibers 

a
31 = -I yEt 

fibers 



85 

-1: zyE 
fibers t 

I. iEt 
fibers 

Inversion of the incremental force-strain equations gives the 

following strain-force equations. 

where 

b11 = 

b21 

b31 = 

6q:' = Av" 
z 

a22a33-a23a32 
Det A 

a23a31-a21a33 
Det A 

a21a32-a22a31 
Det A 

b
12 

b22 

b32 

Det A = 

= 

= = 

= 

(4.14) 

(4.15) 

(4.16) 

a13a32-a12a33 
b13 

a11a23-a13a21 
= Det A Det A 

a 11 a 33 -a 13a 31 a 13a21 -a 13a21 
b

23 Det A Det A 

a12a31-a11a32 
b

33 
a11a22-aI2a21 

= Det A Det A 

all a 12 aU 

a21 a22 a23 

a 31 a 32 a33 

For the member shown in Fig. 4 4, the incremental forces in terms of 

end B forces at a section (L - x) away are given by 

~ = !J.x 
B (4.17) 
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(4.18) 

~z = hMzB + (L ~ x)AYB (4.19 ) 

If these expressions are substituted into Eqs. (4.14), (4.15), and 

(4.16), the following equations result. 

t4.20) 

(4.21) 

(4.22) 

where Au' = axial strain 

f:.,v" = curvature about the z-axis 

t:.w" = curvature about the y-axis 

Integrating, Au' once and t:.v" and t:.w" twice, over the length of the 

member gives the following relationshipE: 

flu = bJ'dx Au = lL !Y.u'dx 
B :) 

L 
Av' = t:.qJ !AV" dx ACPzB = f Av"dx. z 

0 
(4.24) 

-f l$N" dx 
L 

Aw' -t:.cp, t:.rPYB f " = = = - Aw dx 
Y 0 

(4.25 ) 
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= II £\v"dxdx· 

Aw = f I £\w" dxdx 

f 
L x 

= 1 £\v" 
o 0 

dxdx 

= (LfX ~w"dxdx 
10 J 

(4.26 ) 

(4 .27) 

Figure 4.5 shows the resulting displacement-force relationship in 

matrix form. This matrix represents the flexibility of the member at 

end B for displacements imposed at end B, and is given by f
BB

. The 

stiffness is found by inversion of the flexibility matrix. 

-1 K = f (4.28) 

From the displacement-force relationship written in matrix notation, 

AU = f M' (4 .29) 

the force-displacement relationship is found by multiplying both 

sides of the equation by f- l 

(4 .30) 

From the flexibility matrix f BB , the final force-displacement 

relationship of the member can be found. The equilibrium equations 

of the member are: 

t:.xA -Ax B ( 4.32) 

!l.YA = -AY (4.33) B 

AZA = -Az (4.34 ) B 

tJ1xA = - tJ1xB (4.35 ) 



TABLE 4.1 DISPLACEMENT-FORCE RELATIONSHIP IN MATRIX FORM 

----, 

1- L L L L 

\ 
". L -10 (L - .)b12d. 1 b 12dx 1 bUdx 

. 1 blld. 10 (L - x)b11dx 0 6lc B 
0 0 

! 0 

L • \ 

1L~ (b11dx)dx 
Li · L x fLf· (b

12
d.)dx 1 «(L - x)b1)dx)dx -/..1. ((L - x)b)2dx )d. 0 J 1. (b)ldx)dx I AYB 

o 0 o 0 o 0 o 0 o 0 

I L x L x L • _~ /..X (b
22

dx)d. t · ' -j( j[ (b
21

dx)dx -11 ((L - x)b2Idx)dx 1 1. ((L - x)b22dx)d. 0 - 1. (b2Jdx)dx 1>&B 

o 0 o 0 o 0 o 0 o 0 I 
I~\ 

.~ 

0 0 0 J... 0 0 AIIxll CJ 
I 

I t b
21

dx 
L L 

fL b
22

d. 
L 

I 1 (L - .)bndx -j[ (L - x)b22dx 0 j( b2)d. tI1YII 
0 0 0 0 0 I 

L L L 
I \ 

I L L .J \, tI1Z0 ' fa blldx 1 (I. - x)bndx -10 (L - x)b)2d • 0 10 b12dx J b))dx 

0 0 
L_ 

/' 

6"11 

AVB 

A"II 

A'l'xB 

: AT. B ; Y 

;" ""1'011 I 
/ 

00 
\0 

',. 



r. 

90 

tJ1yA = -AM + L~ (4.36) 
yB B 

tJ1 =-M 
zA zB 

- L~y 
B 

14.37) 

This can be written in matrix notation 

\~A I-~ 
0 0 0 0 0 

. ~YA -1 0 0 0 0 
I 

6z
A 0 0 -1 0 0 0 

AMxA = 1 0 0 0 -1 0 0 

I ~YA) 0 0 L 0 -1 0 

l 0 tJ1zA 
-L 0 0 0 -1 

and symbolically as 

t:,F = -TT AF A B 
(4.38 ) 

The compatibility equations of the member are 

~uB 6.u
A 

(4.39) 

AV
B 

= AVA + 6CPzA L {4 . 40) 

AW B 
= 6.w - 6ClyA L (4 «i,l) 

A 

6.q1 = ACPxA (4.42 ) 
xB 

ACPyB ~CPyA (4.43 ) 

" 

t:.CPZB ACPzA 
(4.44) 
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This can be written in matrix notation as 

o 0 o o 0 (t.u
A 

1 0 o o L 

o o 1 o -L 

= o o o 1 o 

o o o 1 

o o o o 

and symbolically as 

(4.45) 

From the previous equations the following can be written 

(4.46) 

(4.47) 

The force at end A is given by Eq. (4.38). Substituting Eq. (4.47) 

in for t.FB yields 

(4.48) 

The final incremental force-deformation relationship looks like 

or in the standard form 
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In equation form 

~F = KID (4.49) 

where K = stiffness matrix of member. 

The analysis is performed by numerically forming the flexibility 

matrix f
BB

, inverting it to form the stiffness matrix K
BB

, then 

computing K
AB

, K
BA

, and K
AA

, for each section. The member or 

segment stiffness matrix is added to the total pier stiffness matrix. 

The stiffness matrix derived is for a horizontal member as 

shown in Fig. 4.Sa. It is convenient to rotate this member to a 

specified global coordinate system which rotates the member to a 

vertical position. The rotation of the member is illustrated in 

Fig. 4.Sb. The local x-axis transforms into the global y-axis, the 

local y-axis transforms into the global z-axis, and the local z-axis 

transforms into the global x-axis. If a rotation matrix R is 

defined as 

R = 

o 1 000 0 

o 0 100 0 

1 000 0 0 

000 0 1 0 

00000 1 

000 100 

then Eq. (4.49) in global axes is given by 

which is equivalent to 

AF = KWg 
~ g 

(4. SO) 

(4.51) 

a. 
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Fig. 4.Sa Member in local axes 

)-- ... _---

Fig. 4.5b Member in global axes 
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where = incremental forces in global axes 

incremental displacements in global axes 

This rotation was not performed each time since it is the same. The 

stiffness matrix of each section of the pier is derived in terms of 

the global axes as shown in Fig. 4.5b. Therefore, the displacements 

and forces determined are in the global axes. 

4.3 P-delta (P~) Effect 

The P-delta effect represents the correction necessary for 

satisfying equilibrium in the deformed position[3]. Since the linear 

stiffness matrix is assembled in the initial position, the additional 

forces caused by the axial load moving as the structure deforms are 

not considered in the linear model unless the P-delta effect is 

included. 

Assume a member is initially oriented as shown in Fig. 4.6a 

along the line AB with axial load N acting as shown. If due to the 

applied forces the member deforms as in Fig. 4.6b, additional forces 

are produced since the axial load moves through displacements. In 

order to satisfy equilibrium about point A, the following equations 

must be true. 

Thus, the change in the forces in the x and z axes are 

DFX 

DFZ = 

= !:i ~u 
L 

= NAw 
L 

(4.52) 

(4.53) 

(4.54 ) 

(4.55) 
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These P-delta corrections can be applied to the global fixed end 

force vector or the member stiffness matrix. It was chosen to 

correct the stiffness matrix because it provides a more accurate 

amplification of the axial load as it approaches the stability limit 

[3J. Figure 4.7 shows the global stiffness matrix of a member 

and the appropriate locations of the P-delta correction. Each 

member stiffness is corrected and placed in the total stiffness 

matrix of the pier. This implies the nonlinearity will be the 

summation of all individual member effects to the base. 

When correcting the member stiffness matrix the value of the 

incremental displacement can become negative, because the incremental 

change in stiffness can be negative once the critical load is exceeded. 

The results then are no longer valid. 

4.4 Change in Geometry 

This nonlinear effect is also caused by considering the linear 

stiffness matrix in the initial position [9J. If loads are applied on 

the assembly of segments or members of the pier, displacements and 

rotations will result. For the next increment of load, the 

incremental force-displacement equations should be corrected for the 

new position of each segment. This is done by rotating the 

displacements of each segment of the pier to the global axes of the 

structure. 

In the linear model assumed, the change in geometry is handled 

by changing the joint coordinates of each segment of the pier at 

every increment [3]. Thus, at every step the joint displacements are 

added to the previous coordinates, and a new set of rotation matrices 

and lengths are computed for each segment of the pier. This 

procedure makes no allowance for individual member or segment 

curvature, hence the only way to reproduce pier deformation 

accurately is to subdivide the pier into many segments. The 

linear model assumes a straight line between joints; therefore, the 
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change in geometry in the model only considers the effect of the pier 

as a whole and not individual segment geometry. 

Consider the member or segment shown in Fig. 4.8a. In this 

figure x-y-z represents the global axes of the structure. If the 

member deforms through an angle 9 , shown in Fig. 4.8b where 
z 

0= ~u/L, then the relationships between the global displacements 
z 

and the new displacements are 

u (4.56) 

v = (4.57) 

w (4.58 ) 

If the member now deforms from the previous displaced position through 

an angle 8 , shown in Fig. 4.8c where 8 = ~w/L, the relationships 
x x 

between the new deformed position and the previous deformed position 

are 

(4.59 ) 

(4.60) 

t 4 .61) 

Substituting these values of "1' v l ' and wl into Eqs. (4.56), (4.57), 

and (4.58) yield 

(4.62) 

(4.63 ) 

(4.64) 
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representing the displacements in the global axes in terms of the 

incremental deformed position. The rotation distortions are rotated 

to the global axes in the same manner. The transformation of 

coordinates can be expressed in matrix form as 

or 

where 

\ AUg 
1 e 0 z 

Av -9 1 -9 g z x 

Aw 0 ax 1 g 

Acp 
\ 

0 0 0 xg 

Acpyg l: 0 0 

Acp 0 0 zg 

U 
g 

U = global displacements 
g 

R = rotation matrix 

UL = local displacements 

0 0 0 1 (AUL ! 

I 
0 0 C 

0 0 0 AWL 

1 e 0 ACPXLI z 

-:xJ 
-9 1 

A<PYL) z 

0 0 ACPzL x 

= RU
L 

The corrected stiffness matrix for the geometry effect is given by 

K = RK RT 
g L 

(4.65) 

This correction will be significant for very flexible members. 

4.5 Material Nonlinearity 

The final nonlinearity considered in the fiber model is 

material nonlinearity. This is easy to handle in the fiber model. 

For a strain of a given fiber, a tangent stiffness is determined. 

The value of strain is entered into the given function of the stress

strain relationship of that particular type of fiber, and the deriv

ative of that function or slope at that point is the tangent 

stiffness. This concept is illustrated in Fig. 4.9. The tangent 

-. 
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stiffness of each fiber is used in computing the incremental 

stiffness of each member in each increment of load. 

4.5.1 Modeling of Materials. For each fiber in the pier 

and its given strain, the stress and tangent modulus of that fiber 

must be found. This information is obtained from the appropriate 

functions describing the stress-strain relationship for that type 

of fiber. In the pier models in this study there are two types of 

fibers, concrete and reinforcing steel. The stress-strain rela

tionship is considered the same over the entire fiber. 

4.5.1.1 Formation of Flexural Cracks in Reinforced Concrete 

Members. An important consideration needed in an analysis of slender 

compression members is the influence of cracking of the concrete on 

the stiffness of the member. The formation of cracks is an important 

factor that greatly influences the behavior of a reinforced concrete 

member. Cracking occurs in the tension zone of a member subjected 

to flexure or axial tension. Cracks are formed when the stress in 

the concrete subjected to a loading exceeds the tensile stress of 

the concrete. The cracks may form perpendicular to the axis of the 

member from flexure or axial tension if there is no significant 

shear. When the shear is significant, cracks may form inclined to 

the member axis. 

Consider the axially loaded tension member in Fig. 4.10 [15J. 

Cracks will form when the tensile strength of the concrete is 

exceeded at weak sections distributed at random. At the cracks, 

the concrete has no stress, the reinforcing steel carrying the 

load alone. Tensile stress is present in the concrete between the 

cracks due to bond between the concrete and reinforcing steel. The 

magnitude and distribution of the bond between the cracks determines 

the distribution of tensile stresses in the concrete and steel 

between the cracks. There can be additional cracking between the 
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initial cracks at higher load when the tensile strength is exceeded 

at those sections [15,16]. 

The approach used in this study for the cracking behavior 

in reinforced concrete members follows that presented by Alani [4] and 

was initially developed by Borges et a1. [6,7,8]. The following equation 

describes the mean distance of cracks when concrete strains in 

the region of tensile stress between cracks and shrinkage effects 

are neglected as compared to steel strains. 

where 

w 
m 

w = mean crack width 
m 

~ mean steel strain 
m 

E: X s m 

s spacing between cracks 

(4 66) 

Beam tests and tensile tests of bars embedded in concrete have shown 

a dependency of the calculated steel stress (f ) and the mean strain 
s 

(, ) as the steel percentage ratio (p) varies [4]. The strain 
m 

corresponding to a given stress decreases as the steel percentage 

decreases. This relation can be expressed by 

where k' 

f 
s 

E s 
(4.67) 

coefficient to calculate correction in steel strain 

4.5.2 Steel Stress-Strain Relationship. To determine the 

true behavior of the reinforcement in a reinforced concrete section, 

the effect of cracking in the member on the steel stresses and strains 

should be considered. Therefore, a determination of the mean steel 

strain needs to be evaluated. The main variable to be considered 

in the stress-strain relationship is the reinforcement ratio (p). 

This means a family of curves is suggested to represent the steel 

stress-strain relationship. This approach has proven to be very 
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effective in dealing ~ith the nonlinear analysis of reinforced 

concrete structures r4,7,81. Except for the correction made in the 

steel strain, the stress-strain relationship for the steel is con

sidered elasto-plastic. 

Equation (4.67) can be ~ritten in the follo~ing form 

(4.68 ) 

The value for k' selected in this study ~as 57, as previously used by 

Alani f4]. The second term of the right-hand side of the equation 

represents a reduction in the steel strain to arrive at the mean 

steel strain. The relationship to account for the cracking of the 

concrete can be defined in terms of the mean steel strain throughout 

the section. The mean steel strain is given by expression (4.68). 

Ho~ever, if p is less than 0.5%, the correcti.Pn in the mean 

steel strain is given by 

..:; 
m 

57 ) ~l 
- (O.005)E

s 
X O.005J (4.69) 

This expression from Alani [4] allows for a smaller reduction than 

would be given by Eq. (4.68). From the previous expressions for 

the mean steel strain, the stress is found by sUnply multiplying 

the strain by the modulus of the steel. If the stress is greater 

than the yield stress, the stress is taken as the yield stress. 

Arbitrarily, the steel is considered to fracture if a fiber strain 

reaches 1 ioo 

Using the previous equations, a family of curves with 

different steel percentages for a yield stress of 40 ksi was cal-

culated and is shown in Figr 4.110 The method of finding mean steel 

strain to handle cracking is easily performed by computer methods 

which generate the required curve for each problem considered. 
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4.5.3 Concrete Stress-Strain Relationship. Tnere have been 

many theoretical curves proposed by different authors describing the 

stress-strain relationship of concrete in compression. One of the 

most widely used was suggested by Hognestad and is shown in Fig. 4.12 

[121. The curve was based on test results from 120 columns. The 

ACI Code [11 recommends Eq. (4. 70) for the modulus of elasticity of 

concrete in psi with w varying between 90 and 155 Ibs per cu. ft. 
c 

E • w 1.5 33 ~ 
c c c 

(4. 70) 

The Hognestad curve has been shown to give good results as long as 

the concrete is not confined by lateral ties or a moment gradient 

[4J. It was adopted for use in this study when no confinement 

effects were present. In Fig. 4.12, Hognestad originally took the 

value of k as 0.85. However, from other studies [371 it was deter

mined that a k value of 0.85 was appropriate only for vertically 

cast columns, and that k should be 0.95 for horizontally cast columns. 

Figure 4.13 from Kent and Park illustrates the effect confined 

concrete will have on the value of the ultimate strain (e ) of the 
u 

concrete [13). Ford [11] in his study proposed a different stress-

strain relationship of confined concrete as is shown in Fig. 4.14. 

His stress-strain curve for confined concrete was adopted in this 

study. The ultimate strain is given by 

in./in. (4.71) 

which is an adaptation of the Mattock and Corley expression llOJ. 

The terms reflect a base strain, an effect of a moment gradient, and 

the effect of lateral confinement of ties. For concrete to be con

sidered confined, enough lateral ties must be provided to meet the 

eqUivalent of ACI Building Code 318-83, Appendix A Sec. A.4.4 for 

compression members [47J. In Fig. 4.14, k is taken as 0.95 for all 

cases in which the concrete is considered confined. 
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Concrete tensile stress capacity is not directly included in 

the model. The residual tensile capacity between cracks can have a 

pronounced effect on stiffness and is indirectly considered by the 

modification of the steel stress-strain relationship outlined in 

Sec. 4.5.2. 

In order to account for the effect of load duration or 

sustained load effects on piers, a modification of the short-time 

stress-strain relationship for concrete must be made. In this study 

the relatively simple, yet accurate, procedure suggested by 

Chovichien et ale [17J is used. The modification consists of 

expressing both the maximum compressive stress for concrete and the 

concrete strain corresponding to maximum stress in terms of logarith

mic functions of time. The expressions used are simplified variations 

of those recommended by Chovichien et ale [17]. The values used are 

f" (t) = [O.85J f' (4 7 ) c c • 2 

e (t) = 0.002 + 0.00085 t (t + 1) 
o n 

(4.73) 

For t > 2 years 

€ (t) = 0.0076 + 0.000375 l (t - 730) (4.74) o n 

In all cases, t = time under sustained loading in days. This modifi

cation was shown by Chovichien et ale to give very good agreement 

with test results and was independently verified against results of 

several sustained load tests after being incorporated into the fiber 

model [16J. In addition, the expression for € becomes 
u 

(4.75) 

which reverts to a value of 0.0038 when no time effects are considered. 

4.6 Summary of the Fiber Model 

The principal assumption of the method is that small changes 

in displacement can be linearly related to small changes in force [3J. 

In order for this to be true, a segment or member must be analyz~d 
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in the undeformed position, thus individual member stability is not 

considered, but only overall pier stability. 

Each member is divided into a series of cross sections and 

each cross section into fibers. The first step in assembling the 

stiffness matrix is calculation of flexibility coefficients from the 

fiber dimensions and stress state of each cross section. The 

integration over the cross section is accomplished by summing over 

each fiber for all fibers of a cross section. Once these flexibility 

coefficients have been determined the flexibility matrix is formed 

by summing the appropriate flexibility term for each cross section 

over all the cross sections of the segment or member. The member 

flexibility matrix is then inverted to form the member stiffness 

matrix. The member stiffness matrix is then rotated into global 

coordinates and added to the total pier stiffness matrix. 

After the new joint displacements and forces have been 

computed by the stiffness method, the inverse of the original member 

force-strain assumption is used to calculate the incremental strains 

at each cross section. From these strains the strain of each fiber 

in the cross section can be computed. This now makes it possible to 

recalculate the stiffness coefficients and the procedure begins 

again. 

In summary, the assumption made in the fiber model is that 

small changes in member force can be linearly related to small 

changes in member strains, and the geometry of the member in the 

deformed position is a straight line. A method of generating 

cross sections and fibers is used to assemble the stiffness matrix 

and monitor the strains. The stiffness matrix is reassembled for 

every load increment and the cycle is continued until all specified 

increments of load have been applied to the pier, or there is a 

material, stability, or plastic hinging failure of the pier. 

P-de1ta, geometrical, and material non1inearities are included in 

the formulation. 
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C HAP T E R 5 

ANALYSIS PROGRAMS 

5.1 Introduction 

The previous chapter outlined the fiber model formulation 

which is the key element in the method selected for the general

ized second order analysis of bridge piers. Both section behavior 

(P-M-~) and member behavior can be obtained from the general fiber 

model formulation. Utilizing that approach, three FORTRAN IV 

language computer programs were developed. The first program, 

BIMPHI, is essentially for verification purposes. When used as a 

subprogram it provides the basic biaxial load-moment-curvature 

relationship of a section. The second program, PIER, analyzes a 

single column bridge pier subjected to biaxial static loads. The 

third program, FPIER, analyzes a multiple level multiple bay bridge 

bent subjected to biaxial static loads. This chapter introduces 

the computer programs. Detailed input guides are continued in 

Appendices A through C. 

5.2 Program BIMPHI 

BIMPHI was originally written in FORTRAN IV for The Univer

sity of Texas at Austin CDC Cyber 170/750 computer. The program is 

easily adaptable to any other system since it contains little com

puter hardware dependency. It is in conformance with the Texas State 

Department of Highways and Public Transportation requirement that 

programs conform to FORTRAN 77. A listing of the FORTRAN 77 program 

and explanation of its use can be found in Appendix A. 

5.2.1 Program BIMPHI Details. This program as a stand alone 

program is of little direct use in pier design. However, it is an 

important subprogram in the design-oriented programs PIER and FPIER. 

113 
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Thus, a full explanation is given herein. The program generates the 

theoretical biaxial P-M-~/relationship of a reinforced concrete 

section and considers concrete cracking. BIMPHI can obtain the rela

tionship in several ways. The usual way is to increment both axes 

curvatures and find the corresponding moments. If one increments 

both axes moments then it finds the curvatures. It is also pos

sible to increment moment for one axis and curvature for the other 

axis. In this case it finds the other curvature and the other 

moment. In performing anyone of these procedures, BIMPHI assumes 

the ratio of incremental moments or the ratio of incremental curva

tures or the ratio of incremental moment to incremental curvature 

to be constant. This is an important limit which precludes direct 

use of BIMPHI for analysis of a biaxially loaded column where 

second order deflection effects will be large. The actual end 

moments being applied may be constant, but because the P-delta 

moments about each axis will likely be different, the ratio of the 

incremental moments will be changing. BIMPHI as a stand aldne pro

gram will yield incorrect results when second order effects become 

important in later stages of loading. This limitation is overcome 

by use of PIER and FPIER. Thus, BIMPHI is restricted to cross 

section analysis. 

Normally, experimental tests utilize a controlled load 

procedure in which known forces and moments are incremented and 

the curvatures are measured. This experimental technique is gener

ally restricted to the ascending portion of a M-~' curve as shown 

in Fig. 5.l(a) since failure occurs suddenly when the peak is 

reached. Controlling curvatures and measuring moments is a compli

cated experimental technique, but allows definition of the entire 

M-~' curve for both the ascending and the descending branches as 

shown in Fig. 5.l(b). The program can simulate either case. The 

other variable which can be inc~emented relates to the axial load. 

Normally, in checking test behavior, the axial load is specified 
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and held constant. However, for more design-related checks, the 

program will allow for incrementing the axial load, or specifying 

an increment in axial strain. 

The type of analysis performed is given by a release code. 

There are three degrees of freedom for a section: (1) axial strain 

or force; (2) curvature or moment about the x-axis; and (3) curva

ture or moment about the y-axis. An "0" specified for a degree of 

freedom implies an incremental force (or moment) may be given. A 

"1" specified for a degree of freedom implies an incremental defor

mation may be given. An increment of force or deformation may be 

specified but not both for the same degree of freedom. The most 

common analyses performed will be one of the two following cases. 

Case 

1 

2 

Axial 

o 
o 

Degree of Freedom 

x-curvature 

1 

o 

v-curvature 

1 

o 

The first implies that an increment of axial load and incremental 

curvatures about the x- and y-axes will be specified. The second 

example implies that an incremental axial load, incremental moment 

about the x-axis, and incremental moment about the y-axis will be 

specified. The normal procedure in the two cases would be to 

specify an initial axial load and then to specify the incremental 

axial load as zero in order to obtain the M-~ relationship for a 

constant axial load. If the axial load is constant, the axial 

degree of freedom could have been specified as 1, but BIMPHI would 

expect an increment of axial strain which the user would specify 

as O. However, it was found that in actuality due to stiffness 

changes the axial load calculated at each increment tended to 

decrease even though the incremental axial strain was O. Therefore, 

it is suggested that the axial strain release code equal "0" 

(incremental force) for the constant load case. If the user desires 
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to specify an incremental axial strain which is not zero, a "1" 

is specified for the axial degree of freedom and the appropriate 

value of the incremental strain is specified. If by accident both 

an incremental deformation and force are specified for a single 

degree of freedom, the force will be used if a "0" was given in the 

release code, the deformation will be used if a "1" was given in 

the release code. 

The positive axes of the section are shown in Fig. 5.2(a). 

Positive incremental curvatures and moments are defined by the 

right-hand vector rule shown in Fig. 5.2(b). Axial deformation 

and load is positive if it causes tension, negative if it causes 

compression. 

A general flowchart of BIMPHI is shown in Fig. 5.3. The 

procedure is repeated until the section undergoes an assumed 

material failure. A compression failure is assumed if any concrete 

fiber strain exceeds the specified concrete ultimate strain. A 

tension failure is assumed if any steel fiber strain exceeds 1%. 

The input required for a given problem is minimal. The 

program includes several subroutines which generate the fiber 

meshes for the steel and concrete, and compute the needed fiber 

properties such as x and y centroid and area. The program accounts 

for the concrete displaced by the reinforcing steel. Each fiber 

generator subroutine includes optimization procedures which gener

ate as many fibers as possible up to 200 fibers each of concrete 

and reinforcing steel. The reinforcing steel of a section is 

modeled as a ring of steel as shown in Fig. 5.4. This procedure 

requires little geometry input from the user. If desired, the user 

may input individual reinforcing bar location and area. 

At present, the program will handle any of the sections 

shown in Fig. 5.5. The circular section is a special case of the 

oval section. The needed input geometry for each is described in 

Appendix A. 
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Fig. 5.3 FlO1.vchart of program BIMPHI 
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The output from the computer analysis for each step or 

increment includes the axial load, moment about the x-axis, moment 

about the y-axis, curvature about the x-axis, and curvature about 

the y-axis. For each increment there will be two lines of values 

printed. The first values are calculated from the assumed strains. 

The second set of values is the result of equilibrium checks. 

Ideally the two sets should be in complete agreement. However, a 

convergence tolerance permits small differences. If the values 

of axial load calculated from the two methods vary by more than 

5%, a correction procedure is performed on that increment one 

time, and the corrected values printed. This correction is valuable 

if the incremental curvature or moment selected is too large. When 

BIMPHI performs this correction it is signaled on the output by 

the increment or step number being printed four times. This is a 

warning that the increment of force or deformation selected is too 

large for accurate results. Also, if only a few increments are 

printed, the increment chosen was probably too large and the 

results are probably not valid. The procedure to obtain accurate 

results requires some judgement. As guidance, if there are no 

more than 50 increments printed before an assumed failure, or if 

the consequence correction procedure has been required for many 

increments, the increment of force or deformation selected should 

be reduced. For example, if only 25 increments were performed 

before an assumed failure, the analysis should be repeated with 

the increment size cut in about one-half. The output should 

include at least 50 increments for accurate results. The user 

should not reduce the increment size too rapidly to avoid 

excessive computer time. 

Another error check for the constant load case is the 

examination of the printed axial loads at each increment. The 

axial loads at each step should be within a few percent of the 

constant applied axial load. If the axial loads are changing, 
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check to make sure the release code is "0" for the axial degree of 

freedom. As mentioned previously, if the axial degree of freedom 

is specified as "1" with the incremental axial strain equal to 0, 

due to the nature of the analysis the axial load at each increment 

tends to decrease. Therefore, i% is best to use "0" in the release 

code for the axial degree of freedom and specify the incremental 

axial load as O. 

5.2.2 Examples Using Program BIMPHI. Several example 

sections were input for program execution to demonstrate the pro

gram capability. The accuracy of the program when compared to 

experimental results is shown in Ref. 18. The analysis of the solid 

section shown in Fig. 5.6 was performed for a constant axial load 

equal to 0.6 of the pure axial load strength (P ) with the following 
o 

combinations of incremental curvatures: 

Case 
6¢' 6¢' 

x --:l. 
1 5 x 10-6 rad./in. a 
2 a 5 x 10-6 

rad. lin. 

3 5 x 10-6 
rad. lin. 2.5 -6 x 10 rad./in. 

4 2.5 -6 10-6 rad./in. X 10 rad./in 5 X 

5 5 X 
-6 10-6 

rad./in. 10 rad. lin. 5 X 

The P-M-q! curve for each axis (if 6(1/ 'i 0) of each load case i.s 

shown in Figs. 5.7 through 5.11. Table 5.1 gives the maximum 

moments and curvatures attained for each case. 

The analysis for each case is as expected. Accuracy of 

these values was verified experimentally in Ref. 18. Case 1 which 

is uniaxial bending about the strong axis shows much higher load 

and smaller curvature at ultimate than Case 2 which is uniaxial 

bending about the weak axis. This is the correct prediction. 

Case 3 compared to Case 1 shows that the ultimate moment and 

curvature developed on the strong axis is reduced with the pres

ence of a lesser amount of curvature applied about the weak axis. 
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TABLE 5.1 COMPARISON OF RESULTS 

M (in.-kips) ¢' (rad./in. x 10
4

) 
Case max max 

M M ¢' 1/)' 
x y x y 

1 2270 2.05 

2 714 6.55 

3: 2243 95 1. 85 0.925 

4 1873 361 1.425 2.85 

5 2180 191 1.7 1.7 
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This should occur since the section is loaded biaxially. The capac

ity of a section loaded biaxially is reduced compared to the same 

section loaded uniaxially. Case 4 compared to Case 2 also shows 

that the ultimate moment and curvature of the section loaded uni

axially about its weak axis is reduced by the presence of sLmulta

neous bending about the strong axis. Case 5, equal sLmultaneous 

curvatures applied about both axes, also shows a reduction in moment 

capacity and ultimate curvature obtained for each direction when 

compared to the values found for the section loaded uniaxially 

about each axis. BIMPHI shows that the capacity of a section loaded 

biaxially is reduced compared to the same section loaded uni~ially. 

It also shows that the ultimate curvature obtained for a section 

loaded biaxially is less than if the section was loaded uniaxially. 

The hollow section shown in Fig. 5.12 subject to a constant 

load and uniaxial bending about its strong axis was analyzed by 

BIMPHI. Note that this section has a wall unsupported length to 

thickness ratio of 150/12 = 12.5 and hence the applicability of 

plane section theory is somewhat questionable since X /t is greater 
u 

than 7.5 (see Ref. 18). For this section both an incremental load 

procedure and an incremental curvature procedure were performed. 

Figure 5.l3(a) shows the M-¢'relationship obtained from the incre

mental curvature procedure, and Fig. 5.130» shows the relationship 

obtained from the incremental moment procedure. As can be observed, 

the maximum moment and corresponding curvature obtained is the same 

except the incremental moment procedure does not yield the descend-, 
ing branch of the M-¢ relationship. The same result would occur 

in a physical test. If a column was tested in a controlled load 

procedure only the ascending branch of the M-~curve would be 

obtained, whereas if a controlled deformation procedure was util

ized the entire curve, both a~cending and descending branches, 

would be found. 

.-
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A final example is shown in Fig. 5.14. This is the same 

section as in Fig. 5.12 except there are two interior walls to 

stiffen the section in the long axis direction. The section was 

analyzed by an incremental uniaxial curvature procedure with the 

same constant axial load and uniaxial bending about the strong 
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axis as in the previous example. The results shown in Fig. 5.15 

from the analysis are as expected. The addition of the inner walls 

and the reinforcement in the inner walls provided for a larger 

attained moment and ultimate curvature. 

5.2.3 Program BIMPHI Limitations and Extensions. Any 

analytical method is limited by the assumptions made in arriving 

at the mathematical model. The principal assumption of the fiber 

model that small changes in strain can be. linearly related to small 

changes in force and other assumptions such as plane sections before 

bending remain plane after bending were enumerated in Chapter 4. The 

user should be aware of them and recognize the associated limitations. 

BIMPHI is limited to closed symmetrical sections. At pres

ent, the program handles the sections illustrated in Fig. 5.5. The 

subroutines which generate the fiber mesh are limited to 200 fibers. 

Other limitations on input variables include a maximum of three 

steel rings to model the reinforcement, and a maximum number of 

interior walls for a cellular section of five. BIMPHI is equipped 

with some automatic error checks, but the user should prepare and 

check all input data carefully. 

BIMPHI is easily adaptable to other sections not presently 

considered in the program. Subroutines which generate the concrete 

fibers and the steel fibers for a different type section would have 

to be prepared. The calls for these subroutines would be made at 

the appropriate locations in the driver program. If it is desired 

to model the section with more than 200 fibers, the fiber generator 

subroutines will need changing to accommodate more fibers. It is 
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believed 200 fibers are more than adequate for modeling most concrete 

sections and reinforcing steel. 

5.3 Program PIER 

PIER was originally written in FORTRAN IV for The University 

of Texas at Austin CDC Cyber 170/750 computer and is adaptable to 

other systems. It is in conformance with the State Department of 

Highways and Public Transportation requirement that programs conform 

to FORTRAN 77. Even though PIER is a comprehensive analysis program, 

it needs no peripheral computer devices for a solution. A listing of 

the FORTRAN 77 program and explanation of its use can be found in 

Appendix B. 

5.3.1 Program PIER Details. This program is intended for 

generalized second order analysis of slender single piers. PIER 

analyzes a reinforced concrete beam-column subjected to static 

monotonic biaxial loading. A general flowchart of the program is 

given in Fig. 5.16. The pier can have any of the cross sections 

illustrated in Fig. 5.5 and any vertical configuration. The con

crete and steel fiber generator subroutines in PIER are the same as 

in BIMPHI. Input data to describe the pier depend on the vertical 

configuration. 

The pier is divided into a number of individual members or 

segments as specified. Each segment is divided into ten equal 

sections for purposes of computing the stiffness matrix of the 

segment. Each section of a segment has the same fiber properties 

as the middle section. An example pier is shown in Fig. 5.17. For 

a pier of constant cross section as shown in Fig. 5.18 only one 

section needs to be defined. The fiber properties of each segment 

will be identical. If the cross section of the pier varies linearly 

from top to bottom as illustrated in Fig. 5.19, two sections are 

needed to define the pier. The geometry of the middle section of 

the top and bottom segments are input. The program assumes a 
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linear variation between these segments for defining the fibers of 

the other segments. For a pier of arbitrary vertical configuration 

as in Fig. 5.20, the individual section geometry for the middle of 

each segment are input. The ten sections of each segment are 

assumed to have the same properties as the section input for that 

segment. There will be the same number of sections input as there 

are number of segments deSignated. 

The axes of the pier and the numbering scheme for the joints 

and segments is from bottom to top as shown in Fig. 5.21(a). There 

are no implied units in the program. The user must use consistent 

units. The incremental loading is specified at the free joints as 

forces and moments. The forces are assumed to be positive if in the 

direction shown in Fig. 5.21(b). The moments are assumed to be 

positive if given by the right-hand vector rule as in Fig. 5.21(c). 

There are six degrees of freedom for each joint: (1) x-displace

ment; (2) y-disp1acement; (3) z-disp1acement; (4) rotation about 

the x-axis; (5) rotation about the y-axis; and (6) rotation about 

the z-axis. All degrees of freedom of a joint are assumed free 

unless the jOint is specified as a support. For the supports, a 

release code is specified. A "0" specified for a degree of freedom 

implies it is free, and a "1" implies it is fixed. Forces may be 

specified at a support in a particular degree of freedom if the 

release code is "0" for that degree of freedom. Displacements may 

be specified at a support if the release code is "1" for a degree 

of freedom. There cannot be forces and displacements specified 

for the same degree of freedom at a joint. 

However, there may be some applications where it would be 

desirable to first impose a specified deflection at a joint, and then 

apply forces to the same joint. This cannot be done directly. What 

can be done is to perform an analysis with an equivalent static force 

system which will give the desired specified initial displacement and 

then continue with the desired load case. As an example, the 



L42 

DEFINE THE CENTER SECTION (DASHED LINE) GEOMETRY 

OF EACH SEGMENT TO DEFINE ENTIRE PIER VERTICAL 

CONFIGURATION 

Fig. 5.20 Pier of arbitrary longitudinal configuration 

," 



JOINT N+I-,.:;..-----r(' 

JOINT 2-1------r 

.JOINT 1- ..... -----, 

1---2-- SEGMENT N 

N-NUMBER OF SEGMENTS 

J--::Pt--- SEGMENT 2 

}--.,.;tL--- SEGMENT 

Fig. 5.21a Member and joint numbering 

.>-____ .... x 

z. 

Fig. 5.21b Positive force 
sign convention 

M 

Fig. 5.21c Positive moment 
sign convention 

143 



144 

cantilever pier in Fig. 5.22a is subject to the imposed loads shown. 

However, before any loads are imposed, the pier tip undergoes a known 

initial displacement ~i due to creep and shrinkage of the superstructure. 

as in Fig. 5.22b. First, by an iterative procedure, an equivalent static 

force F is found. which produces the known specified displacement ~. at e . 1 

the pier tip. ntis force F represents load case 1 of the final 
e 

analysis, as shown in Fig. 5.22c. and the other applied loads represent 

load case 2 as in Fig. 5.22d. ntus, by this procedure an initial dis

placement is imposed before the loads are applied. 

There can be as many load cases and load increments for 

each case as desired to determine the pier behavior. The incre

mental loading is applied in the number of increments specified 

for that load case. The total load at the end of the load case 

equals the number of increments multiplied by the incremental load. 

If another load case is desired. the new loading and number of 

increments are specified. nte new incremental displacements and 

incremental forces are added algebraically to the displacements 

and forces of the previous loading and so forth for other load 

cases. 

Loads can be input in a number of ways. If the designer 

wishes to check a pier for a given set of unfactored or factored 

loads he can input incremental loads which total to those values. 

In addition. the program has the capability of converting input 

unfactored loads into AASHTO factored load combinations if the 

designer wishes to check a number of load combinations. In this 

case the designer inputs the unfactored loads for each type loading 

and specifies the load combinations which he desires to have checked. 

nte points of load application are restricted to model points 

which are joints between segments. Distributed loads must be input 

in terms of statically equivalent concentrated joint loads. Point 

forces and moment vectors must be resolved into their components in 

the major axes of the global coordinate system shown in Fig. 5.21. 
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The user can input loads either as specified incremental 

loading ot as total unfactored applied loads. In the first option 

the user decides the number of load cases he wishes to investigate 

and must also indicate the magnitude and number of load increments 

desired. This option is of primary use in determining the capacity 

of a given bent under a given loading configuration. In the second 

option the program will factor the applied loads using the appro

priate AASHTO load factors (see Table 5.2) for those loading com

binations specified by the user. This allows the computer code to 

manipulate the various load combinations and load factors and to 

check the given bent for those cases. For each of the combinations 

specified the program first factors the applied loads using the 

appropriate AASHTO load factors. A target maximum load is computed 

as 132% of the factored loads. The purpose of the excess is to 

provide a margin so that the program can choose loading increments 

which have a good likelihood of bringing the frame to full capacity. 

The program will signal the actual capacity reached. The actual 

analysis is always incremental but this mode of input relieves the 

user of inputting detailed incremental load values. The program 

calculates proportional load increments for each applied force or 

moment and applies them automatically in three load cases until 

failure is reached. The first load case applies 80% of the total 

factored loads divided into 50 increments. The second load case 

then applies 20% of the total factored loads divided into 30 incre

ments. The third load case then applies the extra 32% of the total 

factored loads in 30 increments. The computed failure load is 

determined and given as output. In addition, the program computes 

the ratio of the total computed failure load applied to the design 

factored load. Information messages are printed to indicate the 

degree of under or over design of the bent. These messages only 

appear when using this AASHTO load factor option of load application. 

The bounds for the information messages are indicated in Table 5.3 as 

a function of a ratio PER which is the computed failure load divided 

by the factored design load. The same load treatment and information 

.' 



: 

TABLE 5.2 AASHTO LOAD FACTORS 

--------------- ... -------------------_. 
9 Values 

~...-.-..... -
Load Type 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Loading Group D* D* L+I CF E* E* B SF W WL LF R+s+T EQ ICE Y 
Values 

Program AASHTO ---
I I 8d-l.0 I3d=0.75 1. 67 1.0 1.3 0.5 1.0 1.0 0 0 0 0 0 0 1.3 

2 IA 2.20 0 0 0 0 0 0 0 0 0 0 0 1.3 

3 II 0 0 1.3 0.5 1.0 1.0 1.0 0 0 0 0 0 1.3 

4 III 1.0 1.0 1.0 1.0 0.3 1.0 1.0 0 0 0 1.3 

5 IV 1.0 1.0 1.0 1.0 0 0 0 1.0 0 0 1.3 

6 V 0 0 1.0 1.0 1.0 0 0 1.0 0 0 1.25 

7 VI 1.0 1.0 1.0 1.0 0.3 1. 0 1.0 1.0 0 0 1.25 

8 VII 0 0 1.0 1.0 0 0 0 0 1.0 0 1.3 

9 VIII 1.0 1.0 1.0 1.0 0 0 0 0 0 1.0 1.3 

10 IX 0 0 1.3 .5 1.0 1.0 1.0 0 0 0 0 1.0 1.20 

..... ........--_---- e.. ___ .................. ---.....--., ....... --
*See AASHTO Manual, Section 1.2.22; only 1 value of dead load a 1 value of earth pressure may be used 
per-"'Prob 1 em. t' 

I-' 
.p. 
....... 
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TABLE 5.3 FPIER INFORMATION MESSAGES 

PER = Computed failure load 
Factored design load 

PER < 70% 

70% ~ PER < 85% 

85% ~ PER < 95% 

95% ~ PER ~ 105% 

105% < PER S; 115% 

115% .~ PER ::. 130% .~ 

130% < PER 

Information Message 

Gross underdesign 

Underdesign 

Slight underdesign 

Correct 

Slight overdesign 

Overdesign 

Gross overdesign 
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messages are given in program FPIE~ The treatment of the capacity 

reduction factor (¢ factors) must be handled by the user.· Since 

factors for pure flexure and for combined axial compression and flexure 

vary, and vary in a complex fashion, the automated programming is pro

hibitive. The user generally knows the range of loads and nature of 

the members. Since P • ¢P or M - ¢M , it is easiest if the loads u nun 
and moments input are p/¢ or M/¢. By preapp1ying the appropriate 

¢ factor in this way the design will have a proper factor of safety. 

For investigations of existing structures with known material proper

ties, or for checking of laboratory specimens where properties and 

dimensions are known very well, values of ¢ approaching 1 may be 

appropriate. In this way the program can be used in a wide variety 

of applications. 

All member joints are assumed to be free to translate and 

rotate unless the boundary conditions are specified to impose trans

lational and/or rotational restraint. Any desired displacement 

values may be specified at supports. However, in the AASHTO load 

factor option, specified displacements or rotations are not directly 

permitted. To achieve specified displacements, the user must input 

an equivalent static force system that produces the desired 

disp 1acements. 

Translational springs and rotational springs may be speci

fied at joints for the degrees of freedom desired (see Fig. 5.23). 

The stiffness of a translational spring is given in force per length, 

and the stiffness of a rotational spring in force per radian. 

Springs are extremely important at the foundation of the pier since 

the pile cap and soil usually do not provide full restraint. 

Springs may be used at the top of the pier to model the restraint 

imposed by the bridge girders. 

The appropriate value of degree of fixity for various foun

dation conditions which should be input as the spring stiffness 
l 
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requires a great deal of judgment. This area of soil-structure 
• interaction has been addressed by various authors [20-24J. Calcu-

lation of appropriate spring stiffnesses for shallow foundations 

usually considers the general system shown in Fig. 5.24(a) and repre

sents it by the analog system shown in Fig. 5.24(b). This analog 

is widely used for dynamic analysis. There are an infinite number 

of combinations of spring stiffness, damping, and added mass which 

model the response. However, the static spring stiffness is nor

mally used. These static values seem most desirable for static 

loading of bridge piers. Suggested calculation procedures and 

values are available in Refs. 20-22 for circular and rectangular 

footings. An illustrative example of computations is shown in 

Fig. 5.25 for a circular footing. Because these approaches model 

the soil as an elastic half space and because of general uncertain

ties involved with assumed soil properties, it is advisable to 

examine the sensitivity of slender pier deSigns to the substructure 

restraint. This can be done by halving and then doubling the 

assumed restraint values. If the pier forces change less than 

10-20% this approach is probably adequate. If the forces in the 

pier change radically, a more rigorous approach like the use of a 

finite element analysis should be used to determine base restraint. 

A special case exists where the base restraint changes at higher 

load levels. 

The output from PIER at the end of each load increment 

includes displacements and rotations at each joint, and the forces 

and moments at the end of each member. The analysis is completed 

either when all specified inp~t load cases and load increments are 

completed with no failure, or when an assumed material failure 

occurs. A concrete compression failure is assumed if any concrete 

fiber strain exceeds the specified ultimate strain of concrete. 

A message indicates if such a condition occurs. A tensile failure 

is assumed if any steel fiber strain exceeds 1%. A messagt indicates 

if such a condition is reached. If the pier undergoes an assumed 

material failure, the displacements and forces for the last increment 

failure will be printed. 
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= (400)(2000 psf) = 800000 psf 

K = 4
1

GR (Ref. 21) 

G = 2 (1 + V) 
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Fig. 5.25 Example of pier restraint 
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In addition to the material failure conditions there are 

two othew possible failure modes. If the member is restrained and 

a highly stressed section attains a maxtmum moment value, it is 

possible to form a negative tangent stiffness since increasing 

curvatures require a reduction in moment. This negative tangent 

stiffness causes a mathematical instability in the computation 

procedure and is usually signalled by a reversal in sign in the 

change in deflection. Such a reversal in the trend of deflections 

is a computational signal that a "plastic hinge" has been formed 

and should be considered as the useful or ''hinging'' capacity of the 

section. Use of the recommended maximum usable strain of 0.003 

given in AASHTO Art. l.5.3l(A)(2) will minimize such failures by 

putting a tighter limit on concrete compression strains. The out

put should always be carefully examined for such indications. In 

addition, formation of a negative stiffness matrix signals a 

stability failure. An actual member instability failure is sig

nalled by rapidly increasing displacements as shown in Fig. 5.26 

Such instability failures may occur before the assumed critical 

strains are reached. Again, their occurrence may be easily seen 

by the output. They usually are terminated by achieving a material 

failure condition. The user should always check for a hinging or 

stability failure even if the pier did not have a material failure 

and has completed all loading. In order to give the designer guid

ance on how close the design level factored loads were to the actual 

pier capacity, both programs PIER and FPIER give output messages 

indicating the general ratio of applied load to capacity. The 

messages only appear when using the AASHTO load factor option of 

load application. 

5.3.2 Examples Using Program PIER. Several example piers 

are shown to demonstrate the use of this program. The first example 

is a solid prismatic pier with dimensions, cross-sectional properties, 

supports, and loading as shown in Fig. 5.27. The pier was subjected 
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to two load cases. The first was a compressive axial load _which 
• totalled 0.6P after 5 increments. The second loading applied 

o 
simultaneous incremental moments about the x- and z-axes. The 
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pier had a concrete compression failure in segment 2 in load incre

ment 19 of load case 2. A graph of the moment about the x-axis 

versus the z-displacement at the center joint is presented in Fig. 

5.28(a). A graph of the moment about the z-axis versus the x

displacement of the center joint is shown in Fig. 5.28(b). Using 

the Bresler reciprocal thrust equation [15], the computer ultimate 

biaxial thrust is 466k. At the time of the assumed concrete com

pression failure, PIER predicted an ultimate biaxial thrust of 

475k. This value is within 2% of the Bresler value. This shows 

excellent agreement between the program and Bresler's equation. 

The second example is a solid tapered pier on an assumed 

rigid foundation. Since it varied linearly from top to bottom, 

only two section geometries need defining. The pier is shown in 

Fig. 5.29. It was loaded with an incremental compressive axial 

load and incremental moments about the x- and z-axes. Graphs of 

the axial load versus tip displacements are shown in Fig. 5.30. 

The program results indicated a concrete compression failure in 

segment 10 at load increment 41. Due to the nature of the vertical 

configuration of the pier and the complex support conditions, con

ventional methods such as the momen~magnifier procedures and the 

Bresler equation cannot be used to predict the ultimate biaxial 

thrust. 

The last example analyzed by PIER is the flared pier shown 

in Fig. 5.31. It consisted of seven members, thus seven sections 

were input to describe the pier (Fig. 5.32). The loading consisted 

of a compressive axial load applied in 5 increments, and x- and 

z-forces applied at each free joint applied in 50 increments. The 

pier was modeled as a fixed-fixed structure except axial deformation 

was permitted. Also, the concrete was assumed as confined ~oncrete 
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with an ultimate limiting strain of 0.0045. The pier expet1enced 

a concrete compression failure in load increment 35 of load Case 2 

in segment 1. Graphs of the moment ver~us the deflection of joint 

4 are in Fig. 5.33 and show only a little nonlinear behavior before 

failure. 

The previous two examples of the tapered pier and flared 

pier would have been difficult to analyze by conventional methods 

such as the AASHTO moment magnification procedure because of their 

vertical configurations and the presence of biaxial bending. The 

examples show the versatility of program PIER. It can handle almost 

any type of cross section, vertical configuration, support condi

tions, and loading. There was no way to show all the results obtained 

from each analysis, so only a typical result from each was reproduced. 

5.3.3 Program PIER Limitations and Extensions. All the 

limitations associated with program BIMPHI also apply to program 

PIER. One additional limit to input variables is the maximum 

number of segments to define the pier which is ten. Presently, the 

program treats the concrete as either all confined or unconfined. 

It would be possible to treat individual concrete fibers in the same 

pier as either confined or unconfined. Each fiber would need a code 

designating its status when the tangent modulus is calculated. 

5.4 Program FPIER 

FPIER was originally written in FORTRAN IV for The University 

of Texas at Austin CDC Cyber 170/750 computer and is adaptable to other 

systems. It is in conformance with the State Department of Highways 

and Public Transportation requirement that programs conform to FORTRAN 77. 

A listing of the FORTRAN 77 program and explanation of its use can be 

found in Appendix C. 

5.4.1 Program FPIER Details. FPIER was specifically deve1-
i 

oped to analyze rectangular pier bents while incorporating all of 

the versatility and variety of cross section shape and variation 
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along the column axis which is ayai1ab1e in PIER. Thus this pro-
~ 

gram can treat assemblages of straight, tapered or flared columns 

tied together with constant or variable depth bent cap guiders. 

The only constraint on the assemblage is that the pier bent must 

be rectangular and geometrically symmetrical in elevation with a 

maximum of two bays and three levels. The joint constraints and 

loadings do not need to be symmetric. Thus the program can readily 

handle involved multistory bents such as those shown in Fig. 5.34. 

Each member of the bent is divided into segments which can 

be of unequal lengths and different cross sections as long as the 

overall geometric symmetry is maintained. For example, if the left 

column of a single bay portal frame is divided into eight segments 

then the right column is assumed to be divided into the same eight 

segments. 

The points of load application are restricted to model 

points which are the joints between members or jOints between seg

ments. Distributed loads must be input in terms of statically 

equivalent concentrated joint loads. Point forces and moment 

vectors must be resolved into their components in the major axes 

of the global coordinate system shown in Fig. 5.35. 

As in program PIER, the user can input loads in FPIER either 

as specified incremental loading or as total unfactored applied loads. 

A detailed description of these types of input loads is given in the 

previous section on PIER, which has the same capability. 

All frame joints are assumed to be free to translate and 

rotate unless the boundary conditions are specified to impose trans

lational and/or rotational restraint. Any desired displacement 

values may be specified at supports. 

In order to obtain the total pier bent stiffness matrix 

the fiber model used in program PIER is also used in program FPIER. 
l 

Each member is divided into a series of cross sections and 'each 
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cross section into fibers. The stresses are monitored at every 

fiber of ~ach section for each member. In the first step, the cal

culation of flexibility coefficients from the fiber dimensions and 

stress state of each cross section is performed. The integration 

over the cross section is accomplished by summing each fiber of a 

section. 

Once the flexibility coefficients for each cross section have 

been computed the segment flexibility matrix is determined by sum

ming the appropriate flexibility term for each section over all the 

sections in the segment. The segment flexibility matrix is then 

inverted to get the segment stiffness matrix. The segment stiff

ness matrix is used to assemble the member stiffness matrix which is 

then rotated into global coordinates and added to the pier-bent 

stiffness matrix. 

Knowing the new joint displacements and forces computed by 

the stiffness method, the inverse of the original member force

strain assumption (see Eqs. 4.14 to 4.16) can be used to calculate 

the incremental strains at each section. From these strains, the 

state of stress, and hence the strain of each fiber, can be calcu

lated at the intersection of each section and each fiber. This 

now makes it possible to recalculate the stiffness coefficients 

and the cycle begins again. The stiffness matrix is reassembled 

for every load increment and the cycle is continued until all 

increments of load have been applied to the pier-bent or until 

failure occurs. 

All geometric and material nonlinearities are included in 

the formulation. P~ effects are considered for the piers of the 

pier-bent. As in program PIER the change in geometry is handled 

by changing the joint coordinates of each segment of the member at 

every increment. 

Material nonlinearity follows the same approach used in 
~ 

program PIER. The steel stress-strain relationship indirectly 

~. 
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takes into account the influence of the concrete around the bars 
• 

under tension. Compressive stress-strain curves may be the 

Hognestad curve for unconfined concrete and the Ford curve for 

confined concrete. 
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The P~ effect in the piers of the pier-bent is treated in 

the same way as in program PIER. These corrections in the member 

stiffness matrix can cause the displacement to become negative, 

because of the incremental change in stiffness once the critical 

load is exceeded. The results then are no longer valid. To prevent 

the program from continuing to run beyond this point the product of 

the diagonal values of the stiffness is checked for a negative 

value. If a negative value is found, a warning statement is printed 

to indicate that the matrix has become negative and further calcu

lations are no longer valid. The forces and displacements from one 

step before are printed as a final solution. 

The behavior under sustained load is predicted as in program 

PIER by modifying the short-time stress-strain relationships for 

concrete. The modification consists of shifting the stress-strain 

curves by increasing the value of E as a function of time as given 
o 

in Eqs. 4.72 through 4.74. It is also suggested [17] that the maxi-

mum compressive stress for concrete, f', should be expressed as a 
c 

function of t. This does not seem to be very meaningful (in Ref. 17 

a variation of about 10% is shown for a period of 25 years). There

fore, it has not been considered explicitly in the program. However, 

the user can do so by specifying the appropriate value of the reduc

tion factor (k). 
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C HAP T E R 6 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 Summary of the Study 

The objective of this research was to develop improved 

design and analysis techniques for a wide range of slender bridge 

piers. 

In order to determine the current state-of-the-art, a 

comprehensive survey questionnaire was sent to all states as well 

as a representative group of consultants, railroads, and foreign 

jurisdictions. Results of the survey are summarized in Chapter 2. 

The results indicated a growing trend towards slender pier usage 

and a perceived need for information to Simplify application of 

present AASHTO design procedures for slender compression members. 

The survey indicated a need for treating a variety of cross sections, 

longitudinal configurations, and both single pier bents and multiple 

pier bents. 

The needed ranges of variables were established based on 

the survey results. Programs developed were required to handle 

Circular, oval and rectangular cross sections. Circular and rect

angular sections had to be able to be solid or hollow. In addition, 

the rectangular cross section had to be able to be cellular. The 

programs had to be able to handle longitudinal cross section pro

files such as uniform, tapered, flared, or stepped. Program PIER 

was developed for analysis of single pier bents. Program FPIER 

was developed for analysis of multiple pier bents of up to two-bay, 

three-level configurations. The analysis programs met all require

ments of AASRTO Specifications Article 1.5.34(A)(1) and included 

realistic material properties, axial load and cracking effects on 
~ 

stiffness, creep effects, geometric and material non1ineari"ties, and 

171 
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were verified by comparison with a wide range of experimental data 
1 

as reported in a companion report (Ref. 18). 

From the many available analysis models, the fiber model was 

deemed most appropriate for adaptation. Development of the fiber 

model was presented in Chapter 4. Development of programs BIMPHI, 

PIER, and FPIER is summarized in Chapter 5. The latter two programs 

are the basic analysis programs for single pier bents and multiple 

pier bents, respectively. Both programs have versatile load inputs 

so that the designer can input a single load case or can input gen

eralized loads and have the program apply AASHTO load factors and 

combine the loadings for specified load groups. In order to demon

strate the practical applications and capabilities of BIMPHI and PIER, 

some numerical examples are considered in Chapter 5. Several example 

problems are solved and some typical results presented. Other cases, 

including a FPIER example, are given in Ref. 18. 

Several other design procedures such as the reduction factor 

(R) method, the moment magnification (6) method, and the stability 

index (Q) method are summarized in Chapter 3. Suggestions for 

improvement in the moment magnification procedures, including pro

posed changes to AASHTO Specification Article 1.5.34(B). are given 

in Section 3.3.2. Illustrations of possible applications of the 

stability index method to bridge piers are given in Section 3.3.3. 

6.2 Conclusions 

6.2.1 General Conclusions. The main conclusion of this 

research is that BIMPHI, PIER, and FPIER are useful tools for the 

analysis of biaxially loaded bridge piers. BIMPHI is used for 

studying section behavior. PIER is used for analyzing single pier 

behavior. FPIER is used for analyzing multiple pier bent behavior. 

Program BIMPHI allows the user to compute the theoretical biaxial 

moment-curvature relationships of reinforced concrete sections of 
~ 

various shapes and reinforcement patterns. Program PIER allows 

.w 
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the user to predict the space behavior of a single reinforced con-
• 

crete pier of varying longitudinal section subject to arbitrary 

loading and restraint conditions. Program FPIER does the same 

thing for multiple pier bents. Both PIER and FPIER can be used to 

study biaxia11y loaded piers of various cross sections and longi

tudinal configurations. 

6.2.2 Specific Conclusions Regarding Accuracy. The analyti

cal models used agreed well with data from previous physical tests 

as reported in detail in Ref. 18. 

BIHPHI was checked against several uniaxial bending cases 

for both confined and unconfined concrete and one biaxial bending 

case. The sections had various levels of constant axial load. 

The results from these comparisons were excellent. BIHPHI closely 

predicted the experimental results in each case. 

PIER was checked with both a uniaxial bending case and 

several biaxial bending cases. The analytical predictions were 

very close to the observed experimental data in each case. 

FPIER was checked against a number of frame results. The 

analytical predictions were in good agreement with experimental 

data up to the development of full plastic hinging. 

For the cases investigated, the Hognestad stress-strain 

curve for unconfined concrete and the Ford stress-strain curve for 

confined concrete seem appropriate. A maximum compressive stress 

of 0.85f' for vertically cast members and 0.95f' for horizontally 
c c 

cast members appears reasonable. Also, the approach accounting for 

the cracking of concrete seems reasonable. 

There was no possible way to check all the cases the pro

grams will handle because of limited experimental data. BIMPHI 

was checked for both solid and hollow rectangular sections. PIER 

was checked for a solid rectangular prismatic cantilever subject 
l 
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to uniax!al bending, and several pin-ended, solid, rectangular, 

and ovaf prismatic columns subject to biaxial bending. The biaxial 

loading produced no moment gradient along the column and was for 

only a few skewed loading angles. FPIER was checked for solid 

rectangular sections only. The many capabilities of the programs 

could not be verified because no experimental data exist. 

6.3 Recommendations 

6.3.1 Use of BIMPHI. PIER and FPIER. There is a definite 

disadvantage accompanying the neatly printed output from a "canned" 

computer program. All too frequently the user unconsciously 

accepts whatever is printed as unquestionable fact. The strongest 

recommendation the authors can make to a potential user is to avoid 

this pitfall by using engineering judgment to constantly ensure 

that the computed results appear reasonable. The user is advised 

to carefully scrutinize the echo print of the input data to ensure 

that the input resulted in a model of the structure intended. In 

order to minimize input errors, a sketch of the pier and loading 

would be valuable. In order to properly interpret the computed 

results, the user is urged to become familiar with all the assump

tions upon which the analysis is based. 

6.3.2 Improvements to BIMPHI. PIER and FPIER. BIMPHI 

should not need much refinement. At present it handles the very 

general cases associated with biaxial momen~curvature relation

ships of a section. Possible improvement would be expansion to 

include other sections not presently treated such as cruciform, 

L or T shapes. These are relatively simple programming changes. 

At present PIER is a general analysis tool for the single 

column reinforced concrete bridge pier. Possible improvements 

would be the capability of handling prestressed or partially pre

stressed concrete, as well as pier cross sections other than those 

consideted. There have been few prestressed piers built but more 
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can be expected in the future. In addition, feedback from'practi

cal usage should suggest that much can be done to make PIER into 

an even more comprehensive design-oriented package. Similar 

improvements could be prepared for FPIER. 

6.3.3 Research Needs. For the range of variables examined, 

the analytical models seem appropriate. Additional tests on various 

cross sections and loadings which occur in bridge piers would be 

useful to fully validate the analytical model. 

6.5 Concluding Remarks 

It should be recognized that the examples and verifications 

presented do not fully demonstrate the versatility of the BIMPHI, 

PIER and FPIER programs. The examples presented are limited to 

simple loading and support conditions to demonstrate the application 

of the programs without unnecessary complications. As with other 

analytical techniques, the range of problems to which these programs 

can be applied depends partially upon the user's familiarity with 

the technique and his ingenuity. 
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1 



DMX 

DMY 

DN 

DPHlX 

DPHIY 

DU(3) 

EC 

ECON 

ENO 

ESTL 

EU 

EY 

EZC(200) 

EZS (200) 

FY 

GAMMAX(3) 

GAMMAY(3) 

ICODE 

ICON 

INO 

lOR 

ISTAT 

= incremental moment about x-axis 

= incremental moment about y-axis 

= incremental axial load 

= incremental rotational strain about x-axis 

= incremental rotational strain about y-axis 
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= contains eithe~ calculated forces or displacements 

= initial modulus of concrete 

= tangent modulus of a concrete fiber for a given 
strain 

= strain corresponding to maximum stress on con
crete compression stress-strain curve 

= tangent modulus of a steel fiber for a given 
strain 

= ultimate strain of concrete 

= steel modulus 

= strain of concrete fibers 

= strain of steel fibers 

= yield stress of steel 

= x-distance from side edge of section to centroid 
of side steel 

• y-distance from end edge of section to centroid 
of top or bottom steel 

= code to indicate if hollow section has interior 
walls 

= code to define if concrete is unconfined or con
fined 

= code to indicate if there are interior walls in 
hollow section 

~ orientation of interior walls, either horizontal 
or vertical 

~ code to indicate if program will generate ste~l 
fibers or if the user will read in individual 
reinforcement properties 

ITITLE(20) c title of problem 

ITYPE = type of section (solid, hollow, oval or circular 
hollow) l 
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JR(3) 
1 

NFIB 

NRlNG 

NSTOT 

NW 

PDlS (3) 

PFOR(3) 

RATIO 

RK 

RMX 

RMY 

SAll, SAI2, • . • SA33 

STF(3,3) 

STK(3, 3) 

STLA (200) 

STLX(200) 

STLY(200) 

STR 

STRANO 

STS (3) 

STT (3) 

STTR 

SUM 

TF 

TW 

TWALL(S) 

WLSTL(S) 

XCURV 

= joint release code 

= number of concrete fibers 

= number of rings of steel 

= number of steel fibers 

= number of interior walls of a hollow 
section 

= contains specified displacements of section 

= contains specified forces of section 

= ratio of reinforcement area to section area 

= reduction factor applied to f' 
c 

= summation of moments about x-axis of 
section 

= summation of moments about y-axis of 
section 

= stiffness parameters for correction 
procedure 

= auxiliary matrix 

= contains stiffness parameters of section 

= area of steel fibers 

= x-centroid of steel fibers 

= y-centriod of steel fibers 

= stress on a concrete fiber 

any initial axial strain on section 

= area of steel of one side of section 

= area of top or bottom steel of section 

= stress on a steel fiber 

= dummy variable to add forces 

= flange thickness of hollow or cellular 
section 

= web thickness of hollow or cellular 
section 

= thickness of interior walls 

= area of steel in interior walls 

= total curvature about x-axis of section 

.. 



XI 

XU 
YCURV 

YI 

YIY 
A.l 

= width of cross section (dimension along x-axis) • 
- moment of inertie of section about x-axis 

= total curvature about y-axis of section 

= depth of cross section (dimension along y-axis) 

= moment of inertia of section about y-axis 

Guide to Input Data 
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The program data are input by means of data cards. No units pre 
implied. The user must use consistent units. See Figure A.I for section 
descriptions. F-fields are for real numbers and data Can be pl~ced anywhere 
within the field. A decimal point must be used. I-fields are for integers 
and are right justified. A-fields are for alphanumeric designations ~nd are 
left justified. 

1. Title Card (20A4) 

Column l-80--ITITLE(20), title of the problem. Any FORTRAN 
characters are acceptable. 

2. Material Properties (8FIO.0) 

Column l-IO--CYL, compressive cylinder strength of concrete 

Column ll-20--FY, yield stress of reinforcing steel 

Column 21-30--RK, strength reduction factor for concrete 
(i.e., ~, = 0.85f' ; see Sec. 4.5.3) 

c c 
Column 31-40--EC, initial modulus of concrete 

Column 4l-50--EY, modulus of reinforcing steel 

Column 51-60--EU, ultimate strength of concrete (if left 
blank program assumes EU = 0.0038) 

3. Section Card (2A4.2X.3IlO) 

Column 1- 8--ITYPE, type of section (type either SOLID, 
HOLLOW, OVAL, or CIRHOLLO [Circular hollow 
section], starting in column I for type of 
section desired) (see Fig. A.l) 

Column 11-20--ICON, status of concrete (if ICON = 0, 
unconfined concrete; if ICON = 1, confined 
concrete) To use confined concrete option, user 
must ensure enough lateral ties are provided to 
meet the equivalent of ACI Building Code 318-83 
Appendix A Sec. 4.4.4 for compression members. 

Column 21-30--ISTAT, status of reinforcing steel (~f ISTAT • 0, 
steel fibers generated by the progr.~; if ISTA! 
-I, steel fibers read in by the user) 
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Fig. A.2b Positive curvatures and moments 
given by right-hand rule 
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4.Ge~metry of Section (8FlO.O) 

(a) If ITYPE = SOLID (rectangular solid) 

Column l*lO-*XI, width of section (dimension along 
x-axis) 

Column 21-30--YI, depth of section (dimension along 
y-axis) 

(b) If ITYPE = HOLLOW (rectangular hollow with or without 
interior walls) 

Column l-lO--XI, width of section (exterior dimension 
along x-axis) 

Column ll-20--TF, thickness of exterior wpll which is p~r~llel to 
the x-axis 

Column 21-30--YI, depth of section (exterior dimension along Y-Axis) 

Column 31-40--TW, thickness of exterior wall which is pAr~llel to 
the y-axis 

4.b.1 Status of Interior Walls of Hollow Section (2A4,2X,3IlO) 

Column i-40--ICODE (Are there any interior walls? Type 
YES or NO beginning in Column 1) 

If ICODE = YES 

4.b.2 Description of Interior Walls (3A4,BX,IIO) 

Column 

Column 

If ICODE & YES 

1-12--IOR, orientation of walls (type VERTICAL if 
walls are parallel to y-axis or HORIZONTAL 
if walls ar~ parallel to x-axis beginning 
in column 1) 

21-30--NW, number of interior walls 
(maximum of 5) 

4.b.3 Geometry of Interior Walls (BFIO.O) 

One or more data cards alternately giving values 
for pairs of CTROID(I), distance from centroid of 
section to centroid of interior wall, and TWALL(I), 
thickness of wall. Pairs repeat for 1 • 1, NW 
(one data card can contain pairs of CTROID(I) and 
TWALL(I) for 4 interior walls. Therefore in case 
there is a fifth interior wall an additional 
card is required. 
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(c) If ITYFE = OVAL (also used for solid circular*t 

Column l-lO--XI, width of section (dimension along x-axis) 

Column ll-20--YI, depth of section (dimension along y-axis) 

*The solid circular section special case 
of the oval section with YI a diameter 
and XI = YI + 0.01 

(d) If ITYFE = CIRHOLLO (circular hollow) 

Column l-lO--XI, exterior diameter of section 

Column ll-20--TF, thickness of wall section (thickness must be 
less than 1/2 the diameter) 

5. Reinforcing Steel Description 

(8) If ISTAT = 0 

5.a.l Description of Steel Rings (IlO.7FlO.0) 

Column l-lO--NRING. number of rings of steel (at 
least 1 ring, maximum of 3 rings). 
The rings are symmetric. 

Column 11-70--Starting with STT(I), alternate STT(I), 
area of end steel in ring (parallel to 
x-axis), with STS(I), area of side steel 
in ring (parallel to y-axis), in fields 
of FlO.O for 1=1 to NRING (for so11d 
circular and hollow circular sections, STT 
-0, and STS is half the total area of steel) 

5.a.2 Concrete Cover (8FIO.0) 

Column l-60--Starting with GAMMAX(I), alternate 
GAMMAX(I), distance (parallel to 
x-axis) from side edge of section 
to center of side steel, with 
GAMMAY(I), distance (parallel to 
y-axis) from end edge of section to 
center of end steel, in fields of 
FIO.O for I = I to NRING 

5.a.3 Steel in Interior Walls (8FIO.0) 

Only if ITYFE = HOLLOW and ICODE- YES 

Column 1-50--WLSTL(I), area of steel in each 
interior wall in fields df FlO.O 
for I = 1 to NW 
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(b) If ISTAT = 1 

S.b.l Steel Fibers (110) 

Column l-lO--NSTOT, number of reinforcing bars 
to be read (maximum of 200) 

S.b.2 Description of Reinforcing Bars (2(3FlO.2» 

Column l-60--Starting with STLX(I), alternate 
three dimension sets of STLX(I) 
(x-distance from centroid of section 
to reinforcing bar) with STLY(I) 
(y-distance from centroid of section 
to reinforcing bar) and STLA(I) 
(area of reinforcing bar) in fields 
of FlO.O for I = 1 to NSTOT (A set 
of three numerical values (STLX, 
STLY, and STLA) describes a single 
bar. There are 2 bar descriptions 
per card) 

6. Initial Conditions Card (8FlO.0) 

Column l-lO--AXIAL, initial axial load (positive if tensile) 

Column 11-20--STRANO, any other initial axial strain on 
section (i.e., preset strain) 

7. Joint Release Code (311) 

Column l--JR(l), 

0 to specify an increment!!' 1 axial load 

1 to specify an incremental axial strain 

Column 2--JR (2), 

0 to specify an inc rementa 1 moment about the x-axis 

1 to specify an incremental curvature about the 
x-axis 

Column 3--JR (3), 

0 to specify an incremental moment about the 
y-axis 

1 to specify an incremental curvature about the 
y-axis 

.-
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8. Specified Forces (8FlO.O) 

If a degree of freedom had a 1 specified in the release code 
(step 7), the specified force for that degree of freedom 
should be 0 or left blank. 

Column l-lO--PFOR(l), specified incremental axial load 

Column ll-20--PFOR(2), specified incremental moment about 
the x-axis 

Column 21-30--PFOR(3), specified incremental moment about 
the y-axis 

9. Specified Displacements (8FlO.O) 

If a degree of freedom had a 0 specified in the release code, 
the specified displacement for that degree of freedom should 
be 0 or left blank. 

Column 1-IO--PDIS(l), specified incremental axial strain 

Column 11-20--PDIS(2), specified incremental curvature 
about the x-axis 

Column 2l-30--PDIS(3), specified incremental curvature 
about the y-axis 

A.4 Computer Output 

BIMPHI computes the complete biaxial load-moment-curvature 

relationship of a reinforced concrete section. The output consists 

of: 

A.4.1 Title and echo print of all section data including fiber 
properties. 

A.4.2 Echo print of initial conditions, release code, and 
incremental forces or displacements specified. 

A.4.3 Printout of completed results which includes the axial 
load, moment about the x-axis, moment about the y-axis, 
curvature about the x-axis, and curvature about the 
y-axis for each increment until an assumed failure. 
The sign convention for the results is given in Fig. A.2. 



190 

• _t~ 

.. : : 
.., " r v ~ I v u ..................... 'Ct .. 0 ... ,. ....... .,. .... ". .. r.'I .... ",., ........... >. tJ'" N",.· .......... '0 ~ ~'''' _.,.. " th t· .. '0'''' f .... ,. " , .. . ,...,.o ..... .., O~ .................................. .. , ......... .".,. ' ...... f\ ,. ...... ' ........... ". ." .. , •• :.,., .~~.i.Jr< W" __ ... ___ ..... ,... .. '·.'v ...... ~01 • 
o <:t "'C ... ..; o c.') (": (')'')';OOOn c:.'Jn.., '0" ('J t"ICtt, r,) '.;a C"I t.' -0'.1 ,:"" r.; (') 0_ ........ ______ ... _ .. __ ... __ ..... __ ......... _ 
""'''''',"''\.-'OO<'':tt;.l ~""1")" ... f')""..) ..)'''·')(''''''O>'V .:I .... I.l,.,·.,.( •• ,C' •. J'.,l·'ltJoI"':\".c.n·"'~·.4.'f.,.#.·J •• ·)f. '\; ••••• _ •• t·· " 
ftt;, .. Uc.'U .. ", v ... ..,,)"" Uc,;tc._C 'U(.''\oJ' ,"" ... t,JIY Y 101"'" ,"'J ',' f •• ' U'" ,'~ ",I U U ,",U t" • .1"" "V " .... J V ".1 'J t. I C.J '0_.· '"" ~I tIt· " 

.. •. ... 

· " ... . 
. , . .. 

... " .... t ..... ........ .. 
'" fIt; .. '''''''I .", .......... 

. ,. ~ ~~J .• 
~ ....... ~:~1" 

· '" · · .. 

.:' '.:".: •. ! ;: 
:" ..... Z .. ·.,:,..,·. "" .. 

. ... 

~~ ~ ~~~~~~~ ; ~: . • 'Z _ ~ Z __ ~_ _ •• · ~_ •.. _~C_~._· - . 
~ :; !~ .. r:;t;!.;! .... c:;o·'';:.!3 ::: ~ 

1.1 , .. t .. "1_#\"".tt)",,,')I.'') .. J 

· = ~~ ~~~t~;~~:::,;~ 
: ~~~~ ~~.;~~~~~~W~;\ ..... " ,~" •• " ••.• "'oiU."'''.'' 
.. "#'''''' , ••. ,.I~""''''''' •• '' " ,,\"<1\ .1.' "'Ill' _·f.,.,....,,,, ... 

..... ... .J ,.. O,"U ... ~ ....... ,,_"1' . .,_ .,.,) ,. ............. _, 
~ III ,.... ~ ... \oj. ... .... to .) 'IIt. ... " 

, .. _- "' .... - ...... -.,.-
~ -.... -~-~- .... 1 ..... n~. W ....... 

..... ~ ....... 'l .. s: .., •• ..,.,,"''1: 
~ ......... fC .. _;Jtf .. _ ... ., .. , .... 
~ ... _.~ ~_.O ._.a._o 
...... ,.,,, .... ""...... « ........ .. 

,.... -""'''"' ., "''I ,'.., 

... -OV.., . 
~n 0 
"",~,') 
_,., of 

a .. • 

_R ~~ • __ . . . . . .. 
• • • • • • 41 

.. 
'" 

.. , , .. 
... · · '. · ., -,,, . ., 

" ., 

_~_._ •••• o~~ •• _ •••• O~N_ .. ~ •••• ~~N_ •••••• C_N_._.~ •• ~ __ ~. __ ••• u __ 

... ... ... ... 
'" ... 

'" 

ooo~oeooo ___________ NNN_NNN_N ____ • _____ •• "".~ ••• " ___ ~~ _h'~_" •• 
0000000000001'10 CI 0(.) COO 0 CJ""o 0 00 oaOOCH.l.) QO(.J(.Ju(..J "=l(,)""0 "" .. ,,., nn L '-;lL> "? ",,""J C. II '. ~, 
g"So 000 0 0.., 00 00 ooano""",, on'" it" O" .......... ,.,t'l..>t')C'\f"'t ..1· .... 1<':'\ Mq .... o U""""t.l" '''1''''''''1 q .'t, ••. 1\. ). t,. 
QQDc;JOY o,,",ouaoo 0"" OC"O~Ij«'J.,JIac'.' 0 .... ""UC.'~..:J"(''''''C..oC.l •• ("""U""c,.' It.,· ........ u ... t... •• ~ ..... t...~-' ' ... r,' , .. 'J" (.' '-' • 

. ... 

_..:J'~ 
• ".,JI .... 
¥'IIi"'"", 
~ ,- -...... 

"' ... _0 -
.. 
n 
~ 

' . 

-': 
;'l .. . .. ... 

-" .... ,"'1' . ., .. " ... 

. . . ,., ... .. . . 
" .. ... 

.:: ... . .. .. .. 
• .. 

... :. ., 

.. 
~ 
w 

: ,' . . 
r 
~ . 
~ ... 
" ., 

.. ..... , ..... ".. 

¥ "'"..., • 

" ... --

.-



~. 

191 

.O_N_ .......... 0 ... N .............. O_ ,. ................ ~_"'."''''''.''''''''. t"I_ ...... "",. ..... r-f" g ... N .... - ,. .. '" II' 'or-••••••••••• OQOO~~~QOO •••• _ •• _._NN~NNN. ____ ~ __ R~ ___ fi •••••••••• --

.. _ ......... _ ......... __ fOW ...... NNNNNNNNN ... ,." __ .... NlIVNNN .... ,..N ... """,." .......... *Irf ... '· • ...,,..f ...... .,.. ....... N .. ' ..... ,..,''',.· .. • ......... , 
no C'lOO~OO 1.)1020 0000 0.,,,0 .,0(').."..,...,,.,0000 .... 0 f':tu"OOOO ',n,,", f'11")'J "':lC"Q O~,,? .... ·') ..-". "., .. r: ••.. 
uboc" OgOOOUOOOOul".l CoIUO uuuo uuoo~uc.>...,(.' t>vUO*.)("J""'\: Qw (,,) f~U t.,,&.; '..J l.' 0 U uC"· ~ ""' l~ (.' ',J l'" (" 

.~ .... .. .-
.. .. . 

~ .. 
"" ! ~:.~ , 

~. . .~ 
,,~ 

~ ~ 

• _ ... ' __ '1 

.. .- ~t" 

.. . 
, v - -.,," "" ..., ...,.... '.- """ 
~ • ~~ ~~~ £ ~~~ 

_~ s : ::~ ••• ; 
... H ", ,"'\ • • J~' .... oA loA n J "" ... 

.... • , .... ... • ..,. • _ "'" .~ •• • • .... l' <., ,I .J ... 

~ ,'-. --,.---~ .-.~. 

." ·t 

~~~ . . , 
-..~ '. L 

... I. t~ ' . 

_""':_I":;~~~,"" .:::;:; ..... ~; 3 ~~~~ .~;~:~~:;.;~ ~S!:~~ ~3S': r,' 
... _ .. N '" ...... ,~ ... \If • , ~ •• , ...... i _ • "" ...... .., "Ii "'\ 1_""'" .... ""I •• 
.... w ...... .)f~ .. , .. '._ ........ -I' ... , ..... ."..... .."", .. _..,.... 1IIt,_ ..... 'I'!:J :l'..,,""''' ..... ,..~ • .." I·" 
~.J .1 I f'" l." • I • .\ ,. , • ., .. 'f .. .., 1.1 .. ,) ... ,*' »J' .. ... te Ie .. a: .. , .. \oJ". • .... , itl. ~ ... ,,\ , .................. .. 

_ ••• " ••• !II • _ .. :It... ..... • _ w • ... • • •• JI!' l!... ... ...... ~ ~ o. ,.., . • _ ............. .,. ...... '.' • , _ ....... ,. .... , ' .. , "'.,. ..... _ 
• _~ ... __ .... __ .... _ " .. " _ • ..... , _ ..... _ :> "" _".. •• ~ u ..., III .. • • , .., • ... • • _ ••• • •• • ...,..... • 4", ., ", 

... _ ... "'" ............... hI """ _ .. .." '11kf W ... " .... .., .... ., .. .JI "'" &lit •• ... C .." .... ., III ... _ r • ::r JI!" .... .., ::It ... 0 • , .! ........... _ ~ • • 
u .......... , ...... , • .. .., ., " .. " .... " • .1 •• " ... IE., • •• »_,~ 0 III 'II' 'It ,. Jl ........ , ........ _ 't y ~ ~ .. _ 
.", __ ... , .. ." .... P'\ .... """ ........... _ .... ar""_ ... '" ____ .... '00""'_-' »- J_ ,.,.'"~.)_.., ... v;,.). ,ntft....,_""",,,,,,,,t,JIt,JI ........ > ,.."'u .. l' 
• __ .., ____ .., ..,.,.;, ... N _ tV'" ,., ..,.., •• __ ., ... ..I ..,~ ................ " •• " ..... " _ ...... " • " ........... 11 - .... _ .I ... ......... l ~ 

.... 111_111 ... '0lIl ... '" w • ___ '4W1-,6-,~ • 1r.:_.:I..1H .... ' ............. w_ • ., ... ..,,, ., .. --""' ........ _ .... __ 
~ •• ~~.~~_~~'n_~&w •• O~~3o •• n~q~.ww.~& •• &~._4 •• &~.~~~_.& •• _.'.a~. 
~."' ........ ""."''''' .... ,~''''#')#')f' ·",n •• C"'n'" ~"" ......... ,..., .... 0''"' ILl "" II III ............. ' .. ...,..::1., .... _, ..... .., IU ... ..., .... ..,..II ... ,. .. U."' ........... ~ •. ~_ 

o ... ... ., 
'" 

. . . . . . . . 
or ...i'" f":'I'" ,,, .. ' Ii"' .. "" rl<t I ..... N ...... '" O .... -OM • .",P\ .. ".,., .... ' It t •• "". , .. ~ ... " ''IoU t .... ,....,..·.,.,.. c .. '''r. t ......... 1 ... ,..,,, I f' ... , ....... """'""'''''''''''''''''''.,,~ .............. -'' ... -.~ .... .., .... ''''otI'\''''-"I-"lif''\''''''''' .. ,A..,.~..,ft'''4 .... _ ................ h ................... ' u"" ,,, 
~.~ ... ~ ............ --~~ ... --~ ... -... -... ---.... -... ~~ .... ~~---~--~- .... ----- .... -- ...... ~- ...... --", '''''''''''''J'''.#.r.-.-.tJ :JC'I.')'·.,)·,.';-J.J,..".,.c· ... ;-ln ..... ~ '~,)""""Jt')"'''I''\('''t,..),~, 'l~,t") )'.O'~~ ).",.., .,~ .. )."",~" ",., 
I".' fl' .. : ,.I U lJ....,r;- I) ""J;r~'-t fJIL'V" fJ ....... ()~;...,t::'Ic... OOU'~.""J"t.c... '~'l:II,.".'I,Jt~"v f' ... tt.. •• _.~Jf' •• ' ~'O'.' ( • ,\., t:, ,. II 

..... 
.... 0 ....... 

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

· .. · .. · 'V .. ,., 
~ .. 
:: ,. 
~ , · .. · . · 

, 
" . 
0, 
n 
:;. .. 

:-
". 

· · : 
~ , · " · " 

~ 

.' ..: 

.A" J" ... ~... \ 

•• oJ .... 

.. 0"' , 



192 

'" 

.., 
o 

. . . . . . 
......... -4.n"'~r"'c:!'_,.' ........ -O .... nO'C'I_NfII'\.-' ...... ~O"')_N" ,. ............ ,,(') ...... ~"".""'.,. ...... ".,.("'I_ ..... "' ... \f' " .... fI<" "_I ..... ~ I 
.'" ,., "" "'" .... ".. ......... oft ",. It 0 ., ...... 0 ........................ ,... ,... ................. .,.,... A 0) .... "CII oJ" 00 ;. ...... t'It f" ,,.. j)Ot. ..,. .. ,...;.~ r J ? .... r> .) 1,., • f ' ) ... _ ... _ -

""J ro. t'\.> ,.,,.'N "'N N ..... N,..." ... .... ,., NNN NN "" ..... N t'. to .. '" ,. .... ~ ... "",..,. .... ''''''''''''' N"~N N"~ NN ,..,,.,,,,.,. t'WN,. ......... ' "'" flO"IJO' ... ,"',,. ..... ,. r·' ....... 
'J •. ,rl.,r .• o''''''~')''''''''''I':JQO '('1.".'),,,, ..,1".' ~,.,n""""'L""'CI'.)"'O""('"IC""'>"'LIr.1')I'c"'If""I '''''.~y.''')f''''J':I.I·' ,",,\,,'l . 
Uti t..oV"·" UW4' If' r..I ,-'0 c.. '..It' t., .... 't-... "'" I')\,. 1.::1'" .. ,(, U(!t) ~1('1(..I (.·t·U (JUL' 0" "3't r"tJiC· If)" '-, U f}'.'" I(.te, , ".' v.·t""'" 

· .. : • · " · .. . -
::~ .' ... · -, .... ..... . ' '" · , .. ,~ 
~ ... ~ · .. ! ~,~ .... . .. .. - A 

.-



~. 

.. • ~.~~~.~ •• O~N"~ .• ~.:O ___ ••• ~ •. O_N~.~ •••. O_N~._~._.~_N_._.~ •. ~_N~ 
•• 4 •• ~ ••• ~~~~~~~~_~ ••••••• _ •• ~~~~~~h~~~~_~ •••••••••• 8 •••• _wOO~'~ 

;;;~~~;111&1:;~:11~1;1:;;111111::~1:113~=;~~:1~":1~::~;~~:~~;~ 
U"'POOOOOOOOOOa-c::tOOCl~UOOOOOOClt'UOClUDOOgO&JnooooOOCJQ"-IClUOOUU ,",,,,,t .. 'I'" uC'."" l-

.. · ~ 

• .. , 
~ -, ... 

--! ; 
.. :It .. , 
~; :: 
~::: :; 
:; ~ ; I 
3 ~~ : ~ 
: ':~ ~ ~ 
~:~: ~ : 
4' S.... .. .. .... 0....... .. 
~,,' ..... ~ 

! • t: -· ~ 
~ • • 'If 
• 

· ~ .. .. 
.. to.... d_ -U 

W ;~~~ ~.~: ~ 
.. ~_U •• _~" • 
• ~~~~ .,_, 0 
• ~UM~.~£"""" U o ....... _....... w ~ 

~ 25:~::i:! ~: ~ :~ 
~ ..:: :::.~i:;E~: ~:! .. ~~ :: 
~ ! !~~ ;-:=~:::~~ ~ ~ :~:: ~~~ i ~ \ 

... ~ ;_~~~ !1~2:::;:~!E. !~!!... ~~S. ~ ~. ~ 
;E!i !~!~~ ;:!:E!!f!! ~~: !!~~~~~:;5~~ , ::: ~ ~ ::: .. V"". .. ... If ilL _ ... t~ ... .. _ ...... 10- " ................... ., • ..,J.... ......... .. lot ............ 111 -. • "'" __ - .... •• ~ _ - -
.. ."w-'fIII/'2:. .... _!):J "" ..... _ lit 0 ••• ./ ..... _"' .......... III .. , .......... U_'U_III ... flJt .. ·...,u .... .. 
• M_W •••••• O Z.6 ~UW_ •••• ,."~ O~.4.' ..... ~g ••• _ .............. . 
.. K "" ... '\,oIi ............. ".... ... ... • ., ... C I!' 0 ., (') U 0 ... _ N ...... I. ... "'" (2 .................... fir .. rl .. - .... - U ,. .... ""10 .. - - .... \ ... , ••• - •• _ ••• -Z •• ~ •• ~ __ tt.«Z ••• _._J.··OP ••• ~v~.~ ... _ .. ~ .... _ ...... . 
... , •• lIl .... .., .... _~ ..... flU ........ « .. "."" ... .J_ ........ ••• •• It.,.~.<'I: _JJJ."" _JJ.AW ,"" .. O~.WOO •• LO.OO.ZA~.E_mOw~~_~.U ••• Z .... Q .... ___ •••• O .... ~U •• u. __ •..• 
IIUUUt6 .,)w ..... 0" ww. -E"", ... UQUWUul.Ia .. z 'W ........... Z 0 1',,, % 'E .... """" .. ,.." .. ""M¥'I t6 ..... n ... • .... "."" t6 ", 

~;:~ :;:::. 0 NNN __. • .. 

"OJ r') ... roo.I?"I.""'-o ..... CI ... N ..... .,. .... ~ .. t.:. ... N""' ............. c"_...,"" .. """.h •. ,..C" ... ""' ...... ,,.'t~ -"'(": ... r~"".'r."", "'f>'" 
........... ~ •••• _ •• _ .... flo .... 80 •• u. •• '.) 04lCl~ I)V""'"" __ ......... ..... ___ ."' ...... ",...., ' .. ' ...... ..,...., ... "" ... ~ ... ,~ "" .. ' ...... l t 
~-~~~~~ __ ~ __ ~_~ _____ ~~ ••••• 4 ••••••••••••••••••••• _ ••••••••••••• 
,~,..,.# ,..,.,J "")..., t' '" ":)t""J ,.., .,~ 0 0' ~ ':"t U 0 10""'00 I'''' 0 I'!) Qlf)I'MO t.t (J t") (J1f" <!"tl')t,aM., 0 ("11"'1 ":J"J'''.'''~' { .... J. ')l)""~, ,".'1 (,., '.~"'" ~ 
f~"" "wf"J(.)uwUCDv"",n C",J ':IwYa;>U,""Q_CiuCMoI "",,,O'.)UUO C"I~U,""U O"jt,,)(~ til' U "''-J Llf,,'),"' t •• ,,~. Uf~"t"~I ........ ~ • 

. . .. •. 

193 



194 

"W . , 
u_ , , 
00 . '" .. -
z. _ 
0'6. .... -C' __ 
''''0..) __ ... - ... -... u __ _ 

' ... , .... 
::.;~:: 

, .. .. - ... ........ "'. <.> .... ... ,..., 
*'" ... 
~:'. ! ~ .... : .c .. ... ...... . ....,. .. , .. 

.. .... \,.IV'" lit"'" III. ... 0 

::~ L i!~ 
.~ : ~;~: .ut... ..,., ... ..... " ... _c.>.... . ..... 

n ...... , • .- • lit IJ .. " .,. C' 
.0 4"" ,- ",.. .... ~'-1"'" .·l 

~ :~ ~~;~ ~~~~ a~; ~~ 
.... "..... \.:t .. _(.* ""'IITn .. 'Co' ... ...,_ .i .... 
"" Z'"' U ....... "'- ."........... ."..... ;,eU 

~~~d 0 i~ : ~~:~~ a~~~ ~ =~~ 1~ 
~~,~ ~ ~& ~. ~ Z~~~: ~'I, ~~= ~~. 

" .. 
~~V:;:= :a:': .. Z::'': ~ ~f:! ~ .. .!~"'~ , .. ~"t~,; .... .!.":~ =r'''~f~ 1r, ~!:~ 
-:~:;::~:::: • ;~:Iu WS:::~:M !_s:_~ :~:~~!:::~~. ::~! ... - ........ >.""" ....... .... - ... -. •• - ..... '11 ..... .... -, __ ..... .., _~"" .... ·A ••••• t'3 ........ ",V'"'_ 
tj ..... 8 ... '"' " W _ .... .. •• or. ... __ ...J '4 ..... ... .... it ... .It .. ::::a.... ...... '" ... .. ... ., '.1 .... ., ,,. ;l." '" t'r __ ', _ 
_ ZOO ... _.iL ........... ... r' .... ~ .... 'IIIt "C'V ............. e.... c.t-."" .... - ...... ~ ......... _uOC_ ............. .., .......... w 
... .,1 :II': ... '" ... " ;I u u ... _ ,.ot ... ..., ,.., ..... _ • ttl • It I: ,.,. ......... , • ." ... u« .... A ............. ,. "'" '1/1 ... " ,;J .. "" ,.,l ••• ., _ ....... "" ....... _ aCKWOO __ •••••• E .... E •• _.' ~ •• _~n_~ •• o_ •• O •• __ u •• _~'~_ ••••• e 
~_n •• ~.~ __ ~~W'O'OOU~'UO.o,a.o~_.~~&MU_'"MO_"_~.," ••• _H_~wou.~n .• & 
- ~ U .. 1IIIIi 'til Z .... E » E » 'til .. 4.); E 0 u u u E ... "" ...... ..;:) "t. ........ ...., ........ ft3..., .... _." • ~ ~ "" ....... _" ... 1IIIIi , 1 » t ». » .l r 0 U U'" 

...! <r\ "'.. .. 
I"') I~ " .. ,,,.... ... . 

.. " lft ......... 0> 0 _,... trI ........... ~ 0> (') _ I"W flO"! ,,. ""',...,.. '" ft (,.' _ N "'" .. ~ 0 ... - 0> r.i _,.,. flO"! ... ~ ........ Or:" f~ ... f" ""' ... f# •• , ... "'. '" C- ... I I .... I '* " 
(-,r, " •. ~ (.lO __________ .... t.tNN ~"'N""~'" ""' ........ "'" fIO"!fIO"! .. t."..., ........... , ........... "" .... , .... h.n .... "' ... .,.. n 41 4t.~ to () I· 

."'" tI"!",.. ................ tt'\ tt'\tt'\ tt'\ tt'\W"\ ... ". ...... .,.. "'~<r\"'''''''.' <r\ v,~""'" "" ...... <r\ ... •• ..,.. •. <r\ <r\"". tt'\. ""' ........ <r\ V\"", ..... ~ ..... t'\ >",>",." .. 'H 

.>."~ -, r;J" t,I "l-!?''''''' -::tV"'r"J II;.,If'IV J "'0,",':)", Ot.fJ"""" t")r ••• 1."')'.) '')("/"'' ,'1>,")(,\"'1.1 :.,(J ..... Qr'J"" ("'1"".,'1<-"1 t·,t'l· ... 'I""~' , f' •• 
II C' U "'" (.1 ("\ V fJ ~J U "'~ CJ:O U (.'0 0(. ... ' .... U",I I, '-I r' .... t) t;;,'I'A U c. .... U (l "'.' U t)(., (.1(,' ..... l,.t f'J, c.,.. t.. ~t;J""t:·U Of~. (. f' t ... ) •• '~l f .. ~. t. fJ" 

.. 
~ .. 
~ . ~ .. . 

", ... "' ... -- ",., ..... - . 
::'.: .=!..: ...... 
'!I- .... " 
• " ... IC -.., . ...,"" '" , , .- ... ,..".,. 
.. , •• (10; ,,, .......... ,. .~,..., 

.. • , · .. , .. .. 
o 
, 

~ ... · .. , -.. 

., , 

... 
~ .. , 

.... ~~~ . . 

." ........ .,......... .... j 

j~:: ... OOO ~ : ~ ~ 
.Ut" .... '" n..........'." " 
m~_'~' N .. ,WN aD? _ , ~ 

W't.. .. ..... ~ .. \' " "'..J .. _ ~.. .. .. 
.. .. •• ,.... ,.,..., .. JI III ",.., ... It ... 

; ~ : ~\~;~;;;:= ;.: ~ f~:~ ;_~ ~ :~ o. 0 o •• ,w£--o, .~._ ~. a_ •••• ac ~ ~ ._ , u' u ~u.c __ •• n~a __ •• Aa •• , n, •• _ •• _ •• _. 

~~ •• : ~i •• ! ~~~3~~~~~il~~i!~:ei ~~~ ~El~~~l:S;i ~~~ ".. ......... " ... 00-'" • __ ............ ..,_.. ~"":".t.a. "_U."'.. • ... .... .. .. u ___ •.• u-_. _~_.~_'. __ •• ~~.N." ___ .~_._ ••• ~_ .•• ___ -~~.-

., 
W , · · t. 
" . -, · .,. ., .. 
, 
:;: ... 
v 
" .. ., 

_~.uuu __ .~.WWy_~ •• ~ .~ __ •• _u, .uuu~~ •• _ ••• _WN .Uuy_'_Z_~ • 
:,.:~=:~::~::::~!_:~.:=3::::~:~;:;:::~~::.Q::~~~:~':::t!::.!' ~ 
...... t ,. ... WI 1IIIIi vt ~ ....... lilt ..... "". IE'" , ..... w W..A'" • a , ... ,. 11('" .. 'III .... __ g ....... .., ... :. _ ...... 11 ............ ~ " .... ':':II • I. 
~ ....... ..I..J •• * ... ..,..,""' ...... , ....................... ..,..,~ •• O .... _ a.., ..... ,..,..,.., •• Q ... N~ .... n~ • • ~ ................ o .......... vo.o,.~.'~ •• 'oa~.Q ........... vaa •• o.coa._o ............ uo.W't.O~.'2 
.~ ... ~ .... ~ ..... a ... ___ .u •• ,.'_ ... _"M oz .... O •• __ .. u~ •• ~ ... ant .... O. ___ .. u ..... u.~_~ 

- » 
an .... : '" .. 

'! 

.-



.. .. 
~ 

... .. .. ... • . 

195 

1..1 ... 4", ... , .. .,. ..... .,.,. C·_N"" ............. Op N..-- .. "'" .. .,. U _""'_ .. .".~ ....... O (,_~""'I".' ...... ',. I' .... , ..... ¥'\ ....... ' ... r ... ~ • •.••. , ,., ... ___ ""'''''' ...................... ""' ......... _ .. "".,. _ ........ e _ •• .,.,,. ............................................ ,. IJ '" ~ ., <ill.", -.,. ~ ... ~ •• ,- ..,. 
nr.~.~ •....•. ~ .••. _ .•.. _ ..•...... ~ ........................ ~r.u. 
'~':"" ~O rJ"'" O''''f',' 0..,)0.) 0 t'J OOt:)rl ""C.C) .,)-C.IO"ll ,l~,J·~·J ,t1(1 t"'")l,) un--.1 0 "\..I .-."1,, .,..., t"II" rt. t"" U'..J "'J ""' ..... I'~'~"'''''' 
U t.I (" (;" IV ur ... U Of;) YUO t~C"'~UgUC' VOO(.' CJ 00,., VUC.I ot., (',TO .... '7U'· ., ........ V.J" ....... '-"''' t.~V f,J 1.,1 tJ "'" t:"i'J ..... '~'...1 ',1 ".,,' 



·\~".a .• ;·g 11::. 
:0 ,;; ,a 1 '" 
':.~:/ •• ':'-" IC:.:'·''':''·::-:Cl.~) 
•• ... ;,·51 .. 1 I.~) 
.·t;(I .. :·'" :. 
~ ILl (Ii\:.).;' 
SILICaC)·. 

:a:~:~'·· 
STLlC'CI-" 
STLlIICI-. 
STLAlltl·. 
IC-'C·1 
STLl IA" --, 
STLlIA"-" 
STLUltl·. 
IC-IC·1 
STLlIl"·' 
Snlll"-" 
STL. Iltl·' 
IC-I:.' 

)0 .M'.'~_·1~.-~1/1£:. 
I,) :O.,;_U! 

I'CI'I,n.!;.l) ';C T-: 111 '.1'" 1(;; 
'Il~ ,) ... 'TCII',1·:I,·\T=iL a:H.R '''OPIT:!S'' 

"")I,·h~."'~l'·:·"~""'·"~',,""!''') 
'II.' 11~, (1,1 TL: C,), \TL I CI), S TL.a CI.) ••• 1 ,'STeT) 

110 ·01'111&' C1.,I •• J" &1~ ... ,;' •• '1l. Z,; •• ,'~'11 U 
I II 'O~".U: 

• S ".!." np!.1 . ,,~ .. 
I~O 

C·'.SW1'';. 
Su~.Dt.lTl"t C:, SCI C Ce,,'I, C\,.~'T.t a""1 U 
''''LltlT te.8Li 'HCU:~'U'".C'II 
'INI~SleM CC".ICl~t.I),~C~'TClOu),C"Cl~~) 
CON"O .. lONfi .1,,~.Tl,l. 

IC-1 
·1·).1l'S~ 
.~.-f.';-'1/1 tt.,j 
•• J:U,-II/Z.::' 
M-"/i.\; 
ST'~.·''''''Z.J 
1t."CIU~ 

.l·"~I .. S'" 
O~ I~ 1·1., 
.1!.·~.S-'''.-~-CI1·~i) 
'1.Z.;/'.'-i:"CiT'.~)/iT'''~ 
'Z-.'--J-~i--; 
,,-I1--i,-I.--i. 
ICt:~-"-C2'e.) 
, •• ' • .»T''':;' 
DC iO J-I,1' 
1·":'f"-l(;.iCT'''~) 
T.~t; .. - Si ."C TA.'~) 
e"u:)·,I1:, 
ee .. ,., .. :)·. 
ell .. "''',,)·, 
.. C·I':.' 
:"(.:).,, ... ,. 
:: ... '1( .... '·. 
..:~.foIlT' .. ~.·-w 

C":1 5 0 
(')? j:

C':'1P 
C('7;O 
CJ7el1 
CC761 
C~70l 
CHO 
C,j1c" 
I)':~., 

OHU 
;;0)767 
':01'
C~76~ 
CJ77~ 

':;771 
0·,772 
'C77) 
olH7. 
C": 11S 
C~1101) 
Cro77 
007H 
C ~71t: 
Col"S!: 
OJ711 
~,;,'e? 
:JC?',~ 
C)7!4 

0;75' 
C;7I • 
':u7C'1 
CC715 
~:'1'4 

= ~ 't~ 
~')'~1·. ! 
:J11i~ 
~JH) 
C,79. 
CH'~ 
~~";'t 
CJ7P 
Cw7)! 
~070~ 

-:Jo~:: 
JC ~:'1 
:J,J! 
C JrC 1 
:: It)4 
C ;!C'I 
C':~ JI .. :! ... ., 
~,Cl 
;~~~ 

::.J1':,'1 
:'&11 
;::1! 
:;1" 
:·14 

IS 
I ~ 
11 
I' 

kC ... C .. 1 
(Il'CI""'·'''I' 
C:: .. Il.(I') .... ' 
CD""""C)·l 
IC·IC·1 
",CIC)·,1RI. 
'O .. 'ICIC.--I 
CGNP! IIC I.-T 
IC·IC.1 
T' .. ".T ... ~.' .. , 

cO COMTlNUi 
11-.1-H 
'l·IZ-" 

III CO.T1l1ut 
M'II·IC'I 
l'C"'I'.~' •• lO) 'T'~ ~.C 
.l1lhT 1':C 

I~O .0.".,,",.IOI."CONCUU 'Ii!. "00l1Y:"·. 
1/1,11, • .. c.·" 01, ·.-,111,· T·" 1Cl,· ,.,'-) 

00 111.) .. ·1,"'11 
~ • .t"T 1 32,"', CC"~I CM),e \i .. " 'r),e 11-, (l1li') 

IOl 'G ••• TII!.JI," •• IG.211 
110 CO~TI.U! 

.n~ .. 
t.o 

~-'''~''1'!t. 
SUa'OvTi~£ Cl~i'LCSTLI,SlL','TL'.~STO') 
I"'L:CIT DCuSLt .oltCliIONC'·",C-U 
IlIN!MSIO" :.TLICl:" ... ).STL,Cl':-:.,!TL,'2lC) 
CO .... ~ .. I~ .. EI 11,T',TI,T. 
CO •• ~. "e"", JTTI:'.STJI)'."P"'II),."~"'TI),.MLS'LI" ••• I_' 
'1-).1l1S • 
v'L·2'O • .JI"oll~; 
"V'L-V'i.... 
1"'L· .. ".L/l 
'h(;.C'1/2.::J/IVIL 
.'lll"~·lll.l.: 
ST''',;.· ... ;/Z.IJ 
IC-1 
JO 10 I-I.~,,", 
•• •• Olu)·'.~ .... IC:) 
s'·",.S-ST~C:) 
,U('·iT/"V'~ 
~CcN.~-~:"C~T_"G)/Cil'~G' 

""'.~T.l"~ 
.1J lJ J.,,,IV'L 
I.'!: :~ • .:.:a" .... ,. 
'.olC:"·S.i~n' .. ';,) 
sn.C .. C)·'ol":''' 
STLICIC)a), 
SILTCI')-' 
IC·"C·1 
ilL,lC"CJ·"'Iil':' 
)IL.CI:' •• 
STLT'IC'-·, 
IC·It:·' 
SIL.'.C.· .. Iil'~. 
~ IL.CIC' ·-1 
$ n.. fC,,':.·' 
"C·"~.' 
S'L .. Cl~) • .lIili. ... 
SILIC(C)·-& 
~fLnll.:)·'" 

0~119 
00110 
OJ"I 
oeln 
oOln 
OOIH 
001l' 

:m;..· 
00111 
001l' 
00.,0 
caul 
00152 
00." 
001)' 
001" 
001" 
CO.,7 
0')1)1 
OJI)' 
001'0 
O~I" 
OOIU 
001" 
COSh 
00'" DO.,.··) 
001., 
00141 
au •• 
GOUO 
OOISI 
00152 
COU, 
OO!" 
CO." 
OC.,. 
CO~!7 
OvUI 
COU· 
00 .. 0'" 
00.,1 •• , 
:Jlol 
all .. ' enOl 
C"h' 
o~r .. 
C~'.7 
CJoH 
f'!J!d O 
C~HO 
CCHI 
CQU2 
~017! 
0174 
':~"1S 
CJt7. 
CJ67' 
.::.:.! 11 
~!)!1. 

c:'r~ 
:J! 11 

t-' 
\0 
0'1 

I , 



197 

. . 
.,...., .... ~ ......... ""'fIO' ... .,.. 'f.I"" ..... .11 ... " • .". ·It""' ..... .. C ... "'V .... ,. .... fro. ... , ...... ,."' .. ,. ! .... r\1IO .~ ..... _ •• '.., ... "JO CI"~"" • .,.. Of' 
............ .,.."" ........ "" ......... """ ...... '#It 4ft #II"'" ................................ "' .... ""'tIt •. .ft ........ Oft. ~ ... ~,.. ... no~ •• , 'f"0'')~',\ •• ..1,', 
_.~ •••••• o.o ••••• ~ ••• o ••• o ••••• o •••••• e~._.o •••• o •••• a.auncnu~ •. 
~:...,.,. ~3"" r»on 1.."" ""n ... , ":)"')c",f.:"t>::tC).,) 1'~1 't.J '",,"3"')r,J ..... ~"I(.,J ("\'J \"'t ;...,no., 'l' l~~'TJ .,.,.~ .. 'l ..... t''''~C'r:~'''''(J'''_ po ........... :.. 
... (, t,)f")"'·t.' DUe.> U' .. (I 0 ,,,,,c.... '-7"" ""'"' c.tCJUt.· .. :.(.)\oIf"'I uC'CJ! l.;U t,.' ..... c:'(I4.lO\.lU.'Ut:' Uf,lt)L- Qf.)Ut.~t (. •• " .... U '-":4 • .... 'fJ' t. 

:< (:; " w ~ .. ..... .. 
N_ -' •. ~ P-... '. ~...: .. ~ g .. ..... .. .. . 
P-~ . .. ~ 

~ ... .. " ... .. . . .. -. .... f: ... .., ... 



198 

: 
"' :!; !~ . " ... 
" .. , 

" -' ... 
U 

• • « • • r - .,. .. .. A'\ 

I •• O_N~~_ •••• Q_~_ ...... U_~~._ •••• Q __ :S~ •••• U.N~ ••• : •• Q_NM._ •• ~.U 
QO~P_~_~~~_~~~~~~~N~~~~~~~~~~~~~"4.~ •••••• _'~_~~~~~~_4UGO~~.~C~~ 
Ot:)Q co 0'0000'00 0 00 0000 0' OOOQOOQOOOOOQOOOCol'CQ ooaooooO'I")O 00 ":I",:) (. l")n 00 Y i(;".I f:~C"' 

ppp---------------~-----------~----------------------- --------U 0 1;;1 U 00 a 0 0 Q 0 0 0 0 0 0 0 0 C 0 Q t.I Co) '" U 0 0'" CO) U 0 0 QUO t.I U L,.' U "'" Y' Cot 0 0 t) U n f'); U 0 (J s.,.. \.' () \oJ 0 U I J t • ("I V (.J fJ 

~. .. ~ 
fLU 

~.~ 
U • . . --

::: .. 
~ 
~ 
~ .. 

.. 
u 
<> .. .. .. .. 
:: .. 
'" .. 
~ 

'; 
" a ., 
., ., .. 
.:a 

~ 

" .. 
, 

'U 
!~ 
~ ..... ..... ... 
, .. --

,-



'. 

... .,...o ..... O_N.., ... IrI. 
::::::!~!!::: ------------CltlOOOOQOQOOOO 

'" ~ . .. 
~ 

: 
· .. .. ! · .. · z 
": C> 

... .. . , 
-'E &'''' 

~;!~ :;: : 
~ •• _ •• • I.U .S 
_ .... _ .. ,.~ 0 _ ""'" __ _22111: 
.... ..,., ...... W\W'I, ...... __ l1li._, ___ .. ..-::.; 
_ R Z. ... ... ""0 
.g"'O._QO-O..,"''' 
uoe.:a ...... oo • ..,.f, ... . 

~ 

199 

l 



200 

A.6 Example Problem 
i 

The following are the input data, explanatory remarks for 

the input data, and the data output for the example hollow section 

shown in Ref. 44. The input will vary slightly for each type of 

section and if the program steel fiber generation option is used. 

.-



No. Type 
Card Card 
-1- -1-

2 2 

a 4l.j.b. g b.t 

~ ~:::t 
10 ~ 
1t 9 

.. '" 

.. ' . 

tHE UIIIVmllY OF flUS [O:A1'UIAHOH [[KIFA lomUI - [Ol.lrm rfinCRUtlMIIIC FORM 
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A.6.2 
1 

Explanatory Remarks for Data Input of Example 

Card Card 
No. ~ 

1 1 

2 2 

3 3 

4 4b 

5 4.b.l 

6 5a 

7 5.a.l 

8 6 

9 7 

10 8 

11 9 

Remarks 

Title 

Material properties 

Section Card (type of section, concrete 
modeled as unconfined, program, steel 
fiber generation option used) 

Geometry of section (width, flange 
thickness, depth, web thickness) 

No interior walls in hollow section 

Reinforcing steel description (1 ring, 
area of steel for one end, area of 
steel for one side) 

Concrete cover (x-cover, y-cover) 

Initial conditions (initial axial load, 
initial preset strain) 

Joint release code (incremental curva
ture procedure) 

Specified forces (since it is an incre
mental curvature procedure, forces 
specified as 0) 

Specified displacements (only curva
ture about the x-axis is specified) 



'. 

A.6.3 Selected Data Output 

CONCIETf 'TIEN;T~ • 
,TEEL YIELD 'DINT • 
.TlfN;TN If DUCT ION ',CTOI. 
CONClfTf MODULU, • 
,TffL .ODULUI • 
CONClfTf ULTI.'Tf ,T.'IN • 

TMf Itlfll IfCTlON n NOLLOIII 

. ... , .. 
""",.11 

.8'5 
,JU.!+"' 
," .. f •• '" .III'f.pl 

CONClfTE 'Iarll, IIIILL .f .O!)!LlfD '. IINCON'!Nf!) 

.TffL 'J.rl. 'I' I[Nf"'Tf!) .Y TN! Itlnou. 
hOI_fNIJON. '111.11 
'L'Nlf THICKNf.,. tr .... 
.. OINfNIION. ,?e ••• 
111(8 TNICKNf ... • tI .... 

CONCUT, '11£1 Itlo-rnlU 

NO. 1( Y "'f' , . " ... ...... h,'" 
I ·".11. 11 •• 11 .. h,'" 
I .J •• " I ..... ,.,., 
• -1 •• " ....... "," , ."." ".'" "," • ."." ..... 11 "," , . "." ...... ",''5 • ·' •• 111 ..... , n,.' • .... " ...... ,.,,, ,. • •••• ".lIe "." " ." ..... e "," II •••• •••• 11 "," II .... 11 ••• 11 ",,, ,. 11.11 "."11 "," ,'5 It." . ..... "," 
" "." 11 ••• 111 "." " "." ••• e .. ",U 
" I •• ,. ".11" ";" ,. J'.'J ...... ,.,U 
It ., ... 11 ".1111 1., .. 
II '51 .... ".11' U,"' n ·'51.1111 ".1111 h ... 
IS .. , .... "." J.,III ,. .J'.'J "."11 ".''5 n • 1 •• ", 'PI ••• "," ,. ."." 71.'" ",U 
I' ."." " •• 11 "," ,II ."." 'Pl." "," 
I' ·11.11 "'." "," ,. ·'.1111 ".'11 ",n 
11 •••• 4 " •• 11 ,.,n 
11 ." TIl.,. It •• , 
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d '." ''','' "." s. •••• '''.'' "," n "." 'III.', "." s. lI.,. ''''.'' "~" Sf "." 'PIlI ,'" ZI, .. 
SI ".U 'PIlI." "," J' s •••• 'PIlI." l'," •• J'.n '8.'" 2'.''! .t '~." '"." h ••• 

" '!, ." U ... h." IS .'! •••• ".'!' 'U," •• .4,!." Te,.' '!I," 
n Ii,!.,,, '''.'!' ,!'," 
a. "i, ••• "." '!'." /I' ·<'1."" ." ,. 151." •• . ~." ". , . ~2~" 
U .'!.'" .'.'. n," 
'!I ;, ." .t.'. n.·' 
'!l ."'.'" "." '!'." '!I ·"'!.e" "." n~" 
5S L'!." ".'4 ~I.'· •• "'.'" "." 'u.·· •• .C;,." ",U "." '!. ...... " "'" "." '!, ..... " Ga." n~" 
S' ') I.'" Ga.11 '2~" 
S' •15 1 •• " J'§.I' '!l." •• ."~.'" n.l' '!I." .. (j'! • .,e '''.1' '!l," 
.2 5 t • iliA ,l1li.2' '!2.'· .J .St.e" 2 •• .., 52,'. 
•• ."'."" 111.4' "," •• .'!."" 1 ••• ' "." •• ".RI ;0',4' '!I.'· . , .51, II. 17 •• '! '!2.·4 
.' .4 •••• tT ••• '!2." . , ••••• " •• 5 '2." 
'PI St ••• "." '!1.'4 
" .5,.A. II.lll '!2," 
'PI .4,!." 1.', ''I.'' n ••••• 11.11 .2." .,. 

'1. ". '."2 n,'4 .,. .S •••• .. '" .2." ,. •••••• .."" .,," .,., 4 •••• !,"" 'l,'4 
'PI ' .. " •• "18 .,." .,. ·'1." • .,.Fl '!2," 
"' .' ... ' .".'1 "," 
"' ... .,. 

.'.' I '!l," 
n '1.'" ·'.~l 0;2," 
IS .'!'." ." ... 0; 152." •• .4 •••• .".n'! 0;2." .. "." .".'" o;l~" 
II. 5, •• " ." ."'! 0:1," .., •• I. fl • .".~, 0:2." 
II •••••• . ,.," ",,~ .. 
I' ••••• .1 ••• ' '1." ,. '1." .1,.4' 'il," 
't ·'1." .".1' <;2," 
'Z .' .... .".1' "il." 
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B.l General 

Identification. The computer program discussed within this 

appendix, entitled PIER, is written in FORTRAN 77 computer language. 

Application. The primary objective of the program is the 

structural analysis of a reinforced concrete single pier bent beam

column subjected to static loads. 

Coordinate System and Sign Convention. The positive ~{es of 

a pier are shown in Fig. B.2. Forces and displacements are positive 

if in the directions shown in Fig. B.4. Moments and rotations are 

positive if given by the right-hand rule as in Fig. B.4. 

B.2 Definition of Main Variables 

AG 

AKFX (11) 

AKFY (11) 

AKFZ (11) 

AKX(ll) 

AKY(ll) 

AL 

AMAT (3 ,3) 

AST 

AXF(lO) 

BETA 

BMAT(3,3,100) 

CFA (200,10) 

CONFX (200,10) 

= gross area of section 

= vector of translational spring stiffnesses 
in the x-direction at joints 

= vector of translational spring stiffnesses 
in the y-direction at joints 

= vector of translational spring stiffnesses 
in the z-direction at joints 

= vector of rotational spring stiffnesses about 
the x-axis at joints 

= vector of rotational apring stiffnesses about 
the z-axis at joints 

= length of pier 

= A-matrix for a segment 

= area of reinforcing steel 

= auxiliary matrix containing segment axial loads 

'" creep factor 

= B-matrix of all sections in a .member 

'" matrix containing the area of all concrete 
fibers in a member 

= matrix containing x-centroid of all concrete 
fibers in a member ~ 
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CONF3(200,10) 

CTROID(S) 

CYL 

DAll , DA12 , ••• , DA13 

DAL 

DFORA(6,lO), DFORB(6,lO) 

DU(66) 

DUA (6), DUB (6 ) 

EC 

ENO 

EPS (10,10) 

EU 

EY 

EZC (200) 

EZS (200) 

FIY(lO,lO) 

FIZ(lO,lO) 

FOR (6) 

FORA (6,10) 

FORB (6 , 10) 

FY 

GAMMAX(3) 

= matrix containing z-centroid of all 
concrete fibers in a member 

- distance from centroid of section 
to interior walls 

- compressive cylinder strength of 
concrete 

- stiffness parameters of section 

- length of a segment 

= auxiliary matrices containing 
member end forces 

= matrix containing the incremental 
deformations of each joint 

- auxiliary vector containing seg
ment forces 

= initial modulus of concrete 

= strain corresponding to maximum 
stress on concrete compression 
stress-strain curve 

= contains axial strain for a section 

= ultimate strength of concrete 

= steel modulus 

= array containing total strain of a 
concrete fiber of a given section 

~ array containing total strain of a 
steel fiber of a given section 

= contains rotational strain about 
the y-axis of a section 

- contains rotational strain about 
the z-axis of a section 

- auxiliary array to read forces or 
displacements 

- contains member end-A forces 

- contains member end-B forces 

= yield stress of steel 

- x-distance from end edge of section 
to centroid of top or bottom steel 

.. 
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GAMMAZ(3) 

ICODE 

ICON 

lOR 

IPRNT 

IS 

ISTAT 

ITITLE (20) 

ITYPE 

JPRNT 

JR(ll) 

LGI 

LTI 

NCJ 

NDF 

NFIB 

NJ 

NJL 

NJSP 

NLFDG 

NLINC 

NLJ 

NLOAD 

NLTYP 

NRING 

NSECT 

NSEG 
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= z-distance from side edge of section to eentroid 
of side steel 

= code to indicate if hollow section has interior 
walls 

= code to define if concrete is unconfined or 
confined 

= orientation of interior walls; either horizontal 
or vertical 

= print option of section fibers 

= code to indicate if segment lengths are equal 

= code to indicate if program will generate steel 
fibers or if the user will read in individual 
reinforcement properties 

= title of problem 

= type of section (solid, hollow, oval or circular 
hollow) 

= code to indicate which incremental results will 
be printed 

= vector of jOint release codes of nodal points 

= identification of load factor groups 

= load type 

= number of constrained jOints 

= number of degrees of freedom 

= number of concrete fibers in a section 

= number of jOints 

= number of loaded joints 

= number of joints with springs 

= number of load factor design groups 

= number of load increments 

= number of loaded joints 

= number of load cases 

= number of different load types 

= number of rings of steel 

= number of sections to be read 

= number of segments 
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NSTOT 

NW 

POlS (66) 

PFOR(66 ) 

RATIO (10) 

RK 

ROT (6 ,6) 

SA (6,6,11), SB(6 ,6, 11), 
SC(6,6,1l) 

SKAA(6,6,10), SKAB(6,6,10), 

SKBA(6,6,lO). SKBB(6,6,lO) 

STBB(6,6), STAA(6,6), 
STAB(6,6), STBA(6,6) 

STK(720) 

STLA (200,10) 

STLX (200, 10 ) 

STLZ (200,10) 

STS (3) 

STT(3) 

TF 

!RAT 

TW 

= number of steel fibers in a 
section 

= number of interior walls in 
hollow section 

- vector of applied displacement 
increments 

= vector of applied force increments 

- ratio of reinforcement area to 
section area 

= reduction factor applied to ft 
c 

= rotation matrix 

- auxiliary matrices containing 
stiffnesses of members 

z flexibility or stiffness of 
matrices of segments 

= flexibility matrices or stiffnesses 
matrices of a segment at a given 
load increment 

= total stiffness of matrix of a 
member 

= matrix containing the area of all 
steel fibers 

= matrix containing the x-centroid 
of all steel fibers in a member 

= matrix containing the z-centroid 
of all steel fiber~ in a member 

= area of steel of one side of 
section 

= area of top or bottom steel of 
section 

= thickness of flange on hollow 
section 

= torsional constant 

= thickness of web on hollow section 
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TWALL(5) 

U(66) 

WLSTL(5) 

XI 

- thickness of interior walls 

= vector of joint deformations 

= area of steel interior.walls 

= depth of section, dimension along x-axis 

- moment of inertia about the x-axis XIX 

ZI - width of section, dimension along z-axis 

ZIZ = moment of inertia about the z-axis 

B.3 Guide to Input Data 
The program data are input by means of data cards. No units are 

implied. The user must use consistent units. See Figs. B.l through B.4 for 
sign conventions and section descriptions. Note that axes are different than 
in BIMPHI. F-fields are for real numbers and data can be placed Anywhere 
within the field. A decimal point must be used. I-fields are for integers 
and are right justified. A-fields are for alphanumeric designations and are 
left justified. 

1. Title Card (20A4) 

Column l-80--ITITLE(20), title of the problem. Any 
FORTRAN characters are acceptable. 

2. Member Description (FlO.0.3IIO) 

Column l-lO--AL, length of member 

Column ll-20--NSEG, number of segments the pier is divided 
into (limit is 10) 

Column 2l-30--NSECT, number of different types of sections 
required to define the pier geometry 
NSECT ~ 0 or 1 for prismatic pier with uniform 

cross section throughout 
NSECT ~ 2 for linearly tapered pier 
NSECT - NSEG for pier of arbitrary vertical 

configuration or for a prismatic pier 
with varying cross sections (limit is 10) 

Column 3l-40--IS, parameter for equal segment lengths 
IS ~ 0 or blank if all the segments lengths 

are the same 
IS = 1 if the segment lengths are different 
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3. i;egment Lengths (8F10.0) 

(Use only if IS ~ 1) 

Column 1-10--DAL(1), length of fi~st segment 

Column 11-20--DAL(2), length of second segment 

Continue for as many segments as required using extra cards 
as needed. 

4. Support Conditions (2110) 

Column 1-10--NCJ, total number of constrained joints (supports) 

Column 11-20--NJSP, total number of jOints with springs 
(Note--a11 joints are at segment ends) 

5. Release Code of Joints (2110) 

Only if NCJ ; 0; one card for each constrained joint 

Column 1-10--J, the number of the jOint which is a support 
(see Fig. B.1 for joint numbering scheme) 

Column 11-20--JR(J), joint release code for joint J; 1 for 
a degree of freedom which is fixed and 0 
for a degree of freedom which is not fixed 
(Column 15--x-trans1ationj Column 16-
y-trans1ation; Column 17--z-trans1ationj 
Column 18--rotation about x-axis; Column 
19--rotation about y-axis; Column 20-
rotation about z-axis) 

6. Spring Information (I10.7F10.0) 

Only if NJSP ; OJ one card for each jOint with springs 

Column 1-10--J, number of the joint which has springs 
(see Fig. B.1 for joint numbering scheme) 

Column 11-20--AKX(J), stiffness of x-translational spring 

Column 21-30--AKY(J), stiffness of y-trans1ationa1 spring 

Column 31-40--AKZ (J), stiffness of z-trans1ationa1 spring 

Column 41-50--AKFX(J), stiffness of x-rotational spring 

Column 51-60--AKFY(J), stiffness of y-rotational spring 

Column 61-70--AKFZ(J), stiffness of z-rotationa1 spring 
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7. Material Properties (SF10.0) 

Column l-lO--CYL, compressive cylinder strength of concrete 

Column ll-20--FY, yield stress of reinforcing steel 

Column 2l-30--RK, strength reduction factor for concrete 
(i.e., f" = 0.85f'; see Sec. 4.5.3) 

c c 
Column 3l-40--EC, initial modulus of concrete 

Column 4l-50--EY, modulus of reinforcing steel 

Column 5l-60--EU, ultimate strain of concret~ if left 
blank, program assumes EU = 1.9 (1.0 + 
BETA)(RK)(.Z.O CYL/EC) (See Sec. 4.5.3) 

Column 6l-70--BETA, creep factor (see Table B.l) 

8. Section Card (2A4.2X.3I10) 

Column 1- 8--ITYPE, type of section (type either SOLID, 
HOLLOW, OVAL or CIRHOLLO (circular hollow 
section), starting in column 1 for type of 
section desired) 

Column ll-20--ICON, status of concrete (if ICON = 0, unconfined 
concrete; if ICON = 1, confined concrete). To USe 
confined concrete option, user must ensure enough 
lateral ties are provided to meet the equivalent 
of ACI Building Code 31S-83 Appendix A Sec. A.4.4 
for compression members. 

Column 2l-30--ISTAT, status of reinforcing steel (if 
ISTAT = 0, steel fibers generated by the 
program; if ISTAT = 1, steel fibers read 
in by the user) 

Column 3l-40--IPRNT, print parameter (if IPRNT = 0, print 
out of fiber properties will be suppressed) 

Card Group 9-10 should be repeated for the number of sections to 
describe the pier (i.e., once if NSECT = 0; twice if NSECT = 2; 
NSEG times if NSECT = NSEG) 

9. Geometry of Section J (8F10.0) (see Figs. B.2 and B.3) 

(a) If ITYPE = SOLID (rectangular solid) 

Column l-lO--ZI, width of section (dimension along 
z-axis) ~ 

Column ll-20--XI, depth of section (dimension along 
x-axis) 
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Of) If ITYPE = HOLLOW (rectangular hollow with or without 
interior walls) 

Column l-lO--ZI, width of section (exterior dimension 
along z-axis) 

Column ll-20--TFJ thickness of exterior wall which is parallel 
to z-axis 

Column 2l-30--XI, depth ot section (exterior dimension 
along x- axis 

Column 3l-40--TW, thickness of exterior wall which is parallel 
to x-axis) 

9.b.l Status of Interior Walls of Hollow Section (2A4.3IlO) 

Column 1- 4-- ICODE (Are there any interior walls? Type 
YES or NO beginning in column 1.) 

If ICODE - YES 

9.b.2 Description of Interior Walls (3A4.aX.llO) 

Column 

Column 

l-20--IOR, orientation or walls (type VERTICAL 
1f the walls are parallel to the x-axis; 
type HORIlONTAL if the walls are parallel 
to the z-axis; begin in column 1) 

2l-30--NW, number of interior walls 
(maximum of 5) 

If IeODE - YES 

9.b.3 Geometry of Interior Walls (8FlO.0) 

One or more data cards alternately giving values 
for pairs of CTROID(I), distance from centroid 
of interior wall, and TWALL(I), thickness of 
wa 11. Pa ire repeat for I = 1, NW (one data 
card can contain CTROID(I) and TWALL(I) for 
four interior walls. Therefore, in case there 
is a fifth interior wall an additional card 
is required). 

(c) If ITYPE • OVAL (also used for solid circular)* 

Column l-lO--ZI, width of section (dimension along z-axis) 

Column ll-20--XI,'depth of section (dimension along x-axis) 

* The solid circular section is a special case of the 
oval section with XI = diameter and ZI - XI + 0.01. 
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(d) If ITYPE • CIRHOLLO (circular hollow) 

Column l-lO--ZI, exterior diameter of section 

Column ll-20--TF. thickness of wall section (thickness must be 
Less than 1/2 the diameter) 

10. Reinforcing Steel Description (see Fig. B.3) 

(a) If ISTAT • 0 

10.a.l Description of Steel Rings (IIO.7FIO.0) 

Column l-IO--NRING, number of rings of steel 
(at least 1 ring, maximum of 
3 rings). The rings are symmetric. 

Column ll-70--Starting with STT(I), alternate STT(I), 
area of end steel 1n ring (parallel to the 
z-axis), with STS(I), area of side steel 
in ring (parallel to the x-axis), in fields 
of F10.0 for 1-1 to NRING (for solid cir-

cular and hollow circular sections, STT=O and 
STS is half the total area of steel) 

10.a.2 Concrete Cover (8FIO.0) 

Column I-60--Starting with GAMMAZ(I), alternate 
GAMMAZ(I), distance (parallel to 
z-axis) from side edge of section 
to center of side steel, with 
GAMMAX(I), distance (parallel to 
x-axis) from end edge of section 
to center of end steel, in fields 
of FIO.O for I • 1 to NRING 

10.a.3 Steel in Interior Walls (8FlO.0) 

(Only if ITYPE - HOLLOW and ICODE- YES) 

Column l-50--WLSTL(I), area of steel in each 
interior wall in fields of FlO.O 
for 1 = 1 to NW 

(b) If ISTAT • 1 

10.b.I Steel Fibers (110) 

Column l-lO--NSTOT, number of reinforcing 
bars to be read (maximum of 200) 

~ 
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10.b.2 Description of Reinforcing Bars (2(3FlO.2» 

Column l-60--Starting with STLZ(I), alternate 
three dimension sets of STLZ(I), 
(z-distance from centroid of 
section to reinforcing bar), with 
STLX(I) (x-distance from centroid 
of section to reinforcing bar) and 
STLA(I)(area of reinforc1ng bar) in 
fields of FlO.O for I-I to NSTOT. (A 
set of three numerical values (STLZ, STLX, 
and STLA) describes a single bar. There 
are 2 bar descriptions per card.) 

11. Type of Analysis (110) 

Column l-lO--NLFDG, number of load factor design groups. 

If NLFDG > 0, a number equal to NLFDG of 
AASHTO load groups will be 
considered in the analysis 
(maximum number of load factor 
design groups is 10). 

If NLFDG ~ 0, the analysis will be carried out 
without factoring loads or using 
factored load groups. 

12. Loading System 

(a) If NLFDG S 0 

l2.a.l Load Cases (2110) 

Column l-lO--NLOAD, number of load cases for 
the problem (load cases represent 
the nUmber of different load groups; 811 
pier behavior is cumulative from one lOAd 
case to the next). 

Column 11-20--JPRNT, print parameter (results from 
every JPRNTtk incremental analysis will 
be printed.) 

Cards 12.8.2 to l2.a.3 are repeated for the number of load 
cases I NLOAD. 

l2.a.2 Load Description (2110) 

Column l-lO--NLJ, total number of loaded joints 
Column ll-20--NLINC, number of load increments (the 

number of load increments for the total 
number of load cases should not be less 
than 30 to obtain an accurate solut1on). 
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• l2.a.3 Loads (I10.7F10.0) (Repeat NLJ times) (See Fig. 
B.4 for sign convention) 

One card for loads at each loaded joint. If a 
joint was specified as a support, and has a 1 
specified in the release code for a degree of 
freedom, and if the user specifies a value at 
the support for that degree of freedom, he is speci
fying an incremental displacement or rotation, not 
a load. For factored load design, all loads 
should be factored loads and should be divided 
by proper strength reduction factors of AASHTO 
Sec.1.5.30(B)(2). 

Column 1-10-- J, number of the loaded 
jOint 

Column 11-20--FOR(l), incremental force in the 
x-direction 

Column 2l-30--FOR(2), incremental force in the 
y-direction 

Column 3l-40--FOR(3) , incremental force in the 
z-direc tion 

Column 41-50--FOR (4), incremental moment about 
the x-axis 

Column 5l-60--~OR (5), incremental moment about 
the y-axis 

Column 6l-70--FOR(6) , incremental moment about 
the z-axis 

If NLFDG ;> 0 

l2.b.l Load Descri:etion (BIlO) 

Column l-lO--JPRNT, print para~ter (results 
from every ~RNTt incremental 
analysis will be printed) 

Column ll-20--NLTYF, number of different load 
types to be input (D, L, ICE~ 
etc.) (maximum of 14) 

Column 21-30--LGI(l), identification of the 
AASHTO load factor design group 
combination to be considered 
first (see Table B.2) 

~ 
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Column 31-40--LGI(2). identification of the 
AASHTO load factor design group 
combination to be considered 
second 

Continue in fields of 110 until NLFDG load 
factor design group combinations have been 
completed. If NLFDG :> 6 begin a new card with LGI(7). 

Card 12.b.2 to 12.b.3 are repeated NLTYP times. 

12.b.2 Type of Load (BIIOl 

Column 1-IO--LTI. load type (see Table D.2) 
(for example, load type ICE is 
input as 14) 

Column 11-20--NJL, number of tBtal loaded joints 
(for example, all joints where 
ice load would act) 

l2.b.3 Loads (IlO,6FlO.0) (Repeat NJL times) (See Fig. B.4) 

One card for loads at each loaded joint. In this option 
(AASHTO Load Group) speCified displacements or rotations 
are not directly permitted. To achieve specified dis
placements the user must input an equivalent static 
force system that produces the desired displacements. 
All loads should be divided by proper strength reduc
tion factor ~ of AASHTO Sec. 1.5.30(B)(2). 

Column l-10--J, number of the loaded joint 

Column Il-20--FOR(l). total unfactored force 
in the x-direction corresponding 
to load type' LTI 

Column 21-30--FOR(2), total unfactored force 
in the y-direction corresponding 
to load type LTI. 

Column 31-40--FOR(3), total unfactored force 
in the z-direction corresponding 
to load type LTI. 

Column 41-S0--FOR(4), total unfactored moment 
about the x-axis corresponding to 
load type LTI 
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Column 5l-60--FOR(5), total unfactored~oment 
about the y-axis corresponding 
to load type LTI. 

Column 6l-70--FOR(6), total unfactored moment 
about the z-axis corresponding 
to load type LTI. 

B.3.l User-Friendly Input Form 

The following input form was developed by the Texas State 

Department of Highways and Public Transportation for use with 

Program PIER. 
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LOCATION 0;:
SUPPORT 

(JOINT NO. ; 

D 
10 

@ RELEASE CODE 
TRANSLATION I ROTATION 
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the x.y.or z axls.5ee fIQ.B.2 for orlentatior. 
of axes. 

TABLE 6. SPRING VALUES (number of cards accordIng to table 4) 

STIFFNESS OF TRANSLATIONAL SPRING 

I 
STIFFNESS OF ROTATIONAL SPRING 

about X axl6 I about Y axis I about Z axl6 In X dlrec. In '( dlrec. In Z dlrec. 
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TABLE 8. SECl ION CARr. (one cora each problem) 

® @ . SectIon Type Status of 
,:,eft JustIfIed Concrete 

11111111 
• JO 

@ 
Status of 

Relnf.Steel 

o 
lO 

@ 
FIber Properties 
Print Parameter 

o 
«l 

@ Entar sect Ion t),pe. I Enter SOL I 0, HOLLOW. 
OVAL or CIRHOLLO. Seo fIg. 8. J ) 

@ Enter 0 or blank for unconfIned concrete; .... ·· 
or I for confIned concrete. To use confIned 
option, user I\'IJst ensure enough lateral tIes 
are provIded to meet the equivalent of ACI 
Bulldlno Code 318-83 AppendIx AJ Sec. A.~.4 

"for c~.sslon menDers. . 
@Enter 0 or blam If relnf. eteel Is modeled 

as solId rings. In thIs case the program 
wIll automatIcallY generate the steel fIbers. 
Enter I If IndIvIdual steel fIbers ore to be 
I nput by the user. 

@ Enter 0 or b I aA<. to suppress pr I nt out of 
fIber propertIes. or I for full prInt out. 

TABLE 9. GEOUETRY OF THE SECTION ~ TABLE 10. REINFORCING STEEL 
(Repeat Tables 9 thru 10 for the number of sections required to define pIer geometry 
accordIng to Table 2) 

TABLE 9.0. For SOLID SectIon Type 

Dlmen.'ona Along 
Z Axl. X Axle 

.. lID 

TABLE 9.b. For HOLLOW SectIon Type (with or without InterIor Wei Is) 

Ofmenelon ThIckness of DImensIon ThIckness 01 
Along Wall porallel Along Wa" parol lei 

to 
Z AxIs Z Axis X AxIs X AxIs 
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I.:ntel'" NO iLef-:- Jus'!'ltledi If tne~e ore NI inte:-,o
Wol is. I'" thel'"eo ar'e tnT"':- 101'" WOllE>, e"+3r Y[:; 
and use cords 9.v.2 and 9.b.3. 

9. tJ. 2. DescrIptIon o~ Inte~ior Wal :s 
I.J. 
~Orlent(Jtron of Interlo'" Wal 1s 

Nunber 0'" 

I nte'" or "v ~ Is 
I Max. 5 j (Le-f't Just I fled) 

.J o 
10 lO 

9.b.3. Geometry of Interior Wal Is 

@ En+er ... ERTICAl l-f fro I Is ore porolle' 
to the X Axis 0'" HORIZONTAL If Wa! Is 
are porol tel to the Z ~xls. 

DIstance From I I Olstonee From I IDlstance From .1 Distance From 
centrold Wa ,. Thlcf<.I'l8SS Centroid Wall ThIckness Centroid Wall ThlOkneSj Cant,..old Wall Thickness 

10 :to lO 40 50 10 70 10 

i~'''::o:~]~:: ~'~] elf the nl.llllber 0" Inter lor Wa I 's 1 S ~ 4, the 2nd cord for th I s tab I e I s not used. 

10 10 

T~BLE 9.c. For OVAL Section 

Olmel"lsion Along 
! Axis X Axis 

10 ,~ 

, @ 
Type (olso used for solid Circular sections) 

OjY ~ solid cIrcular sectIon Is 0 SDEle101 COSb o-f the OVAL sectIon +YDe. 
1+ Is d~flned by ente,..lng The d'amete r of ~ 5ecti~n O~ the dlmans'o'1 0 10'1' 
the X Axis and the diameter· .01 a~ the dlmenslo~ olon~ the! Axis. 

t' 

Jc~:. 19Bt: 
il'lM", OHM. US:' 

N 
W 
W 
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U 

i · : 
I · • : · I · · : 
i · · t 

1 
I · i 
Ii 
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TABLE 9.d. For CIRHOLLO (circular hollow) Section Type 

10 • 

@ Woll thiCkness IIIJst be less than 
one-half the dlcmater. 

TABLE 10.0. REINFORCING STEEL MODELED AS RINGS (use only If Status of Relnf. Steel = 
o In Table 8) 

10. o. I. @ I.t Ring ~ 2nd Ring ~ 3rd Ring 

NurItIer of Area of Stee I Para I I e I to Areo of Steel Parallel to Area of Steel Parallel to 
Rlnoa of St .. 1 Z A~ls X A~I. Z Axis X AxIs Z Axl. X Axis 

(Ma .. l. 15TTI (STS. (STT. CSTS) ISTTI (STS) 

lO 10 • 10 to '10 II 

@s .. FlO. B.l For SOliD. HOlLOW • OVAL sectIons. STT (JIld STS are areas of St_1 per- collJll'l face. 
The total areo of .teel In the section would be 2 times the sum of STT oncJ STS. 
For circular solId 'specIal coae of OVAD and CIRHOLLO sections STT-O oncJ STS Is 
one-ha I f 1''' t01'o I or.a of ateel. 

10.0.2. CONCRETE COVER (edoe of concrete to center of steel) 
lat Ring 2nd Ring lrd Rlno 

S1S STT STS STT STS STT 
(G ...... 2 GAMMA XI IGAMM. GMNA XI IGANMA GMNA XI 

I I I I I • L I • I '- I '.i 1 I I I I I • I i .L-L_.J L.Ll.l .. l .. L.LL_L I I I 
I 1..L.l..t..J...J 

.1 lO 10 • 10 to 

10.0.3. STEEL IN INTERIOR WALLS (use thfs card only for HOLLOW sectIons wIth Interior 
walls) 

, · · · ! 
i · · · , · · · 
! · · • ..... , i 
• : · ! • • • 
i • • • 
i 
• 
i · : 
: · I : • · • 
i · · i 
i 
I · · i · · • · · • · • · · • 
i : • · · · · : • • · : 

Enter the ar.a of ateel for each Interior woll In the ecme aequence aa the walla were defined In TABLE 9. b. : · , 

I.t 11011 2nd Woll lrd WoI! 4th Wall 

10 to JO 

5th Wol I 

, , I I I I 

40 10 

! · · · · ! 
! 

Jan. 1984 : 
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TABLE IO.b.STEEL FIBERS INPUT BY USER ( use only If status of relnf. steel: 
I In TABLE B) 

I C. b. , 
tumor 01 

Relnf. BOI"'s 
I Mc])c. 200 I 

D 
• 10 

IC.b.Z. AREA AND LOCATION OF REINFORCING BARS ( use as many cards as necessary to define 
al I relnf.bars. There are 2 bar description 
per card. ) 

7.. Coo'~;II.I, ? COD r -,. ,,_ ft... 

--.fotoee. l ~ 881" It If'"~ 

10 10 10 40 10 .. 
TABLE II. TYPE OF LOADING (one card per pt-oblem) 

Loodlno 
System 
Option 

D 
10 

TABLE 12.a. 
i'~·. o. I, 

Enter 0, and the pl"'oqram will analyze the pier without automatically f~ctorlnQ loads 
01'" consIderIng AASHTO oroup loadIngs. For thIs type analysIs use TABLE IZ.c. 

f:nter a value equal to the nurber of AASHTO oroup loads to be cOI'l!ildered (max, lOJ, 
and the proqrom will apply load f~ctor6 and Qroup the loads accordIng to AASH10 
oroup loadlnQ crIteria. ~ee ,able S.Z.For thIs type analysIs use TASlF IZ.b. 

JO I NT LOADS (use on I~ I f va I ue i '.:l T ABJ-E 'I. = 0) '/',t;.- r /0 a c( -' ''''''/J 

O 
>0 R~p,.~.:!.e .. -I-j -/1C- ,. .. ,..~e~ -7 ~ dr. .:' ~. .',-- ~ e,., ".; .. ~r Jd~ .... ·."" _.; c..'¥~<#/"'7',~«. ro_ e .. L 

~) lOa,;;/. cd.<-- -='~ 7".:.- nc.J( -I- • 
Numer ::.f f..r I ~t(':..:/ @ Th; 5 '1<11 ue i" ih" freQUency of the '">1'" I n i out "f the : "~r f'~1(m" u! 

Lood CasAs' Pcrl"11lL~t~l'" 011<11";,515 •. ;'~(1flOi6' I~' t"i-; "al'..J~ IG ;~, ·t-e n·/iulf6 sf ('V'JI'"V 

;--, S"r: 'n:-:- ... iw-Ilt '.:{ 'lDpi Itld 0(.0 wi' I ~)t' ;,' :'~;l'.i.) 

~ 
10 '0 

N 
W 
VI 
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12. G. 2. 
@ 

Number of Number of 
Loaded Joints Load Increments 

. j o D 
10 :10 

@ A minimum of 30 load Increments should be used to obtaIn 
on accurate solutIon. 

12. a. 3. (one card for each loaded JOint) 

@ I ncrementa I force I n the @ I ncrementa I moment about the 
JoInt 

Nl.JIIber I X Direction Y Direction Z DirectIon X AXIS Y AXIS Z AXIS 

~ :10 ~ ~ 10 10 10 

~ The program arrives at Its solutIon by applying Incremental loads to the member. For this loading 
optIon. the total design JOint loads must be divided by on appropriate number of Increments Imln. 30). 
Since thl. program I. on ullmate design procedure. the load Increments should be mullplled 
by the appropriate load factors I~) and devlded by the proper strength reduction factors I.). 

Thl. card may olao be used to specify on Incremental displacement or rotatIon of the JOint. If 
the Joint wa. specifIed as a support In TABLE 5. and has a I specIfIed In the release code for 
a degree of freedom. and If 0 value Is InpUt for that degree of freed 011\, the user Is apeclflng 
on Incremental displacement or rotatIon. not a load. 

TABLE 12.b. JOINT LOADS (use only If value In TABLE I I.> 0) 

12. b. I. 

@ Number of 
Load Types 

€9 USHTO Load Factor Design Group Coni>lnatlon to be consIdered. 
@ 

PrInt 
Par(llleter 

D 
1st 

D D 
2nd 3rd 4th 

D D D 
~ :10 ~ ~ W 10 

@ThIS value Is the frequency of the printout of the results of the Incremental anolysls. 
(Exompleo If thIs value 15 5. the results of every 5th Increment wi I I be prInted.) 

~ The total number of dIfferent load types to be Input.ID,L, ICE. etc) (maxImum of 14) 

@ If mare thon 6 group load cont>lnotlons are to be comildered, begin a second cord. 

5th 

D 
10 

,_ .... __ ... _ .................... --_ ........ -_ .... _- ................ --_ .......... -_ .. -_ .. --- ... -- -_ .... -.. -- ---_ .. --_ ....... -- -_ ........ -...... -_ .... --_ .. -- _ .. -_ .. -_ .................... -- --- ............ ---_ ......... ... 

.•.. 

6th 

D 
10 

Jon. 1984 
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REPEAT CARDS 12. b. 2. & 12. b. 3. FOR EACH LOAD TYPE. 

12. b. 2. 

@LOOd 
Type 

D 
® ~\,JT1ber of 

Lotlded Joints 

o 
@ See Table B.2 (ExCJ11>le' load type ICE ,. Input os 14) 

@ Totol nurrber of Joints where load type acts 

10 10 

12. b. 3. (one cord for each loaded Joint) 

~ Total Unfoetored Force In the _ ~ Total Unfoctored moment about the 

JoInt I I Nunbe,. X DI,.ectlon Y DI,.ectlon I Z DirectIon X 

10 10 JO «I 50 10 '10 

~ The prooram or,.lves at Its 'solutlon by applyino I ncremento I loods to the member. for this loadlno 
optlo~ enter the totol unfcctored deslon loadS. The program wll I then outomatlcally divide these 
loads by 50 to establIsh the load Increment. The proQram wll 10150 outomatlcolly multiply these loads 
by the load foctors Indicated In Tobie B.2 , however the user must divide the desion loads by the 
appropriate strenoth reductIon foetors (fill, 

.. ,,,.. 

In the •• SHTD Load Croup optIon. specifIed dIsplacements or rotatIons ore not dl,.ectly permItted. 
To cchleve specIfIed dIsplacements the user must Input on equlvolent static force system thot 
produces the desIred displacements. 

~-~-- ... ---- -- •.. _--_. - ---------- -... _-----_ .. 

t, 
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B.4 Computer Output 
i 

PIER computes the load-deflection analysis of a member. The 

output consists of: 

B.4.l Title and echo print of all section and member 
properties. 

B.4.2 Echo print of loading conditions. 

B.4.3 Printout of incremental results which includes 
forces and displacements at each joint, until all 
load increments have been completed, or there is 
an assumed stability or material failure. If 
there is an assumed material failure, the results 
just before failure and the location of the failure 
will be printed. The program will signal the 
appropriate level of appropriateness of the design 
only when the AASHTO load factor option of load 
application 1s used. 
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CD JOINT NUMBER 

OJ SEGMENT NUMBER 

Fig. B.l Numbering of s~'gmt'nts and joints 

y 

r. 
A A 

x 

x 
z 

A-A 
Fig. B.2 Location of axes for section properti~, 
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ZI 

ZI 

': .. ' ' ..... '. 
I~ 

RECTANGULAR 
SOL.I 0 

XI 

TI' 

te:ei~:! UIiIIlIAZ 

z Q..... 

II 

XI 

I 
OVAL. SOUD 

XI 
ITS·· 
(l1.lf .,.. Oft'" 

ZI 
x 

z *z,- XI4-0.01 
.... ITT .0 

CIRCULAR SOLID 
IlltiCIAt. CAtI Of' OVAL 1Ot.ID) 

XI 

Z 
RECTANGULAR HOLLOW 

X 

RECTANGULAR 
HOL.LOW WITH HORIZONTAL+WAU..S 

XI 

XI 

m-

H$:::2e;li-T.CT1IIOIo Ul 

'Mi, ..... I,) 

X 
ZI X 

T' 

CIRCULAR HOLLOW. 

+ Int.~ior valla a~. aot ori.at.d (¥artical .nd horizontal) .a ••• a ia 
thia figu~. b.caua. of the alobal coordinat •• y.t •• uaed in PIEI; 

Fig. B.3 Section characteristics 
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f FOR(5) 

f FOR (2) 

,. ,. J 

~R(31 
FOR(I} FOR (4) 

0OR(Sl 
J :: JOINT LOADED 

Fig. B.4 Positive convention of forces 

241 

.... 

x 



242 

~ 
TABLE B.1 Creep Factor, BETA 

TIME 
(days) BETA* 

7 0.88 

30 1.46 

60 1. 75 

90 1.92 

120 2.04 

150 2.13 

180 2.21 

365 (1 year) 2.50 

548 2.68 

730 (2 y) 2.80 

1095 3.91 

1460 (4 y) 4.04 

1825 (5 y) 4.11 

2190 (6 y) 4.17 

2555 (7 y) 4.21 

2920 (8 y) 4.24 

3285 (9 y) 4.27 

3650 (10 y) 4.30 

5475 (15 y) 4.39 

7300 (20 y) 4.45 

9125 (25 y) 4.49 

10950 (30 y) 4.53 

* Reference: "Analysis of Reinforced Concrete Columns Under 
Sustained Load," by V. Chovichien, M. J. Gutzwiller, and R. H. 
Lee, ACI Journal, October 1973, pp. 692-699. 



Table B.2 Load Groups and Types of Load 

ARRAY BFAC (Beta Coefficient) 

2 3 4 5 6 7 8 9 10 11 12 13 

D* D* L+I CF f* E* B SF \\' WI.. LF R+S+T EQ 

1 I 

2 IA 

3 II 

4 III 

5 IV 

6 V 

7 VI 

8 VII 

9 VIII 

10 IX 

D .. Dead Load 
L .. Live Load 
I ··,.f,.ive Load Impact 
E .. Earth Pressure 
B = Buoyancy 

~d=" 7S 1.67 1.~ 1.3 ¢.S 1.~ 

2.21S ., 
" 

., ~ 

ft ., 1.3 ~.5 1.0 

t 1 1.0 

t 1 1._ ., ., 1." 
1 1 1._ 

0 0 1.11 
1 1 1.0 

0 ~ 1.3 ¢.5 1." 

W - Wind Load on Structure 
WI.. = Wind Load on Live Load 

(100 lbs. per Un. ft.) 
(1458 N/m) 

LF = Longitudinal Force from 
Uve Load 

* See AASHTO manual Section 1.2.22; 
only 1 value of dead load and 1 value of earth 
pressure may be used per problem. 

1.0 0 " 0 " ., ., ~ ., ~ 

1." 1.0 ., 0 0 

1.0 ¢.3 1.~ 1.0 ~ 

1." 0 ~ 0 1.~ 
1." 1.0 ., 0 1.~ 
1.0 ~.3 1.0 1.0 1._ 

1." 0 0 0 0 

1.~ " ~ ., 
" 1.0 1." 0 0 ., 

CF = Centrifugal Force 
R = Rib Shortening 
S = Shrinkage 
T = Temperature 
EQ = Earthquake 
SF = Stream Flow Pressure 

ICE = Ice Pressure 

" -~ 
" ~ 

~ 

0 

1.0 ., 
0 

14 

ICE 

(I 

0 

~ 

~ 

~ 

0 ., 
0 

1.0 

1.0 

'Y 
Values 

1.3 

1.3 

1.3 

1.3 

1.3 

1.25 

1. 25 

1.3 

1.3 
1. 2; 

" 
N 
~ 
w 

" 
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B.6 Example Problem 

The following are the input data, explanatory remarks for 

the input data, and the data output for the example tapered pier 

shown in Ref. 44. The input will vary slightly for different 

types of piers. 
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B.6.l. Input Data for Example Problem 
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Explanatory Remarks for Data Input of Exmpple 

Card Card 
No. !IP!. Remarks 

1 1 Title 

2 2 Member description (linearly tapered 
pier) a 11 segments Same length 

3 4 Support conditions (bottom jOint 
supported; top jOint has springs) 

4 5 Release code of joint 1 (all 
degrees of freedom fixed) 

5 6 Spring stiffnesses of top joint 11 

6 7 Material properties 

7 8 Section card 

8 9.a Geometry of bottom section 

9 10.a.l Reinforcing steel description 

10 10.a.2 Concrete cover 

11 9.a Geometry of top section 

12 10.a.l Reinforcing steel description 

13 10.a.2 Concrete cover 

14 11 Type of analysis 

15 12.a.l Number of load cases 

16 12.a.2 Number of loaded joints and load 
increments 

17 12.a.3 Load description at loaded joints 
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C.l General 

Identification. The computer program discussed within 

this appendix, entitled FPIER, is written in FORTRAN 77 computer 

language. 
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Application. The primary objective of the program is the 

structural analysis of geometrically symmetrical multiple bay 

and/or multiple story reinforced concrete pier bents subjected to 

static loads. 

Coordinate System and Sign Convention. The positive axes 

for the piers are shown in Fig. C.S. Forces and displacements are 

positive if in direction shown in Fig. C.7. Moments and rotations 

are positive if given by the right hand rule as in Fig. C.7. 

C.2 Definition of Main Variables 

AG 

AKFX(12) 

AKFY(12) 

AKFZ(12) 

= gross area of section 

= vector of translational spring 
in the x-direction at joints 

= vector of traRslational spring 
in the y-direction at joints 

~ vector of translational spring 
in the z-direction 

stiffnesses 

stiffnesses 

stiffnesses 

AKX(12) = vector of rotational spring stiffnesses about 
the x-axis at jOints 

AKY(12) = vector of rotat'ional spring stiffnesses about 
the z-axis at jOints 

AMAT(3,3) = A-matrix for a segment 

AST = area of reinforcing steel 

BETA = creep factor 

BMAT(3,3,lSO) = B-matrix of all sections in a member 

BW(2) - bay spans 

CFA(4000) = matrix containing the area of all concrete 
fibers in a member 

CONFX(4000) = matrix containing x-centroid of all ~oncrete 
fibers in a member 
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CONFZ (4000) 

t 
CTROID(5) 

eYL 

DAll , DA12 , ••• , DA13 

DFORA(6,60), DFORB(6,60) 

DU(72) 

DUA (6), DUB (6 ) 

EC 

ENO 

EPS (150) 

EU 

EY 

EZC (200) 

EZS (200) 

FIY(150) 

FIZ(150) 

FOR(6) 

FORA(6,60) 

FORB (6 ,60) 

FY 

CAMMAX(3) 

CAMMAX(3) 

• matrix containing z-centroid of all 
concrete fibers in a member 

• distance from centroid of section 
to interior walls 

• compressive cylinder strength of 
concrete' 

• stiffness parameters of section 

• auxiliary matrices containing member 
end forces 

• matrix containing the incremental 
deformations of each joint 

• auxiliary vector containing segment 
forces 

• initial modulus of concrete 

• strain corresponding to maximum 
stress on concrete compression 
stress-strain curve 

• contains axial strain for a section 

= ultimate strength of concrete 

=- steel modulus 

• array containing total strain of a 
concrete fiber of a given section 

• array containing total strain of a 
steel fiber of a given section 

= contains rotational strain about 
the y-axiS of a section 

• contains rotational strain about 
the z-axis of a section 

• auxiliary array to read forces or 
displacements 

• contains member end-A forces 

• contains member end-B forces 

- yield stress of steel 

• x-distance from end edge of section 
to centroid of top or bottom steel 

• z-distance from side edge of section 
to centroid of side steel 



H (3) 

HH(10,9) 

ICODE 

ICON 

ICON (9) 

INSECT (9) 

INSEG(9) 

lOR 

IPRNT 

ISTAT 

ITITLE (20) 

ITYPE 

JPRNT 

JR (12) 

LGI 

LTl 

NCJ 

NDF 

NFIB 

NJ 

NJL 

NJSP 

NLFDG 

NLINC 

NLOAD 

NLTYP 

NRING 

NSECT 

NSEG 
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- column heigh~s per level 

- lengths of segments per member 

,.. code to indicate if hollow section has interior 
walls 

= code to define if concrete is unconfined or 
confined 

.. code to define if concrete is unconfined or 
confined per member 

= number of sections per member 

.. number of segments per member 

,.. orientation of interior walls; either horizontal 
or vertical 

,.. print option of section fibers 

.. code to indicate if program will generate steel 
fibers or if the user will read in individual 
reinforcement properties 

.. title of problem 

,.. type of section (solid, hollow, oval or circular 
hollow) 

= code to indicate which incremental results will 
be printed 

,.. vector of joint release codes of nodal points .. ident iflcat ion of load factor groups 

,.. load type 

,.. number of constrained joints 

.. number of degrees of freedom 

z number of concrete fibers in a section 

,.. number of jOints 

z number of loaded joints 

,.. number of jOints with springs 

,.. number of load factor design groups 

.. number of load increments 

• number of load cases 

.. number of different load types 

.. number of rings of steel ~ 

.. number of sections .. number of segments 
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NSTOT • 
~ 

NW 

PDIS (72) 

PFOR(72) 

RATIO (10) 

RK 

ROT (6 ,6) 

SA (6,6,60), SB(6,6 ,60), 
SC(6,6,60) 

SKAA(6,6,60), SKAB(6,6,60), 
SKBA(6,6,60), SKBB(6,6,60) 

STBB(6,6), STAA(6,6) 
STAB (6 ,6), STBA (6,6) 

STK(72,72) 

STLA (2000) 

STLX(2000) 

STLZ(2000) 

STS (3) 

STT (3) 

TF 

TRAT 

TW 

TWALL (5) 
~ 

U(72) 

• number of steel fibers in a 
section 

• number of interior walls in 
hollow section 

- vector of applied displacement 
increments 

- vector of applied force increments 

- ratio of reinforcement area to 
section area 

- reduction factor applied to f' c 
= rotation matrix 

= auxiliary matrices containing 
stiffnesses of members 

= flexibility or stiffness of 
matrices of segments 

= flexibility of matrices or stiff
nesses matrices of a segment at 
a given load increment 

= total stiffness of matrix of 
a member 

= matrix containing the area of 
all steel fibers 

• matrix containing the x-centroid 
of all steel fibers in a member 

- matrix containing the ~-centroid 
of all steel fibers in a member 

- area of steel of one side of 
section 

- area of top or bottom steel of 
section 

= thickness of flange on hollow 
section 

- torsional constant 

- thickness of web on hollow section 

- thickness of interior walls 

= vector of joint deformations 
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WLSTL(5 ) = area of steel interior walls ... 
XI = depth of section (dimension along x-axis) 

XIX ~ moment of inertia about the x-axis 

ZI = width of section (dimension along z-axis) 

ZIZ moment of inertia about the z-axis 
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C.3 Guide to Input Data 
1 

The program data are input by means of data cards. No units are 
implied. The user must use consistent units. See Figs. C.1 through C.7 for 
sign conventions and section descriptions. F-fie1ds are for real numbers and 
data can be placed anywhere within the field. A decimal pOint must be used. 
I-fields are for integers and are right justified. A-fields are for alpha
numeric designations and are left justified. 

1. Title Card (20A4) 

Column 1-80--ITITLE(20), title of the problem. Any FORTRAN 
characters are acceptable. 

2. Pier Bent Geometry (3110) (See Fig. C.1) 

Column 1-10--NCOL, number of column lines (maximum of 3) 

Column 11-20--NLVL, number of levels (maximum of 3) 

3. Pier Dimensions (8F10.0) (from bottom to top. see Fig. C.1) 

Column 1-10--H (1), height of piers at level one 

Co1ume 11-20--H (2), height of piers at level two 

4. Bay Spans (8FlO.0) (from left to right. see Fig. C.1) 

Column 1-10--BW(1), span of first bay 

Co1ume 11-20--BW(2), span of second bay 

5. Support Conditions (3110) 

Column 1-10--NCJ, total number of constrained joints (s~pports) 

Column 11-20--NJSP, total number of jOints with springs 

(Constrained joints and joints with springs are limited to 
joints at member ends) 

6. Release Code of Joints (3I10) 

Only if 

Column 

NCJ ~ OJ one card for each constrained joint 

1-10--JR(J), Joint release code of jOint J; 
1 for a degree of freedom which is fixedj 
o for a degree of freedom which is not fixed; 
(Column 15--x-trans1ationj Column 16--y
translation; Column 17--z-trans1ation; 
Column 18--rotation about x-axis; Column 19-
rotation about y-axisj Column 20--rotation 
about z-axis) 
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7. Spring Information (I10.7F10.0) 

Only if NJSP ~ 0; one card for each joint with springs. 

Column l-lO--J, number of the joint which has springs 
(see Fig. C.2 for joint numbering scheme) 

Column ll-20--AKX(J), stiffness of x-translational spring 

Column 2l-30--AKY(J), stiffness of y-translational spring 

Column 3l-40--AKZ (J), stiffness of z-translationa1 spring 

Column 4l-50--AKFX(J), stiffness of x-rotational spring 

Column 5l-60--AKFY(J), stiffness of y-rotational spring 

Column 6l-70--AKFZ (J), stiffness of z-rotational spring 

S. Material Properties (SF10.0) 

Column l-lO--CYL, compressive cylinder strength of concrete 

Column ll-20--FY, yield stress of reinforcing steel 

Column 2l-30--RK, strength reduction factor for concrete 
(i.e., fN = 0.S5f'; see Sec. 4.5.3) 

c c 
Column 3l-40--EC, initial modulus of concrete 

Column 4l-50--EY, modulus of reinforcing steel 

Column 5l-60--EU, ultimate strain of concrete; if left 
blank, program assumes EU = 1.9 (1.0 + 
BETA) RK (2.0 CYL/EC) (See Sec. 4.5.3) 

Column 6l-70--BETA, creep factor (see Table C.l) 

Characteristics of Members. The program assumes geometric 
symmetry of the pier bent. The mirror image symmetrical 
members which are shown dashed in Fig. C.3 are not read in. 
Cards 9 through 14 must be included for each solid member 
in Fig. C.3. Columns are read first from bottom to top, 
and left to right. Beams are read afterwards from left 
to right, and bottom to top. (See Fig. C.3.) 

9. Segments and Sections (3110) 

Note: The maximum number of segments in the entire structure 
is 150 (10 segments for each of 15 members). However, the 
maximum number of sections which are the segment subdivi
sions in the entire structure is also 150. Therefore, for 
frames with large numbers of members the columns should be 
allocated more of the segments and the beams should be 
allocated fewer segments to preserve accuracy. ~e number 
of segments should not be less than 5 for columns and 3 
for beams. 
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10. 

11. 

Column 
J 

1 

Column 

Segment 

l-lO--INSEG(I), number of segments of member IN 
(maximum of 10 in any member) 

ll-20--INSECT(IN), number of different type of 
cross sections required to define the 
geometry of member IN 6naximum of 10 in 
any member) 

Lengths (lSFS.O) 

Only if INSEG(IN) > 1 

Column 1- S--HH(l,IN), length of first segment of 
member IN 

Column 6-l0--HH(2,IN)," length of second segment of 
member IN 

Column l1-lS--HH (3, IN), length of third segment of 
member IN 

Continue up to number of segments of member IN (maximum 
is 10) 

Section 

Column 

Column 

CArd {2A4 1 2X.3Il02 

1- 8--ITYPE, type of section. Type either SOLID, 
HOLLOW, OVAL, or CIRHOLLO (circular hollow 
section), starting in column 1 for type of 
section desired 

ll-20--ICON, status of concrete (if ICON = 0, unconfined 
concrete; if ICON = 1, confined concrete). To use 
confined concrete option, user must ensure enough 
lateral ties are provided to meet the equivalent 
of ACI Building Code 318-83 Appendix A Sec. A.4.4 
for compression members. 

Column l2-30--ISTAT, status of reinforcing steel (if ISTAT 
= 0, steel fibers generated by the program; 
if ISTAT • 1, steel fibers read in by the 
user) 

Column 31-40--IPRNT, print parameter (if IPRNT = 0, print 
out of fiber properties will be suppressed) 

Description of Sections. Cards 12 through 14 should be 
repeated INSECT(IN) times (J - 1 to INSECT(IN» 

12. Segments with Section J (3110) {See Fig. c.4) 

C~umn 1-10--11, first segment with section J 

Column 11-20--12, last segment with section J 



13. Geometry of Section J (BFlO.O) (see Fig. C.S and ~6) 

(a) If ITYFE = SOLID (rectangular solid) 

Column l-lO--ZI, width of section, dimension along 
the z-axis 

Column ll-20--XI, depth of section, dimension along 
the x-axis 
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(b) If ITYFE = HOLLOW (rectangular hollow with or without 
interior walls) 

Column l-lO--ZI, width of section (exterior dimension 
along the z-axis) 

Column 11-20--TF, thickness of exterior wall which is parallel 
to z-axis 

Column ll-30--XI, depth of section (exterior dimension along 
the x-axis) 

Column 3l-40--TW, thickness of exterior wall which is parallel" 
to x-axis 

13.b.l Status of Interior \hIls of Hollow Section (A4) 

Column 1- 4--ICODE (Are there any interior walls? 
Type YES or NO beginning in column 1.) 

If ICODE = YES 

13.b.2 Descr1ption of Interior Walls (3A4, ~X, IlU) 

Column l-12--IOR, orientation of walls (type VERTICAL 
if the walls are parallel to the x-axis; 
type HORIZONTAL if the walls are parallel 
to the z-axis; begin in column 1) 

Column 2l-30--NW, number of interior wallS (maximum 5) 

If ICODE - YES 

13.b.3 Geometry of Interior walls (BFlO.O) 

Column 1-80--Starting with CTROID(I), alternate 
CTROID(I), distance from centroid 
of sect10n to centroid of interior wall, 
with TWALL(I), thickness of wall, in 
fields of FIO.O for I - 1 to NY 
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J 

1 
(One data card can contain pairs of CTROID(I) 
and TWALL(I) for four interior walls; therefore, 
in case of a fifth interior wall a new card 
should be added.) 

(c) If ITYPE = OVAL (also used for solid circular*) 

Column l-lO--ZI, width of section (dimension along z-axis) 

Column ll-20--XI, depth of section (dimension along x-axis) 

*The solid circular section is a special 
case of the oval section with XI = the 
diameter and ZI = XI + 0.01. 

(d) If ITYPE = CIRHOLLO (circular hollow) 

Column l-lO--ZI, exterior diameter of section 

Column ll-20--TF, thickness of wall section (thickness must 
be less than 1/2 the diameter) 

14. Reinforcing Steel Description (see Fig. C.6) 

(a) If ISTAT = 0 

-

l4.a.l Description of Steel Rings (IlO.7FlO.0) 

Column l-lO--NRING, number of rings of steel 
(at least one ring, maximum of 
3 rings). The rings are symmetric. 

Column ll-70--Starting with STT(I). alternate STT(I) 
area of end steel in ring (parallel to 
the z-axis) with STS(I), area of side 
steel in ring (parallel to the x-axis) 
in fields of FlO.O for 1=1 to NR1NG (for 
solid circular and hollow circular sec
tions, STT~O and STS is half the total 
area of steel) 

l4.a.2 Concrete Cover (8FlO.0) 

Column l-60--Starting with GAMMAZ(I), alternate 
GAMMAZ(I), distance (parallel to 
z-axis) from side edge of section 
to center of side steel with 
GAMMAX(I) , distance from end edge 
of section to center of end steel, 
in fields of FlO.O for I = 1 to 
NRING 
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°14.a.3 Steel in Interior Walls (8F10.0) ~ 

Only if ITYPE • HOLLOW and ICODE - YES 

Column l-50--WLSTL(I), area of steel in each 
interior wall in fields of F10.0 
for I • 1 to NW 

(b) If ISTAT = 1 

14.b.1 Steel Fibers (110) 

Column 1-10--NSTOT, number of reinforcing 
bars to be read (maximum 20) 

l4.b.2 Description of Reinforcing Bars (2(3F10.2» 

Column 1-60--Starting with STLZ(I), alternate 
STLZ(I), z-distance from centroid 
of section to reinforcing bar, 
with STLX(I), x-distance from 
centroid of section to reinforcing 
bar, and STLA(I), area of reinforc
ing bar, in fields of F10.0 for I 
= 1 to NSTOT (2 bar descriptions 
per card) 

15. Type of Analysis (110) 

Column 1-l0--NLFDG, number of load factor design groups 

16. Loading System 

If NLFDG > 0, a number equal to NLFDG of 
AASHTO load factor groups will 
be considered in the analysis 
(number of load factor groups is 
limited to 10) 

If NLFDG ~ 0, the analysis will be carried out 
without factoring the loads or 
using factored load groups 

(a) If NLFDG ~ 0 

l6.a.l Load Cases (110) 

Column l-lO--NLOAD, number of load cases for 
the problem (load case, represent the 

number of different losa groups. All 
pier behavior is cumulative from one 
load case to the nextJ 
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Cards 16.a.2 to 16.a.6 are repeated for the number 
~ of load cases, NLOAD 

.. 

16.a.2 Load Description (3110) 

Column l-10--NLINC, number of load increments. The 
number of 'load increments for the total 
number of load cases should not be less 
than 30 to obtain an accurate solution. 

Column 11-20--'NML, number of total members loaded 

Column 21-30--KPRNT, print parameter (results from 
every KPRNTth increment will be printed) 

If NML > 0, cards 16.a.3 and 16.a.4 are repeated NML 
times. 

16.a.3 Membership Loading (3110) 

Column 1-10--1, number of the member loaded 

Column 11-20-~L, total number of joints of member 
I leaded 

Card 16.a.4 is repeated NMJL times. 

16.a.4 Loads (I10.7F10.0) (see Fig. B.7 for sign 
convention) 

One card for loads at each loaded joint. 

If a joint was specified as a support and has 
a 1 specified in the release code for a degree 
of freedom, and if the user specifies a value 
at the support for that degree of freedom, he 
is specifying an incremental displacement or rota
tion, not a load. For factored load design all 
loads should be factored loads and should also be 
divided by proper strength reduction factors of 
AASHTO Sec. 1.5.30 (b)(2). 

Column 1-10--J, number of the member joint loaded 

Column 11-20--FOR (1), incremental force in the 
x-direction 

Column 21-30--FOR(2) , incremental force in the 
y-direction 

Column 31-40--FOR(3), incremental force in the 
z-direction 

Column 41-50--FOR (4), incremental moment about 
the x-axis 



(b) 
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Column 5l-60--FOR(5), incremental mom~t about 
the y-axis 

Column 6l-70--FOR(6), incremental moment about 
the z-axis 

l6.a.S Frame Loading (110) 

Column l-lO--NFJL, number of total frame joints loaded 

l6.a.6 Loads (IlO.7FlO.0) 

Only if NFJL > O. One card for loads at each 
joint. If a joint was spe"cified as a support, 
and has a 1 spec ified in the release code for 
a degree of freedom, and if the user specifies 
a value at the support for that degree of 
freedom, he is specifying an incremental dis
placement or rotation, not a load. For factored 
load design, see note on l2.a.3. 

Column l-lO--J, number of the frame joint loaded 

Column ll-20--FOR(1), incremental force in the 
x-direction 

ColuQln 2l-30--FOR(2), incremental force in the 
y-direction 

Column 3l-40--FOR (3), incremental force in the 
z-direct ion 

Column 4l-S0--FOR(4), incremental moment about 
the x-axis 

Column Sl-60--FOR (S), incremental moment about 
the y-axis 

Column 6l-70--FOR(6), incremental moment about 
the z-axis 

If NLFDG > 0 

l6.b.l Load Description (8110) 

Column l-lO--JPRNT, print parameter (results 
from every JPRNTth incremental 
analysis will be printed) 

Column 11-20--NLTYP, number of different load 
types to be input (D, L, ICE, etc.) 
(maximum of 14) ~ 



Column 21-30--LGI(1), identification of the 
AASHTO load factor design group 
combination to be considered first 
(see Table C.2) 

Column 31-40--LFI(2), identification of the 
AASHTO load factor design group 
combination to be considered 
second. 

Continue in fields of 110 until NLFDG load 
factor design group combinations have been 
completed. If NLFDG > 6 begin a new card with LGI(7). 

Cards 16.b.2 to 16.b.6 are repeated NLTYP times. 

16.b.2 Type of Load (8110) 

Column 1-10--LTI, load type (see Table C.2) 
(for example, load type ICE is 
input as 14) 

Column 11-20--NML, number of total members loaded 
with load type LTI (for example, 
all members subjected to ice loads) 

If NML> 0, cards 16.b.3 and 16.b.4 are repeated NML times. 

16.b.3 Member Loading (8110) 

Column 1-10--IM, number of the member loaded 

Column 11-20--NMJL, number of total jOints of member 
1M loaded 

Card 16.b.4 is repeated NMJL times. 

16.b.4 Loads (I10.7F10.0) (Fig. C.7) 

One card for loads at each loaded joint. 
In this option (AASHTO Load Group) specified displace
ments or rotation are not directly permitted. To 
achieve specified displacements the user must input 
an equivalent static force system that produces the 
desired displacements. 
(All loads should be divided by proper strength 
reduction factor 0 of AASHTO Sec. 1.5.30(B)(2).) 

Column 1-10--J, number of the member jOint 

Column 11-20--FOR(l), total unfactored force 
in the x-direction corresponding 
to load type LXI 
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Column 21-30--FOR(2), total unfactoret force 
in the y-direction corresponding 
to load type LTI 

Column 31-40--FOR(3), total unfactored force 
in the z-direction corresponding 
to load type LTI 

Column 41-50--FOR(4), total unfactored moment 
about the x-axis, corresponding 
to load type LTI 

Column 51-60--FOR(5), total unfactored moment 
about the y-axis, correspondipg 
to load type LTI 

Column 61-70--FOR(6), total unfactored moment 
about the z-axis, corresponding 
to load type LTI 

16.b.5 Frame Loading (8110) 

Column 1-IO--NFJL, number of total frame joints loaded 
with load type LTI 

16.b.6 Loads (IIO.7FIO.0) (Fig. C.7) 

Only if NFJL > O. One card for loads at each 
joint. In this option (AASHTO Load Group) specified 
displacements or rotations are not directly permitted. 
To achieve specified displacements the user must input 
an equivalent static force system that produces the 
desired displacements. (Apply proper ~ factor; see 
16.b.4). 

Column 1-IO--J, number of the frame joint loaded 

Column 11-20--FOR(I), total unfactored force in 
the·x .. direction, corresponding 
to load type LTI 

Column 21-30--FOR (2), total unfactored force 
in the y-direction, corresponding 
to load type LTI 

Column 31-40--FOR(3), total unfactored force 
in the z-direction, corresponding 
to load type LTI 

Column 41-50--FOR(4), total unfactored moment 
about the x-axis, corresponding 
to load type LTI ~ 
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J 

1 
Column Sl-60--FOR(S), total unfactored moment 

about the y-axis, corresponding 
to load type LTI 

Column 6l-70--FOR(6), total unfactored moment 
about the z-axis, corresponding 
to load type LTI 

C.4 Computer Output 

FPIER computer the load-deflection analysis of multiple 

pier bents. The output consists of: 

C.4.l Title and echo print of all section and member 
properties. 

C.4.2 Echo print of loading conditions. 

C.4.3 Printout of incremental results which includes 
forces and displacements at each joint, until all 
load increments have been completed, or there is 
an assumed stability or material failure. If 
there is an assumed material failure, the results 
just before failure and the location of the failure 
will be printed. The program will signal the 
appropriate level of appropriateness of the design 

only when the AASHTO load factor option of load 
application 1s used. 
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(0) INPUT <D MEMBER JOINT 
!!] SEGMENT NUM8E:R 

(b) OUTPUT 

... 
Fig. C.4 Numbering of segments and member joints 
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FOR(I) FOR (4) 

. J = EITHER A MEMBER JOINT 
OR A FRAME JOINT 

Fig. C.7 Positive convention of forces ~ 
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J 
TABLE C.l Creep Factor, BETA 

1 

TIME 
(days) BETA* 

7 0.88 

30 1.46 

60 1.75 

90 1.92 

120 2.04 

150 2.13 

180 2.21 

365 (1 yea1") 2.50 

548 2.68 

730 (2 y) 2.80 

1095 3.91 

1460 (4 y) 4.04 

182.5 (5 y) 4.11 

2190 (6 y) 4.17 

2555 (7 y) 4.21 

2920 (8 y) 4.24 

3285 (9 y) 4.27 

36JO (LO y) 4.30 

5475 (15 y) 4.39 

7300 (20 y) 4.45 

9125 (25 y) 4.49 

10950 (30 y) 4.5J 

* Reference: "Analysis of Reinforced Concrete Columns Under 
Susta-irnt.·u Load," by V. Chovichien, M. J. Gulzwillcl", and R. 'I 

Lee, A(;I Journal, October 1973, pp. 692-699. 



Table C.2 Load Groups and Types of Load 

ARRAY BFAC (Beta Coefficient) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

D* D* L+I CF E* f.* B SF " WL LF R+S+T EQ ICE " ... 
Values 

1 t ;d=1.1 :d'" .75 1. 67 1.0 1.3 ~.5 1.18 1.0 18 \4 0 \4 \4 (I 1.3 

2 tA 2.2" " " 0 0 0 0 ., 0 18 18 " 1.3 

3 It ~ " 1.3 rJ·5 1.0 1.0 1.0 " 0 18 ., ., 1.3 

4 HI 1 1 1.0 1 •• ~.3 1.0 1.0 ., ., ., 1.3 

5 tV 1 1 1.0 1.0 " " 0 1.0 0 0 1.1 

6 V " 0 1. II 1.0 1.0 " " 1.0 " 0 1. 25 

7 VI 1 1 1.0 1.0 ~.3 1.0 1.0 1 .• " 0 1. 25 

8 \'11 

1 " iJ 1.0 
1. " 

0 0 " iJ 1.0 " 1.3 

':1 ';III 1 1 1." 1 •• " 0 \'! 0 " 1.0 1.3 
. ' ... IX () " 1.3 ¢.5 1.0 1.0 1.0 " " 0 " 1.0 1. 2~ 1 \_, 

D = Dead Load h' ~ Wind Load on Strurture CF = Centrifugal Force 
L "" Lt.1!P'e Load !\'L :: Wind Load on Live Load R = Rib Shortening " I : Live Load Impact (100 Ibe. per 1 in. ft.) s = Shrinkage 
E = Earth Pressure (1458 N/m) T = Temperature 
B = Buoyancy tF = L<Jn~itud in~:'ll Force frem rQ = Earthquake 

\..oJ Live Load ~F :: Stream Flow Pressure I-' 

,'r See A,\SHTO :nRnllal Secti!:'n 1,2.22; ICE = Ice Pressure '-J 

only 1 value of dead load and 1 value of earth 
pressure may be applied per probleD4 
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c. 6 Example Problem 

The following are the input data and the data output for the 

example frame model by Repa. 
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Introduction 

The Civil Engineering Structures Research Laboratory at The University of 
Texas at Austin is currently engaged in a project entitled "The Design of Tall 
Nonprisma tic or Hollow Concrete Bridge Piers," under the joint sponsorship of the 
Federal Highway Administration and the Texas State Department of Highways and 
Public Transportation. 

This project's objective is to develop design criteria suitable for incorpora
tion into future editions of the AASHTO Specification for concrete bridge piers 
falling into one of the classifications given in a subsequent section of the 
introduction. 

An initial phase of the study is the gathering of data concerning usage and 
design considerations for the pier types covered along ~ith input on dimensions, 
detailing, and construction practices. This questionnaire seeks to document 
several areas in the state-of-the-art for concrete bridge piers and your view of 
possible trends over the next decade. 

Pier Types to Be Considered--The scope of interest for this project includes 
any concrete bridge pier that falls into anyone of the following classifications: 

(a) Its height-to-depth ratio (LID) is greater than 10. 
(b) Its height-to-width ratio (L/W) is greater than 10. 
(c) Its ratio of height to radius of gyration about either axis (L/r) is 

greater than 20. 

Furthermore, the pier may have any of the following charact~ristics: 

(a) The pier may have constant or variable cross-sectional dimensions along 
its height. 

(b) The pier cross section may be solid or it may be hollow; i.e., contain 
one or more voids. 

Both prestressed and reinforced concrete bridge piers meeting the above 
criteria and supporting any typ~ of timber, steel, or concrete superstructure 
are within the scope of this questionnaire. 

Questionnaire Format--To simplify reponses. most questions are asked in 
terms of a percentage of total usage for given subject areas. Note that in some 
cases this percentage of usage is broken down into two time periods, one extending 
from 1960 to 1979, and the other covering an estimate of future trends during the 
next ten years. Extreme precision is not required in your percentage estimates 
for these questions. as their sale purpose is to obtain a general survey of recent 
past, present, and future trends in the design of tall concrete bridge piers. 

Those questions that deal with detailing practices and recommendations. 
however, do requir. accurate responses to be of maximum use to the study. 
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Some of the questions asked may not be applicable to your organizatton's 
usage of concrete bridge piers, and wherever this is the case, please indicate by 
writing "N.A." through that question. 

In several questions, specific sections of the AASHTO Standard Specifications 
for Highway Bridges are referred to. Note that both the current 1977 AASHTO Speci
fication section number and the number of the equivalent section in the 1973 AASHO 
Specification are given in these questions. 

Prior to general distribution of this questionnaire, it was given to several 
engineers of the Texas State Department of Highways and Public Transportation who 
spent one to two hours to complete it. Based upon comments from these engineers, 
it is suggested that prior to answering any questions in detail, a few minutes be 
taken to read through the entire questionnaire. 

If upon completion of the questionnaire you consider that some areas of 
importance have not been addressed, please include any additional comments. 

Finally, any published reports derived from the results of this questionnaire 
will not attribute any responses given to a specific individual or organization. 

Nomenclature 

B - width of pier bent 

o - depth of pier, taken parallel to 
superstructure longitudinal axis 

H - depth of bent cap 

L - unsupported wall length in hollow pier 
u 
L length of pier from top of footing to 

underside of superstructure, ~lso 
referred to as pier height 

r - radius of gyration of pier cross section 

I • moment of inertia, A • area 

• .30 or .3W for solid rectangular piers 

• .250 • .25W for solid circular piers 

t - wall thickness in a hollOW pier 

W - width of pier, taken perpendicular to 
superstructure longitudinal axis i 

r 

o 



Data Concerning Re'pondent to Questionnaire 

Your name: 

Name of Your Organization: 

Which of the following best describes the activities of your organization in 
bridge structures! 

Design 

Design/Construction 

Construction 

Other (please specify) 

How many ye~rs have you been involved in civil engineering? 

How many yeRrs h3ve you been involved in the design and/or construction 
of bridge structures? 

Have you had field experience involving bridge structures! 
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1. Bent/Foundation Types 

Considering each of the pier height ranges separately estimate the 
degree of usage by your organization of the bent type/foundation classifica
tion shown. Present your estimate of usage as a percentage of the total 
number of bents used within each height range. 

Single Pier Bent 

TYPE A 

Multi Pier Bent 
Individual Foundations 

Cross Bracing 
TYPE D 

Multi Pier Bent 
Individual Foundations 

TYPE B 

Mul ti Pier Bent 
Common Foundation 

Cross Bracing 
TYPE E 

Mul ti Pier Bent 
Common Foundation 

TYPE C 

Multi Pier Bent 
Common Founda t-ion 

Cross Wall 
TYPE F 

Note: A multi pier bent consists of two or more individual piers. 

; 
r 
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.. 
t Pier Length, L 

Less than 30' 30' to 50' Saito lOa' Greater than 100 

<II QI <II <II 
0 00<11 Oll<ll OOQl 0 OllQl 

~"tJ 0 ~"tJ 0 ~"tJ \Q 1'II"tJ \Q III I'll \Q II) t'C \Q CII 10 0\ III I'll 0\ :::;I (J 0\ :::;I u 0\ ::l U ~O\ :::;I (J 
~O\ <II ..... 0\ QI ~O\ QI ....... QI Bent Type ....... "tJO ....... "tJO ....... "tJO ElO\ "tJO 80\ <II EJO\ QI ElO\ QI o~ QI 
o~ ...... o~ ...... o~ I.J U J,o U .u J,o 10 j( J,o ~ j( J,o 10 j( .... 0 I'll j( .... 0 o.QI .... 0 o.QI .... 0 0.<11 ... 0.<11 ... 'f'4Z u 'f'4Z ... .... :z: QI .... z QI (J <II CJ <II CJ 00 CJ 
00 .... J,o 00 .... J,o 00 .... J,o 10 .... J,o 
IIJ I.J <II 10 ... <II 10 U QI II) ... QI 
til C > til C > III C > :::;I ~6 :::;I <0 ;::l <0 :::;I <0 

On SpreAd Footing 

A or Raft 

On Piles or Piers 

On Spread Footing 

B 
or Raft 

On Piles or Piers 

On Spread Footing 

C 
or Raft 

On Piles or Piers 

On Spread Footing 

D or Ra ft 

On Piles or Piers 

On Spread Footing 

E 
or Raft 

On Piles or Piers 

On Spread Footing 

F 
or Raft 

On Piles or Piers 

Other Bent Type 
(Please Describe) 

Total Percentage 100"1. 100'1. 100"1. lOot lOot 100% 100% 100'. 
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Questions 2 to 9 relate to single pier bents only. If your organization has not 
used single pier bents in the past and presently does not intend to use them 
during the next decade, skip these questions and continue with No. 10. 

2. Number of Single Pier Bents 

Estimate the number of single pier bents satisfying the criteria 
given in the Introduction which fall into the height ranges specified 
below designed and/or constructed by your organization from 1960 to 1979. 
Also, estimate your anticipated usage of these piers during the next 
decade. 

Pier Heigh tiL 
~ess than 30' to 50' 50' to 100' 100' 200' Greater than 

30' to 200' 
111 111 111 111 111 
00111 !I011I !I011I !I011I !I011I 

0 CO'tl 0 CO'tl 0 1O'tI 0 CO'tl 0 CO'tl 
\&I III co \&I III 10 \&I III co \&I III III \&I III co 
cr, ~ U Q\ ~ U Q\ ~ U Q\ ~ U Q\ ~ U 
.-I Q\ 111 .-I Q\ 111 .-I Q\ 111 .-I Q\ 111 .-I Q\ 111 ,... "Co ,... 'tIO ,... "00 ,... "00 ,... "00 
SQ\ II SQ\ 111 SQ\ 111 SQ\ 111 SQ\ 111 
0.-1 ... ... 0.-1 ...... 0.-1 ...... 0.-1 ... ... 0.-1 ...... 
~ co I< ~ 10 I< ~ III I< ~ co I< ~ III I< 
~ 0 Q.11I ~ 0 Q.11I ~ 0 Q.11I ~ 0 Q.11I ~ 0 Q.11I ... ~z ... ~z ... ~z ... ~z ... ~z 

111 U 111 U 111 U 111 U 111 U 
!IO ~ ~ !IO ~ ~ !IO ~ ~ !IO ~ ~ !IO ~ ~ 

co ... 111 10 ... 111 co ... 111 co ... 111 co ... 111 
III C > III c:: > III c:: > III c: > III c: > 
~ <0 ~ <0 ~ <0 ~ <0 ~ <0 

Number of 
Single Pier 
Bents Designed 
and/or 
Constructed 

I 

j 
r 
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3. Pier L/r Paral,el to Bridge Axil - Sinale Pier Bents 

Estimate your organization's usage of bridge piers for each of the 
following ranges of pier height to radius of gyration ratios. (L/r). in a 
direction parallel to the longitudinal axis of the bridge. Present your
estimates as a percentage of the total number of piers used. 

Usage From Anticipated Usage 
1960 to 1979 Over Next Decade 

L/r Ratio 

Solid Hollow Solid Hollow 
Section Section Section Section 

Less than 20 

20 to 30 

30 to 50 

50 to 70 

70 to 100 

In excess of 100 

Total Percentage 100"4 10O'X. 1001. 100"1. 

4. Pier L/r Perpendicular to Bridge Axis - Single Pier Bents 

Estimate your organization's usage of bridge piers for each of the 
following ranges of pier height to radius of gyration radios. (L/r), in a 
direction transverse to the longitudinal axis of the bridge. Present your 
estimates as a percentage of the total number of piers used. 

Usage from Anticipated Usage 

L/r Ratio 
1960 to 1979 Over Next Decade 

Solid Hollow Solid Hollow 
Section Section Section Section 

Less than 20 

20 to 30 

30 to 50 . 
50 to 70 

70 to 100 .. 
In excess of 100 

Total Percentage 1001. lOot 100'1;, lOot 
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5. Single Pier Bent Detailed as a Wall 

At what ratio of pier width to pier depth (W/D ratio) would you detail 
the reinforcement of a concrete bridge pier as a wall instead of a column? 
i.e., delete confining reinforcement such as closed ties, hoops, or spirals. 

D~ 
+t 

D \\\ ~\\,\ 

t:::::::=:::::::::J 

Consider solid and hollow sections separately. 

Solid Section WID = ------------------------
Hollow Section WID = ------------------------

6. Prestressing Single Pier Bents 
Considering each of the pier type/height ranges listed below separately, 

estimate your organization's usage of unprestressed versus partially prestressed 
versus fully prestressed concrete bridge piers. Present your estimate as a 
percentage of the total number of piers used within each height range. 

In the context of this question, use the following definitions to describe 
the degree of prestressing: 
(a) Unprestressed - No prestressing steel in the pier 
(b) Fully Prestressed - Prestressing steel used as vertical reinforcement; 

either no or very small tensile stresses (0 to 500 psi) allowed in 
concrete at service load 

(c) Partially Prestressed - Prestressing steel used as vertical reinforcement; 
however, significant tensile stresses (700 to 1200 psi) allowed in concrete 
a t service load 

Pier Type/Height Range 
Less than 30' 30' to 50' 50' to 100' Greater than 100 

Degree of Prestressing c:: =- c: c: ~ g c ~ g c:: 
"tI 0 o 0 "tI 0 "tI 0 "tI 0 
~~ ..... ~ ~~ ..... ~ ~ ~ ..... ~ ~~ ......... ..... .... ..... .... ..... .... ..... .... ..... .... ..... .... o u o u o u o u o u o u o u 
VOl QI == QI VOl QI == QI Ul QI == QI Ul QI 

Ul en Ul Ul Ul Ul en 

Unprestressed 

Partially Prestressed 

Fully Prestressed i 
r 

Total Percentage 100'l. 100% 100% 100% 100% 100% 100% 

Do you anticipate changes in your organization's usage of prestressing in 
concrete bridge piers in single pier bents? 

=- c: o 0 ..... ~ ..... .... 
o u ::c QI 

cn 

100% 
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• 
7. Pier Cross Section Shape - Single Pier Bents 

Considering each of the pier height ranges listed below separately, 
estimate your organization's usage of the pier cross-sectional types given. 
Present your estimate as a percentage of the total number of piers used 
within each height range. 

In the context of this question, a wall pier is defined as one 
fulfilling the criteria set by you in question No.5. 

Pier Hei~ht, L 
Less than 30' 30' to 50' 50' to 100' Greater than 100 

QI QI QI QI 
ClOQI ClOQI ClOQI OOQl 

0 ~~ 0 ta~ 0 ta~ 0 ca~ 

'" III ca '" III ~ '" III CII '" III CII 
0- ::J U 0- ::J U 0- ::J U 0- ::J U 

Pier Cross Section ..-I 0- QI ..-I 0- QI ..... 0- QI ..-I 0- QI ,... ~o ,... ~o ,... "00 ,... "00 
Description So- QI So- QI Eo- QI So- QI 

0..-1 j,.j j,.j 0..-1 j,.j j,.j 0..-1 j,.j j,.j 0 ..... j,.j j,.j 
1-0 10 >C 1-0 ca )C 1-0 CII >C ... CII )C 

... 0 OoQl ... 0 OoQl ... 0 OoQl ~ 0 o.QI 
j,.j ..-jZ j,.j ..-jZ j,.j ..-jZ j,.j ..... Z 

QI U QI U QI U QI U 
00 ..... 1-0 ClO ..... 1-0 ClO ..... 1-0 00 ..... 1-0 
10 j,.j QI ta j,.j QI ta j,.j QI CII j,.j QI 
III c:: ;> CII c:: > III c:: > CII c:: > 
::J <0 ::J <0 ::J <0 ::J <0 

Circular Solid 

Rectang'..llar Solid 

Trapezoida 1 Solid 

Wall Type Solid 

Circular Hollow 

Rectangular. Single 
Cell Hollow 

Trapezoida 1, Single 
Cell Hollow 

Wall Type Hollow 

Multi Cell Hollow 

Other (Please 
Describe) 

Total Percentage 1001. 1001. 1007. 100"1. 100't 10O'T. 1001. 1007. 
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Vertical Configuration of Piers - Single Pier Bents 

Considering each of the pier height ranges listed separately, estimate 
your organization's usage of piers as described by the given categories. 
Present your estimate as a percentage of the total number of piers used 
within each height range. 

Figures fitting the general description of e.ch category are given below • 

.... 
A B 

C D 

-

- E F 

I 7 '--'1 I 17 1 
I 

j -
G • 
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! 
Pier Height. L 

Leu Grea tel' 
than 30' 30' to SO' 50' to 100' than 100' 

QI 
c: II II II II 0 flOG! flO II flO II flO II Q. .... 0 IG'O 0 >. 4.1 co '0 0 co '0 0 CII'O 

E-I '" III III '" III IG '" III IG I,j) CD .. 
Pier Description u 0\ ;::3 u 0\ ;::3 u 0\ ;::3 u 0\ ;::3 U II ..... 0\ QI ..... 0\ II ..... 0\ QI ..... 0\ QI 

'"' tn ,... 'OQ ,... 
'iQ QI 60\ 

,... 
'iQ 

,... 
'iQ <II 60\ &0\ 60\ .... CD 0 ..... 4.1 4.1 0 ..... 4.14.1 0 ..... 4.14.1 0 ..... 4.1~ ~ CD 

'"' IG H '"' .. H '"' .. H 
'"' IG H 0 11040 Q.QI 1104 0 Q.II 1104 0 Q.QI \1.1 0 Q.QI 

'"' 4.1 .... :z: 4.1 .... :z: 4.1 .... :z: 4.1 .... z 0 QI U QI U II U II U flO .... '"' flO ....... flO ....... flO .... '"' co 4.1 G! IG 4.1 II· .. 4.1 QI III 4.1 QI 
CD C > CD r:: > III c: > III c: > ;::3 <0 ;::3 <0 ;::3 <0 :;:, <0 

A 
Constant Dimensions Solid 

Along Height 
Hollow 

Flare or Capital Solid 
B At Top Hollow 

SaUd 
C Flared at Bottom 

Hollow 

Solid 
D Stepped 

Hollow 

Linear Variation Solid 
E in Width, W, 

Larger at Top Hollow 

Linear Variation Solid 
F in Width. W, 

Larger at Bottom Hollow 

Linear Variation SoUd 
G in Depth. D. 

Larger a t TOp Hollow 

Linear Variation Solid 
H in Depth, D, 

Larger at Bottom Hollow 

Other (Ple"se 
Describe) 

... 
Total Percentage 100'%. 100'%. 100'%. 100'%. 100'%. 100'%. 100'%. 100'%. 
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9a. Pier Superstructure Connections - Single Pier Bents 

Considering each of the pier height/span length/span classification 
categories separately, estimate the number of pier superstructure connections 
which fall into the given connection classifications as used by your organi
zation in the past 20 years. Present your estimate of use for each pier 
superstructure connection type as a percentage of the total connections 
used for each pier height/span length/span classification category. 

If a pier height/span length/span classification category is not used 
by your organization, indicate by writing "N.A." in the appropriate category 
column. 

The figures on page 13 show two bridge elevations with pier super
structure connection locations indicated. 

Piers Less Than 50' Long Piers Greater Than 50' Long 

Span < lOa' Span > lOa' Span < lOa' S~ans > lOa' 
Pier Superstructure 

Connection Type "0 III "0 I/) "0 III "t:I CD 
~ c:: CI c: CI c:: CI c: 
4J III 4J III 4J qj 4J qj 
~ Q. ~ Q. ~ Q. ~ Q. 
0 til 0 til 0 til 0 til 
Q. Q. Q. Q. 
Q. III Q. CIl Q. CD Q. III 
:l III :l :l III :l :l III :l :l III :l 
til c: 0 til c: 0 tI) c:: 0 tI) c: 0 

It! :l III :l qj :l qj :l 
>'Q. c: >'Q. c: >'Q. c: >'Q. c: 
~tI) "" .... til "" pol til .... pol tI) "" ~ 

4J Q. 4J 
~ 

4J 
~ 

4J c: 8 c:: c: c: .... 0 "" 0 .... 0 .... 0 
til U til U tI) U tI) u 

Elastomeric Pad 
Bearings 

Monolithic Joint 

Pot Bearings 

Slid ing Bea rings 

Steel Shoes 

Fabrika 

Other (Please 
Specify) I 

Total Percentage 100% 100% 1007. 1007. 1 Ocr;. 100"4 100'/. 100% 

i 
t 



Location of Pier Superstructure Connection 

9b. Does your organization use different pier superstructure connections with 
solid piers than with hollow piers? 

9c. If your answer is yes, please explain: 

9d. Do you foresee a substantial shift in the types of pier superstructure 
connections used by your organization during the next decade? 

ge. If your answer is yes, indicate in which pier height/span length/span 
classifications the hift will occur and the reasons for the shifts in 
connection type usage. 
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Questions 10 to 17 relate to multi pier bents only. If your organization has not 
used multi pier bents in the past and presently does not intend to use them during 
the next decade, skip these questions and continue with No. 18. 

10. Number of Multi Pier Bents 

Estimate the number of multi pier bents satisfying the criteria given 
in the Introduction which fall into the height ranges specified below 
designed and/or constructed by your organization from 1960 to 1979. Also, 
estimate your anticipated usage of these piers during the next decade. 

Pier Height, L 
Less Greater than 

than 30' 30' to 50' 50' to 100' 100' to 200' 200' 
G) G) G) G) G) 
1It)G) 1It)G) 1It)G) bOG) bOG) 

0 IO"'C 0 IO"'C 0 IO"'C 0 IO"'C 0 co"'C 
\0 III 10 \0 III co \0 III co \0 III ca \0 III co 
a- ~ t..l a- ~ t..l a- !::l u a- !::l t..l a- ~ u ..... a- G) ..... a- G) ..... a- G) ..... a- G) ..... a- G) .... "'Co .... "'Co ..... "'Co ..... "'Co ..... "'Co 
Eia- G) Ea- G) Ea- G) Ea- G) Eia- G) 
0 ..... 4.1 4.1 0 ..... 4.1 4.1 0 ..... 4.1 4.1 0 ..... 4.1 4.1 0 ..... 4.1 4.1 ... ca >< ... III >< ... III >< ... III >< ... ca >< 

.... 0 CloG) .... 0 CloG) .... 0 CloG) .... 0 CloG) .... 0 CloG) 
4.1 ... z 4.1 ... z 4.1 ... z 4.1 ... z 4.1 ... z 

G) u G) u G) u G) t..l G) U 
lit) ...... 00 ... ... 00 ... ... 00 ... ... lit) ... ... 
III 4.1 G) III 4.1 G) 10 4.1 G) III 4.1 G) ca 4.1 G) 

III c: > III c: > III c: > III c: > III c: > 
!::l <0 ~ <0 !::l <0 ~ <0 !::l < 0 

Number of 
Multi Pier 
Bents 
Designed 
and/or 
Constructed 

J 
r 
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~ 

t 
11. Pier Llr Parallel to Bridge Axis· Multi Pier Bents 

Estimate your organization'. usage of bridge piers for each of the 
following ranges of pier height to radius of gyration ratios, (L/r), in a 
direction parallel to the longitudinal axil of the bridge. Present your 
estimates as a percentage of the total number of piers used. 

Usage from 1960 Anticipated Usage 

Llr Ratio to 1979 Over Next Decade 
SoUd Hollow :SOl1a HOLLOW 

Section Sec.tion Section Section 

Less than 20 

20 to 30 

30 to 50 

50 to 70 

70 to 100 

In Excess of 100 

Total Percentage 10<n. 1001. 1001.. 100'7. 

12. Pier Llr Perpendicular to Bridge Axis • Multi Pier Bents 

Estimate your organization's usage of bridge piers for each of the 
following ranges of pier height to radius of gyration ratios (L/r), in a 
direction transverse to the longitudinal axis of the bridge. Present 
your estimates as a percentage of the total number of piers used. 

Usage from 1960 Anticipated Usage 

Llr Ratio 
to 1979 Over Next Decade 

Solid Hollow Solid Hollow 
Section Section Section Section 

Less than 20 

20 to 30 

30 to 50 

50 to 70 

70 to 100 

In Excess of 100 

Total Percentage 100'7. 10Q'h 1001.. 100'7. 
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13. Number of Piers Within Hulti Pier Bents -

~ 
E: 
41 

I:Q 

""' 0 E: 
..-I 

~~ 
Q) ~ 

JJ..-I 
~~ 

Z III 
~ 
III 

..-I 
~ 

2 

3 

4 or 

Estimate on a percentage basis the number of piers your organization 
uses in a multi pier bent for each bent width range. 

Bent Width z B 

Less than 151 151 to 30 1 30' to 60' Greater than 60 1 
Three, More than ..:I One Lane Two Lanes 

Four Lanes Four Lanes -~ 
~ 41 41 41 41 
00 0041 0041 0041 CIOQ) ..-I 0 co "0 0 lIS "0 0 lIS "0 0 co "0 Q) \0 III co \0 III lIS \0 III co \0 III co ::c 0\ => <.J 0\ => u 0\ => <.J 0\ => u .... 0\ Q) .... 0\ Q) .... 0\ Q) .... 0\ III 
~ " "00 " "00 " "00 " "00 41 90\ III 90\ III 90\ III 8~ III ..-I 0 .... ~~ 0 .... ~~ 0 .... ~~ ~~ 
~ ~ co I< ~ lIS I< ~ lIS I< ~ lIS I< 

""' 0 
Q.Q) 

""' 0 
Q.III .... 0 Q.III .... 0 Q.III 

~ ..-IZ ~ ..-IZ ~ ..-IZ ~ ..-IZ 41 <.J III <.J 41 <.J III U 
00 ..-I ~ 00 ..-I ~ 00 ..-I ~ 00 ..-I ~ co ~ III co ~ III lIS ~ III lIS ~ Q) 
III E: > III E: > III E: > III C :-=> <0 => <0 => <0 => <0 

<50' 

>50' 

<50' 

>50' 

<50' 

more >50' 

Total Percent 100% 100% 100% 100% 1007. 100% 100% 
14. Prestressing Multi Pier Bents 

Considering each of the pier type/height ranges listed below separately, 
estimate your organization's usage of unprestressed versus partial prestressed 
versus fully prestressed concrete bridge piers. Present your estimate as a 
percentage of the total number of piers used within each height range. See 
question No. 6 for definitions of the various degrees of prestressing. 

PIer fype'He!g~t Range 

Less than 30' 30' to 50' 50' to 100' Greater 
than 100' 

Degree of Prestressing E: c E: c C c C E: 0 ~~ 0 ~~ 0 :a 0 0 :a o· "0 .... "0..-1 "C ..-I 0..-1 "C..-I 0..-1 
..-I~ .... ~ ..-I ~ .... ~ .... ~ .... ~ .... ~ .... ~ .... u ~ u ~ u ~ <.J ~ U ~ U .... U .... U o III o 41 o 41 o III o 41 o 41 o 41 o III 
UlUl ::CUl UlUl :r:Ul Ul Ul ::CUl CDUl :r:Ul 

Unprestressed 

Partially Prestressed J 
r 

Fully Prestressed 

Total Percentage 100% 100% 100% 1007. 100% 100% 100% 100% 

Do you anticipate changes in your organization's usage of prestressing in 
concrete bridge piers in multi pier bents? 
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15. Pier Cross Section Shape - Multi Pier Bents 

Considering each of the pier height ranges listed below separately. 
estimate your organization's usage of the pier cross-sectional types given. 
Present your estimate as a percentage of the total number of piers used 
within each height range. 

Pier Heicht. L 

Less than 30' 30' SO' 50' 100' Greater to to than 100' 

Pier cross section 41 41 IV 41 
description 0041 0041 00 IV 0041 0 IU"C 0 113"C 0 IU"C 0 113"C \D III IU \D III IU \D III 113 \D III 113 a- ::l u a- ::l U a- ::l U a- ::l U .... a- 41 .... a- 41 .... a- 41 .... a- 41 ...... "CQ ...... "CQ ...... "CQ ...... "CQ ea- 41 Sa- 41 Sa- IV Sa- 41 0 .... ~~ 0 .... ~ ~ 0 .... ~ ~ 0 .... ~~ 

~ IU H ~ 113 >< ~ 113 H ~ 113 >< 
~ 0 Q.41 ~ 0 Q.41 ~ 0 Q.IV ~ 0 Q.41 

~ .... :z:: ~ .... :z:: ~ .... :z:: ~ .... :z:: 
41 U 41 U 41 U IV U 
00 .... ~ 00 .... ~ 00 .... ~ 00 .... ~ 
IU ~ 41 IU ~ 41 IU ~ 41 113 ~ IV III c: > III c: > III c: > III C > 
::l <0 ::l <0 ::l <0 ::l <0 

Circular Solid 

Rec tangu1ar Solid 

TrapezoUa1 Solid 

Wall Type Solid 

Circular Hollow 

Rectangular. Single 
Cell Hollow 

Trapezoidal. Single 
Cell Hollow 

Wall Type Hollow 

Multi Cell Hollow 

Other (please describe) 

Total Percentage 100'7. 100'7. 100'7. 100'7. 10~ 100'7. 100'70 1007. 
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16. Vertical Configuration of Piers - Multi Pier Bents 

Considering each of the pier height ranges listed separately, estimate 
your organization's usage of piers as described by the given categories. 
Present your estimate as a percentage of the total number of piers used 
within each height range. 

Figures fitting the general description of each category are given 
below. 

r.IIIIIIIR \. Jl II II II 

~ -A B 

" -
C D 

I I ..... -
E F 

, I I T ,'----.--_ .... { r 

J , 

- -
G H 
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J 

~ 

Pier Hei~ht. L 

Less than 30' 30' to 50' 50' to 100' Greater 
than loot 

e:: III III I» I» 0 1101» IIOQI IIOQI IIOQI IU ...t 0 ." 0 ." 0 ." 0 ." CIo ~ \D • • \D CD • \D CD • \D • • >. u 01 ::;:J U 01 ::;:J U 01 ::;:J U 01 ::;:JU Eo< I» .... 01 I» .... 01 IU .... 01 CII .... 01 I» tI.l ,... "Q ,... 'iQ ,... "Q ,... ,,= ... Pier Description SOl I» SOl ~~ I» e~ I» I» CD 0 .... ~~ 0 .... ~~ ~~ ~~ .... • ... • .c ... • .c ... • M ... • .c t:>. 0 "'0 CIoI» ... 0 CIoI» "'0 CIoIII ... 0 CIoCil ... ~ ...tz ~ ...tz ~ .... z ~ ...tz tJ III U I» U IU U III U 
110 ....... 110 ....... 110 ...t ... 110 .... ... • ~ CII • ~ CII CD ~ III • ~ IU 
CD e:: > CD e:: > CD e:: > CD e:: > I:) <0 ::;:J <0 I:) <0 I:) <0 

Constant Dimen- Solid 
A sions Along 

Height Hollow 

Flare or Capital Solid 
B at Top 

Hollow 

Flared at Solid 
C Bottom 

Hollow 

Solid 
D Stepped 

Hollow 

Linear Variation Solid 
E in Width, W, 

Larger at Top Hollow 

Linear Variation Solid 
F in Width. W. 

Larger at Bottom Hollow 

Linear Variation Solid 
G in Depth, DJ 

Larger a t Top Hollow 

Linear Variation SoUd 
H in Depth, DJ 

Larger at Bottom Hollow . 
Other (please 

specify) ... 

Total Percentage 100%. 100%. loot 100%. 10cn. 100%. 100%. lOOt 
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l7a. Pier Superstructure Connections - Multi Pier Bents 

Considering each of the pier height/span length/span classification 
categories separately. estimate the number of pier superstructure connections 
which fall into the given connection classifications as used by your organi
zation in the past 20 years. Present your estimate of use for each pier 
superstructure connection type as a percentage of the total connections 
used for each pier height/span length/span classification category. 

If a pier height/span length/span classification category is not used 
by your organization. indicate by writing "N.A." in the appropriate category 
column. 

The figures on page 21 show two bridge elevations with pier super
structure connection locations indicated. 

Piers Less Than 50' Long Piers Grea ter Than 50' Long 
Span <- 100' Span > 100' Span < 100' S~an > 100' 
"'C CD "'C III 11 U'l "'C CD 

Pier Superstructure 4J c 4J C C 4J C '-I ca '-I ca '-I ca '-I ca 
Connection Type 

... Q. ... Q. ... Q. ... Q. 
0 tI) 0 tI) 0 tI) 0 tI) 
Q. Q. Q. Q. 
Q. CD Q. G'l Q. G'l Q. III ::I III ::I ::I III ::I ::I U) ::I ::I CD ::I 

tI) C 0 tI) C 0 tI) C 0 tI) C 0 ca ::I ca ::I CD ::I ca ::I 
>'Q. C >'Q. C >'Q. C >'Q. C 

...... tI) ..-4 ...... tI) ..-4 ...... tI) ..-4 ...... tI) ..-4 

i '-I 
~ '-I Q. ~ S" '-I 

C C EI C C 
..-4 0 ..-4 0 ..-4 0 ..-4 0 
tI) u tI) u tI) u tI) u 

Elastomeric Pad 
Bearings 

Monolithic Joint 

Pot Bearings 

Sliding Bearings 

Steel Shoes 

Other (please 
specify) 

Total Percentage 100% 100% 100'7. 100% 100% 100% 100'0 100% 

i 
r 
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Location of Pier Superstructure Connections 

l7b. Does your organization use different pier superstructure connections with 
solid piers than with hollow piers' 

l7c. If your answer is yes, please explain: 

l7d. Do you foresee a substantial shift in the types of pier superstructure 
connections used by your organization during the next decade? 

l7e. If your answer is yes, indicate in which pier height/span classifications 
the shift will occur and the reasons for the shifts in connection type 
usage. 
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Except where otherwise noted, the remaining questions apply to both si~le and 
multi pier bents. 

18. Load/Effects 

For each of the followi~g pier height and span length ranges, indicate 
the relative importance each load/effect category has upon the design of 
tall concrete bridge piers. 

Use the numbers given below to rank the various effects. 

Number Meanins 

0 Load/Effect never considered 

2 Load/Effect considered, rarely important 

5 Load/Effect considered, often important 

7 Load/Effect considered, frequently critical 

10 Load/Effect considered, always critical 

Pier Hei~ht, L 

Load/Effect Less Than 50' Greater Than 50' 

Spans <. 100' Spans> 100' S~ans <' 100' Spans > 100' 

Structure Deadload 

Deadload frorn Horizon-
tally Curved Super-
structure 

Unbalanced Live Load 

Vehicle Braking Loads 

Centrifugal Forces Due 
to Live Load on Hori-
zontally Curved Super-
structure 

Dimensional Changes and 
Loads Due to Tempera-
ture Variations 

Dimensional Changes and 
Loads Due to Shrinkage 
and Creep 

Settlements and Lateral 
Movements of Founda-
tions 

Rotational Stiffness of 
Foundations at Various 
Load Levels 

Pier Stiffness at i 
Various Load Levels 

r 
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1 Pier Length. L 

Load/Effect Less 'nlan 50' Greater Than 50' 

Spans <. 100' Soans > 100' Soans ~ 100' Soans > 100' 
Serviceability Criteria 

(Deflection Limits) 
Wind Load Perpendicular 

to Suoerstructure 
Wind Load Parallel to 

Suoerstructure 

Wind on Live10ad 

Ice/Snow Load on 
Bridge Structure 

Stream Ice/Current 
Loads 

Seismic Loada 

Out of P1umbness Due 
to Construction 
Tolerances 

Forces Occurring 
During Construction 
(specify) 

P-6 Moment, Slenderness 
Effects 

Biaxial Bending 
Effects 

Other (specify) 



19. Load Combinations 

Using AASHTO Load Factor Design Groups (1977 AASHTO Section 1.2.22, 
1973 AASHO Section 1.5.17 B), indicate the relative importance each bas 
upon the design of tall concrete bridge piers for the given pier height/ 
span length ranges. 

Use the following table to rank the load groups. 

Number 
o 
2 

7 

10 

Meaning 
Never controls 

Rarely controls 

Frequently controls 

Always controls 

Phr Hei~ht L 

ess than 30' 30' to 50' 50' to 100' Crea ter than 100' 
~ ... 

0 0 0 0 0 0 0 ~ 8 1977 0 tI"I tI"I tI'\ tI'\ tI'\ tI"I 
." ... ... ... ... ... ... ... ... 

AASHTO ca. v ... 1\ V 1\ V " 
, 

Load 0 .. .. .. • .. .. .. .. 
Croups .. c: c: c: c: c: c: c: c: .. to .. .. .. .. .. .. ::I "" "" "" "" "" "" co. co. ... 

'" '" '" '" '" '" en en .. 
> 

(2) 1.0 
I 

0.75 

IA (3) 
1.0 

0.75 

1.0 
II 

0.75 

1.0 
III 

0.75 

1.0 
IV 

0.75 

1.0 
V 

0.75 

Vl(4) 
1.0 

0.75 

1.0 
VII 

0.75 

1.0 
VIII 

0.75 

1.0 
IX 

0.75 

0.) 
(2) 
(3) 
(4) 

9d dead10ad axial force parameter a. deflned in 1977 AASHTO Section 1.2.22. 
Equivalent to 1973 AASHD Load Group I, With ~~ • 1.0. 
Equivalent to 1973 AASHD Lo.d Group lA, with' • 1.0. 
Roughly equivalent to 1973 AASHO Load Group IIi. with ~d • 1.0. 

" r 

405 
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• .., 
20a. Are any load/effects or load groups more critical in the design of single 

pier bents than in the design of multi pier bents! 
If your answer is yes, please explain: 

20b. Are any load/effects or load groups more critical in the design of multi 
pier bents than in the design of single pier bents? 

If your answer is yes, please explain: 

21. Detailing 

Make recommendations as to what you consider good engineering 
for tall concrete bridge piers in each of the areas listed below. 
both structural requirements and consideration of constructability 
formulation of your recommendations. 

practice 
Include 
in the 

(a) Estimate the bent cap depth over bent width to pier width over length 

(~~~) ratios used by your organization in multi pier bents. 

Number of Pier Bent Width I B 
Piers Within Length, Less 151 30' 30' 70' Greater 

Bent L than IS' 
to to than 70' 

tt!. SO 
2 

> SO 

< SO 
·3 

> 50 

< SO 
4 or more 

>SD 



(b) 
~ 

Minimum and maximum percentage of vertical reinforcement for solid and 
hollow cross sections. 

Solid Section Minimum percentage __________________ _ 

Maxtmum percentage __________________ __ 

Hollow Section Minimum percentage 
--------------------Maximum perc en uge __________________ __ 

407 

(c) Minimum and maximum spacing of vertical reinforcement for solid and 
hollow cross sections. 

Solid Section Minimum spacing 
-----------------------

Maximum spacing -----------------------Hollow Section Minimum spacing ______________________ _ 

Maximum spacing ______________________ _ 

(d) Spacing and layout of ties and stirrups in solid and hollow piers. 

(e) 

Consider both vertical spacing and confining requirements. Drawings from 
some of your organization's projects showing typical reinforcing details 
for concrete bridge piers may be attached and would be most helpful to 
this study. 

Solid Section 

Hollow Section 

Minimum required concrete cover for the following environments: 

(1) Exposed to air 

(2) Exposed to water 

(3) Exposed to salt water 

(4) Exposed to soil 

(5) Exposed to deicing agents 

(f) Requirements for crack control (temperature and shrinkage) reinforcement 
in solid and hollow piers. Give details or sections of specifications used. 

j 
r 
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(g) (1) Range oftconcrete strengths used: 

(2) Range of reinforceme~t strengths used: 

If either of the above are different for solid and hollow sections, indicate 
and give reasons for the difference. 

(h) Requirement for the use of mechanical rebar splicing devices. 

(i) Minimum wall thickness for hollow pier sections. 

(j) Maximum unsupported length of wall you would allow in a hollow pier 
section. 

Express your anSWer as a ratio of maximum unsupported wall length 
to wall thickness (l It ratio). 

u 



(k) Minimum cross-sectional dimensions for the pier of a single pier-bent. 

w D 

Solid Section 

Hollow Section 

Minimum cross-sectional dimensions for a pier in a multi pier bent. 

w D 

Solid Section 

Hollow Section 

Do these minimum required dimensions change as different superstructure 
pier connection details are used? For example, would Wand/or D vary if 
an elastomeric pad is used in place of a monolithic joint? 

If your answer is yes, please explain: 

(I) If possible, provide sketches or detail sheets 
showing your organization's typical structural 
details in the following areas: 

409 

(1) Connection between pier and 
superstructure 

Continuous or simply 
supported spans 

~------------------~ 
(2) Connection between pier and 

foundation 

(3) Cap beam details for hollow 
pier sections 

(4) Prestressing anchorage 
details if used for piers 

(5) Corner details for hollow 
piers 

(3) 
(1) 

May be hollow or 
solid 



410 

• t 
22. Specification Usage and Applicability 

(a) Indicate your organization's current degree of usage of the following 
criteria in the design of tall concrete bridge piers: 

(1) We use AASHTO Allowable Stress Design 7. of the time. 

(2) We use AASHTO Load Factor Design t of the time. 

(3) We use another specification % of the time. 

If C is not zero, please indicate other criteria you use. 

(b) Were the 1973 AASHO Specifications for the determination of allowable 
load on a tall concrete bridge pier possibly subjected to biaxial 
loading effects adequate for your design needs1 ______________ __ 
(1973 AASHO Sections 1.5.9 C-4 and 1.5.9 0-4) 

(c) Is the present AASHTO Specification for slenderness effects in 
concrete piers adequate for your design needs? __ ~~~~ ____ _ 
(1977 AASHTO Section 1.5.34; 1973 AASHO Section 1.5.22 C) 

(d) Is the present AASHTO Specification for biaxial effects in concrete 
piers for load factor design adequate for your design needs1~ ____ _ 
(1977 AASHTO Section 1.5.33 C; 1973 AASHO Section 1.5.22 8-5) 

(e) Is 1977 AASHTO Section 1.5.34-7 (1973 AASHO Secti.on 1.5.22 C-2) in 
conjunction with applicable preceding sections of the AASHTO Speci
fication adequate for your design needs for tall concrete bridge 
piers! ______________ __ 

(f) If any of your answers to questions (c), (d), and/or (e) was No, 
please describe as specifically as possible the shortcomings you 
consider to be present in the current AASHTO Specification sections 
relevant to the design of tall concrete bridge piers. 



23. 
~ 

Which of the following formats would be moat useful to you in a 
specification for the design of tall concrete bridge piers? (More than 
one may be chosen.) 

411 

Format A - A set of equations similar in format to those presently in the 
AASHTO Specification (1977 Section 1.5.34-B; 1973 AASHO Section 1.5.22-C), 
and any required design aids or charts for a variety of tall pier 
configurations. 

Format B - A set of general guidelines, criteria, and trouble areas in the 
use, design, and construction of tall concrete bridge piers, but no set 
calculation procedure would be specified. 

Format C - A computer analysis program which would check the adequacy of 
design sections that you would input for specified load conditions. 

Format D - A computer analysis-design program which would require input of 
only dimensional constraints and end conditions, and which would output an 
optimal bridge pier designed using optimization criteria contained in the 
program. 

Format E - Another format type not listed above. 

Format(s) would be most helpful to me in the design of tall 
concrete bridge piers. 

If you chose Format D as the most desirable output from this study, list in 
order of their relative importance the criteria that should be contained in 
the optimization portion of the computer program. 

j 
r 
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