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Behavior and Analysis of Hollow Concrete Bridge Piers

Comportement et analyse de piles de ponts creuses
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SUMMARY

The results of an investigation of the behavior and analysis of solid and hollow reinforced concrete
bridge piers are summarized. The investigation included an experimental study of both stiffness
and strength of typical piers subjected to realistic combinations of axial load and biaxial moments.
Comparisons of the predictions from computer programs developed as part of the study to the
results from the experimental tests showed the programs to be accurate, yet conservative
predictors of stiffness, strength and behavior of solid, hollow and multicell bridge piers and bents
as long as they have reasonable wall thickness.

RESUME

Les résultats d'une étude du comportement et de I'analyse de piles de ponts en béton armé
pleines ou creuses sont résumés. Une étude expérimentale de la rigidité et résistance de piles
typiques soumises a des combinaisons réalistes de charges axiales et de moments biaxiaux est
incluse. Des programmes d'ordinateur ont été développés et comparés avec les résultats
expérimentaux. Les programmes permettent le calcul de la rigidité, de la résistance et du
comportement de piles pleines, creuses et cellulaires de maniére précise et néanmoins conserva-
trice tant que |'épaisseur des parois est raisonnable.

ZUSAMMENFASSUNG

Die Ergebnisse einer Untersuchung Uber das Verhalten und die Berechnung massiver und hohler
Brickenpfeiler aus Stahlbeton werden dargestellt. Die Untersuchung umfasste eine experimen-
telle Studie der Steifigkeit und der Tragfahigkeit von typischen Briickenpfeilern, welche realisti-
schen Kombinationen von zentrischen Lasten und zweiachsigen Momenten unterworfen waren.
Computer-Programme wurden entwickelt und mit den experimentellen Ergebnissen verglichen.
Die Programme erwiesen sich als genau, aber eher konservativ in bezug auf Steifigkeit, Tragfahig-
keit und Verhalten von massiven, hohlen oder zellularen Briickenpfeiler, solange deren Wand-
starke vernlnftig ist.
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1. RESEARCH STUDY

Recent studies [8,9] have indicated that the design of very slender compression
members should be based on a second order structural analysis procedure rather
than more approximate methods such as moment magnification precedures. These
second order analysis procedures consider both material and geometric
nonlinearities and are more efficient when implemented on digital computers.
With such analysis procedures, deflection limits as well as strength limits can
be included. In this study several second order analysis programs for bridge
piers were developed based on a fiber model as shown in Fig. 1 [5]. The key
element is a computer routine which will calculate the Dbiaxial
load-moment-curvature (P-M- ¢ ) relationship of an arbitrary section. That
routine, called BIMPHI, was used as a major component of program PIER (which
predicts the space behavior of a single reinforced concrete pier subjected to
static loads), and of program FPIER (which predicts the space behavior of
reinforced concrete frame bents of symmetrical configurations having up to two

bays and three stories). The pier may be of arbitrary cross section and
longitudinal configuration which is approximated by a series of stepwise
uniform sections. At present, the programs can analyze a wide variety of

hollow and so0lid cross sections with wvaried reinforcement parameters. The
piers can have various end conditions.

In order to verify the analysis method, experimental results of several
previous investigations were compared with program predictions [1]. BIMPHI was
checked against several uniaxial and biaxial moment—curvature cases. Typical
comparisons for biaxial moment curvature relations of an oval column are shown

in Fig. 2. In the case of this biaxially loaded oval section, the agreement
between experimental results and BIMPHI predictions is quite good for both
strong and weak axis bending. The moments about each axis as well as the

curvatures are accurately determined by BIMPHI as are the moments at failure,

Predictions from PIER were checked for both planar and space behavior of a
beam—column, A typical comparison for tip deflection of a laterally loaded
cantilever pier model is shown in Fig. 3. As seen in this figure, the
experimentally obtained load-deflection curve and that determined by PIER are
almost indistinguishable. There is excellent agreement between the load at
failure.

Predictions from FPIER were checked for beam—columns and for frames such as
shown in Fig. 4. The test specimens were arbitrarily selected for the study to
give reasonable range and scope. As seen in Fig. 4, there is excellent
agreement between the measured and predicted load-deflection behavior until
major redistribution occurred. Thus, it is evident that the effective limit of
FPIER is the formation of first hinging. The model does mnot count on
deformation restraint when hinging is taking place in a frame. Again, there is
good agreement between the measured and predicted load at failure.

A primary assumption used in developing program BIMPHI was that plane sections
remain plane before and after bending. This assumption has been previously
verified for solid sections. The possibility exists that with biaxial bending
in thin-walled hollow sections, some nonplanar action might occur.
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bridge pier

BIMPHI
===~ EXPERIMENTAL

20000t

dP STRONG AXIS

BENDING
15000 -

E
= /
- WEAK AXIS
= BENDING
S 10000
2 P/P, =0.478
P =0.009
5000 fe =34 MPo
fy =460 MPg
—1.9cm Typ.
1 i -
.80 1.60 2.40  3.20 4.0

CURVATURE, ¢, (x10"rad/cm)

Fig, 2 Biaxial load-moment-curvature (P-M-¢) relationship for
solid oval section



124

IABSE PROCEEDINGS P-115/87

IABSE PERIODICA 3/1987

100

~
(¢

TOTAL LOAD,P, kN
w
O

25

MIDSPAN DEFLECTION, cm

P = 48.5 kN
- PIER
50 e
s PExl?: 47.8 kN
40 L
----- PIER
= EXPERIMENTAL
x
- 0k
Q
<
o
| .
a
- s
g E
X 20f :
— _,H'I‘ Bending Axis
i — H/P =0.03
¢ e T p =0.018
i 1R R f'e =25MPo
10 m e [ =
8! ¥ .']'. f y =406 MPg
! |
2 1Q2em!
1 1 1 1 1 1 s
1.0 2.0 3.0 40 5.0 6.0 7.0
LATERAL TIP DEFLECTION, cm
Fig. 3 Axial load versus tip deflection for laterally
loaded cantilever pier model
Ple Pl
Ll.22m 1 22m 1 22m|
= b j
y refers to rainforcing stesl yielding ‘? ’ ? ‘ i
at frama location . C & '8'_ -
=
SH refers 1o reinforcing steal strain hardening -
at frame locohion
y38yi 79 3.66m
P=66.2 kN
SH3
— —a——P: 60.0kN
5 ONSET OF STRAIN COLUMN BEAM
L A 02% y6 HARDENING AT | Yz" Azla
7 E o \e [ER) €
Z 2 5\ § - o
. é 2R o P o~
104 -\. =
127em 2#3
15.2cm
= 152cm
fe = 41 MPa
O EXPERIMENTAL fe =460 MPo
_________ FPIER
L 1 1 1 1 1 1
2.5 5.0 7.5

Fig. 4 Load-deflection behavior for reinforced concrete frame



A IABSE PERIODICA 3/1987 IABSE PROCEEDINGS P-115/87 125

Very few hollow compression member tests have been conducted. This basic
assumption was examined for wvalidity with hollow sections. Comparative
experimental tests of solid, hollow, double cell and triple cell pier sections
were conducted. Measured moment—curvature data from the ultimate test series of
these four biaxially 1loaded cross sections were compared to computer
predictions.For brevity, only the comparisons of results for the hollow (single
cell) and triple cell sections are presented in Figs. 5 and 6. The general
agreement between experimental and predicted results for the solid, double cell
and as seen in Fig. 6 for the triple cell section was quite good.

At service load 1levels and other intermediate loading stages, the results for
the single cell pier were also in good general agreement with predicted values
as seen in Fig. 5. However, the ultimate loading test for that specimen
indicated that near ultimate, the strain distribution deviated substantially
from the assumed 1linear plane of strains. Only 85% of the computed ultimate

moment capacity was developed. Since the major variation between test
specimens was the cross-sectional shape, a series of checks was made of the
possible variables. Examinations using the data from the present test series

as well as the hollow test series reported by Proctor [7] and by Jobse [2] of
variables such as the percentage of voids in the cross section or the wall
thickness showed no trends.

However, as shown in Fig. 7, the data did indicate a significant effect of wall
cross section slenderness. This was defined as shown on Fig. 7 as the ratio of
unsupported cross-sectional wall length to wall thickness (X /t). Using this
cross-sectional parameter (X /t), no strength reduction ofuany significance
from the values calculated uging PIER are indicated for specimens in which the
wall cross section slenderness ration was 6 or less. However, in the present
study for the single cell wall specimens with a wall cross section slenderness
ratio of approximately 7.5, an approximate 12 to 15% decrease in capacity
occurred. In Proctor's study [7], an approximate 15% decrease occurred for a
thin wall specimen with a ratio of about 10. Many piers are built in the USA
with these ranges [4]. Test data for even thinner wall hollow piers are very
scarce, although many large piers have been built with more slender ratios. A
recent report by Jobse [2] describes tests of two very slender wall hollow pier
sections. Substantial reductions were found, as shown in Fig. 7.

2. IMPLEMENTATION

The comparisons between the physical test results and the predictions of the
analytical programs establish the accuracy of programs PIER and FPIER for
second order anlysis of a wide variety of solid and hollow concrete piers.
Comparative design studies [4,5] of solid and cellular section tall piers for
longer span bridges indicate that use of a cellular pier with the same
approximate stiffness as a solid pier can result in substantial dead load
reduction resulting in important foundation cost savings as well as savings in
pier material costs. Use of these verified programs make it easier for
designers to achieve these possible savings. In addition, the use of the
programs should simplify analysis of tapered and flared piers which may be
desirable for economic and aesthetic reasons.
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Fig. 7 Effect of wall thinness on pier capacity
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3. CONCLUSIONS

The major conclusions from this study are restricted to primarily axial and
flexural 1load combinations. Neither the computer programs nor the experimental
test series treated significant shear or reversal forces. Futhermore, the
conclusions are based on use of solid or reasonably stiff wall hollow cross
sections. Limited experimental evidence raised questions as to the strength
and stiffness near ultimate load of cross sections with an unsupported cross
section wall length to thickness (X /t) ratio of 7.5 or greater. Further
examination is required for very thin wall sections.

Within these limits, it can be concluded that:

1. Programs BIMPHI, PIER and FPIER are accurate and useful tools for the
second order analysis of biaxially loaded piers.

2, BIMPHI is &an accurate routine for predicting cross section stiffness
for a wide range of pier shapes.

3. PIER and FPIER are accurate programs for studying single member and
multiple member pier behavior which satisfy the general requirements
that second order design of compression members include realistic
material properties, axial 1load and cracking effects on stiffness,
creep effects, and geometric and material nonlinearities.

4, The assumption that plane sections remain plane was verified for
biaxially 1loaded rectangular columns of solid and cellular cross
sections in all cases where the cross section unsupported wall length
to wall thickness ratio (Xu/t) did not exceed 6.

5. Limited experimental evidence indicates that for hollow cross sections
with  unsupported wall length to thickness (X /t) ratios of
approximetely 7.5, a 15%Z decrease in strength occlirs and there is
appreciable variation of strains from planar section behavior,
particularly in the tension zones of the thin wall area. Recent tests
reported by Jobse [2] as shown in Fig. 7 indicated as much as 40%
decrease in strength for extremely thin-wall sections (Xu/t=32).

4., NOTATION

f'c¢ - compressive strength of concrete as measured at 28 days by 15.2 cm x
30.4 cm cylinders

f - reinforcing steel yield stress
H - lateral load

M - moment
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MSTR - strong axis moment

MWK - weak axis moment

P - axial load

Po - concentric axial load strength

SH - refers to strain hardening of reinforcing steel

t - hollow section wall thickness

Xu - longest dimension of hollow portion of a section

y - refers to yielding of reinforcing steel

0] - curvature

p — ratio of reinforcing steel area to gross section concrete area
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