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Hollow, rectangular concrete piers have been used to support cable stay
and long-span balanced cantilever bridges for the last forty years. Compared with
solid columns, hollow piers offer the advantages of high bending and torsional
stiffness, significant reductions in the volume of materials, and large reductions in
dead load. Earlier investigations concluded that no reduction in strength should
occur for cross sections subjected to combined axial load and uniaxial bending
with wall slenderness ratios, defined as the unsupported length of the cross
section divided by the wall thickness of the slender walls, less than 15. However,
the response of hollow, rectangular piers subjected to simultaneous axial load and
biaxial bending has not been studied.

Five rectangular, hollow concrete columns, with wall slenderness ratios

between 6 and 14 and designed in accordance to the AASHTO LRFD Bridge



Design Specifications, were tested under quasi-static, monotonic simultaneous
axial load and biaxial bending. Neither cyclic loading nor horizontal or transverse
loads were considered. A fiber model of the cross section and two material
models for confined concrete were used to perform sectional analysis of each
specimen. A finite element model was used to calculate the behavior of the test
specimens. Also, the current design procedures for hollow, rectangular concrete
piers were re-evaluated and found to produce safe estimates of the strength of
such piers.

In hollow, rectangular concrete piers the value of the strength ratio,
defined as the measured axial strength divided by the axial strength calculated
using a rectangular stress block model of concrete, decreases as the wall
slenderness ratio increases. The main parameter that controls those variations is
the wall slenderness ratio. The current approximate design procedures for hollow,
rectangular concrete piers with wall slenderness ratios 15, are valid for piers
subjected to axial compression and biaxial bending.

Material models for confined concrete provided accurate estimates of the
axial capacity and moment-curvature response of the hollow piers tested in this

investigation. Future areas of research are recommended.
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Chapter 1 Introduction

1.1 OVERVIEW

Hollow concrete piers have been used to support cable-stay and long-span
balanced cantilever bridges for the last forty years. Compared with solid columns,
hollow piers offer the advantages of high bending and torsional stiffness,
significant reductions in the volume of materials, and large reductions in dead
load, which reduces the design loads for the foundations.

Taylor et al. (1990) surveyed the cross-sectional properties of hollow
concrete piers used in twenty bridges from around the world that were constructed
between 1963 and 1990. The results indicate that hollow rectangular cross-
sections are the most common. The cross-sectional dimensions were expressed in
terms of the wall slenderness ratio, A,,, defined as the unsupported length of the
cross-section divided by the wall thickness. Wall slenderness ratios varied from 6
to 27 for the bridges surveyed.

Figure 1.1 shows a photograph of the Puente Amolanas bridge, which is
under construction 400 km north of Santiago, Chile. The bridge is supported by
three hollow, concrete piers, with octagonal cross-sections and with wall
slenderness ratios approximately equal to 5. The tallest pier is 100 m (328 ft)
long.

The wall slenderness ratio is shown in Fig. 1.2 using the definition from
the commentary of the AASHTO LRFD Bridge Design Specifications (1998)

Section 5.7.4.7.1. The wall slenderness ratio is calculated as:



PR (1.1)

where X, is the unsupported length of the pier wall and t is the wall thickness.

Figure 1.1 Bridge Puente Amolanas, With Three Hollow, Octagonal Concrete
Piers

Xy X,=b — (lesser of 2z or 2
) ) d
t
Typical Monolithic Pier Section Typical Segmented Pier Section

Figure 1.2 Definition of the Wall Slenderness Ratio for a Hollow Rectangular
Cross-Section (AASHTO 1998)



1.2 OBJECTIVES

The behavior of hollow box sections has been assessed in several
experimental investigations (Procter (1977), Poston et al. (1983), Jobse and
Moustafa (1984), and Taylor et al. (1990, 1995)). In those tests, the hollow piers
were subjected to pure compression, axial load and uniaxial moment, or axial load
and biaxial moment. Taylor and Breen (1994) evaluated available data and
developed relationships between the wall slenderness ratio and the strength ratio,
which is defined as the ratio of the maximum axial load supported by the test
specimen to the calculated nominal capacity of the pier using the actual
eccentricity of the axial load (Prgs/P,). The results indicated that standard design
procedures could be used for cross-sections with wall slenderness ratios less than
15. However, the strength of the specimen was limited by local buckling of the
walls when the wall slenderness ratio exceeded 15. Design procedures were
developed for hollow piers (Taylor et al. (1990), Taylor and Breen 1994), and
were later included in the AASHTO Specifications (1998).

Variations in the loading sequences used in the different investigations
influenced the strength ratios that served as the basis for the design procedures
developed by Taylor et al. (1990) In most cases, the researchers increased the
axial load from zero to the capacity of the specimen while maintaining a constant
eccentricity. In these tests Prgsy/P, was an appropriate parameter for evaluating
the importance of the wall slenderness ratio.

However, Poston et al. (1983) applied a known level of axial load to the

test specimens, and then maintained the level of axial load as the eccentricities in



the two principal directions of the cross-section were increased. By default, the
strength ratio for these specimens is 1.0 using the definition based on the axial
capacity. If the strength ratio is calculated using the ratio of applied moment to
nominal capacity, Mrgsi/M,, then strength reductions on the order of 5% were
observed for hollow piers with slenderness ratios as low as 7.5. With this change
in the definition of the strength ratio, the biaxial loading condition appears to be
critical for hollow piers.

The design of tall piers and pylons is frequently governed by biaxial
bending with strong axis to weak axis moment ratios of 2 to 3. This condition of
biaxial bending should be checked analytically and experimentally to determine
where the reduction in capacity occurs.

The objectives of this project were to investigate experimentally and
analytically the behavior of thin-walled concrete compression members subjected
to biaxial bending and determine if a reduction in capacity occurs due to local
instability.

To accomplish these objectives, five specimens with wall slenderness
ratios between 5 and 15 were tested under compressive load and biaxial bending.
The measured response was compared with the current design provisions in the

AASHTO Specifications (1998).
1.3 SCOPE OF THE INVESTIGATION

The scope of this research was limited to monolithic hollow rectangular

concrete sections subjected to simultaneous compressive load and biaxial



bending. No consideration was given to overall column buckling, lateral or cyclic
loading, or post-tensioned segmental construction.

The experimental program comprised tests to failure of five, one-fifth-
scale, thin-walled, rectangular, concrete hollow pier specimens with wall
slenderness ratios varying from 6 to 14. The specimens were loaded eccentrically
under simultaneous axial compression and biaxial bending.

Fiber models and the general-purpose finite element program ABAQUS
(Hibbitt, Karlson and Sorensen 1994a, 1994b) were used to estimate the behavior
of hollow concrete piers under compressive loading and biaxial bending. The test
results were used to evaluate the analytical models.

This dissertation is divided into nine chapters. Chapter 2 presents a review
of previous experimental studies of rectangular hollow concrete piers. The
experimental programs are described and the analytical models used to interpret
the results. Chapter 3 gives an overview of the design procedures available for
hollow concrete piers.

The design of the test specimens and loading scheme is discussed in
Chapter 4 and the measured response of the piers is discussed in Chapter 5. The
influence of the wall slenderness ratio and the confinement provided by the
transverse reinforcement on the strength of the piers is studied in Chapter 6. Two
material models were used to estimate the influence of confinement on the
capacity of the specimens using a fiber model with sectional analysis.

The finite element model used to study the response of the test specimens

is discussed in Chapter 7. The current design procedures for hollow rectangular



concrete piers are evaluated in Chapter 8 using the experimental data obtained in
this investigation. The conclusions and future research recommendations are

presented in Chapter 9.



Chapter 2 Review of Previous Investigations of the Performance
of Hollow Concrete Piers

The results of previous investigations have demonstrated that the capacity
of a hollow concrete pier is likely to be less than the nominal capacity calculated
using typical design procedures. This reduction in strength is expected to increase
as the wall panels that form the piers become more slender, due to local buckling
of the wall panels.

New provisions have been included in the AASHTO LRFD Bridge Design
Specifications (1998) to consider this observed phenomenon. These provisions are
described in Chapter 3. The experimental research results that form the basis of
these provisions are discussed in this chapter.

Six experimental studies were identified that investigated the behavior of
rectangular, hollow concrete sections. The local stability of the thin pier walls was
studied in four of these investigations, while the seismic performance was studied
in the other two investigations. Brief summaries of each investigation are
presented in Section 2.1.

In addition, three experimental studies of the stability of concrete panels
subjected to uniaxial compression are summarized in Section 2.2. These studies
are relevant to the current investigation because the capacity of hollow piers with

slender walls is limited by the stability of the individual walls.



2.1 BEHAVIOR OF HOLLOW CONCRETE PIERS

2.1.1 Procter

Procter (1977) tested six hollow, rectangular columns under concentric
loading. The columns had a height of 250 mm (9.8 in.) and the cross-sectional
dimensions shown in Fig. 2.1. The wall slenderness ratios varied from 2.4 to 7.5
(Table 2.1). The columns were cast horizontally on steel forms, and the interior
cavity was formed using blocks of expanded polystyrene. The longitudinal
reinforcement consisted of four twisted, 7.62-mm (0.3-in.) square, high-tensile
strength steel rods with a yield stress equal to 524 MPa (76 ksi). The transverse
reinforcement consisted of mild steel wire hoops spaced vertically at 100 mm (3.9
in.). The longitudinal reinforcement ratio varied between 0.011 for the specimen
with thickest walls to 0.019 for the specimen with thinnest walls. The concrete
compressive strength, determined from cube specimens, was 50.3 MPa (7300 psi)
for all the columns.

Procter (1977) did not develop a special analysis procedure to calculate
the strength of these specimens. The axial capacity was calculated as the sum of
the total resistance of the concrete (2/3 x cube strength x concrete area) and the
resistance of the steel (steel area x yield stress) (Table 2.1).

Two specimens, R8 and R13, failed at a load smaller than the calculated
capacity. The measured strength of R13 was slightly less than the calculated
capacity, while the measured capacity of R8 was 13% less than the calculated
capacity. The failure of specimen R8 was caused by spalling of the concrete cover

along nearly half the length of the test specimen.



200 mm (7.87 in.)

< g
.- n 3
: : 100 mm (3.94 in.)
e
Bar Area =52 mm’ (0.08 in’) — Mild steel wire hoops

Figure 2.1 Details of Hollow Columns Tested by Procter (1977)

Table 2.1 Dimensions and Capacity of Specimens Tested by Procter (1977)

Wall Wall Concrete | Steel | Maximum |Calculated*| Ratio of
Spec. [Slenderness| Thickness| Area Area | Capacity | Capacity (Measured to
ID Ratio mm mm’ mm* kN kN Calculated
Ay (in.) (in.}) (in.%) (kips) (kips) Capacity
21 10,630 | 208 405 464
R8 73 0.83) | (1653) | 032) | 1) (104) 0.87
26 | 12,700 | 208 555 534
R9 37 1.02) | 96 | ©32) | (125 (120) 1.04
315 | 14700 | 208 620 604
R10 4.3 (124) | @282 | 032 | (139 (136) 1.03
36 | 16200 | 208 722 649
R11 35 142 | 2515 | ©032) | @62 (146) L1
415 | 17,500 | 208 725 639
R12 2.8 (1.63) | 2755 | 032) | (163) (155) 1.03
455 | 18,800 | 208 740 744
R13 2.4 179 | 29.14) | ©32) | (166) (167) 0.99

* Capacity calculated by Procter by adding the axial capacities of the concrete and

steel.



2.1.2 Jobse and Moustafa

Jobse and Moustafa (1984) tested two square, thin-walled, hollow column
specimens with wall slenderness ratios of 32.0 under simultaneous compression
and uniaxial bending. The axial load was applied at a constant eccentricity. The
specimens were built from three precast cubic segments, that were epoxied and
post-tensioned together to form a specimen with a total height of 4.57 m (180 in).
One 1%-in. diameter Dywidag bar was placed in each corner of the specimens.
The cross-sectional details are shown in Fig. 2.2 and the test results are
summarized in Table 2.2.

Jobse and Moustafa (1984) developed an analytical model that included
the effect of buckling of the compression flange. Classic, elastic buckling theory
for thin plates was used to find the critical buckling stress in this model, but the
modulus of elasticity was replaced by the instantaneous tangent modulus of the
concrete. A parabolic stress-strain relationship was used for the concrete, with the
peak stress equal to the measured cylinders strength. Interaction diagrams that
included the influence of local buckling for hollow piers were computed using the
model. As indicated in Table 2.2, capacities calculated with this model

overestimated the measured strengths by 15 to 25%.
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Figure 2.2 Cross-Section of Hollow Columns Tested by Jobse and Moustafa

(1984)

Table 2.2 Capacities of Specimens Tested by Jobse and Moustafa (1984)

Axial . . .
S Wall Concrete | Stress due Eccentrl.c ity Measured| Calculated Ratio of
enderness of Applied . . Measured
Spec. Rati Strength | to Post- Capacity | Capacity
ID atio MPa tensionin Load kN kN to
g
(psi) MPa mm (kips) | (kips) |CRlculated
A (psi) (in.) Capacity
59.8 8.4 124 7175 9800
1 320 (8680) | (1218) (4.9) (1613) | (2200) 0.73
68.1 8.4 513 5987 7100
2A 320 9880) | (1218) 202) | (1346) | (1600) 0.84

2.1.3 Poston, Gilliam, Yamamoto and Breen

Poston, Gillian, Yamamoto and Breen (1983, 1985) tested three hollow,

rectangular, concrete columns under biaxial bending. All specimens had the same

overall dimensions and wall thicknesses, and the wall slenderness ratio was varied

11




by adding internal stiffeners. One specimen had a single cell, one had two cells,
and one had three cells (Fig. 2.3). The values of the wall slenderness ratio were
low, varying between 1.9 and 7.6 (Table 2.3). The specimens were 1.83 m (72 in.)
high, with a wall thickness of 63.5 mm (2.5 in.).

The longitudinal reinforcement consisted of 6-mm deformed bars with a
yield stress of 420 MPa (61.1 ksi). The transversal reinforcement consisted of
No. 13 gage wires, with an average area equal to 4.1 mm® (0.0064 in?), spaced
vertically every 51 mm (2 in.). The average yield stress was 252 MPa (36.6 ksi).
The longitudinal reinforcement ratio varied between 0.015 and 0.018.

The specimens were tested using three hydraulic rams: one was located at
the geometric centroid of the cross-section, and the other two were located along
the strong and weak axes respectively. The specimen was first subjected to a
concentric axial load of 0.4 P, using the first hydraulic ram, where P, is the
calculated capacity of the specimen subjected to uniaxial compression. As testing
progressed, the axial force in the two eccentric rams increased while the axial
force in the concentric ram decreased. Using this technique, the total axial load
was maintained at 0.4 P,, while the specimens were subjected to increasing
moments about the longitudinal and transverse axes. The ratio of the eccentricity
in the direction of the strong axis to the eccentricity in the direction of the weak
axis was 3.0 in all tests.

The behavior of the test specimens was calculated using a finite strip
approximation where local wall buckling was not considered. Good agreement

was found between the measured and calculated capacities. Table 2.3 summarizes

12



the cross-sectional dimensions and the material properties, and Table 2.4

summarizes the measured strength and calculated capacity for each specimen.

The measured capacity of the specimen with largest wall slenderness ratio

was approximately 15% less than the calculated capacity.

610 mm (24 in.)

<
o o [ ] [ ]
e o [ ] [ ]
o o

e o (] (]
o o [ ] [ ]

Cross Section with Two Cells

T 63.5 mm (2.5 in.)

203 mm (8 in.)

Figure 2.3 Typical Exterior Dimensions of Columns Tested by Poston et al.
(1983, 1985)

Table 2.3 Dimensions of Specimens Tested by Poston et al. (1983, 1985)

Concrete | Concrete )
Spec. ID| A, Stﬁ;gath ﬁrr:fz‘ l;zltr;(f).
(psi) (in. %)
1cen | 76 | 4218 670) (%73!5?8) 0.0148
2 Cells 33 ( 4239060) (9129252) 0.0161
3Cells | 1.9 ( 5304050) 9(?285) 0.0173

13



Table 2.4 Test Results of Specimens Tested by Poston et al. (1983, 1985)

Wall Measured Strength Calculated Capacity
Spec. | Slender.
D Ratio Axial Moment | Moment Axial | Moment | Moment D}Ile aat;O r?efd
Aw Load Weak Strong Load Weak Strong t(:l
kN KkN-m KN-m kN KkN-m KN-m Calculatedl
(kip) (kip-in.) | (kip-in.) (kip) (kip-in.) | (kip-in.) Moment
1210 54.0 163 1210 63.0 190
VCelll 7.6 1 070) | (@s0) | (440) | @72) | (s60) | (1685) | 086
1290 67.0 200 1290 64.0 192
R Cells| 33 | 290y | (590) | 1770) | (290) | (565) | (1695) | 1.04
1510 79.0 236 1510 72.0 217
peels) 191 340) | (695 | 08s) | Ga0) | (6a0) | (19200 | 1O

2.1.4 Taylor, Rowell, and Breen

Taylor, Rowell, and Breen (1990,1995) tested twelve, 1/5-scale, hollow

rectangular piers under combined axial load and uniaxial bending. Five piers had

post-tensioned reinforcement. The wall slenderness ratios for the specimens

varied between 8.8 and 33.6. All the specimens were 1.83 m high (72 in.), with

cross-sectional dimensions as summarized in Table 2.5.

Two curtains of vertical and horizontal steel were distributed throughout

the cross-section. The longitudinal reinforcement consisted of 6-mm deformed

bars with yield stress equal to 518 MPa (75.1 ksi). The transverse reinforcement

was made of No. 10 gage smooth wire (3.4-mm (0.135-in.) diameter). High

strength Dywidag threaded rods 16 and 25-mm (5/8 and 1-in.) diameters were

14



used for the tendons in the post-tensioned specimens. The longitudinal
reinforcement ratio varied between 0.015 and 0.026. Figure 2.4 shows the range

of cross-sectional dimensions for the test specimens.

4 [ N} [ ] [ ] [ ] [ ] [ ] o o [ ] [ ] [ N ]

[ N} [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ N ]

[ N} [ N ]

oo 28.6 to 63.5 mm oo

(1-1/8 to 2-1/2 in.)
305 to 508 mm e e
(12 to 20 in.) — "

[ N J [ N )

[ N J [ N )

[ N J [ N )

[ N J [ ] [ ] [ ] [ ] [ J [ ] [ J [ J [ ] [ N )

v [ N J [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ N )

610 to 1016 mm (24 to 40 in.)

Figure 2.4 Cross-Sectional Dimensions of Specimens Tested
by Taylor et al. (1990)

Taylor et al. (1990) developed an analytical model similar to that used by
Jobse and Moustafa (1984) to calculate the axial capacity of the test specimens.
The model also considered the influence of the transverse walls in restraining the
compression wall. Analyses followed a two-step procedure. First the plate
buckling stress was calculated for the most slender wall of each specimen.
Bending stiffness of the short walls was considered along the unloaded edges of

the plates. Then the capacity of the cross-section was calculated using the

15



calculated critical buckling stress as the limiting stress in the concrete. The
expression developed by Hognestad (1951,1952) was used to model the stress-
strain curve of the concrete, using as peak stress 85% of the compressive strength
measured using cylinders. This approach was used to calculate the capacity of

specimens subjected to concentric axial load or combined axial load and uniaxial

bending.
1.75
[m}
1.50
125 .
&m [m] [m] o
& 1.00 x = n oy
2 <7 . Y m
= X
& 0.75 u
=
ED Taylor et al
E 0.50 W Taylor et al.
7 O Taylor et al. (with post-tensioning)
0.25 O Jobsen and Moustafa (with post-tensioning) ||
X Procter
0.00
0 5 10 15 20 25 30 35 40

Wall Slenderness Ratio (A,,)

Figure 2.5 Ratios of Measured Strength to Calculated Capacity Using
Analytical Model Developed by Taylor et al. (1990) (Pmeas/Pearc)
Taylor et al. (1990) also used this analytical model to calculate the
capacity of the specimens tested by Procter (1977) and Joseb and Moustafa
(1984). The ratios of the measured axial strength (P,..s) to the calculated capacity
(P.arc) are plotted in Fig. 2.5). With the exception of one specimen, the calculated

capacities were within +25% of the measured loads at failure. Comparisons

16



between measured and calculated capacities of the specimens tested by Taylor et

al. (1990) are summarized in Table 2.6.

Table 2.5 Dimensions of Specimens Tested by Taylor et al. (1990)

Wall |Section | Section Wall Cocn(inf_?;:? e Steel ;)t.;lt‘e'l
Thickness | Depth | Width |Slenderness p V€l Area | Reinf.
Spec. ID . Strength 2 . Area
mm mm mm Ratio mm°~ | Ratio 2
(in.) (in) | (in) A MPa (in.) m
w (psi) (in.”)
635 | 381 | 762 54 2820
IMIO } o550y | (15) | (30 10.0 7860) | @37)| %022 | -
508 | 305 | 610 2 1350
IMIO L bo0) | a2) | 4 10.0 3170) | 2.09)| %016 | -
635 | 508 | 1016 2 2820
M4 L 0500 | 20) | (40 14.0 3540y | @37)| %016 | -
508 | 508 | 1016 53 2210
AMIS 1 H00) | 20y | 0 18.0 700y | 342)| %013 | -
635 | 381 | 762 47 2820 723
91 25 | a5 | 6o 8.8 6830) | @37)| %022 | (1.12)
508 | 508 | 1016 33 2210 2194
6516 1 o) | o) | @0 155 840) | 3.42)| %015 | (3.40)
381 | 508 | 1016 48 2210 723
822 1 s | o) | o) 217 ©920) | 342 %012 | (112
381 | 508 | 1016 44 2210
SML2S | 150y | 20) | (40 247 6310) | 3.42)| %020 | -
381 | 508 | 1016 45 2210 723
IMLP22L (15 | 20) | (40) 217 6460) | 3.42)| %017 | (1.12)
508 | 508 | 1016 46 2210
DYIRE B A BT 18.0 6650 | oan| 0015 |-
286 | 508 | 1016 36 2210
HML34L 05y | 20y | @0) 336 (5260) | (3.42)| %026 | -
286 | 508 | 1016 3 2210 723
12829 1 1125y | 20) | 0 293 4680) | 3.42)| 0% | (1.12)

* Determined from tests of concrete cylinders
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Table 2.6 Measured and Calculated Capacities of Specimens Tested by Taylor et

al. (1990)
Measured Capacity Calculated Capacity
Ratio of
Specimen Axial Load| Moment | Axial Load | Moment | Measured
P D kN KN-m KN KN-m to
(kips) (kip-in.) (kips) (kip-in.) | Calculated
Capacity
2344 519.0 2389 526.0
IMIO } 559 (4590) (537) (4653) 0.98
2091 37.4 1673 30.1
M0 470) (331) (376) (266) 1.25
4172 110.0 4079 107.0
3MI4 - 93 (975) ©17) (945) 1.02
4172 294.0 5476 384.0
AMIS | 933) (2600) (1231) (3397) 0.76
5062 104.0 5480 112.0
589 (1138) (922) (1232) (994) 0.92
4217 109.0 4604 118.0
6516 (943) (967) (1035) (1047) 0.92
4444 115.0 4653 120.0
7822 (999) (1020) (1046) (1061) 0.96
4021 104.0 4435 114.0
SML25 | 904) (922) (997) (1010) 0.91
4275 111.0 4426 114.0
IMLP22 | g61) (980) (995) (1005) 0.96
4506 317.0 4340 339.0
10MLIS | 1013) | (2810) (1088) (3000) 0.93
2771 71.7 2829 73.0
HML34 | 63 (635) (636) (646) 0.98
3034 77.1 2576 65.0
12829 | (632) (682) (579) (575) 118

Based in these results, Taylor et al. (1990) concluded that use of the same
design procedures for hollow concrete piers as those for members with solid

cross-sections, would be unconservative for piers with wall slenderness ratios

18



exceeding 15. An approximate design procedure was proposed to account for the
reduction in capacity due to wall slenderness. This approach formed the basis for
the design procedures for hollow piers that were introduced in the AASHTO
Specifications (1998).

2.1.5 Mander, Priestley and Park

Mander, Priestley and Park (1983) tested four hollow reinforced concrete
bridge piers. The specimens were 3.2 m (126 in.) high, 750 mm (29.5 in.) square
with 120-mm (4 %s-in.) thick walls, corresponding to a wall slenderness ratio of
4.25. The objective of the research was to study the seismic performance of the
hollow piers using different levels of axial load and different arrangements of
confining steel in the plastic hinge zone. Cyclic lateral loads were applied while
maintaining a constant axial load. While these tests are not directly relevant to this
investigation, some of its observations are of importance for this study. The ratios
of the measured flexural strength to the capacity calculated using an interaction
diagram (that considered the measured concrete strength, measured steel yield
stress, and ultimate concrete compressive strain of 0.003) varied between 1.11
and 1.33. It was shown that the largest increase in strength was due to the increase
in concrete strength produced by the confinement provided by the lateral

reinforcement.

2.1.6 Mo, Yeh and Yang

Mo, Yeh and Yang! tested two full scale and twelve models of square

hollow concrete piers subjected to lateral loading. The objectives of the

I Presented at the March 2000 ACI Convention, San Diego, CA.
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investigation were to study the seismic performance of hollow bridge columns
used in a high-speed rail project and to develop an analytical model to predict the
behavior of those columns. The specimens had wall slenderness ratios between
2.2 and 3.0.

The modified Kent and Park (1971) model for confined concrete gave

results closest to the responses of the tests.

2.2 BEHAVIOR OF THIN CONCRETE PLATES

2.2.1 Ernst

Ernst (1952) tested ten concrete plates. All specimens were simply
supported along all four edges and loaded in compression on two sides (Fig. 2.6).
Five specimens were 1016 mm (40 in.) wide (the loaded side) and 1054 mm (41.5
in.) tall, and five were 1016 mm (40 in) wide and 584 mm (23 in.) tall. The
reinforcement consisted of a 25x25-mm (1x1-in.) welded wire mesh, with 15-
gage wires, placed at mid-depth of the concrete plates. The compressive strength
of the concrete was 31.5 MPa (4570 psi) for all specimens. Table 2.7 summarizes
the dimensions and strength of each specimen. A stress-strain curve was measured
from 51x102 mm (2x4 in.) cylinders and was used to represent the composite
action of the steel and concrete in the panels.

Ernst reported that the specimens with slenderness ratios larger than 40
exhibited rapid out of plane deflection of the center of the panels prior to failure.

This suggests that plate buckling was the failure mode of those test specimens.
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Figure 2.6 Concrete Plate Loaded in In-Plane Compression

Ernst (1952) used the tangent modulus concept to analyze the results of
the tests. Classic elastic buckling theory for thin plates was used to find the
critical buckling stress given the aspect ratio of the plate and the boundary
conditions. The instantaneous tangent modulus of the concrete was used as the

modulus of elasticity to account for material nonlinearities.
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Table 2.7 Dimensions and Strength of Specimens Tested by Ernst (1952)

Panel Panel Panel Ratio of | Maximum | Maximum
Spec. Thickness| Height [Slenderness EMeasu{'e.d M(iflsu(ll‘ed Mgasured
D mm mm Ratio ccentricity 0a tress
iny (in) N to Wall kN MPa

: : w Thickness | (kips) (psi)

14 1054 126 14.0

7xdxd0 | 55 (41.5) 727 0.04 (283) | (2040)
20 1054 196 23.0

vixdoxdo | o, (41.5) 519 015 44.0) | (3340
26.5 1054 300 21.9

1xd0xd0 1 (1 .04) (41.5) 383 0-10 (68.0) | (3180)
32.5 1054 580 31

axdoxdo | 150 (41.5) 313 0.03 (130.0) | (4500)
38.5 1054 1050 28.0

1axa0d0 | 57 (41.5) 263 001 (236.0) | (4060)
14 584 73 17.0

7420 1 g56) (23.0) 714 023 (165) | (2460)
20.5 584 170 218

7xdx20 1 o81) (23.0) 94 023 (38.5) | (3160
27.5 584 580 28.5

x40x20 | 0s) | @30 | 37O 00 @z | @140
32 584 490 303

Paxdix20 1 (1 25y (23.0) 320 0.07 (111.0) | (4390)
38.5 584 900 31.5

axdx20 1 () 52 (23.0) 263 0.07 (202.5) | (4570)

The steel was neglected in the calculation of the buckling stress and
accidental eccentricities were considered by measuring the strains across the
thickness of the plates at low load levels. The results from the analysis were

reported as a standardized curve of buckling stress and provided good results in

estimating the maximum stress measured in the concrete before failure.

22




2.2.2 Swartz, Rosebraugh, and Berman

Swartz, Rosebraugh, and Berman (1974) tested 24 rectangular concrete
plates that were simply supported along all edges and subjected to uniaxial
compression along two edges (Fig. 2.6). The concrete plates were 1219 mm (48
in.) wide by 2438 mm (96 in.) tall, had one or two layers of reinforcement, and
had wall slenderness ratios between 38 and 64. The steel reinforcement was No.
12 gage wire, 2.7 mm in diameter (0.1055 in.), with yield stress of 530 MPa (76.8
ksi). Table 2.8 summarizes the dimensions of the test specimens.

Swartz and Rosebraugh (1974) used the analytical approach developed by
Sherbourne Liaw and March (1971) for orthotropic plates subjected to uniaxial
compression. This approach allows the analyst to specify different amounts of
reinforcement and different values of stiffness for the concrete in the two
orthogonal directions and estimate the buckling strain of the plate. Swartz
considered both orthotropic and isotropic idealizations of the plates and used
tangent and double-modulus buckling theories. The stress strain relationship of
the concrete was modeled using the expression proposed by Hognestad (1951,
1952).

Swartz and Rosebraugh (1974) found that the four analytical approaches
provided reasonable estimates of the buckling load. However, the model based on
an isotropic plate and the tangent modulus approach gave, for the most part,
conservative estimates of the buckling load for all specimens. In addition, this was
the only approach that could be represented using a closed-form solution.

Equation 2.1 gives the value of the buckling strain:
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+c(p,, +D, {(’"_bj + (ibj } +2CD,, =0 (Eq. 2.1)

In Eq. 2.1 &, , a, b, and m are the strain at buckling; the length of the
unloaded edges of the panels; the length of the loaded edges of the panels; and the
buckling mode integer, respectively. The other terms are material-geometry

constants defined as:

2
T

C= , Eq. 2.2

0.85/ hb>(1— p) (Eq-22)
1710

- e Eq. 2.3

T (e (a2

D, =EhY pZ; (Eq. 2.4)
Eep

= pr (Eq. 2.5)

b 085/£.(1-p)

where 7 is the panel thickness; f. and g are the peak stress and the strain at peak

stress of the concrete; v is poisson’s ratio of the concrete; p and py are the total
steel ratio and the steel ratio for the ith layer of reinforcement, respectively; and Z;

is the distance from the it/ reinforcement layer to the middle surface of the plate.
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Table 2.8 Dimensions of Specimens Tested by Swartz et al. (1974)

Panel Panel Number of | \eminal Cocr?lgf‘le.:gave
Spec. [ Thickness Slenderness Layers of Total steel Strength
ID mm Ratio Ratio
(in.) A steel (Percent) MP.a
(psi)
! (160 80 : 2 G
il I AT N I
3 (LoD 473 ’ 030 Gise
A 2 480 2 050 (430)
5 (ﬁ)-g) 48.0 2 0.75 (3222933)
P (%%Z) 46.2 2 0.75 (32;‘4?))
7 (3,59'8) 485 2 1.00 (3225;‘;)
] us 23 2 100 G20m)
N I T I I
N (?.22'(5)) 38.4 1 0.20 (215533)
I I T I T
12 (?EZ) 38.7 2 0.50 (2167690)
3 (?.22'(5)) 38.4 2 0.75 (21574%)
14 (%2) 378 2 0.75 (213%)
s (?,222) 375 2 1.00 (2189892)
16 (? .12-150 38.7 2 1.00 (215759%)
e e [ e [
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Table 2.8 (cont.) Dimensions of Specimens Tested by Swartz et al. (1974)

Panel Panel Number of Nominal Cocr?lnf‘:gve
Spec. | Thickness |[Slenderness Total Steel P
. Layers of . Strength
ID mm Ratio Ratio
(in.) A steel (Percent) MPa
" (psi)
19.0 233
18 (0.763) 62.9 1 0.20 (3386)
19.0 23.8
19 0.757) 63.4 2 0.50 (3448)
19.0 24.4
20 (0.747) 64.3 2 0.50 (3546)
19.0 25.0
21 (0.760) 63.2 2 0.75 (3626)
19.0 24.8
22 0.758) 63.3 2 0.75 (3590)
19.0 23.4
23 0.763) 62.9 2 1.00 (3396)
20.0 27.0
24 (0.782) 61.4 2 1.00 (3917)

Swartz and Rosebraugh (1974) also found that the contribution of the steel
reinforcement in the calculation of the buckling strain was negligible. But the
steel plays an important role when calculating the ductility and capacity of the
plate. Table 2.9 summarizes the measured strengths and the buckling load
calculated using the recommended approach (assuming an isotropic plate and

using the tangent modulus).
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Table 2.9 Measured Buckling Load and Failure Load, and Calculated
Buckling Load Using Tangent Modulus (Swartz and Rosebraugh

1974)
Tangent .
Experimental| Failure | Modulus Ratio of
. . Measured to
Spec. |Buckling Load Load Buckling Calculated
ID kN kN Load Bucklin
(Kips) (kips) kN g
. Load
(Kips)
556 490 490
! (125.1) (1102) (116.0) 1.08
447 507 507
2 (100.4) (113.9) (119.0) 0.84
403 444 444
3 (90.6) (99.9) (105.0) 0.86
559 534 534
4 (125.7) (120.1) (118.0) 1.07
S 579 624 624 s
(1302) (140.2) (113.0) '
593 692 692
6 (133.4) (155.5) (119.0) 112
578 640 640
7 (130.0) (143.9) (124.0) 1.05
448 455 455
8 (100.8) (102.3) (106.0) 0.95
516 626 626
? (116.0) (140.7) (116.0) 1.00
632 696 696
10 (140.0) (156.5) (123.0) 114
535 637 637
1 (120.4) (143.1) (120.0) 1.00
535 640 640
12 (1202) (143.8) (119.0) 101
446 512 512
13 (100.2) (115.1) (128.0) 0.78
578 716 716
14 (129.9) (161.0) (148.0) 0.88
668 766 766
15 (150.1) (172.3) (155.0) 0.97
580 722 722
16 (130.6) (162.3) (134.0) 0.97
360 429 429
17 (30.4) (96.5) (59.0) 1.36
355 396 396
18 80.1) (89.1) (65.5) 122
310 378 378
19 (70.1) (84.9) (63.1) L1
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Table 2.9 (cont.) Measured Buckling Load and Failure Load, and Calculated
Buckling Load Using Tangent Modulus Modulus (Swartz and
Rosebraugh 1974)

Tangent Ratio of
Experimental| Failure | Modulus
. . Measured to
Spec. (Buckling Load Load Buckling Calculated
ID kN kN Load Bucklin
(kips) (kips) kN g
. Load
(kips)
335 373 373
20 (753) (83.8) (61.0) 123
335 368 368
21 (75.6) (82.8) (63.2) 1.20
310 355 355
22 (70.0) (80.0) (64.4) 1.09
310 347 347
23 (70.0) (78.0) (68.9) 1.02
355 400 400
24 (80.0) (90.0) (78.3) 1.02

2.2.3 Saheb and Desayi

Saheb and Desayi (1990) tested 24 rectangular, reinforced concrete panels.
All panels were simply supported along all four edges and were subjected to
eccentric compression along two edges. The aspect ratios of the panels varied
between 0.67 and 2, and the slenderness ratios varied between 6 and 18. The
panels were 50 mm (2.0 in.) thick, with two layers of steel reinforcement. The
dimensions of the panels, material properties, and measured strengths are
presented in Table 2.10 (failure loads were reported for 21 of the 24 panels).

The load was applied with an eccentricity of one-sixth of the panel
thickness. The strength of the panels decreased as the slenderness ratio increased.
Vertical reinforcement increased the strength of the panels, while horizontal

reinforcement had negligible influence on their capacity. Two equations were
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developed to estimate the strength of the panels. The first (Eq. 2.6) was an

empirical equation that provided a conservative estimate of the maximum load.

LY h
P = O.67¢L{1 - (ij }{1 + 0.12&)} (Eq. 2.6)

where P, is the ultimate capacity; ¢ is the capacity reduction factor; f. is the

cylinder strength of the concrete; h is the length of the unloaded edges; L is the
length of the loaded edges; and t is the panel thickness.

The second equation (Eq. 2.7) was based on the buckling strength of
simply-supported, thin, rectangular, metal plates, but adjusted to fit the data from
their experiments and from plates tested by Swartz et al. (1974). To fit the data,
the strength provided by the reinforcement was included in the calculations, but
the expression proposed includes only the strength of the concrete, and neglects
the reinforcement. Thus, the equation gives conservative estimates of the strength
for most of the test data included not because of buckling considerations, but

because the steel is not considered to estimate the strength of the plates.

L ! A 1 Ash yh
L L 2] lf; + svfyv + A f
P, = (/{0.8352(7) - 0.0052(7J i —=2| (Eq.2.7)

t

where A, and Ay, are total areas of horizontal and vertical reinforcement and f,,

and f,, are the corresponding yield strengths.
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Table 2.10 Specimens Tested by Saheb and Desayi (1990)

Steel | Nominal | Concrete*
Panel | Panel Panel Yield Vertical | Compressive Measured
Spec.] Height| Width [Slenderness P Strength
. Stress Steel Strength
ID mm mm Ratio . kKN
(in.) (in.) N MPa Ratio MPa (Kips)
: : w (ksi) | (Percent) (psi) P
600 900 297 2233 556
! @3.6) | (354 18.0 (43.0) 0.173 (3240) (125)
600 600 297 2233 413
2| 36 | @36 12.0 (43.0) 0.173 (3240) 93)
600 400 297 2233 285
3 @36 | a5 8.0 (43.0) 0.173 (3240) (64)
600 300 297 2233 235
Yl e | a1s) 6.0 (43.0) 0.173 (3240) (53)
450 300 297 2167 284
3 arn | ais) 6.0 (43.0) 0.165 (3140) (64)
600 400 297 2167 347
6 | @6 | as57 8.0 (43.0) 0.165 (3140) (78)
900 600 297 2167 463
7 354) | (23.6) 12.0 (43.0) 0.165 (3140) (104)
1350 900 297 2167 534
8 (3.1) | (354) 18.0 (43.0) 0.165 (3140) (120)
600 900 286 2517 598
0 236 | (354 18.0 (41.5) 0.331 (3650) (134)
600 900 531 25.17 709
T 236 | 354 18.0 (84.3) 0.528 (3650) (159)
600 900 570 2517 823
20 36 | ©54 18.0 (82.7) 0.845 (3650) (185)
1200 800 297 283 498
Bl @2 | @) 16.0 (43.0) 0.177 (3310) (112)
1200 800 286 283 613
4 @2 | GLs) 16.0 (41.5) 0.335 (3310) (138)
1200 800 531 2283 717
51 @2 | Gls) 16.0 (84.3) 0.528 (3310) (161)
1200 800 570 283 790
1 @2 | 315 16.0 (82.7) 0.856 (3310) (178)
600 900 297 245 712
B 236 | 354 18.0 (43.0) 0.173 (3550) (160)
600 900 297 245 712
. 5. : . : 55
19 236) | (354) 18.0 (43.0) 0.173 3550) (160
600 900 297 245 683
. 5. : . : 55 5
20 236) | (354) 18.0 (43.0) 0.173 3550) (154
1200 800 297 20.17 598
21 w2y | ¢l 16.0 (43.0) 0.176 (2925) (134)
1200 800 297 20.17 648
B @y | ¢l 16.0 (43.0) 0.176 (2925) (146)
1200 800 297 2017 633
2“0 @y | 6Ls 16.0 (43.0) 0.176 (2925) (142)

* Determined from tests of concrete cubes
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The capacities calculated using the proposed equations were not reported.
Averages of ratios of calculated to experimental strength equal to 0.943 and
0.865, with COV of 0.132 and 0.175, were reported for the first and second

proposed equations, respectively.
2.3 SUMMARY

The results from six previous experimental investigations of the behavior
of rectangular hollow concrete piers are presented in this chapter. The wall
slenderness ratios ranged from 1.9 to 33.6. In four studies the specimens were
subjected to high axial compressive stresses combined with simultaneous uniaxial
or biaxial bending. It was found that the capacity of piers with wall slenderness
ratios greater than 15 was less than the nominal strength calculated using standard
design methods for solid piers. New design methods were proposed by Taylor et
al. (1990) and Taylor and Breen (1994) and formed the basis for the provisions in
the AASHTO Specifications (1998).

The results from three previous experimental investigations of the
behavior of thin concrete panels are presented in this chapter. All the panels had
four edges simply supported and were subjected to in-plane compression in one
direction. The slenderness ratios varied between 6 and 73, and the failure load
decreased as the slenderness increased. The tangent modulus model gave for most

of the tested specimens safe predictions of the strength of the panels.
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Chapter 3 Overview of Design Procedures

As indicated in Chapter 2, new design provisions for hollow concrete piers
were introduced in the AASHTO Specifications (1998). These provisions consider
the reduction in capacity due to local buckling of thin pier walls (Taylor et al.
1990, Taylor and Breen 1994).

The design provisions used before 1998 are summarized in Section 3.1
and the provisions introduced in 1998 are discussed in Section 3.2. The new
design provisions were developed using the experimental data described in

Section 2.1. These design provisions are re-evaluated in Section 3.3.

3.1 AASHTO DESIGN PROCEDURES FOR COMPRESSION MEMBERS IN THE
EARLY 1990s

Before the current Specifications (AASHTO 1998) were issued by
AASHTO, all structural concrete compression members were designed using the
same provisions. No distinction was made between hollow piers and solid cross-
sections.

The design of concrete compression members from the AASHTO
Standard Specifications for Highway Bridges (1996) (Sections 8.15.4 and 8.16.4)
was based on typical assumptions of strain compatibility and an assumed
maximum strain of 0.003 at the extreme concrete compression fiber. Any
appropriate relationship between stress and strain may be used for concrete in
compression, but the Whitney (1937) rectangular stress block (Section 8.16.2.7
AASHTO (1996)) was considered to be satisfactory.
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When using the design procedures in the AASHTO Specifications (1996)
the following assumptions are made: (1) planes within the cross-section remain
plane after deformation, and (2) there is perfect bond between the concrete and
the steel reinforcement.

In addition, the following assumptions are made about the material stress-

strain relationships: (1) the equivalent rectangular block has a stress of 0.85 f, P

(2) the stress block is bounded by the edges of the section and a straight line
parallel to the neutral axis, located at a distance 3¢ from the extreme compression
fiber, where c is the distance from the extreme concrete compression fiber to the
neutral axis and 3; decreases linearly from 0.85 to 0.65 as fc' increases from 28 to
55 MPa (4 to 8 ksi); (3) the strain at the extreme concrete compression fiber is
0.003; (4) the tensile strength of the concrete is neglected; and (5) the steel is
assumed to have a linear, elastic perfectly plastic stress-strain curve. Figure 3.1
shows the rectangular stress distribution described above for a hollow rectangular
section subjected to compression and biaxial bending.

Design of biaxially loaded sections was based on strain compatibility or an
approximate expression such as the load contour method (Bresler 1960).

The slenderness effects on the overall stability of compression members
were considered using a magnified moment. No special design considerations
were given for compression members with hollow cross sections. The only
reference to hollow concrete piers made in the AASHTO Specifications (1996)
was in Section 7.4. This section states that tubular piers may be constructed of

steel, reinforced concrete or prestressed concrete, and that the piers must have
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sufficient wall thickness to sustain forces and moments for all appropriate loading
situations. However, the specifications did not include any special design

provisions for the walls of the hollow piers.

Compression
Zone Strain Distribution
&
AN “, Concrete Stress
&
. N 003 Block
.\ . oo ~ N 0
Neutral Axis N, ~ 8y
RS . N f’
oo \ N oo S ~ ~
~
oo e i ~ < Q
N ~ Q’\
- .~
I N, N Y,
N

Figure 3.1 Equivalent Rectangular Stress Block Distribution for a Hollow
Rectangular Section Subjected to Combined Biaxial Compression
and Bending

The AASHTO Specifications (1994) used the same specifications for the

design of compression members as the AASHTO Specifications (1996).

3.2 APPROXIMATE METHOD FOR DESIGN OF HOLLOW RECTANGULAR
COMPRESSION MEMBERS

Provisions for the design and reinforcing of hollow, rectangular concrete

compression members were introduced in the AASHTO Specifications (1998).
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Two sections were added: Section 5.10.12 specifies reinforcing details for hollow
compression members, and Section 5.7.4.7 governs the design of hollow

rectangular compression members.
3.2.1 Reinforcing details

The specifications for reinforcing details in rectangular, hollow
compression members were based on recommendations given by Taylor et al.
(1990).

The key requirement are summarized below:

e Longitudinal reinforcement must be distributed in two layers
throughout the cross-section and the amount of longitudinal
reinforcement must not be less than 1% of the gross area of the
concrete cross-section.

e Cross-ties must be provided and the hooks of the ties must enclose

both lateral and longitudinal bars.

3.2.2 Design Procedures

The design procedures for compression members have not changed from
those in previous specifications, but Section 5.7.4.7 (AASHTO 1998) was added
to take into account the effects of wall slenderness on the response of hollow,
rectangular compression members.

The current provisions are the same for hollow piers with wall slenderness
ratios less than 15 and for solid piers. For hollow piers with wall slenderness ratio

exceeding 15, two design methods are defined.
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The first method, in Section 5.7.4.7.2b, is more complicated, and requires
the designer to calculate the local buckling strain in the most slender wall in the
cross-section. The only recommendations given to calculate the local buckling
strain of the wall are: (1) simply supported boundary conditions on all four edges
of the wall can be used; and (2) tangent moduli have to be used to model the
nonlinear behavior of the materials. Stress-strain curves for the concrete and the
principles of Article 5.7.3 (AASHTO 1998) for flexural members must be used to
calculate the flexural strength of the pier using the lesser value of the buckling
strain and 0.003 as the limiting strain in the concrete.

The second method is approximate, and is intended to alert designers of
possible instability in hollow piers with wall slenderness ratios less than 35. The

nominal capacity, calculated using standard design procedures, is multiplied by a

reduction factor @, . The factor is defined as:

@, =10 if 4, <15
@, =1-0.025(1, —15) if15<4, <25 3.1)
@, =0.75 if25 <4, <35

This approximate method cannot be used for hollow piers with wall
slenderness ratios larger than 35. Wall buckling must be considered explicitly in
those cases. In addition, discontinuous reinforcement used in segmental

construction must not be included when calculating the capacity of a hollow pier.
3.3 EVALUATION OF DESIGN PROVISIONS

The design provisions for hollow piers described in Section 3.2 were

developed using the results of the analytical and experimental studies by Taylor et
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al. (1990), who found that hollow piers with wall slenderness ratios larger than 15
failed at a capacity less than the nominal capacity of the cross-section. Therefore,
a reduction factor was introduced to account for differences between the
measured and the nominal capacities. This approach was validated using the
measured response of hollow piers subjected to concentric axial load, combined
axial load and uniaxial bending, and combined axial load and biaxial bending
(Section 2.1).

The procedures used by many designers to calculate the nominal capacity
of a cross-section, however, are not the same as those used by Taylor at al.
(1990). Therefore, the typical design procedures should be compared with the
available test data to determine if the reduction factors provide an adequate
estimate of the measured capacity of hollow piers.

Background information from Taylor et al. (1990) is summarized in
Section 3.3.1 and the current design provisions are evaluated with respect to the

experimental data in Section 3.3.2.

3.3.1 Strength Ratios Calculated Using Analysis Procedures Developed by
Taylor

The design provisions described in Section 3.2.2 were based on results
from the study of the behavior of hollow concrete piers by Taylor et al. (1990,
1995). Figure 3.2 shows the strength ratios reported by Taylor and the curve used
in the approximate design method included in Section 5.7.4.7.2.c of the AASHTO
Specifications (1998).
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Figure 3.2 Variation of Strength Ratio with Wall Slenderness Ratio

Taylor et al. (1990) used the ratio of the measured axial capacity of a
hollow pier to the nominal axial strength of the cross-section to demonstrate that
local buckling influences the capacity of hollow piers with wall slenderness ratios
exceeding 15. Available data for hollow piers subjected to uniaxial compression
(Procter 1977), combined axial load and uniaxial bending (Jobse and Moistafa
1984, Taylor et al. 1990) and combined axial load and biaxial bending (Poston at
al. 1983, 1985) were used for these comparisons.

For specimens subjected to uniaxial compression the nominal axial

capacity was calculated as:
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Py = 0.85 fomar (Ag — Ag) + Agt £, (3.2)
where A, is the gross area of the concrete cross-section, Ay is the area of
longitudinal steel, foma. is the compressive strength of the concrete, and f), is the
yield stress of the longitudinal reinforcement.

Procter (1977) tested cubes to determine the compressive strength of the
concrete; the reported cube strengths were multiplied by 5/6 to convert to the
compressive strength of an equivalent cylinder.

The nominal capacity of specimens subjected to combined axial loading
and uniaxial bending was calculated by assuming a linear variation of strain over
the depth of the cross-section and a limiting compressive strain of 0.003 in the
concrete. The stress-strain relationship for steel was assumed to be bilinear, and
the stress-strain curve for concrete was assumed to follow the parabolic
relationship proposed by Hognestad (1951, 1952). The maximum strength of the
concrete in the test specimen was assumed to be 85% of the compressive strength
determined from standard cylinder tests. The strength reduction factor, ¢, was
taken to be 1.0 for all specimens.

Taylor et al. (1990) defined a strength ratio as the measured axial strength
divided by the nominal axial capacity regardless of the method of loading. The
strength ratios are plotted as a function of the wall slenderness ratios in Fig. 3.2.
The reduction factor defined in Section 5.7.4.7.2¢ of the AASHTO Specifications
(1998) are also shown in that figure.

In general, the strength ratio tended to decrease as the wall slenderness

ratio increased. However, two specimens, RS, tested by Procter, and 4M138, tested
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by Taylor, exhibited measured strengths that were less than expected, and one
specimen, 12529, tested by Taylor, exhibited a measured capacity that was
considerably more than expected.

Procter (1977) gave no explanation for the relatively low strength of
specimen RS, but the construction method and observed mode of failure suggest
low-quality concrete. All the specimens tested by Procter were cast horizontally
and Specimen R8 had the thinnest walls. It is likely that the concrete was not
consolidated properly in this specimen. This hypothesis is supported by the fact
that R8 was the only specimen in this series of tests that failed by spalling of the
outer layer of concrete. Spalling was observed over half the length of the
specimen along all four sides.

Taylor et al. (1990) reported that the relatively low strength of Specimen
4M18 was due to low quality of the concrete. Taylor observed an excessive
amount of bleed water about one hour after casting Specimen 4M18. Also, failure
occurred very near the top of the specimen, supporting that the concrete strength
was lower there due to higher water-cementitious ratio.

Ignoring those two specimens where the quality of the concrete has been
questioned, the reduction factor in the AASHTO Specification (1998) appears to

represent the trends in the measured data.
3.3.2 Strength Ratios Calculated Using Equivalent Rectangular Stress Block

During design, most engineers use an equivalent rectangular stress block
to calculate the compressive force in the concrete. When proportioning

rectangular members, the choice of stress-strain model has little influence in the
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calculated capacity. The differences may be larger, however, for hollow piers
because the shape of the compression zone is irregular.

The strength ratios described in the previous section are calculated again
in this section using the equivalent rectangular stress block to calculate the
compressive force on the concrete. The strength reduction factor ¢ is taken equal
to 1.0; the strength of the concrete is taken as the measured cylinder strength; and
all other assumptions are the same as in the previous section unless indicated.

The strength ratios for the three piers tested by Poston et al. (1983) are
reevaluated. Because a constant level of axial load was maintained as the biaxial
moments were increased during the tests, the calculated axial capacity provides no
insight into the behavior of the specimens, it is simply the applied load. Therefore,
the nominal flexural capacity for bending about the strong axis was compared
with the maximum measured moment about the same axis.

The revised strength ratios are plotted in Fig. 3.3 and summarized in Table
3.1. The reduction factor given in Section 7.4.7.2¢c of the AASHTO Specification
(1998) is also plotted in Fig. 3.3.
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Table 3.1 Nominal Capacities of Hollow Piers Tested by Other Researchers
Calculated Using Cylinder Strength

. Wall Measured Nominal Ratio of
Specimen Slendel.‘ness Capacity Capacity Measul-‘ed to

ID Ratio kN (kip) kN (kip) Nomllfal

A Capacity
Procter R8 7.5 405 (9D 490 (110) 0.83
Procter R9 5.7 556 (125) 560  (126) 0.99
Procter R10 43 618  (139) 630 (142) 0.98
Procter R11 3.5 721 (162) 685  (154) 1.05
Procter R12 2.8 725 (163) 740  (167) 0.98
Procter R13 24 738 (166) 780  (175) 0.95
Jobse 1 32.0 7175 (1613) | 9760 (2195) 0.74
Jobse 2A 32.0 5987 (1346) | 7550 (1698) 0.79
Poston 1 Cell * 7.6 163 (1440) | 169 (1491) 0.97
Poston 2 Cells * 33 200 (1770) | 175 (1543) 1.15
Poston 3 Cells * 1.9 236 (2085) | 199 (1757) 1.19
Taylor 1IM10 10.0 2344 (527) | 2490 (559) 0.94
Taylor 2M10 10.0 2091 (470) | 1920 (431) 1.09
Taylor 3M14 14.0 4172 (938) | 4510 (1013) 0.93
Taylor 4M18 18.0 4172 (938) | 5810 (1305) 0.72
Taylor 5S9 8.8 5062 (1138) | 4500 (976) 1.17
Taylor 6S16 15.5 4217 (948) | 4160 (935) 1.01
Taylor 7522 21.7 4444 (999) | 3950 (887) 1.13
Taylor SML25 24.7 4021 (904) | 4600 (1034) 0.87
Taylor 9MLP22 21.7 4275 (961) | 4580 (1029) 0.93
Taylor 10ML18 18.0 4506 (1013) | 5140 (1155) 0.88
Taylor 11ML34 33.6 2771 (623) | 3255 (732) 0.85
Taylor 12529 29.3 3034 (682) | 2070 (466) 1.46

*  Nominal capacity corresponds to calculated flexural capacity for bending about the

strong axis, kN-m (kip-in.).
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Figure 3.3 Strength Ratios of all the Available Specimens Calculated using the
Nominal Capacity of the Cross-Section (Pyeas/Py)

Several points in Fig. 3.2 shifted downward in Fig. 3.3 due to the
differences in the methods used to calculate the nominal capacity of the
specimens. In the range of wall slenderness ratios between 5 and 15, the strength
ratios for three specimens that were above 1.0 in Fig. 3.2 are closer to 0.9 in Fig
3.3. Two of the strength ratios of the specimens tested by Poston et al. (1983),
which were reported to be 1.0 (Fig. 3.2), shifted upward. But the calculated
strength ratio of the specimen with largest wall slenderness ratio is smaller than 1.
This indicates that the approximate design procedure given in the AASHTO
Specifications (1998) may not be conservative for walls with wall slenderness

ratios less than 20.

43



In the calculations presented in this chapter, the strength ratios for
Specimens R8 and 4M18 are extremely low. Hypotheses of low concrete strength
have been proposed, and the strength ratios were recalculated using an assumed
concrete strength that was 25% lower than the reported values. This reduction was
considered to be a reasonable approximation to the actual concrete strength in the
test specimens.

The axial nominal capacities calculated for Specimens R8 and 4M18 using
reduced concrete strength were 390 and 4540 kN (88 and 1020 kips), which gave
strength ratios of 1.03 and 0.92 respectively. These values are consistent with the
other strength ratios plotted in Fig. 3.3 and strengthen the hypothesis of low-

strength in these two specimens.

3.3.3 Strength Ratios Calculated Using Equivalent Rectangular Stress Block
and Concrete Design Strength

In the previous section strength ratios were calculated using an equivalent
rectangular stress block and the concrete strength equal to the measured cylinder
strength. However, the compressive design strength of the concrete, f,, used in
typical concrete design procedures, is smaller than the average measured cylinder
strength. Strength ratios are calculated in this section using estimates of the

corresponding value of f, for each specimen. In the following discussion

compressive concrete design strengths are calculated.

Equations 3.2 and 3.3 indicate the average strength, f, , required for

)

concrete cylinders in Section 5.3.2 of the ACI-318 (1999). The term s is the

standard deviation of the production of concrete.
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f. = f. +1.34s (3.2)
f. =f. +2.335—3.45MPa (3.3a)
fo = f, +2.335—500psi (3.3b)

These equations can be rewritten as follows:

f. =1 —134s (3.4)
f.=f. —233s+3.45MPa (3.5a)
f. = f. —2.335+500psi (3.5b)

Equations 3.4 and 3.5 can be used to estimate compressive design

strengths, f., associated with each value of measured cylinder strengths. To

estimate f, it can be assumed that the standard deviation s is equal to 15% of the
average strength, f. (assuming a coefficient of variation of 0.10). The measured
cylinder strengths of the available tests range from 21 to 62 MPa (3000 to 9000
psi), approximately. For the purpose of evaluating the design method choosing
smaller values of the standard deviation is more a conservative approach.

Therefore, the standard deviation is 3.1 MPa (450 psi) and Equations 3.4 and 3.5

become:
f.=f. —4.15MPa (3.6a)
1. = f. —600psi (3.6b)
f.=f. =3.7TMPa (3.7a)
f. = f. —550psi (3.7b)

From Equations 3.6 and 3.7 a conservative estimate of the design strength

of the available specimens that can be used to evaluate the design method is:
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f.=f. —3.7TMPa (3.8a)
f. = f. —500psi (3.8b)
The strength ratios described in the previous section are calculated again
in this section using the equivalent rectangular stress block. The compressive

design strength of the concrete, f., is estimated using Eq. 3.8 and the measured

cylinder strength, f, .

The revised strength ratios are summarized in Table 3.2 and plotted in Fig.
3.4. The reduction factor given in Section 7.4.7.2¢c of the AASHTO Specification
(1998) is also plotted in Fig. 3.4.

As was expected, compared with Fig. 3.3 all points shifted upward. Not
considering the specimens that have low-quality concrete, the design curve
produces sfe estimates of the strength in almost all cases. One point is unsafe by
only 1%,

In summary, it is judged that the current design provisions (AASHTO
1998) reasonable safe designs of hollow rectangular piers with wall slenderness

ratios less than 35.
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Table 3.2 Nominal Capacities of Hollow Piers Tested by Other Researchers
Calculated Using Compressive Design Strength of Concrete

. Wall Measured Nominal Ratio of
Specimen Slendel.‘ness Capacity Capacity Measul-‘ed to

ID Ratio kN (kip) kN (kip) Nomllfal

A Capacity
Procter R8 7.5 405 (9D 456 (103) 0.89
Procter R9 5.7 556 (125) 521 (117) 1.07
Procter R10 4.3 618  (139) 589 (132) 1.05
Procter R11 3.5 721 (162) 638 (143) 1.13
Procter R12 2.8 725  (163) 688 (155) 1.05
Procter R13 24 738 (166) 722 (162) 1.02
Jobse 1 32.0 7175 (1613) | 8923 (2006) 0.80
Jobse 2A 32.0 5987 (1346) | 6943 (1561) 0.86
Poston 1 Cell * 7.6 163 (1440) | 146 (1290) 1.12
Poston 2 Cells * 33 200 (1770) | 157 (1383) 1.28
Poston 3 Cells * 1.9 236 (2085) | 185 (1638) 1.27
Taylor 1IM10 10.0 2344 (527) | 2380 (535) 0.99
Taylor 2M10 10.0 2091 (470) | 1704 (383) 1.23
Taylor 3M14 14.0 4172 (938) | 4061 (913) 1.03
Taylor 4M18 18.0 4172 (938) | 5475 (1231) 0.76
Taylor 5S9 8.8 5062 (1138) | 4114 (925) 1.23
Taylor 6516 15.5 4217 (948) 3300 (742) 1.28
Taylor 7522 21.7 4444 (999) | 3274 (736) 1.36
Taylor SML25 24.7 4021 (904) | 4310 (969) 0.93
Taylor 9MLP22 21.7 4275 (961) | 3648 (820) 1.17
Taylor 10ML18 18.0 4506 (1013) | 4817 (1083) 0.94
Taylor 11ML34 33.6 2771 (623) | 3043 (684) 0.91
Taylor 12529 29.3 3034 (682) 1855 (417) 1.64

*  Nominal capacity corresponds to calculated flexural capacity for bending about the

strong axis, kN-m (kip-in.).
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Figure 3.4 Strength Ratios of all the Available Specimens Calculated using the
Nominal Capacity of the Cross-Section (Pyc.s/P,) and Estimated
Concrete Compressive Design Strength

3.4 SUMMARY

Before the 1998 AASHTO LRFD Bridge Design Specifications were
adopted, no distinction was made between the behavior of hollow piers and solid
cross-sections in design. Therefore, the influence of wall slenderness on the
strength of hollow piers was ignored.

Two design procedures for rectangular, hollow concrete members
subjected to compression and bending were included in the AASHTO

Specifications (1998).
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The approximate design procedure includes a reduction factor to take into
account the influence of local stability in piers with wall slenderness ratios
between 15 and 35. As shown in Fig. 3.4, this approach can lead to safe estimates
of the nominal capacity of a hollow pier if an equivalent rectangular stress block

1s used for the concrete.
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Chapter 4 Experimental Program

4.1 OVERVIEW

The experimental program of this research consisted of compression tests
to failure of five, one-fifth-scale, thin-walled, rectangular, concrete hollow pier
specimens. The specimens were loaded eccentrically to induce simultaneous axial
compression and biaxial bending.

The height of the specimens, 1.78 m (70 in.), was chosen to avoid overall
or Euler buckling of the columns, while permit local buckling of the thin walls.
Solid, reinforced concrete blocks, cast at both ends of the specimens, were used to
distribute the load from the loading frame to the specimens, and from the
specimens to the reaction floor. Figure 4.1 shows the overall dimensions of the
test specimens.

The nominal outside dimensions of all piers were 406 by 813 mm (16 by
32 in.). The interior dimensions depended on the thickness of the walls. The
nominal wall slenderness ratios under study were 6, 8, 10, 12 and 14. The
thicknesses of the walls varied from 51 mm (2 in.) (for a slenderness ratio equal to
14) to 102 mm (4 in.) (for a slenderness ratio equal to 6). Table 4.1 summarizes
the geometric properties of the five hollow piers.

The alphanumeric code used to identify the specimens indicates the
nominal slenderness ratio of the longer wall. For example, the ratio of the clear
length of the longer wall to the wall thickness for Specimen P12 is approximately

equal to 12.
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Figure 4.1 Overall Dimensions of Pier Specimens

4.1.1 Scale of the Models

A structural model is a physical representation of a structure or of part of a
structure that has been constructed at a smaller size than the prototype structure.

Harris, H.G., White, R. N. and Sabnis, G. M. (1999) define structural
models as elastic, indirect, direct, and strength models, depending of the intended

use of the models. Other models are used to study wind effects or dynamic

loading. These are of no interest in this investigation.

Elastic models have geometric similitude with the prototype, but are made

of an elastic material that may not be the same material used in the prototype.
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Therefore, these models can be only used to predict the elastic behavior of the
prototype. Indirect models are defined as a special case of elastic models used to
estimate reactions and internal forces. These models need only to represent the
properties of the prototype that controls its behavior.

A direct model has geometric similitude with the prototype, while
measured strains, deformations and stresses correspond to the respective scaled
down quantities of the prototype.

The strength model is used to predict the inelastic behavior of the
prototype and the ultimate strength. It is a direct model made of materials that are
similar to the materials used in the prototype. All material properties of the model
and prototype are the same, but the geometric dimensions of the model are scaled
down. The mass density should be different between the model and the prototype.

A strength model must be used to study the post-cracking behavior of the
piers, their ultimate strength, and the possibility of inelastic buckling of the thin
walls. Since the tests are not dynamic and the effect of the self-weight of the
specimens in their response can be neglected the difference in the mass density is
not important.

Fialho, J. F. L. (1970) notes that direct models of reinforced concrete
structures are built at one-fifth to one-tenth scale and that the spacing and width of
the cracks have geometric similitude with the cracks of the prototype for models
built at one-fourth or larger. Taking into consideration the above, the capacity of
the loading apparatus, the wall slenderness range under study, and the

constructibility of the walls, the specimens were built at a one-fifth scale.
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Table 4.1 Geometric Properties of Test Specimens

Nominal Dimensions A
rea of
Wall Gross Long.
Spec. | Slenderness | Section | Section Wall Area Reinf. Number | Reinf.
ID Ratio Depth | Width | Thickness mm’ mm’ of Long. | Ratio
Ay mm mm mm (in.?) (in.?) Bars
(in.) (in.) (in.)
813 406 102 206000 2190
P6 6.00 32 | a6 | @o0) | 3200 | (3.40) 68 (0011
813 406 83 175000 1940
P8 7.8 32 | a6 | 325 | @70 | 3.00) 60 10.011
813 406 70 151000 1810
P10 1 964 32 | a6 | @75 | @34 | 80 6 10.012
813 406 57 126000 1940
P12 12.22 32) (16) (2.25) (196) (3.00) 60 0.015
813 406 51 114000 2190
P14 14.00 32) (16) (2.00) (176) (3.40) 68 0.019

4.2 DESIGN OF THE SPECIMENS

4.2.1 Governing Provisions of AASHTO Specifications

The primary objective when selecting the reinforcing details used in the

specimens was to comply with the specifications for members in compression

given in the AASHTO Standard Specifications for Highway Bridges (1996) and

for hollow compression members in Section 5.7.4, AASHTO Specifications

(1998). These requirements are summarized below. Most of the requirements

were satisfied and any deviations are discussed.
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Minimum longitudinal reinforcement: 0.01 A, (Section 8.18.1.2
(AASHTO 1996) and Section 5.10.12.1 (AASHTO 1998)). The
longitudinal reinforcement used for the specimens varied from 0.011 A, to
0.019 A,. The larger steel ratios were necessary because only one size of
longitudinal bars was used and longitudinal reinforcement was spaced
closer in the thinner walls because maximum bar spacing is linked to the
wall thickness.

Minimum size of longitudinal reinforcement: 16-mm diameter bars (#5
bars) (Section 8.18.1.2 (AASHTO 1996)). The smallest deformed bars
available for use in this project have a diameter of 6 mm, equivalent to 30
mm bars (#9 bars) at full scale.

Minimum size of lateral ties: 10 mm (#3) bars for longitudinal bars 32 mm
in diameter (#10 bars) or smaller, and 12 mm (#4) bars for larger
longitudinal bars (Section 8.18.2.3.1 (AASHTO 1996)). Deformed wire or
welded wire fabric may be used for ties (Section 8.18.2.3.1 (AASHTO
1996)). Number 10-gage smooth wire, with a diameter of 3.4 mm (0.135
in.), was used as lateral ties in all specimens. At full scale, the wire is
equivalent to 16 mm (#5) bars. The wire exceeded the minimum size and
was selected because of availability and ease of fabricating the reinforcing
cages.

Two layers of reinforcement are required in each wall of the cross-section
(Section 5.10.12.1 (AASHTO 1998)). Two equal layers of reinforcement

were provided.

54



The longitudinal reinforcing bars must be spaced not farther apart than 1.5
times the wall thickness or 450 mm (18 in.) (Section 5.10.12.2 (AASHTO
1998)). The controlling requirements in the one-fifth scale specimens were
1.5 times the wall thickness for the specimens with slenderness ratios of
12 and 14, and 91 mm (3.6 in.) for the other specimens. The maximum
center-to-center spacing of the longitudinal bars was 89 mm (3.5 in.),
which satisfies the requirements.

Spacing of transverse reinforcing bars must be less than 1.25 times the
thickness of the wall and less than 300 mm (12 in.) (Section 5.10.12.2
(AASHTO 1998)). In one-fifth scale, the second requirement corresponds
to 60 mm (2.4 in.), so 64 mm (2.5 in.) was used as maximum longitudinal
spacing of the transverse reinforcement for all the specimens except pier
P14. The spacing of the transverse reinforcement of P14 was 50 mm (2
in.).

Cross-ties must be provided between layers of reinforcement in each wall.
The cross-ties must have a standard 135-degree hook at one end and a
standard 90-degree hook at the other end (Section 5.10.12.3 (AASHTO
1998)). No longitudinal bar can be more than 600 mm (2 ft), measured
horizontally, from a restrained bar on either side (Section 8.18.2.3.4
(AASHTO 1996)). Cross-ties were used to tie every other longitudinal bar,
in a checker-board pattern. The maximum spacing in the specimens varied
between 64 and 89 mm (2.5 and 3.5 in.) At full scale those spacing

correspond to 320 and 445 mm (12.5 and 17.5 in.) respectively. The 135-
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degree hook was replaced by a 90-degree hook in the specimens to have
sufficient space between layers of reinforcement to permit placing the
concrete.

Straight lap splices of transverse reinforcing bars are permitted only if
overlapping bars are enclosed over the length of the splice by the hooks of
at least four cross-ties (Section 5.10.12.4 (AASHTO 1998)). Because of
the small dimensions of the specimens only three cross-ties were used
along the splice length.

If closed loops cannot be provided at a corner, then pairs of “U” shaped
bars with legs at least twice as long as the wall thickness, and orientated
90 degrees to one another, may be used (Section 5.10.12.5 (AASHTO
1998)). This detail was used in every layer of horizontal reinforcement at
each corner in the specimens.

For cast-in-place concrete, the clear distance between longitudinal bars in
a layer must not be less than the smallest of 1.5 bar diameters, 1.5 times
the maximum size of coarse aggregate, and 38 mm (1.5 in.) (Section
8.21.1 (AASHTO 1996)). The most restrictive requirement for the
specimens was 1.5 times the maximum size of the coarse aggregate, which
was 10 mm (3/8 in.), restricting the minimum clear spacing to 15 mm
(9/16 in.). It was not possible to satisfy this requirement in the specimens
with slenderness ratios of 12 and 14. Longitudinal bars in these specimens
had a clear spacing of 13 mm (1/2 in.) between the two layers of

reinforcement, only 2 mm (1/16 in.) less than required.
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Concrete cover for structural elements exposed to weather must be at least
50 mm (2 in.) for the primar