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Abstract

Prefabricated bridge columns have shown increasing demands over the past few years
due to their advantages compared to conventional bridge columns. The reason for this
interest  is  due to their  appropriate performance against  severe earthquakes (EQs),
where they remain functional and repairable with lower amount of cracks and damage.
However, there is some uncertainty on application of these kinds of bridge columns in
high seismic areas mainly due to lack of knowledge on their behaviour against severe
earthquake  loading.  Therefore,  comprehensive  design  guidelines  which  consider
nonlinearity and energy dissipation and recentring capacity of the post-tensioning (PT)
segmental columns are necessary. In this study, continuous steel bars are incorporated
as starters through the segments and footing foundation in order to increase the seismic
energy absorption of PT segmental columns. The influences of different parameters such
as the force level criteria for post-tensioning, steel jacketing and mild steel ratio and
column aspect ratio (AR) are important factors which have to be appropriately selected
in various design procedures, such as displacement-based design, in order to achieve
desirable stiffness, strength, equivalent viscous damping and lateral seismic demand.
In  this  study,  the  cyclic  loading  and ground motion  excitations  were  numerically
performed in order to evaluate the bridge column seismic demands. Guidelines for
performance-based design and displacement-based design are proposed.

Keywords: seismic loading, precast, post-tensioned, bridge columns, design, aspect
ratio

1. Introduction

Precast bridge columns have different lateral performances against seismic loading. Due to
the uplifting of joints, they exhibit rocking base mechanism avoiding excessive damage in
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critical areas of columns. In recent years, structures with controlled rocking base mechanism
have shown superior performance in comparison with monolithic conventional systems, both
for buildings [1–3] and bridge systems [4, 5]. A number of researches have been conducted
on unbonded or partially bonded post-tensioned precast components for bridge constructions
[6–8].  Several  studies have been carried on pseudo-dynamic analysis of  single degree of
freedom  (SDOF)  of  precast  post-tensioned  bridge  constructions  [9]  or  multi-degree  of
freedom (MDOF) using nonlinear algorithm [10].

Among post-tensioned precast bridge elements, the focus of this study is to investigate
nonlinear-static and pseudo-dynamic behaviour of precast post-tensioned self-centring
segmental bridge columns. The definitions and main concepts are presented in the next section.

Precast segmental bridge columns comprise multiple numbers of reinforced concrete (RC)
segments connected together by continuous post-tensioning (PT) strands. Continuous post-
tensioning strands/bars are placed through the segments using two methods, i.e. bonded and
unbonded (Figure 1). The unbonded post-tensioning strands are passed through hollow ducts.
However, full interaction between strands and surrounded concrete may be achieved in
bonded post-tensioning method. Post-tensioning may be implemented on both bars and
strands. The benefits of using the strand’s post-tensioning in comparison with bar post-
tensioning are that strands are able to show higher flexible behaviour; therefore, they can be
implemented for any design cross sections. Another advantage of application of strands is that
they possess lower stress relaxation both during and after loading as compared to post-
tensioned bars.

Figure 1. The segmental column tested by Ou et al. [12].
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The action of precast segmental bridge columns against seismic loading is different with
conventional bridge columns. They act as rocking mechanism. In fact, rocking occurs when
segment openings occur, and as a consequence, damages induced are much lower than that
of conventional monolithic bridge columns. Minor cracks and damages occurred in this system
make them more economical to repair than that of monolithic system after severe earthquake
(EQ) event. Various methods for construction of segmental columns have been investigated.
Lin and Mo [11] studied segmental column in which the footing foundation and hinge area of
the columns were monolithic cast in place. In the aforementioned study, post-tensioning
tendon was anchored at the top of the first segment. The disadvantage in this column system
is that only limited amount of segments can be assembled on the first segment. Therefore, due
to high weight of segments, this type of segmental columns is applicable in shorter bridge
columns [12]. Another disadvantage is that there is still hinge area at the base of column, and
therefore damage may occur in this area when lateral loading is increased.

Multiple segmented precast columns have been investigated by other researchers such as
[12–17]. In the current research presented in this chapter, this type of bridge column is
investigated.

Although in recent years some researches have been conducted on precast segmental bridge
columns, there is still lack of confidence on application of this kind of columns in high seismic
regions due to their high level of peak lateral top displacement and low seismic energy
dissipation capacity. The necessity of design guidelines for the segmental bridge columns in
high seismic regions is indispensable. In this chapter, fully segmental columns with central
strands are investigated. Continuous bonded mild steel starter bars are introduced in the
critical area of the columns. Concerted analytical studies have been conducted in order to
evaluate seismic demands of precast post-tensioned segmental columns. Design recommen-
dations have been proposed based on analytical investigations in this current study to achieve
both high energy dissipation capacity and small residual drift for application at different
seismic demands.

2. Nonlinear-static analyses

In this section, reverse cyclic loading analyses are performed in order to investigate the residual
displacement, energy dissipation capacity, stiffness and load bearing capacity of precast
segmental bridge columns.

2.1. Influence of post-tensioning forces and strand position

In order to investigate the role of strand position on lateral load-carrying capacity, energy
dissipation and residual displacement, precast segmental columns with different arrange-
ments of PT strands are analysed and compared with self-centring segmental columns with
central PT strands. Figure 2 shows two segmental columns: one with a 200 mm distance from
the centre and one with 140 mm. The total area of the strands in all columns is 2665 mm2. In
order to provide higher energy dissipation capacity, strands are bonded post-tensioning.
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Figure 2. Cross sections of precast segmental columns with different strand positions: (a) BS400 and (b) BS280. Note:
All measurements are in mm.

Figure 3 compares the lateral response of columns with a 400 mm distance between strands
(BS400), a 280 mm distance (BS280) and the segmental column with central-bonded PT strands
(which is explained in the previous section). Figure 3 indicates that placing strands towards
the circumference leads to higher strength than columns with strands at the centre, but there
is also higher residual displacement. Although the columns with strands placed near the
circumference have the advantage of providing higher energy dissipation capacity, they
increase the lateral strength of the columns, which requires designing the other bridge
components (e.g. decks) stronger as well. Table 1 compares the strength and residual dis-
placement of the specimens with different positions of strands. There is another disadvantage:
higher strength may cause concrete failure in the hinge area of the columns due to excess
concrete failure stress. However, the higher energy dissipation leads to more appropriate
lateral performance, with lower lateral peak displacement against severe earthquake loading.

Figure 3. Lateral response of precast segmental columns with different PT strand positions.
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Distance from centre (mm) Strength (kN) Residual displacement (mm)

0 260 0

140 314 26

200 342 38

Table 1. Strength and residual displacement up to 4.0 % drift level.

In order to investigate the effect of the post-tensioning force level, the segmental column with
central PT strands and the BS400 sample are compared under 40 and 70 % initial stress levels
in Figure 4. As is shown in the figure, the higher initial stress level (70 %) in both columns
shows higher initial stiffness. However, the BS400 sample at the 40 % initial stress level shows
close lateral strength compared with a 70 % initial stress level over a 4 % drift level. In
Figure 4(b), the ultimate lateral strength difference in central post-tensioned columns is more
pronounced (261 kN strength under 40 % initial stress level versus 293 kN strength at 70 %
initial stress level). The results show that increasing the PT force level has little effect on the
residual displacement and energy dissipation capacity of the columns.

Figure 4. Lateral response of (a) BS400 and (b) segmental columns with central PT strands under 40% and 70 % post-
tensioning force levels.
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2.2. Influence of steel tube jacketing thickness

In this study, steel tube jacketing thickness is investigated as another parameter. Figure 5
compares the lateral response of the aforementioned precast segmental columns against
central PT strands with a thickness of 3, 6 and 9 mm around the first segment. The figure
indicates that increasing the thickness of the steel tube slightly increases the stiffness and
strength of the column. Columns with thickness of 3 mm show a strength of 223 versus 275
kN strength for the column with tube jacketing thickness of 9 mm. In Figure 5(c), the segmental
columns with tube jacketing thickness of 9 mm fail at 3.6 % drift due to concrete failure below
the tube jacketing at the joint of the footing-first segment area. Table 2 compares behaviour of
the segmental columns with different steel tube jacketing up to 4.0 % drift level. In fact, the
large thickness of tube jacketing transfers the stress induced in the first segment’s hinge area
to the junctions of the footing-first segment; as a consequence, concrete in this area fails. The
results show that the residual displacement and energy dissipation capacity of the columns
with central PT strands are not affected by the thickness of the steel tube jacketing.

Figure 5. Lateral response of segmental columns with steel tubes with diameters of a) 3 mm, b) 6 mm and c) 9 mm
around the first segment.
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Thickness of tube jacket (mm) Stiffness (kN/mm) Strength (kN) Failure mode

3 155 212 -

6 172 255 -

9 190 245 Concrete failure at 3.6 % drift

Table 2. Comparison of behaviour of segmental columns with different thickness of steel tube jacketing.

2.3. Influence of aspect ratio (AR) of columns

In this section, segmental columns with aspect ratios (ARs) of 4.5, 6.0, 7.5 and 9.0 are investi-
gated (Figure 6). The lateral response of precast segmental columns with different aspect ratios
is compared in Figure 7. As is shown in the Figure, the lateral strength of the columns
decreases when the aspect ratio increases. Figure 8 compares the equivalent viscous damping
of the self-centring segmental columns at aspect ratios of 6.0, 7.5 and 9.0. The figure indicates
that equivalent viscous damping of the columns is not affected by aspect ratio, as they show
very close response behaviour. Residual displacement in all columns is negligible.

Figure 6. The analysed columns with various aspect ratios of 4.5, 6.0, 7.5 and 9.0.
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Figure 7. Lateral response of segmental columns with an aspect ratio of (a) 6.0, (b) 7.5 and (c) 9.0.

Figure 8. Equivalent viscous damping of self-centring columns at aspect ratios of 6.0, 7.5 and 9.0.

Earthquakes - Tectonics, Hazard and Risk Mitigation372



3. Dynamic time-history analyses

In order to examine the dynamic response of precast segmental columns, time-history analysis
is conducted. Two earthquake records from Northridge (with 0.41 g) and Loma Prieta (with
0.6 g) are selected for the analyses. The applied earthquake time histories are shown in
Figure 9. The characteristics of ground motions are presented in Table 3.

Figure 9. Earthquake records applied in the analyses: (a) Northridge and (b) Loma Prieta.

No. Event  Year  Station  Ma  Rb(km)  peak ground
acceleration (g) 

peak ground
acceleration/peak ground
velocity 

1  Northridge  1994   Castaic—old Ridge
Route 

6.69   20.7  0.41  0.85 

2  Loma Prieta 1989   BRAN  6.93   10.7  0.6  1.14 

Source: Pacific Earthquake Engineering Research center strong motion database. aMoment magnitude; bclosest distance
to fault rupture

Table 3. Applied earthquake ground motion records.

As discussed earlier, the self-centring segmental columns possess low energy dissipation
capacity due to the restoration capability of strands during the unloading stages. It is pre-
dominantly the segments’ opening and low energy dissipation which leads to the high level
of peak lateral displacement. In this section, the effect of PT force levels and the continuous
mild steel ratio are investigated with regard to lateral peak displacement demand of segmental
columns with central PT strands.

For the analysis, a column with four segments, a height of 3.325 m and an aspect ratio of 6.0 is
used. A seismic mass of 1000 kN equivalent to the axial superstructure dead load and one-
third of the column’s mass is applied. According to the recommendation of AASHTO [18], a
5.0 % damping ratio is applied in the analyses.
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3.1. Results and discussion

In Figure 10, the lateral peak displacement of the segmental column at 40 and 70 % initial stress
levels is compared under the Northridge earthquake record. The sample with a 70 % initial
stress level is expected to show close or lower lateral peak displacement due to higher stiffness
and strength. Figure 10(a) compares the lateral responses of the column with 0.41 % mild steel
ratio at 40 and 70 % initial stress. As is shown, this sample at both initial stress levels shows
close lateral peak displacements, i.e. the peak lateral top displacement at both initial stress
levels is around 113.0 mm. However, in Figure 10(b), when the continuous mild steel ratio is
zero, higher peak lateral displacement is shown at the 70 % initial stress level, i.e. 145.9 mm
peak lateral displacement versus 118.5 mm at the 40 % initial stress level, which is undesirable.
In fact, when the initial stress level is 70 %, the higher amount of stiffness and strength,
alongside an inadequate amount of energy dissipation in the column with 0 % mild steel ratio,
leads to a concrete crush in the hinge area. This causes considerable stiffness loss and conse-
quently higher lateral peak displacement.

Figure 10. Lateral seismic response of segmental columns at 40% and 70 % initial stress levels under Northridge EQ
with mild steel ratios of (a) 0.41 % and (b) 0.0 %.

Figure 11 compares the lateral peak displacement of the segmental columns with mild steel
ratios of 0.17 and 0.52 %, subjected to both earthquake ground motions. In Figure 11(a), under
the Loma Prieta earthquake record, the segmental column with a 0.52 % steel ratio shows
18 % lower lateral peak displacement than the columns with a 0.17 % mild steel ratio, i.e.
190.2 versus 236.0 mm lateral peak displacement of the column with a 0.17 % steel ratio.
Similar results can be seen in Figure 11(b) where the column with a 0.52 % mild steel ratio
shows 23 % lower lateral peak displacement under the Northridge earthquake record.
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Figure 11. Effect of mild steel ratio on lateral seismic demand of segmental columns subjected to (a) Loma Prieta and
(b) Northridge EQ records.

4. Conclusions

The following conclusions can be made based on numerical investigation conducted in this
study:

1. The segmental columns with strands near the circumference of the cross section showed
higher stiffness and strength than the columns with central strands but also larger residual
displacement. In addition, the column with central strands at a 70 % prestressing level showed
higher strength than a 40 % initial stress level, while the columns with strands around the cross
section exhibited similar strength at both 40 and 70 % prestressing levels.

2. PT segmental columns with prestressing force level of 40 % of tensile stress of strands
exhibited lower lateral peak displacement than the other samples.

3. Increasing the thickness of steel jacket around the first segment corresponded with an
increase to the stiffness and strength of the columns. However, it had a little effect on residual
displacement and energy dissipation capacity of the self-centring columns. It was shown that
large thickness of steel tube jacket might cause excessive stresses in critical areas at large drifts,
e.g. the column with a steel tube jacket thickness of 9 mm failed at 3.6 % drift due to concrete
failure below the steel jacketing areas.

4. The analyses of the segmental columns with aspect ratios of 4.5, 6, 7.5 and 9 indicated that
columns with a higher aspect ratio show lower amount of strength and energy dissipation.
However, it was shown that aspect ratio has little effect on equivalent viscous damping of the
columns.

5. Introducing continuous longitudinal mild steel ratio in higher aspect ratio columns caused
lower residual drift and equivalent viscous damping than those with lower aspect ratio. It was
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shown that there is a greater capacity for increasing the amount of mild steel ratio in higher
aspect ratio columns until their residual drift exceeds the limitation of 1 %. Specifically, the
maximum allowed mild steel ratio for the segmental column with aspect ratio of 9.0 was 60
and 23 % larger than that of the columns with aspect ratios of 6.0 and 7.5, respectively.

6. Time-history analyses indicated that the columns with inadequate amount of mild steel ratio
and higher level of post-tensioning exhibited greater lateral peak displacement response than
those with higher mild steel ratio and lower post-tensioning level. The column with a 0.52 %
mild steel ratio showed 19 % lower lateral peak displacement than that with a 0.17 % mild steel
ratio under Loma Prieta earthquake record and displayed 23 % lower top displacement under
Northridge record.
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