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A new type of steel-element-concrete composite pier that had its conventional reinforcing
bars replaced by steel elements or modified straight-web sheet piles was developed for
use as a highway bridge pier. The straight-web sheet piles had oblong holes drilled in
the web to integrate the steel elements with the concrete. The concrete bond performance,
bending load carrying mechanism, and shear load carrying mechanism of the steel-
element-concrete composite pier were investigated by model experiments. The steel-
element-concrete composite pier was verified to have the same earthguake resistance
as the conventional reinforced concrete pier. As part of a joint research project with
Japan Highway Public Corporation (JHPC), steel-element-composite piers were test
built to support the Joshin-etsu Expressway within 75% of the construciion period for
that of comparable conventional reinforced concrete piers. Based on these iest
construction results, construction of a steel-element-concrete composite pier was calcu-
lated for application as a bridge pier of about 60 m height. These calculations
confirmed that the construction period of bridge piers would be shortened. The test

construction data and calculation results are reported here.

1. Introduction

Japan Highway Public Corporation (JHPC} is planning to
construct highways that pass through mountainous regions, and
a second Tokyo-Nagoya and Nagoya-Kobe Expressway. The for-
mer highways will require steel-clement-concrete composite piers
to cross steep mountains. The latter will rest on piers for about
40% of the total length of about 200 km, and 30% of the piers
will stand 40 m or more above the ground.

The increasing scarcity of workers and the aging of skilled
workers make it all the more difficuli to obtain necessary labor in
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terms of both quantity and quality. These trends are expected to
accelerate further.

Against this background, development of new pier construction
methods is required for building piers faster with less labor and
more mechanization. In 1992, Nippon Stee] staried a joint
research project with JHPC’s Bridge Section Research Institute
called “development of the method for construction of tall bridge
piers with steel elements”. Nippon Steel also initiated joint
research with Obayashi Corp. on a method of form construction
uging the stiffness of steel elements.

Increasing height of reinforced concrete piers increases the
amounts of structural necessary reinforcement, supports and
erection bars, and the complexity of construction. The steel ele-

_7_



Steel-clement-concrele]
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Fig. 1 Schematic illustration of steel-element-concrete composite picr

Photo 1 Steel-element-concrete composite piet under test
construction at Irita Bridge

ments are substitutes for reinforcement elements in conventional
reinforced concrete piers and reduce the labor required for
constructing pier bodies, and for bending and assembling rein-
forcing bars. The dynamic characteristics, construction proce-
dures, and test construction results of the steel-element-concrete
composite piets are described here, as shown in Fig. 1 and Photo 1.

2. Description of Steel-Elemeni-Concrete Composite

Pier
2.1 Description of steel element

As shown in Fig. 2, the steel element is a shop-assembled
straight-web sheet pile with flat bars or shapes as necessary, amd
is provided with an interlocking joint on each side. These steel
elements are transported to a pier construction site, erected
horizontally and interlocked, then connected vertically by high-
strength bolts.

A steel sheet pile that is easier to erect and has improved
mortar filling capacity was developed as a steel element for the
steel-element-concrete composite pier. The interlocking joints of
the new sheet pile are provided with an interlock strength of
about 200 t/m or more after mortar filling in order to improve
post-yield roughness as a composite structure. Data concerning
the new straight-web sheet pile designated YSP-FLW8 are given
in Table 1.

2.2 Characteristics of steel-element-concrete composite pier

The steel element is a straight-web sheet pile that has oblong
holes drilled in the web. Concrete is fed through the holes into
the cover, and the covering concrete and the internal concrete are
joined through the holes.
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Fig. 2 Steel elements for steel-element-concrete composite pier method

Table 1 Cross-sectional data of straight-web steel sheet pile YSP-FLWS (draft)

Weh Cross-sectional . Geometrical | gepijon
thickness area Untiv\;elght nf]qme{l_t modutus
(min) em?) (kefm) | ofinens | (Zxem)
8 63.76 50.05 161 38

The holes and the steel surfaces assure the sirength of the
concrete bond. The steel elements have the same function as rein-
forcement elements in conventional reinforced cencrete piers in
this respect.

The construction characteristics of the steel elemenis are as
follows:

(1) The steel elements are entirely shop fabricated, call for no
fabrication yard at the construction site, and only need
temporary storage space.

(2) Since one steel clement substitutes for several main rein-
forcing bars, the required number of members can be
reduced. Since each steel elernent is erected by using an
adjacent steel element as a guide, it can be easily
positioned and rapidly erected.

(3) The steel elements also double as horizontal reinforcing
bars. This means that hoop ties are not necessary, and all
that is needed is the installation of welded wire fabric to
prevent the concrete from falling.

(4) Since the steel elements are high in stiffness and stand on
their own, they can be used for the easy erection of forms
and scaffolds.

(5) The steel elements can be used as internal form for a
hollow pier.

As described above, using the steel elements obviates the
need for fabrication and assembly as required for reinforcing
bars, and helps reduce construction labor, simplfy construction
and shorten the construction period.

3. Dynamic Characteristics of Steel-Element-
Concrete Composite Pier
3.1 Items studied to clarify dynamic characteristics
The following items were experimentally studied to clarify
the dynamic characteristics of the steel-element-concrete
composite piet:
(1) Bending strength and toughness of the steel-element-
concrete composite pier
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(2) Bonding performance between the steel element and
concrete
(3) Shear strength of the steel-element-concrete composite
pier
(4) Mortar filling and tensile strength of the interlocking
joints
(5) Crack dispersion performance of covering concrete
{6) Durability against drying shrinkage of concrete
The first three are introduced here as principal dynamic
characteristics of the steel-element-concrete compaosite pier.
3.2 Bending strength and toughness
As indicated by the collapsed expressway bridge piers after
the Great Hanshin Earthquake of January 17, 1995, such bridge
piers must be constructed strong enough to withstand the forces
of the most powerful earthquakes. Mode] experiments were carried
out to check the toughness of the steel-element-concrete composite
piers. As shown in Fig. 3, a horizonial load was repeatedly
applied to the top of & highway bridge pier model while a vertical
load equivalent to the dead load reaction force of the model was
imposed on top of the model. A reinforced concrete pier with the
same cross section and steel weight (same reinforcement weight
as the steel element weight) as the steel-element-concrete composite
pier model was similarly tested as a control specimen. To study

954

the applicability of the steel-element-concrete composite pier
compared with circular piers, circular specimens were also tested.
As described later, the steel-element-concrete composite pier
specimens were not provided with welded wire fabric that must
be otherwise used to improve durability.

(1) Toughness (see Figs. 3 to 5)

The rectangular steel-element-concrete composite pier and
reinforced concrete pier specimens both have approximaiely the
same strength and behave similarly until the maximum strength is
reached. After the maximum strength, the rectangular steel-ele-
ment-concrete composite pier specimen shows a milder drop of
load than the rectangular reinforced concrete pier specimen. The
horizontal load on the steel element or reinforcement in the base
of the pier yields is defined as the yield load, and the horizontal
displacement of the top of the pier at that time is defined as the
vield displacement. Ultimate load is defined as the point at which
the horizontal load becomes equal to the yield load after it has
once exceeded the yield load. The ductility factor is derived by
dividing the vield displacement into the horizontal displacement at
the ultimate load. The ductility factor was calculated to be 5.5 for
the steel-element-concrete composite pier and 4.8 for the reinforced
concrete pier. : .

When the load on the outermost steel in the pier yields is
defined as the yield load, the ductility factor was 7.14 for the
circular steel-element-concrete composite pier. In other words,
the circular steel-element-concrete composite pier has excellent
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Fig. 6 Axial strain

have a similar axial strain at the 22 mm pier top horizontal
displacement thar corresponds to yield displacement and at the 88
mm pier top horizontal displacement where the ductility factor
was 4, This means that the steel elements in the steel-element-
concrete composite pier are the main reinforcement in the
reinforced concrete pier.

(3) Design method

The steel-clement-concrete composite pier may either be
designed by the reinforced concrete method that converts the steel
clements into an equivalent weight of reinforcement or by the
superposed strength method. The yield load of the steel-element-
conecrete composite pier as evaluated by the superposed strength
method was 76% of the maximum load in the model test and by

- the reinforced concrete method was 88% of the maximum load in
the model test. The reinforced concrete method is better suited
for the design of the steel-element-concrete composite pier.

3.3 Shear strength

The steel elements in the steel-element-concrete composite
pier are laterally connected by means of interlocking joints. Since
the interlocking joints have some construction allowance (play),
the steel elements may not be continuously connected. To check
the shear strength of such a structure, beam specimens were
shear tested. It was confirmed that the shear strength of a pier
with steel elements laterally arranged discontinuously is higher
than that of a pier without any steel elements laterally arranged,
but is lower than that of a pier with steel elements laterally
arranged continuously. A pier with steel elements laterally
arranged discontinuously was found to be incapable of being
designed in the same way as reinforced concrete piers.

Regarding shear strength, the play in the interlocking joints of
the steel elements must be eliminated for the steel-element-
concrete composite pier to be designed in the same way as the
reinforced concrete pier. For this reason, the interlocking joints
are filled with mortar to transmit the tensile force. The tensile
strength of the mortar-filled inferlocking joints was experimentally
confirmed to be higher than that of hoop ties in the reinforced
concrete piers. The tension test of the mortar-filled interlocking
joints is shown in Photo 2, and the tension test resulis of the
mortar-filled interlocking joints are shown in Figs. 7 and 8.

3.4 Bond performance

The steel elements have oblong holes in the web to ensure the

concrete filling of the covered side. These holes are considered to
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work together with the steel surfaces to ensure the bonding of
concrete.

The bond strength between the steel elements and concrete
was tested according to the concrete-reinforcerment bond strength
test method (see Figs. 9 and 10).

The test results showed that the bond strength changes with
the thickness of the cover concrete restraining the steel elements
or the degree of restraint. They also show that the total bond
strength is the sum of the bond strength of the holes and the bond
strength of the steel surface. The bond strength was calculated by
the following equation:
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T=ETod e e {1)
where
7:Bond strength of steel element
7..Bond strength of steel surface
o= 001IR-A, e @
7o:Bond strength of hole
When restraint is small (flange; see Fig. 11),

o= 0.13F.-A, e a3
When restraint is large (web and rib; see ¥Fig. 12)

To = Min{ 7, te) e )

Ta = 2A¢' TW'F ....... (5)

T =224F-A, e (6)

F.:Compressive strength of concrete

A, Steel surface area

Ay Area of holes

A,:Lateral steel surface area between holes
7. Allowable shear strength of steel
F:Safety factor

4. Construction Method

The primary aim of the steel-element-concrete composite pier
reducing construction labor requirements and shortening the
construciion period. A study was conducted of the methods of
erecting the steel elements and casting concrete by making use of
the higher stiffness of the steel elements compared with steel
reinforcement.

4.1 Erection of steel elements

The steel-element-concrete composite pier construction
method is illustrated in Fig. 13. The lower footing reinforcement
is set into position, and a stand is then installed to erect the steel
elements, Since the corner elements are high in stiffness, they are
first erected to assure the verticality of the pier. The intermediate
elements are then sequentially erected by using the interlocking
joints of adjacent elements as a guide.

After the first stage of the steel elements is erected, the steel
elements and stand are bolted secure, the footing upper reinforcement
is placed, and the footing concrete is cast to make the bottom end
of the steel elements rigid.

The erection of comer elements, assurance of verticality,
erection of intermediate elements, and bolting with the lower-stage
steel elements are repeated until the specified height of the pier,
or for the required number of stages, is reached.

4.2 Casting of concrete

Since the steel-element-concrete composite pier method was
developed for shorfening the pier construction period, the time
taken for laying the concrete as well as for erecting the steel
elements must be shortened. With a hollow steel-element-concrete
composite pier, the internal steel elements double as form. This
eliminates the need to construct cumbersome internal form
otherwise required in a hollow reinforced concrete pier and
therefore reduces the pier construction period.

Using a slipform sharply cots down the construction period
when the steel-elerment-concrete composite pier is high. As compared
with reinforced concrete piers, the sieel-element-concrete composite
pier can easily carry the slipform reaction force at the top end
due to the high stiffness of the steel elements and structural
characteristics in the construction phase.

5. Test Construction
5.1 Purpose of test construction®

As part of the joint research with JHPC, steel-element-
concrete composite piers were test built as piers for a highway
bridge being constructed by JHPC. The test construction was

Slipform reaction force frame

Climbing -
scaffold

Fig. 13 Construction of steel-element-concrete composite picr



designed to see if the steel clements could be used in the
construction of actual piers and if the steel-element-concrete
composite piers could be built by a prestudied method.

5.2 Particulars of highway bridge selected for test construction

The particulars of the highway bridge selected for the test
construction of the steel-element-concrete composite piers are
given below.

Highway: Joshin-etsu Expressway

Bridge: Irita Bridge :

Type of bridge: 3-span reinforced concrete continuous hollow

slab + S5-span precast continuous rigid frame

: bridge

Selection of span length: (17.6 + 18.0 + 18.4) + (37.8 +

60.0 + 2 X 80.0 + 53.8) = 367 (m)

Piers: P1 and P2 (up ling)

Pier height: 11.95 m for P1 and 13.20 m for P2
5.3 Oufline of construction

The steel-element-concrete composite pigr construction
method was developed for tall piers. The piers Pl and P2 test
constructed by the steel-element-concrete composite pier method
stand 12 to 13 m tall and are relatively small strictures, Piers of
this height can be constructed with a single stage of steel ele-
ments. Given that the future application of the steel-element-
concrete composite pier construction method will be for tall piers,
piers P1 and P2 were each constructed with two stages of the

steel elements, and the upper and lower steel elements were
checked for ease of connection.

The construction method is shown in Fig. 14. In this process,
leveling concrete is cast, lower reinforcing bars for the footing
are placed, and then an installation stand is set into position (see
Photo 3). A steel element with a scaffold is then erected at each
-comer (see Photo 4). The corner elements are set vertically by
using chain blocks or jacks, and an intermediate scaffold is
installed between the comer elements (see Phote 5). Using the
intermedtate scatfold, the intermediate steel elements are erected
between the comner steel elements (see Photo 6 and 7). After all
steel elements in the first stage are erected (see Photo 8), they
are corrected for verticality. Upper reinforcing bars for the footing
are passed through the holes in the steel elements, and concrete is
cast in the footing (see Photo 9).

In the second stage, erection starts with the corner elements
as in the first stage, and the steel elements are bolted to the
counterparts in the first stage. After erection of all steel elements,
~ ¢crack prevention reinforcing bars are placed along the steel
element surfaces (scc Photo 10), the form is assembled, and
concrete is then cast.

5.4 Labor savings

To ascertain whether labor savings would be achieved by
using steel elements in the test construction, the steel-element-
concrete composite piers were compared in terms of production
rate with conventional reinforced concrete piers on the same up
line. The two pier construction methods do not appreciably differ
in first-stage assembly, but the steel-element-concrete composite
pier construction method takes less construction time and requires
with less labor in the second stage,

The construction period and labor engaged for the assembly
and erection of steel reinforcing bars and steel elements, including
the scaffolds and temporary work, are compared in Table 2. The
construction period and labor required for the steel-element-
concrete composite pier method are 74% and 94% of those for
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the reinforced concrete pier method, respectively.

As far as the second stage alone is concerned, the reinforced
concrete piers were completed in 8 days or 47 worker-days
against 3 days (63%) or 34 worker-days (72%) for the steel-clement-
concrete composiie piers. The steel-clement-concrete composite
piers in this test construction project were comparatively small in
height and constructed only with two stages of steel elements.
The labor-saving performance of the steel-element-concrete
composite pier construction method will rise with increasing pier
height and expanding number of steel element stages. The piers
P1 and P2 were the first highway bridge piers to be built by the
steel-element-concrete composite pier method and were constructed
by making necessary adjustments at the site. The test construction
results indicate that further labor savings can be achieved.

6. Calculation of Applicability of Steel-Element-
Concrete Composite Pier Construction Method
for High Piers
The simultaneous consiruction of two piers, standing 62 and

52 m tall respectively, by the steel-element-concrete composite

pier method was studied to ascertain the effectiveness of this

construction method in shortening construction time and reducing
construction costs. The design section forces of the two steel-element-
concrete composite piers P1 and P2 and their comparative study
results including corresponding reinforced concrete piers are

given in Tables 3 and 4, respectively, The wind load is a

predominant factor in the consiruction of tall piers. The sectional

examination of the steel-element-concrete composite piers Pl and

P2 at the maximum wind velocity of 40 m confirmed that using

this method, it is possible to erect all steel elements before form

assembly and concrete placement. This means that 15-m long
steel elements can be preliminarily evected in four to five stages.

Box-shaped beams (about H300 in size) were installed inside
the comner steel elements at vertical intervals of 15 m. The steel
elements and beams are designed to withstand the wind and
concrete load, and to double as slipform support columns and
beams during concrete placement.

While conventional reinforced concrete piers take 120 days
to complete, the steel-element-concrete composite piers can be
constructed in 90 days {working day ratio of 0,7} or 25% faster.
The steel-element-concrete composite pier construction schedule
is outlined in Fig. 15.

778 tons of steel was required to construct the steel-element-
concrete composite piers P1 and P2 against 815 tons for the
reinforced concrete piers.

7. Conclusions

Using BH-type NS-Box shapes, steel diaphragm walls are
constructed as underground retaining walls to take the place of
reinforced concrete diaphragm walls. BH-type NS-Box shapes are
fabricated from straight-web steel sheet piles. These straight-web
sheet piles have been improved to facilitate the flow of mortar
into interlocking joints and to carry the shear force of the reinforced
concrete structure. This improvement has made it possible to
apply the straight-web sheet piles in the construction of highway
bridge piers.

In a short three-year period from 1992, the steel-element-
concrete composite pier was basically tested for concrete bonding,
bending and shear strength, and durability under the guidance of
JHPC’s Bridge Section Research Institute. In 1994, the steel-element-
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Steel element working drawings for steel-element-concrete
compaosite piers P1 and P2
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Fig. 15 Steel-element-concrete composite pier construction procedure
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Table 2 Construction peried reduction and labor savings by steel-element-
conerete composite pier method

Remforced concrele piers | Steel-elenien-concrere composite piers
Tl Period (6ays) 19 (160%) 14 {(4%)
Lahor {worker-days) 97 (100%) 91 (M4%)
Siage? Period (days} $ (100%) 5(63%)
Labor {workes-days) 47 (100%) H (0%

Table 3 Study preconditions for steel-element-concrete composite piers

Pier P1 (62 m high) Pier P2 (52 m high)
Longiloding] divecEon of | Trarverse direction of |Loogitudaeal dirceion of | Transverss dircction of
bridge bridoe bridge bridz
" Axial force {tf) 3,150 2,840 2,830 3,010
2 | Top SBhe?ir farce (tf) &0 641} 470 1,040
= ending moment
E tF-m) 14,670 290 14,200 1,220
Bl |Aslfomeny | 1720 17,600 17,400 17,19
? Base | Shear force (1f) 3,040 1,590 3,850 2,320
A Bending m%‘f‘?g) 43320 65,800 64,800 96,040

Table 4 Design and schedule study results of steel-element-concrete
composite piers

Steel-clement-concrete compasite piers Reinforced concrele piers
P P2 PI P2
e 443
Quantity 390t 280t Main reinforcement | Main reinforcement
D22-DS1 D25-Dil
Schedule 98 days 91 days 120 days 120 days

conerete composite pier method was tested at the Irita Bridge,
which supports the Joshin-etsu Expressway, and its excellent
construction characteristics were confirmed.

The test construction of the steel-element-concrete composite
piers at the Irita Bridge involved solid piers. The bearing capacity
of hollow steel-element-concrete composite piers is currently
under investigation. The results of these experiments will be
reported on another cccasion.

Straight-web steel sheet piles now commercially available for
steel elements measure 8 mm in web thickness, The thickness of
stiffeners is increased to meet the sectional force of steel elements
as required. Straight-web steel sheet piles for steel elements will
be produced in a greater variety of section performance types to
allow optimum design befitting the sectional force of specific
piers.

The steel-element-concrete composite pier method can
address the problems associated with shortage of skilled workers
in the construction of conventional reinforced concrete piers and
the aging of construction workers in general. Through application
to actual highway bridge piers, the design and construction as
well as economic factors will be improved. As a result, reduction
in overall construction cost will be achieved by shoriening the
necessary construction period.
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