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A study on the structural system of high-strength column with high axial force

in large-scale underground box structures

Shin Iwata

With the development of urban areas, the highly efficient use of land is required, and
the demand of using the space below existing ground structures is expected to increase
in future. In particular, when convenience of a railway station that functions as a traffic
node is highlighted, construction of underground stations directly under an existing
station is also expected. In this case, the underground structure is subjected to loads
from above existing station buildings and station viaducts. In addition, for more
efficient use of the underground spaces, the columns of the box structure are usually
spaced at a longer interval. Therefore, when a box structure of an underground station
1s constructed under those conditions, compressive axial force applied to the columns
becomes greater, and thus, reasonable load capacity needs to be secured for the columns.
Furthermore, from the perspectives of good resilience of urban infrastructure against
earthquakes, the columns of the box structure of an underground station are also
required to have seismic performance at a sufficient level.

In order to meet above requests, the purpose of this study is to establish a series of
structural system with CFT (concrete-filled steel tube) columns, intended for practical
designing of an underground box structure, with a Chuo-Shinkansen station taken as
an example.

- The following features are investigated and evaluated for the CFT columns to be

used:

a) Seismic performance under high compressive axial force

b) Load capacity of mechanical joints of CFT adopted for realizing significantly

precise workmanship and rapid construction in confined spaces under existing
ground facilities, compared to welded joints

- The following features are also studied to evaluate the performance of the

integrated structure of the RC slab and the CFT column:

¢) Appropriate connection form of the RC slab and the CFT column, considering the

densely congested arrangement of re-bars in the longitudinal beam and in the slab
due to the longer column intervals, and its evaluation of load capacity

d) Load capacity, including punching load capacity, of the integrated structure, taking

into consideration the shape of the upper floor slab and the connection structure
between the CFT column and the RC slab.



In addition, the followings are also pursued to more profoundly understand the

mutual interaction between the CFT columns and its surrounding structures:

e) Reasonable identification of the load application to the underground box structure

that determines the properties of the CFT columns.

f) The practical calculation method to numerically evaluate the effect of the CFT

columns on the cross-sectional force acting on the RC slabs.

The efforts made and the conclusions derived in this research are as follows.
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The structural parameters of the CFT subjected to high compressive axial forces
that we dealt with in this research (ratio of a diameter to a steel pipe thickness of 30
~40, a steel pipe strength of SM570~H-SA700, a filled concrete strength of 100~
160N/mm?2, and ratio of a compressive force to axial capacity of 0.6) lie beyond the
range focused in our previous studies. Therefore, we needed to confirm the
applicability of the existing evaluation method to figure out the load-deformation
performance. As a result of the repeated cyclic loading experiments that we
conducted to understand the seismic performance of CFT columns, the existing
evaluation method was confirmed to be practically applicable to the range of the
structural parameters that we targeted in this research.

We investigated the required performance of the mechanical joints of CFT steel
pipes, assuming the joint would be used in the underground box structure. We
determined that the mechanical joints must not reach fracture prior to the full
section plasticization of the CFT steel pipe even under the following three conditions:
(a) Effect of local stress caused by a thread and gear shape of a mechanical joint
(b) Effect of filled concrete
(c) Effect of repeated cyclic loading during an earthquake
In the case of experiments conducted with a reduced-size specimen of a mechanical
joint used for steel pipe piles, adequate load capacity was confirmed even under the
conditions of above (b) and (c). Sufficient load capacity was also confirmed under the
condition of (a), by conducting experiment with a full-scale specimen after a
treatment to reduce a local stress concentration was given.

In order to avoid interference with the longitudinal beam re-bars that were arrayed
in double layers, we proposed a connection structure between the RC slab and the
CFT column in which the floor slab re-bars in lateral direction were not connected to
the CFT steel pipe. In this connection structure, the longitudinal beam re-bars were
connected to the CFT steel pipe through the outer diaphragm; however, the floor slab

re-bars in lateral direction were bent downwards before the CFT surface to avoid
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contact. In addition, a perforated steel plate gibber (PBL) was installed to transmit
shearing force between CFT column and the surrounding concrete. We built a 3D
nonlinear FEM model with an assumed load transmission mechanism of this
connection structure to investigate the function of each transmission element and
the load sharing rate. The results numerically derived from the proposed model
showed a fair agreement with the experiment results.

(4) We proposed a method to evaluate the load bearing performance of the connection
of the CFT column and the slab by a 3D nonlinear FEM. This method was worked
out to confirm the followings;

(a) The members that dominantly affect the load and the deformation are adjacent
members.

(b) Under a specific load, the damage of concrete is limited, and the reinforcing bars
in the connection do not reach yielding. The progress degree of material damage
with respect to increase in load is not significant.

() No reduction in rigidity due to no rotation angle difference generated between
the CFT column axis and the slab axis under a specific load.

(5) We investigated the punching characteristics of the upper floor slab that receives
high axis force from the CFT columns by a 3D linear FEM. It was confirmed that the
shape of the longitudinal beam and bearing member affected the punching failure
line of the upper floor slab and that a larger bearing member size could reduce the
amount of supplemental reinforcing bars. Then, by means of a 3D nonlinear FEM,
we numerically simulated the seismic behavior of the connection structure of the
CFT column and the upper floor slab where the CFT column end is embedded in the
slab. It was confirmed that a punching failure did not take place and that the bearing
member, although damaged by the horizontal seismic load, showed a buffering
function to minimize the damage to the upper floor slab. Furthermore, as it was also
found that the contribution of a PBL to withstanding the seismic load was
overestimated in the simulation, we reconsidered the connection structure that did
not rely on the PBL, whose safety and load bearing performance against the seismic
load was confirmed by the nonlinear simulation.

(6) The effects of various loads applying to the underground box on the axial force
acting on the CFT columns were investigated. By using the results, the safety margin
to be included in the design of the CFT columns was determined.

(7) The effects of creep of CFT columns on the RC slab were studied. The additional
cross-sectional force of the slab was quantitatively clarified taking into consideration

such creep relaxation items as a sealing effect of a steel tube.
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(8) The position of the floor slab where the concentrating load of the ground building
piles is applied may not always be directly above the CFT column alignment, but off
the CFT column alignment due to more efficient workmanship of the CFT columns.
Therefore, we investigated the cross-sectional force of the floor slab in above two
cases by a 3D FEM and a 2D frame analysis. Then we proposed a method that
determines each cross-sectional force of the floor slab generated in two different cases,
considering the difference in share in the cross-section force by introducing a
“structural analysis coefficient” derived from the numerical analysis. We also

identified an area to reinforce the slab above the CFT column alignment.

Through this study, we have established a series of a structural system of CFT columns

for practical design of an underground box structure.

The outstanding issues to be solved and the relevant future work to be accomplished
for promoting the application of CFT columns are as follows.

(1) To optimize the connection size under allowance of its fracture, it is desirable to:

(a) Carry out an additional experiment to fracture the connection to understand the
load-deformation performance and the function of each load transmission of the
connection by detailed measurements

(b) Determine an accurate load sharing ratio among the transmission elements until
fracture of connection takes place

(c) Establish a precise nonlinear 3D FEM model to evaluate the load-deformation
performance until fracture of the connection is reached.

(2) In the underground box structure, an opening may be provided in the RC slab
through which equipment is imported or exported in the future. For such specific
cases as a large opening that is to be facilitated near the connection of the CFT
column and the RC floor slab, it is desirable to establish a method for confirming the
validity of the connection structure.

(3) After an actual construction of a box structure with the proposed CFT columns in the
future, it is significantly important to continuously monitoring such items as the axis
force of the CFT columns and the strain of the RC slab to confirm the effectiveness

of the achievements of this research.
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