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Abstract. The main objective of this study is to develop a demolition planning tool
for buildings based on a parameter called the key element index, which indicates the
contribution of a structural column to the vertical capacity of the structure. Two ways
of selecting specific columns to demolish the whole structure are demonstrated:
selecting the columns from the largest index value and from the smallest index
value. The demolition results are confirmed numerically by carrying out collapse
analyses using the adaptively shifted integration (ASI)-Gauss technique, and the
tendencies of the demolition modes to follow the key element index values are
estimated. The numerical results suggest that for a successful demolition, a group of
columns with the largest key element index values should be selected when
explosives are ignited in a simultaneous blast, whereas those with the smallest
values should be selected when explosives are ignited sequentially, with a final blast
set on a column with a large index value.

1 INTRODUCTION

The technology used in the demolition of old or uninhabitable buildings has always been of major
interest in civil engineering and remains a challenge in engineering practice. Because conventional
demolition techniques that use a hydraulic concrete crusher, a concrete cutter or a nonexplosive
demolition agent are lengthy and costly, demolition techniques using controlled explosives are often
used to meet the heavy demand for demolition work. Although this method increases work efficiency,
it also poses a high risk of damage to neighboring buildings, especially in urban areas’. Furthermore,
blast demolition requires high levels of knowledge and experience * which are very difficult for
general engineers to master. Although there are several blast demolition companies currently working
in the USA and Europe, the demolition technique has been only used in a few cases in Japan, which
may or may not be due to the above reasons. To help familiarize Japanese construction companies
with blast demolition methods, numerical assumptions using computational analysis will be essential in
ensuring the success of this technique.

To date, only a few numerical codes have shown high performance when modeling structurally
discontinuous problems; e.g., the distinct element method (DEM) *and discontinuous deformation
analysis (DDA)° have been successfully applied to model overall collapse phenomena®’®°. However,
there are still no adequate numerical procedures available to accurately track the blast demolition
process, which includes coupled and complicated failure mechanisms of structural frame members.
Therefore, we applied the adaptively shifted integration (ASI)-Gauss technique'® to develop an
analysis code for blast demolition that can explicitly express member fracture and elemental contact in
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the demolition process. In this code, the accurate modeling of a fractured section in a member is
enabled by shifting the numerical integration points in the finite elements and by reducing the sectional
forces of the elements immediately after the occurrence of the fractured section. It also yields highly
accurate solutions with small mesh subdivisions and requires little calculation time and a small amount
of memory.

The main objective of this study, on the other hand, is to develop a demolition planning tool based
on a parameter called the key element index, which indicates the contribution of a structural column to
the vertical capacity of the structure. Two ways of selecting specific columns to demolish the whole
structure are demonstrated: selecting the columns from the largest index value and from the smallest
index value. The demolition results are confirmed numerically by carrying out collapse analyses using
the numerical code mentioned above, and the tendencies of the demolition modes to follow the key
element index values are estimated.

2 KEY ELEMENT INDEX

Due to variations in their span lengths and strengths, certain columns in a structure support more
vertical loads than other columns and thus act as “key elements” in the structure. Several indexes
have been developed to evaluate the contribution of each column to the strength of a structure, i.e., to
determine the key elements, such as the redundancy index by Frangopol11 and the sensitivity index by
ltoh et al. "*. These indexes are effective for identifying highly sensitive columns that support the
vertical load; however, they equivalently identify those columns that only cause partial collapse and are
thus not useful for demolition planning, where the major aim is the total collapse of a structure.
Therefore, we propose a new index, called the key element index, for estimating the contribution of
base columns to the total collapse of the structure.

The key element index is calculated as follows. First, we perform a static pushdown analysis by
equally applying incremental vertical loads at every structural joint in @ modeled structure. Several
columns on the upper floors may vyield in this process, but the vertical loads are nevertheless
continuously applied in steps until one of the base columns yields. The total vertical load (including the
floor loads) applied to a column at the step when one of the base columns yields is defined as the
ultimate yield strength Pg of the structure. The ultimate yield strength of the initial, undamaged
structure is denoted , Pg, and the ultimate yield strength of a structure with one base column
eliminated is denoted ; Pg. The key element index K/ of column m, for example, can be defined as the
ratio of the ultimate yield strengths of the present and the initial step. The index can thus be written as:

0

1 Kl = oPs/1Ps (1)
The key element index at the nth step is then:

0

n K/m = OPG/nPG (2)

The index shown above indicates the contribution of the present column (or columns) to the strength
of the initial, undamaged structure and can be used for cases in which the columns are eliminated
simultaneously. However, the sensitivity of columns may change momentarily for those cases when
the columns are eliminated sequentially within a certain interval. Therefore, the updated index, as

54 m

Figure 1: A 15-storey, three-span model
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shown below, is used for those cases with a sequential blast.

n-1
n Klm = n-1PG/nPG (3)

In this case, the index can be defined as the ratio of the ultimate yield strengths of the present and the
previous step.

As an example, the key element index values were calculated for a 15-story, three-span model, as
shown in Fig. 1. Each span length is 6 m, and the height between each floor is 3.6 m. The material
used for the columns and beams is SN490B steel. We selected box-type section of 430 mm x 430
mm x 13 mm x 13 mm on the 1 floor columns and H-type section of 331 mm x 825.7 mm x 18.4 mm
x 13.2 mm for the beams, with the sectional sizes becoming gradually thinner in the higher stories.
The floor load, in this case, is set to 400 kgf/mz. The updated index values and the selection of
columns from the largest index value at each step are shown in Fig. 2. For example, the key element
index value Kl for column No. 16 (in the upper right corner) can be calculated at the first step as:

+Klss = oPe/sPs=1.693 (4)
and at the second step as:

2 Klys = 1Pe/oPs=1.012 (5)
If the index values calculated for multiple columns are the same, the column at the left and lower side
is selected prior to the other columns; in this case, to direct the whole collapsing building toward the

lower left side. As shown in the figure, the selected columns tend to bias to the intended demolition
direction if the columns are selected from the largest index value. Furthermore, the distribution of the
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Figure 2: Updated index values and the selection of columns from among those with the largest values
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Figure 3: Updated index values and the selection of columns from among those with the smallest values

selected columns differs, as shown in Fig. 3, when the columns are selected from the smallest index
value. The selected columns tend to distribute the load, stabilizing the structure and preventing
instantaneous collapse.

3 BLAST DEMOLITION PLANNING USING THE INTEGRATED KEY ELEMENT INDEX VALUES

Several blast demolition analyses were performed using selected columns, as described in the
previous section. We summed the key element index values of the selected columns and plotted the
collapse modes for each case. Each procedure was performed on models with different floor loads.
Figure 4 shows the distribution of the integrated values of the key element index and the collapse
modes of the structure for a simultaneous blast, where nonupdated index values are used. TC in the
figures indicates total collapse, PC indicates partial collapse, and NC indicates no collapse. The
integrated value indicated by the black circle in Fig. 4(a), for example, is calculated as follows:

CKl, 4y Klsts Klot s Klyts Klste Kls = 1.693+2.382+3.633+4.284+5.979+7.863

= 25.834 (6)

Here, again, note that the lower right subscript in the key element index indicates the column number,
the upper left subscript indicates the step number under consideration in the calculation of the ultimate
yield strength ratio, and the lower left subscript indicates the present step number. As shown in the
figures, there are certain requirements for the integrated values of the key element index to ensure
that the structure is partially or totally demolished. The region of total collapse is large when the
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columns with the largest index values are successively selected (see Fig. 4(a)), whereas the region is
very small when the columns with the smallest index values are selected (see Fig. 4(b)). To
accomplish total collapse, neither the integrated index values nor the floor load should be too large
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Figure 4: Key element index values and collapse behavior of the model
(simultaneous blast, nonupdated index value)
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Figure 5: Key element index values and collapse behavior of the model
(sequential blast, updated index value)

because larger values tend to make the structure relatively stable in the collapse process.

Figure 5 shows the distribution of the integrated values of the key element index and the collapse
modes of the structure for sequential blast, where updated index values are used. The integrated

value indicated by the black circle in Fig. 5(a), for example, is calculated as follows:
0 1 2 3 4 5 6
1 Kly +2 Klsts Klgt, Klots Klgts Klstz Klig = 1.693+1.407+1.525+1.179+1.396+1.315+1.377

The same tendencies as observed in Fig. 4 can be seen here in the distribution of the index values
and the collapse modes. However, the region of total collapse becomes much smaller than in
simultaneous blasting because the structure tends to become relatively stable during each blast

interval.

It is evident from Fig. 4 and Fig. 5 that there are several specific areas of integrated index values
that allow for successful demolition, especially when the columns are selected from the largest key
element index values. However, the sequential blast of columns from the largest index values causes
the whole structure to gradually collapse in sequence, which may, in practical terms, cut the explosive
trigger wires and/or make the whole demolition procedure quite unstable. Therefore, the selection of
columns with the largest index values may only be used in demolition by simultaneous blasting. In
contrast, the selection of columns with the smallest index values may be used to keep the structure
stable until the last moment in a demolition by sequential blasting. The structure may be completely
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Figure 6: Demolition mode for the simultaneous blast case
(six columns selected from the largest nonupdated index value)

90s 14.0s 23.0s 350s

Figure 7: Demolition mode for the sequential blast case
(nine columns selected from the smallest updated index values and three columns
from the large ones selected for the final blast)

demolished by a final blast on a column (or columns) with a large index value, essentially traversing
the solid line in Fig. 5(b) in one step.

4 BLAST DEMOLITION ANALYSIS OF A FRAMED STRUCTURE USING THE OBTAINED PLAN

Two analyses using the plans of blast demolition obtained in the previous section were performed
on the model shown in Fig. 1. Each analysis took 50 to 90 minutes on a personal computer (CPU: 2.0
GHz Xeon, 8GB RAM). Figure 6 shows the demolition mode for the simultaneous blast case, in which
the eliminated columns were selected from among those with the largest nonupdated index values.
Six columns altogether were selected, in this case, and the integrated value of the key element index
was 25.834 as calculated in Eq. (6). Figure 7 shows the demolition mode for the sequential blast case,
in which the columns were selected for elimination from among those with the smallest updated index
values. To achieve a total collapse, the columns with the large index values at the final step were
selected for the final blast. In this case, nine columns from among those with the smallest index
values (with the integrated value of 10.552) were sequentially eliminated over an interval of one
second, and then, three columns with the large index values (with the integrated value of 4.614) were
simultaneously eliminated at the final blast. Please note that the integrated index value of the initial
nine columns does not traverse the solid line in Fig. 5(b), however, the total value including the final
three columns, which is 15.166, slightly traverse the line. Although the timings of the collapse initiation
and the collapse modes slightly differ in each case, both display a successful demolition pattern, with
the structure totally demolished to ground level and towards the intended direction.

5 CONCLUSIONS

The key element index and its integrated values, as demonstrated in this paper, may be used to
quantitatively verify which columns should be eliminated to best achieve a total collapse. The
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numerical results suggest that for a successful demolition, a group of columns with the largest key
element index values should be selected when explosives are ignited in a simultaneous blast,
whereas those with the smallest values should be selected when explosives are ignited sequentially,
with a final blast set on a column with a large index value. However, further investigation should be
undertaken to enable the precise planning of blast intervals and locations required to allow the whole
structure to collapse in its own wake, which is very important to lower the risk of damage to
neighboring buildings.
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