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Abstract

In this study, a demolition analysis code using the adaptively shifted integration (ASI)-Gauss technique, which describes
structural member fracture by shifting the numerical integration point to an appropriate position and simultaneously releasing
the sectional forces in the element, is developed. The code was verified and validated by comparing the predicted results with
those of several experiments. A demolition planning tool utilizing the concept of a key element index, which explicitly indicates
the contribution of each structural column to the vertical load capacity of the structure, is also develped. Two methods of
selecting specific columns to efficiently 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 conducting collapse
analyses using the ASI-Gauss technique. The numerical results suggest that to achieve 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 should be selected when explosives are ignited in a sequence, with a final blast set on a column
with large index value.
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1. Introduction

The technology used in the demolition of old or unin-
habitable 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, de-
molition techniques using controlled explosives are often
used to meet the heavy demand for demolition work. Al-
though this method increases work efficiency, it also poses
a high risk of damage to neighboring buildings, especially
in urban areas [1]. Furthermore, explosive demolition re-
quires high levels of knowledge and experience [2,3],
which are very difficult for general engineers to master.
Although there are several explosive demolition compa-
nies currently working in the USA and Europe, the demo-
lition technique has been only used in a few cases in
Japan, which may or may not be due to the above rea-
sons. To help familiarize Japanese construction companies
with explosive 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 pro-
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blems; e.g., the distinct element method (DEM) [4] and
discontinuous deformation analysis (DDA) [5] have been
successfully applied to model overall collapse pheno-
mena [6-9]. The Applied Element Method (AEM) [10],
which can predict crack initiation and propagation in the
material and can also follow the total behavior from zero
loading to complete collapse, has also been applied to
blast demolition analysis of structures. However, the
above-mentioned discrete numerical methods need many
assumptions on the models with less physical meanings,
and there are still no adequate numerical procedures avail-
able to accurately track the explosive demolition process,
which includes coupled and complicated failure mecha-
nisms of structural frame members.

The first objective of this study was to develop an
analysis code for explosive demolition that can explicitly
express member fracture and elemental contact in the de-
molition process. This code is based on the adaptively
shifted integration (ASI)-Gauss technique [11], which is a
modified version of the previously developed ASI tech-
nique [12,13] for the linear Timoshenko beam element
and computes highly accurate elastoplastic solutions even
with the minimum number of elements per member. The
ASI-Gauss technique obtains an even higher accuracy,
particularly in the elastic range, by placing the numerical
integration points of the two consecutive elements to
form an elastically deformed member so that stresses and
strains are evaluated at the Gaussian integration points of
the two-element member. Moreover, the technique can be
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used to express member fracture by shifting the numeri-
cal integration point to an appropriate position and simul-
taneously releasing the sectional forces in the element. The
numerical code was validated herein by comparing the
numerical results with a simple impact test and a simula-
ted demolition experiment.

The second objective of this study was 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 ASI-Gauss
technique, and the tendencies of the demolition modes to
follow the key element index values are estimated.

This paper is organized as follows. Section 2 introduces
the outline of the ASI-Gauss technique and the member-
fracture and elemental-contact algorithms. In Section 3,
several examples are presented for the validation of the
numerical code. Section 4 presents the concept of the key
element index and the demolition planning tool developed
using the index values, followed by numerical examples.
Finally, Section 5 concludes the paper.

2. Numerical Methods for Collapse Analysis

The general concepts of the ASI-Gauss technique are
explained in this section. The algorithms concerning mem-
ber fracture and elemental contact are then described.

2.1. The ASI-Gauss technique

Fig. 1 shows a linear Timoshenko beam element and its
physical equivalence to the rigid body-spring model
(RBSM). As shown in the figure, the relationship bet-
ween the locations of the numerical integration point and
the stress evaluation point where a plastic hinge is actu-
ally formed is expressed as [14]

r=—s (1)

In the above equation, s is the location of the numerical
integration point, and 7 is the location where stresses and
strains are actually evaluated. We refer to r as the stress
evaluation point hereinafter. The variables s and r are di-
mensionless quantities that take values between -1 and 1.

In both the ASI and ASI-Gauss techniques, the numeri-
cal integration point is shifted adaptively to form a plastic
hinge at exactly the point where a fully plastic section is
formed. When the plastic hinge is determined to be un-
loaded, the corresponding numerical integration point is
shifted back to its normal position. Here, the normal posi-
tion indicates the location where the numerical integra-
tion point is placed when the element acts elastically. By
doing so, the plastic behavior of the element is simulated

Rigid bodies-spring model (RBSM)

X Numerical integration point

. Rotational and shear spring connecting rigid bars
(Plastic hinge including the effect of shear force)

Figure 1. Linear Timoshenko beam element and its physi-
cal equivalent.

appropriately, and a convergent solution is achieved with
only a small number of elements per member. However,
in the ASI technique, the numerical integration point is
placed at the midpoint of the linear Timoshenko beam
element, which is considered to be optimal for one-point
integration, when the entire region of the element behaves
elastically. When the number of elements per member is
very small, solutions in the elastic range are inaccurate
because one-point integration is used to evaluate the low-
order displacement function of the beam element.

The main difference between the ASI and ASI-Gauss
techniques lies in the location of the normal position of
the numerical integration point. In the ASI-Gauss techni-
que, two consecutive elements that form a member are
considered as a subset, and the numerical integration po-
ints of an elastically deformed member are placed so that
the stress evaluation points coincide with the Gaussian
integration points of the member. This placement means
that stresses and strains are evaluated at the Gaussian
integration points of elastically deformed members. Gau-
ssian integration points are optimal for two-point integra-
tion, and the accuracy of bending deformation is mathe-
matically guaranteed [15]. In this way, the ASI-Gauss te-
chnique has the advantages of two-point integration while
using one-point integration in the actual calculations.

Fig. 2 shows the differing locations of the numerical
integration points of elastically deformed elements in the
ASI and ASI-Gauss techniques. The elemental stiffness
matrix, generalized strain and sectional force increment
vectors in the elastic range for the ASI technique are
given by Egs. (2), and those for the ASI-Gauss technique
are given by Egs. (3).

[K]=L[B(0)] [D(0)][B(0)] (22)

{A&(0)} =[B(0)]{Au} (2b)
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Figure 2. Locations of the numerical integration and stress evaluation points in the elastic range.

{Ac(0)} =[D(0)]{As(0)} (20)
[K1=L[B(s)] [D(r)][B(s,)] (3a)
{As(ry)} =[B(sy)]{Au} (3b)
{Ao(ry)} =[D(ro)l{As(r,)} (30
T R o0

g SE Na

Here, {A¢g}, {Ao} and {Au} are the generalized strain
increment vector, generalized stress (sectional force) inc-
rement vector and nodal displacement increment vector,
respectively. [B] is the generalized strain-nodal displace-
ment matrix, [D] is the stress-strain matrix and L is the
length of the element.

The plastic potential used in this study is expressed by:

T g

Here, f, is the yield function, and M, , M, and N are the
bending moments around the x- and y-axes and the axial
force, respectively. The terms with the subscript 0 are the
values that result in a fully plastic section in an element

when acting independently on a cross-section. The vali-
dity of the ASI-Gauss technique in elastoplastic analyses
under static and dynamic loadings were confirmed by
various numerical tests [11].

2.2. Member fracture algorithm

Fig. 3 shows the locations of the numerical integration
points for each stage in the ASI-Gauss technique. A plas-
tic hinge is normally generated before it develops into a
member fracture, and the formation of a plastic hinge is
described by shifting the numerical integration point to
the opposite end of the fully plastic section according to
Eq. (1). For example, if a fully plastic section first occurs
at the right end of an element (»=1) as shown in the
figure, the numerical integration point is immediately shi-
fted to the left end of the element (s = -1). Simultaneously,
the numerical integration point of the adjacent element
forming the same member is shifted back to its midpoint,
the location appropriate for one-point integration. Mem-
ber fracture is expressed by reducing the sectional forces
of the element immediately after the occurrence of a frac-
tured section on either end of the element. The released
force vector {F}, which operates on the element at the
next step if a fractured section first occurs at the right end

X §=S8,

Lo [> * S= _1
X 5=, | s=0
Lo/ Lo

o Node
(a) Elastic stage

\XH( 3 i@fk XexX

Plastic hinge

Fracture

X Numerical integration point

(b) Plastic stage

(c) Member fracture

Figure 3. Locations of the numerical integration points for each stage in the ASI-Gauss technique.
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of an element (» = 1), is expressed by the following equa-
tion:

(Fy=L[B(-D]"{o(1)} (5)

Similarly, if a fully plastic section or a fractured section
first occurs at the left end of the element (r=-1), the
numerical integration point is shifted to the right end of
the element (s =1).

In this study, member fracture is determined using ben-
ding strains, shear strains and axial tensile strains that oc-
cur in the elements, as shown in the following equation:

K120 or |[Z4-120 or |Zz-120 or (6)
Ky KyO V20

2zl 120 or (52-0)—120

7/yzO z

where &, &, Vo B &5 Ko K50, V0o %20 and &y are the
bending strains around the x- and y-axes, the shear strains
for the x- and y-axes, the axial tensile strain and the
critical values for these strains, respectively. The critical
strain values used in the analysis were obtained from labo-
ratory experiments using high strength joint bolts [16].

2.3. Elemental contact algorithm

A set of two elements in potential contact is first selec-
ted by evaluating the shortest distance between them using
the geometric relations of the four nodes (see Fig. 4(a)).
By examining the angles between the assumed contact
point M and two nodes, a final determination of contact
is made if the angles /MB;B, and /MB,B, are both acute
(see Fig. 4(b)); the two elements will not come in contact
if one of the angles is obtuse (see Fig. 4(c)). Once they
are determined to be in contact, the elements are bound
with a total of four gap elements between the nodes (see

(a) Searching for shortest distance
(b) Contact if both angles are acute
(c) Pass by if one of both angles is obtuse

Fig. 4(d)). The sectional forces are delivered through these
gap elements to the connecting elements. To express con-
tact release, the gap elements are automatically eliminated
at the time when the mean value of the deformation of
gap elements is reduced to a specified ratio.

3. Validation of the Methods

To validate the numerical code, we performed a simple
impact test with two beams. As shown in Fig. 5, one of
the two aluminum beams was rigidly clamped at the both
ends, whereas the other was silently dropped with an ini-
tial velocity of 0 m/s from the height of 400 mm above
the clamped beam. The planned contact point between the
two beams is indicated in the figure. The impact and con-
tact phenomenon were observed using a high-speed cam-
era, as shown in Fig. 6(a), and the numerical results obta-
ined using the code based on the ASI-Gauss technique are
shown in Fig. 6(b). The two results agree very well, indi-
cating that the contact algorithm implemented in the nu-
merical code performed as intended to model the impact,
contact and bounce phenomena.

Next, the code was validated by comparing the obtained
results with an experiment performed in the laboratory
using an electromagnetic system to experimentally simu-
late the explosive demolition of a structure [17]. The main
features of the experimental system are as follows: two
electromagnetic devices (KANETEC, KE-4RA, max. at-
tach force = 110 N, for beams; KE-4B, max. attach force
=400 N, for columns) are mounted on both sides of an
aluminum pipe, as shown in Fig. 7, and the members are
joined with steel connectors held by the magnetic field
generated by the electromagnetic devices. Power is sup-
plied to these devices through a 4-pin connector jack and
a telephone cord. The blast intervals and switching of the
magnetic field are controlled by the blast interval con-

(d) Gap elements connecting two elements in contact

Figure 4. Elemental contact algorithm.
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Figure 5. Experimental and analytical conditions for the impact test with two aluminum beams.
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Figure 6. Experimental and numerical results for impact and contact phenomena with two aluminum beams.

troller and power switches, which are connected to a PC
and a power supply. The magnetic fields of the devices at
each blast point are sequentially released by the PC to
simulate member fracture caused by an explosion. The
system can simulate the failure of beams by disconnec-
ting the magnetic force between the beams and the col-
umns. However, the column failure cannot be initiated in
the electromagnetic system as in the real conditions. The
failure of the columns are simulated, first by switching
off the electromagnetic field of the column member joints
and then, by composing a cantilever system with the up-

per beam. The purpose of this system is to pile up the de-
molition test results, easily and safely, to validate the pro-
posed numerical code.

The properties and conditions used for the experiment
and the analysis are as follows: each span length was 34
cm (for the beams) or 28 cm (for the columns), with 3 cm
x 3 cm box-type beams and 4 cm x 4 cm box-type colu-
mns, each with a Young’s modulus of 70 GPa and a Pois-
son ratio of 0.345 (aluminum); the critical values of the
bending strains were 2.4x10™* rad/mm (beams) and 3.1x
10"* rad/mm (columns); and the tension strains were 2.7x
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Figure 7. Outline of the simulated blast demolition experimental system.

==
(a) Blast conditions

Figure 8. Blast conditions for a six-story frame model.

10* (beams) and 3.0x10™ (columns). A time increment of
0.1 ms was used for the analysis. Numerical damping was
applied, however, structural damping was not considered.
A six-story frame model was constructed using the des-
cribed devices. The blast conditions are shown in Fig. §;
the blast points and the blast sequence were carefully sel-
ected to enable the floor sections to fold in sequentially
starting at the upper floors so as to avoid the dispersal of
fragments over a wide area. Fig. 9 shows a comparison of

Blast interval : 0.2 s

(b) Experimental setup

the experimental demolition modes and the numerical re-
sults. The expected demolition mode was observed in both
cases, and the results are in very good agreement.

4. Blast Demolition Planning Tool using the
Key Element Index

In this section, a blast demolition planning tool using
the concept of a key element index is first described. Sev-
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Figure 9. Comparison of demolition modes.

eral numerical analyses are then performed on a 15-story,
three-span framed structure using the demolition plans
obtained with the planning tool to demonstrate its utility.

4.1. 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 eval-
uate the contribution of each column to the strength of a
structure, i.e., to determine the key elements, such as the
redundancy index by Frangopol [18] and the sensitivity
index by Ito et al. [19]. These indexes are effective for
identifying highly sensitive columns that support the ver-

tical load; however, they equivalently identify those col-
umns that only cause partial collapse and are thus not use-
ful for demolition planning, where the major aim is the
total collapse of a structure. Therefore, a new index called
the key element index for estimating the contribution of
base columns to the total collapse of the structure is pro-
posed.

The key element index is calculated as follows. First,
we perform a static pushdown analysis by equally apply-
ing incremental vertical loads at every structural joint in
a modeled structure. Several columns on the upper floors
may yield in this process, but the vertical loads are nev-
ertheless continuously applied in steps until one of the
base columns yields. The total vertical load (including the
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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 col-
umn eliminated is denoted ; Ps 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:

K1, =P/, P, )

m

The key element index at the nth step is then:

(r)rKImZOPG/nPG ®)

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 shown
below, is used for those cases with a sequential blast.

"KI = P/

m

P ©)

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 cal-
culated for a 15-story, three-span model, as shown in Fig.
10. 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 co-
lumns and H-type section of 331 mm x 825.7 mm x 18.4

54m

Figure 10. A 15-story, three-span model.

mm x 13.2 mm for the beams, with the sectional sizes be-
coming gradually thinner in the higher stories. The floor
load, in this case, is set to 400 kgf/m”. The updated index
values and the selection of columns from the largest index
value at each step are shown in Fig. 11. For example, the
key element index value K7 for column No. 16 (in the up-
per right corner) can be calculated at the first step as:

VKI,o= P/, P, =1.693 (10)

and at the second step as:

1
K1 4=\ Pyl,P;=1.012 (11)

In this paper, the column at the left and lower side is
selected prior to the other columns, if the index values cal-
culated for multiple columns are the same, to direct the
whole collapsing building toward the lower left side. As
shown in the figure, the selected columns tend to bias to
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the intended demolition direction if the columns are sel-
ected from the largest index value. Furthermore, the dis-
tribution of the selected columns differs, as shown in Fig.
12, when the columns are selected from the smallest index
value. The selected columns tend to distribute the load,
stabilizing the structure and preventing instantaneous col-
lapse.

4.2. Blast demolition planning using the integrated
values of the key element index

Several blast demolition analyses were performed using
selected columns, as described in the previous section.
The key element index values of the selected columns are
summed and the collapse modes for each case are plotted.
Each procedure was performed on models with different
floor loads. Fig. 13 shows the distribution of the integrated
values of the key element index and the collapse modes
of the structure for a simultaneous blast, where nonupda-
ted index values are used. TC in the figures indicates total
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Figure 12. Updated index values and the selection of col-
umns from among those with the smallest values (column
at the left and lower side is selected prior to the other co-
lumns if they show same KI values).

collapse, PC indicates partial collapse, and NC indicates
no collapse. The integrated value indicated by the black
circle in Fig. 13(a), for example, is calculated as follows:

0 0 0 0 0 0

VKT, + KT+ KTy KT, + oK+ oK
=1.693+2.382+3.633+4.284+5.979+7.863  (12)
=25.834

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 columns with the largest
index values are successively selected (see Fig. 13(a)),
whereas the region is very small when the columns with
the smallest index values are selected (see Fig. 13(b)). To
accomplish total collapse, neither the integrated index va-
lues nor the floor load should be too large because larger
values tend to make the structure relatively stable in the
collapse process.

Fig. 14 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 cir-
cle in Fig. 14(a), for example, is calculated as follows:

0 1 1 3 4 6
VK1, +y KT+ K, + K1+ KT+ KT,

=1.693+1.407+1.525+1.179+1.315+1.377  (13)
=9.892

The same tendencies as observed in Fig. 13 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 Figs. 13 and 14 that there are several
specific areas of integrated index values that allow for suc-
cessful demolition, especially when the columns are sel-
ected 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 co-
lumns 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
demolished by a final blast on a column (or columns)
with a large index value, essentially traversing the solid
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Figure 13. Key element index values and collapse behavior of the model (simultaneous blast, nonupdated index value).
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Figure 14. Key element index values and collapse behavior of the model (sequential blast, updated index value).

line in Fig. 14(b) in one step.

4.3. Blast demolition analysis of a framed structure
using the obtained plan

Two analyses using the plans of blast demolition obtai-
ned in the previous section were performed on the model
shown in Fig. 10. Each analysis took 50 to 90 minutes on
a personal computer (CPU: 2.0 GHz Xeon, 8GB RAM).
Fig. 15 shows the demolition mode for the simultaneous
blast case, in which the eliminated columns were selected
from among those with the largest nonupdated index val-
ues. Six columns altogether were selected, in this case,
and the integrated value of the key element index was
25.834 as calculated in Eq. (12). Fig. 16 shows the demo-
lition 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 sequen-
tially eliminated over an interval of one second, and then,
three columns with the large index values (with the inte-
grated 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. 14(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 dir-
ection.

5. Conclusions

The numerical code using the ASI-Gauss technique des-
cribed herein yields highly accurate solutions with small
mesh subdivisions and requires little calculation time and
a small amount of memory. The shifting of the numerical
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Figure 15.
value).
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Figure 16. 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).

integration points enables the accurate modeling of a frac-
tured section in a member, which is the main reason why
the code can be effectively applied to demolition problems.
The key element index and its integrated values, as de-
monstrated in this paper, may be used to quantitatively
verify which columns should be eliminated to best achi-
eve a total collapse. The numerical results suggest that for
a successful demolition, a group of columns with the lar-
gest 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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