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Abstract— The importance of ductility in absorbing energy and its improving the structural
behaviour under earthquake loading is well-established. Some researchers have noted that the
ductility ratio may also be an important parameter for designing structures against explosion-
induced forces. However, their works were mainly qualitative and based on the ductility of the
structural members. In this article, nine short steel frames with different spans and numbers of
storeys, subjected to different blast loadings have been investigated. Nonlinear pushover blast
force-displacement curves are evaluated for each frame and the ductility parameters are extracted.
The results indicate the significant effects of ductility ratio on the structural response. Also, it is
found that the ductility reduction factor under blast loading increases with increasing ductility
ratio, irrespective of the period of vibration of the system.

Keywords— Ductility ratio, ductility reduction factor, blast loading, steel structures

1. INTRODUCTION

Nowadays, the danger of explosion damage to a structure as a result of a hostile act is on the rise. Many
factors can decrease, or increase the detrimental effects of an explosion. The role of ductility in absorbing
the energy and modifying the structural behaviour under the effect of earthquake loading is well
established. Many researchers have attempted to generalize the loading to include the blast loading.

Smith and Heathernigton reported that field tests have proved that structures with lesser ductility are
more susceptible to explosion forces [1]. Based on observations, Smilowitz also believes that ductility of
the steel tube system was the major factor in decreasing the effects of destruction in the explosion that
happened in the World Trade Center in New York in 1994 [2]. Thabet and Haldane investigated the non-
linear behaviour of a 3-D reinforced concrete frame under blast loading by determining its patterns of
failure and the effects of ductility on the response [3]. Mendis and Ngo also investigated the susceptibility
of tall reinforced concrete structures to blast loading initiated from outside the building and found that in
order to avoid progressive collapse, the ductility of members is much more vital than their overall strength
[4]. Hinman has also noted that working with ductile materials and designing ductile connections are
essential for the safety of structures against blast loading [5]. Khaloo and Tariverdilu Asl also reported on
the effects of ductility on the high strength concrete RC flexural members [6]. Regarding other structures,
Son et-al. [7] and Runter et-al. [8] assessed the effects of ductility on controlling cracks in bridge decks
and piers, both having a positive view on ductility to prevent progressive collapse.

Regarding the general effects of blast loading on structural elements, the results of many
investigations are reported in the technical literature. For example, Lussicni and Luege [9] and Miyamoto
and Nakamura [10] investigated the effects on reinforced concrete slabs, Lan et-al. [11] as well as.
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Librescu et al. [12] studied the effects of blast loading on sandwich paneling, Louca and Boh worked on
design and analysis of blast walls [13] and Magnusson and Hallgre carried out blast analysis of reinforced
concrete beams [14].

A look at the current state-of-the-art, as indicated above, shows that the previous investigations on
ductility effects under blast loading are mostly limited to the materials or the structural elements and in
regards to the ductility effects on the structural response as a whole, mainly the results from other dynamic
loading such as earthquake loading are adapted for blast loading. Also, the latter research is limited to
qualitative investigations and no quantitative work has been carried out. As a result, in this article attention
is focused on ductility and its effects on the behaviour of steel frames, built on the ground, under blast
loading.

2. DUCTILITY RATIO OF THE STEEL FRAMES

In a dynamic loading, because the load is temporary and its duration is short, it is preferable that materials
and connections behave in a non-elastic manner so that the structure can tolerate larger deformations and
can absorb more energy. The ratio of the ultimate displacement to displacement at the point of yield is
called ductility ratio [15].

In Fig. la, the displacement-force curve for a steel member is shown. In this diagram, A is the
displacement at the yield point and A, is the ultimate displacement at the point of failure. The ductility
ratio (u) for a steel member is therefore identified as;

=4, /A, (1)

Figure 1b shows the displacement-force diagram for a steel frame. 5y shows the displacement where
the curve changes from a linear form to a non-linear form and represents formation of the first plastic
hinge in the frame. On increased loading, through redistribution of internal forces, the stress in other
sections will increase and further plastic hinges are developed up to the point where the structure becomes
unstable. A is the crossing point of extension of the elastic branch of the curve with asymptote of the
final point of force-displacement curve. A is considered as the virtual or effective structural yield point.
A,, corresponds to the displacement at which the frame reaches its ultimate capacity. However, to avoid
destruction of the structure due to the effects of P- A standard codes of practice limit this displacement to
a percentage of the height of the structure.
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Fig. 1. Displacement-force diagram for: a) steel bar b) steel frame

In this article, three types of frames are investigated; one span-one storey frames, three span-two
storey frames and five span-two storey frames. Each type of frame consists of three frames with different
member configurations and properties, giving them different ductility ratios.

Figure 2 represents the geometric specifications and cross-sections of the frame members. The frames
are modeled using thin walled elements of the ANSYS software [16], having the capacity to undergo
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tension, compression, bending, and St. Venant torsion. The steel is assumed to have an elasto-plastic
behaviour with: E =200GPa, v=0.3 andF, =240 MPa. To calculate the ductility ratio,
displacement-controlled, non-linear pushover analysis of the frames were carried out. For this purpose, the
ultimate allowable drift was considered to be equal to 2.5% of the height of the structure on the basis of
the specification by the Iranian seismic code, standard 2800 [17]. Displacements of up to 2.5% the height
of each frame were therefore statically applied at 0.001m intervals and the corresponding frame base
shears were calculated. Figure 3 shows the base shear-drift diagrams for the one span-one storey frames
(U). In the initial stage, as expected, the change in the base shear in relation to the drift is linear. However,
as the drift increases and with the increase in the member stresses, the first and the subsequent plastic
hinges occur and as a result the slope of the drift-base shear curve reduces.
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Fig. 2. Characteristics of the nine analyzed frames: a) one span-one storey frames,
b) three span-two storey frames and c) five span-two storey frames
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Fig. 3. Force-Roof displacement curve for U;, U, and Us

The effective structural yield displacements (Ay) and the ductility ratios determined for U frames are
given in Table 1. Similarly, the ductility ratios for the two-storey frames (3F and 5F) were evaluated and
are presented in Table 2.

Table 1. Ductility ratios for the one span-one storey frames

FRAME
Ul U2 U3
Ay 0.0334 0.0293 0.0266
A, 0.1 0.1 0.1
A, /Ay 3 34 3.8
Table 2. Ductility ratio for 3 and 5 span-two storey frames
FRAME
3F1 3F2 3F3 5F1 5F2 5F3
Au 0.2 0.2 0.2 0.2 0.2 0.2
Ay 0.06 0.054 0.043 0.06 0.053 0.043
w=Au/Ay 3.3 3.7 4.3 3.3 3.8 4.7
3. BLAST LOADING

In this article we have assumed that the blast takes place at a distance outside the structure in a manner in
which the whole structure is affected by the blast waves. Also, it is assumed that the explosive charge is
positioned on the ground (Fig. 4).

The first step for estimation of loads exerted on the structure by the air blast is to calculate the
maximum overpressure. Although different equations for calculation of these parameters have been
suggested, the equation by Kinney and Graham [18], and TM5-1300 diagram [19] more accurately
estimate this parameter [20]. On the basis of numerical analysis and using experimental data, Kinney and
Graham have suggested Eq. (2) for calculation of the maximum overpressure (PS) [18].
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]
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()
In this equation, P, is the ambient atmospheric pressure, and Z is the scaled distance in m/ kg'/ > as
given in Eq. (3).
1
Z=R/W?3 3)

Where, W is the weight equivalent TNT charge in kg, and R is the distance from detonation point to the
point of registered pressure. The velocity of the blast wave propagation in the air (U may be evaluated

as [21]:
v, =L, )
‘ 7P,

In Eq. (4), a, is the sound velocity in air. The blast wave propagation in the air produces dynamic pressure,
which is calculated from Eq. (5) [21].

2

5P
=55y )
2(P, +P)

As the blast waves collide with a perpendicular surface, reflection pressure is generated which can be
evaluated using the following equation [21];

P =2P TP, +4P, (6)
7P, + P

To calculate the duration of the blast loading on a structure (t;), we can use either the diagram presented in
TM5-1300 [19] or the Eq. (7) suggested by Izadifard and Mabheri [22] as;

log,(t,/ W"*)=2.510g,,(Z)+0.28 zZ<1

log,,(t./ W'")=0.31log,(Z)+0.28 : 7>1 ™

First, the blast wave collides with the front face of the structure and causes an intense reflected pressure in
the air outside the structure. Then, the wave passes over the structure and reaches the rear of the structure
(Fig. 4). The traveling time of the wave from one point to another is proportional to the distribution of the
wave in the ambient atmosphere [1]. The on-side pressures, including the suction caused by the drag, are
applied on the roof and the rear part of the structure. The drag coefficients on different surfaces are
presented in references [1], [19] and [21]. As an example, the pressure exerted on the surfaces of the frame
(U) under an explosion of 1000 kg of TNT at 30 meters away from the frame is presented in Fig. 5. Also,
Fig. 6 shows the exerted pressure on different surfaces of the two-storey frames with three spans (3F)
under an air blast of 1000 kg of TNT at a distance of 30 meters. As another example, the exerted pressures
on different surfaces of the two-storey frames with five spans (5F) under a 4000 kg of TNT blast at a
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distance of 50 meters are also shown in Fig. 7. It should be noted that in all the above mentioned analyses,

the explosive charge was positioned on the ground and the reflecting effects of the ground are also

\

Explosive (m

considered in the calculation.

Structure

Fig. 4. Blast wave propagation
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Fig. 7. Blast loading on 5F frames; a) near side, b) roof, ¢) far side
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4. RESPONSE OF THE FRAMES TO BLAST LOADING

In many dynamic loadings similar to earthquake, the ductility reduction factor, R . » 18 calculated in the
following form
R, =F, / E, ®

where, with reference to Fig. 8, F. is the ultimate base shear in the linear elastic behavior and F, is the
ultimate base shear in the non-linear elasto-plastic response.
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Fig. 8. Roof displacement-base shear for U, frame

To determine the ductility reduction factor for the nine frames under blast loading, therefore, the base
shear-drift relationship for each frame needs to be established. The following procedure was adopted to
evaluate these relationships;

i) For each frame, the blast pressure time history exerted on the near and far sides and the roof of the
frame were evaluated as described above, using different payloads exploding at a specified distance away
from the frame. Payloads of 5, 10, 20, 30, 40, 55, 70, 85, 100, 115, 130, 150, 175, 200, 225 kg TNT at a
distance of 30m were considered for the single storey U frames, with U, and Us having extra charges of
250 and 250 and 275 kg TNT, respectively. The payloads considered for the two storey-three span frames
(3F) included 50, 75, 100, 150, 200, 250, 300, 500, 750, 1000, 1100, 1250, 1350 and 1500 kg TNT with
3F2 and 3F3 having extra charges of 1600, 1700 and 1800 kg TNT, all applied at a distance of 30m. For
the two storey-five span frames (5F) the payloads included 150, 300, 400, 500, 700, 1000, 1500, 2000,
2500, 3000, 3500, 4000, 4500, 5000 and 5250 kg TNT exploding at a distance of 50m from the frames.

ii) For each frame and for each explosion payload, the calculated blast pressure time histories were applied
to their respective faces (near, far and roof) of the frame and a transient dynamic analysis was performed
on the frame considering both an elastic linear and an elasto-plastic non-linear response to determine the
member stresses, base shear and drift time histories for each type of response. The time step considered
for the transient dynamic analysis was 0.05 ms. Therefore, for example, the duration of the time history
given in Fig. 5a for the U frame is 27.3 ms, giving 546 time steps for the transient analysis of this frame.
Typical time history results, in the form of time history of the displacement at the roof level (drift) of
frame U, are presented in Fig. 9. As can be observed, in the linear elastic case, the displacement varies
sinusoidaly, indicating an elastic free vibration of the frame after the blast. However, in the non-linear
model the blast causes a permanent drift and the displacement oscillates around the permanent drift. The
time history of bending moment for the bottom and top of the columns of U; are also shown in Figs. 10
and 11, respectively. The variations in the bending moments shown in Fig. 10a or 10b follow a general,
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free vibration trend. However, some secondary effects can be seen superimposed on this general trend. In
this figure, the secondary effects are shown up to 0.1 sec., but, for clarity of the general trend, they are
eliminated from the figures after that time.

iii) The maximum base shear and the maximum drift obtained from the linear and non-linear dynamic
blast analyses of each frame under each payload are then extracted and used to draw the base shear-drift
curve for that frame. The base shear-drift curves thus obtained from the linear and non-linear analyses for
frames U;, U, and U; are shown separately in Fig. 12. Using these diagrams and with reference to Fig. 8,
the parameters F, Fy and R, are calculated and are presented in Table 3.
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Fig. 12. Drift-base shear diagrams for one span-one storey (U) frames

Table 3. The amount of F,, F, and R, for one span-one storey frames

U, U, U,
F, (kN) 943 1708 1955
F, (kN) 554 745 829
R, =F,/F, 1.70 2.29 2.36

Similarly, linear and non-linear blast analyses for two-storey frames 3F and 5F were carried out. The
base shear-drift curves for the 3-span frames (3F;, 3F, and 3F3) and the 5-storey frames (5F;, 5F, and 5F;)
are shown in Fig. 13 and Fig. 14, respectively. Also, in Table 4, the parameters F., Fy, andR . » deduced
from the results of analyses on the 3-span and 5-span frames are presented. Figures 13 and 14 and Tables
4 demonstrate that in all cases as the ductility ratio of a frame increases, the ductility reduction factor also
increases. This indicates the improvement of the structural behavior with increased ductility.

Table 4. F,, F, and R, for three and five span-two storey frames

3F1 3F2 3F3 5F1 5F2 5F3

F, 1547 | 1676 | 2897 1720 1935 3870
E, 474 502 | 698  646.8 6835 905
Fe/Fy 3.26 334 | 414 266 284 427

5. A DISCUSSION ON THE RESULTS

To compare the results of different frames having similar ductility ratios, the drift-base shear curves from
the non-linear analyses of the frames are presented in Fig. 15. Frames U, (n = 3.4), 3F; (n = 3.3) and 5F;

(p = 3.3) are compared in Fig. 15a, and frames Us; (n = 3.8), 3F, (u = 3.7) and 5F, (p = 3.8) are compared
in Fig. 15b.

February 2010 Iranian Journal of Science & Technology, Volume 34, Number Bl



58 R. A. Izadifard and M. R. Maheri

Frame 3F1 Frame 3F2
16E+08 1.6E406
£
14E+08 1.4E+08
Linear ” Linear f
1.2E+06 1.2E+06 #
- / -
% 1.0E+06 7 % 1.0E+08 /,
g B.0E+05 7 g B.OE+05 /!
3 / 5 /
3 60E40S 7 soridiia 3 60805 7 e
4.0E+05 £ 4.0E+05 /
20E+08 2.0E405
0L.OE+0D 0.0E+00
L] 0.0 0.02 0.03 0.04 ] o0 0.02 0.03 0.04
Drift Drift
Frame 3F3
J.0E+08
/
2 5E+06 7
Linear /'
= 2.0E+08
] /
& 1.5E+08 +
§ /
1.0E+08 #
rd Monlinear
5.0E+05 v
0.0E+00
a oo 0.0z 0.03 0.04
Drift
Fig. 13. Drift-base shear diagrams for three span-two storey frames
Frame 5F1 Frame5F2
1.4E+08 1.4E408
1.2E+06 Vi 1.2E+06 II’
1.0E+08 Linear / 1.0E+08
£ J £ Linear f
§ 8.0E405 7 5 8.0Ee05 7
ﬁ ! HNeonlinear ﬁ Nonlinear
6.0E+05 B.0E+05 /
i / i /
4.0E+08 / 4.0E+08 /
2.0E+05 20E+05
0.0E+00 0.0E+00
0 0.01 0.02 0.03 0.04 0 00 0.02 0.03 004
Drift Drift
Frame 5F3
3.0E+D6
/
2.5E408 7
2.0E+06 /
= 2.0E+
E Linear ’,
£ 1.5E406 ,’
H / Nonlinear
@ 1.0E+06
/
5.0E+08
0.0E+00
o 0.01 0.02 0.03 0.04
Drift

Fig. 14. Drift-base shear diagrams for five span-two storey frames

Considering the differences in the number of the spans, and the cross-section of the members of the
frames, a better comparison can be achieved if the base shear-drift curves of Fig. 15 are scaled in relation
to their Fy. The scaled base shear-drift are shown in Fig. 16. Fig. 16 demonstrates that, in spite of the
differences in the number of spans, number of storeys, the height of frames and physical specification of
the members, the structures with similar ductility ratios have similar scaled base shears. The exception
being the single storey frame U3 which appears to follow a different trend. However, the importance of
ductility in reducing the blast loading on the frames appears to be true for all the frames. To further
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compare the effects of ductility ratio p on the ductility reduction factor R, the results for all nine frames
are presented in Fig. 17. It can be seen that for p < 3.3 and p > 3.8 the R, dependence on p is very high.
On the other hand, for ductility ratios between 3.3 and 3.8, the changes in R, with increasing p appear to
be of a lower order when compared with ductility ratios outside this range. However, Fig. 17 indicates
that for all the frames investigated and under all circumstances, the ductility reduction factor R, increases

with increasing p.
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At this stage it would be prudent to compare the ductility effects under blast loading with that of the
earthquake loading. The effect of ductility on reducing the earthquake loading has been investigated by a
number of investigators. Newmark and Hall [23] studied the linear and non-linear spectrums of a number
of earthquakes to determine the ductility reduction factor, R,, and presented it as a function of the ductility
ratio, p, and the fundamental period of vibration of the structure. Lai and Biggs [24] also used the non-
linear spectrums of 20 synthetic earthquakes and presented the ductility reduction factor as a logarithmic
function of p. Riddell and Newmark [25] used statistical studies of non-linear spectrums of elasto-plastic
systems to derive at a relationship for R,. In another study, Riddell et al. [26] used the time histories of
four sets of earthquakes to derive a bilinear relation for determination of R,. Nassar and Krawinkler [27]
presented another relationship for R, as a function of p and T. They used time histories of 15 earthquakes
recorded on hard rock and alluvium in the west of the United States. Finally, Miranda and Bertero [28]
used the time histories of 124 earthquakes recorded on different types of soil and presented R, for three
different soil types.

Using the relationships given by the above investigators, the earthquake ductility reduction factors for
the frames U, 3F and SF are determined and compared with the ductility reduction factor obtained from
the blast loading of the same frames in Table 5. Also, in Fig. 18, different values of R, obtained from
earthquake loading and blast loading for frames U1, U2 and U3 are presented. It is evident that the values
obtained using the relationship presented by Lai and Biggs differ considerably with those obtained from
the rest of the earthquake-related ductility reduction factors. Also, the values deduced from the
relationships given by Newmark and Hall and Riddell and Newmark show that for the one-storey frames,
U, depending on the ductility ratio, the ductility reduction factor may be inversely proportional to p [23,
25]. This is not shown by other investigators and is in contrast with the results obtained from the present
study for blast loading. On the other hand, the results obtained from the Riddell et al., Nassar and
Krawinkler and Miranda and Bertero relationships conform well, for all the frames [26-28]. Therefore, the
average of the results from the latter three references are considered for the earthquake-related R, for
frame U and the average R, from all the investigators (except Lai and Biggs) is used for frames 3F and 5F.
The values representing the average earthquake-related R, are compared with the blast-related R, in Fig.
18. The results shown in Fig. 18 indicate that for both the earthquake and blast loading, and for all frames,
R, increases with increasing p. Also, although the importance of ductility in reducing the blast loading is
evident from these results, it can clearly be seen that ductility has a more important role in earthquake
loading compared to blast loading of the structures.

Table 5. Ductility reduction factor in earthquake and blast loading

Frame U | U, | U, 3F1 | 3F2 | 3F3 | 5F1 | 5F2 | 5F3
T (sec) 537 | 414 | 356 | .884 | .871 | .731 | 1.00 | .959 | .741
M 3 34 | 38 | 33 | 3.7 | 43 | 33 | 3.8 | 47
Blast loading 1.70 | 2.29 | 2.36 | 3.26 | 3.34 | 4.14 | 2.66 | 2.84 | 4.27
Newmark & Hall [23] 29 | 24 | 25 |33 |37 | 43|33 | 38 | 47
Lai & Biggs [24] 20 | 2.1 | 22 | 26 | 27 | 3.1 |265| 3.0 | 3.2
Riddell & Newmark [25] 28 | 24 | 25 | 33 | 3.6 |395]| 33 |3.65|4.15
Riddell &Hidalgo &Cruz [26] 32 | 34 | 38 | 33 | 3.7 | 43 | 33 | 3.8 | 47
Nassar & Krawinkler [27] 295 32 | 345|355(405|465| 3.6 | 42 |5.15
Miranda & Bertero; (Rock) [28] 27 128 | 3.0 | 35 |39 | 42 | 3.7 | 42 | 45
Miranda & Bertero; (Alluvium) 30 | 30 | 325 40 | 45 | 49 | 41 | 47 | 53
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Fig. 18. Comparison between ductility reduction factor in earthquake and blast loading

6. CONCLUSION

In this article the behaviour of nine steel frames, having different geometrical configurations, dimensional
specifications and ductility ratios, subjected to blast loading were investigated. The results of these
investigations lead us to the following conclusions;
1. Similar to earthquake loading, in blast loading ductility ratio is the dominant parameter when
determining the ductility reduction factor.
2. Similar to earthquake loading, the ductility reduction factor under blast loading increases with
increasing ductility ratio, irrespective of the period of vibration of the system.
3. It seems that the ductility ratio has a more profound effect on reducing the earthquake loading
compared to blast loading. However, the importance of ductility of the structure in reducing the
effects of blast loading on the structure is also clearly shown. The ductility reduction factor R,
was evaluated as between 2 to 4 for ductility ratios p from 3 to 4.7 for different frames, indicating
the importance of this parameter when designing for blast loading.
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