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ABSTRACT

The implementation of models for the prediction of structural behavior due to blast loads has become
vital in the evaluation of threats. Most often, these models require complex finite element analysis and
a background in structural and blast engineering to use effectively. Although the finite element models
(FEMs) are robust and accurate, it is often necessary to evaluate structures and their potential risks in
a relatively short time frame, much quicker than the time a complex, non-linear analysis would neces-
sitate. Typically, simplified engineering tools, such as single degree of freedom models, are utilized in
these scenarios but, while effective for some blast applications, often lack the fidelity necessary to suf-
ficiently represent the variable (spatial and temporal) loading and non-linear response of the structure
from a range of explosive events.

This paper presents a methodology for a blast analysis tool whereby a FEM is used in conjunction
with an artificial neural network to develop a physics-based fast running model. The methodology,
which can be applied to a variety of engineering problems, is applied to residual capacity predictions
for steel columns subjected to a range of vehicle-borne explosive threat scenarios. Through a set of
validation scenarios, the model is shown to be an effective blast analysis tool capable of predictions of
structural response within seconds and accessible for security and engineering professionals with vary-
ing technical backgrounds.

Keywords: artificial neural network, blast, steel columns, structural models.

1 INTRODUCTION

The majority of fast running models (FRMs) for blast analysis heavily rely on single degree
of freedom (SDOF) systems [1]. In an SDOF blast analysis, a column with length, L, dis-
placement, x, and applied blast load, w(t), is considered and is shown in Fig. 1. For simplicity,
the blast load is typically chosen to be uniform and the boundary conditions are modified to
represent the configurations of the structure. The column, which has a continuous displaced
shape along the length, is simplified into a spring—mass system, in which the equivalent mass
of the structure, M, is lumped into a single element with an applied time-varying load, F(?).
The resistance of the column, R, which is a function of the displacement of the mass, x, is also
incorporated and found using the basic stiffness and boundary conditions of the structure.
The displacement is computed by numerically solving the equation of motion.

The displacement computed from the SDOF is typically defined as the displacement at the
mid-span of the column. The predictions using SDOF methods are satisfactory for a wide
range of blast problems; however, the methodology does directly yield information as to the
response of the column such as capacity [2, 3] or type of damage. Additionally, because it
assumes a uniform blast loading along the height and the width, it is not able to account for
the sometimes extreme variability in pressure and impulse along the height of the column for
near-field charges. Such explosive scenarios are more likely to cause localized behaviors and
failures such as web buckling, flange deformations, and rupture of the web [4], none of which
can be described or predicted using current SDOF model methodology.
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Figure 1: SDOF model for blast loading.

To accurately predict the column response of this nature, it is often necessary to employ a
validated finite element model (FEM) that can sufficiently capture behaviors seen in
blast-damaged columns. Such models, although accurate, can involve millions of elements
and can be extremely time consuming to compute, which is undesirable in many cases. To be
effective, the tool must be able to accurately predict the column response for any subset of
given conditions and parameters in a relatively short time frame. For this reason, an artificial
neural network (ANN), discussed in the following sections, was used to process the parame-
ters and predict the capacity response using data generated from the high-fidelity FEMs.

The model developed in this paper is presented for the prediction of residual column
capacity subjected to vehicle-borne threats. The columns are loaded in both the strong and
weak directions and included freestanding columns with no beam connections or base plates.
Column size considered ranged from W8 to W14 steel wide flanges. It is meant to be the
starting point for multiple variations and additions as the methodology described is pertinent
to applications of other column configurations and other types of structures.

2 ARTIFICIAL NEURAL NETWORKS

An ANN is a mathematical or computational model that tries to simulate how biological
nervous systems, such as the brain, process information. In the model, each single artificial
neuron, shown in Fig. 2a, accepts information from a number of given inputs. Each of those
inputs comes with a strength (or weight) that corresponds to the synaptic efficiency in a bio-
logical neuron. Each neuron has a corresponding threshold or bias value, b. The weighted
sum of the inputs is computed and subtracted from the threshold value to compute the activa-
tion value, a. This activation value is passed through an activation function (transfer function),
/. to produce the output of the neuron.

A network of neurons is composed of many single element neurons operating in parallel.
The connections between the elements are often interconnected by multiple inputs and mul-
tiple layers of hidden neurons, which can produce multiple outputs. One example of a network
of interconnected neurons is given in Fig. 2b. For the purpose of this paper, a feed-forward
network, which passes information in one direction, with one layer of hidden neurons and
one output parameter will be used and discussed further. Many references discuss ANNs in
more detail and provide information on additional types of neural network structures [5,6].



L.K. Stewart & K.B. Morrill, Int. J. of Safety and Security Eng., Vol. 5, No. 4 (2015) 291

Output

a:wixi—b
E WX, ———> f

Weighted Activation
Summation Function

Outputs

Figure 2: Single artificial neuron model (a) and artificial neural network (b).

The procedure of modifying the weights and biases of the network to perform some par-
ticular task, such as predicting column capacity, is done with a training algorithm. The
training algorithm can be supervised or unsupervised. This methodology will use a super-
vised algorithm whereby the inputs and outputs of the training sample set are known and
applied to the model. In this case, the inputs are applied to the network and outputs are com-
puted. These calculated outputs are compared with the actual target values, and the weight
and bias values are updated.

There are many training algorithms that can be used to help the model ‘learn’. The major-
ity of the algorithms are methods that seek to provide a numerical/iterative method for the
minimization of the error function created over the space of parameters. Some examples of
these types of algorithms are the back propagation method, the conjugate gradient descent
method, the quasi-Newton method, and the Levenberg—Marquardt method. Once acceptable
values from the weights and biases have been determined, the model can then be used to
predict outputs from another set of desired inputs.

3 SELECTION OF PARAMETERS
The input parameters for the ANN were divided into two categories: loading parameters and
structural parameters. The loading parameters were needed to adequately describe the loads
imparted on the column by a typical vehicle bomb. The loading environment can be described
by a charge of a given weight, W, at a given standoff, R. Typical vehicle bombs considered are
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Figure 3: Typical wide flange dimensions.

within the range of 500-1500 Ibs (226-680 kg) [7] and are normally located a few feet off the
ground. For this study, a constant height of 3 ft (0.9 m) from the ground was selected. The
standoffs of interest include vehicles at the curb and are within the range of 3-25 ft (0.9-7.6
m) from the column. Any standoff closer than 3 ft (0.9 m) is considered a near-contact charge
and is outside the scope of this paper. Standoffs outside of 25 ft (7.6 m) are not included
because the damage to the column would be minimal and SDOF methods are likely to be
sufficient. For security purposes, charge weight and standoff are normalized in this paper
through the scaled distance, Z, as given in the following equation:

Z=R/W'/3 (1)

The structural parameters were chosen to sufficiently describe the geometry of a steel wide
flange section [8]. The geometry of a generic section is shown in Fig. 3. Parameters and the
range of values were chosen based on applicability to blast design and on the availability of
data to validate the FEM. The first parameter considered is the column depth, d, which is an
important parameter because as d increases, the tributary area for weak axis loading increases
which, in turn, increases the load on the column. In the strong axis direction, it also contrib-
utes to the stiffness in the loaded direction. Column depths of interest are those associated
with W8-W 14 sections and range from 7.93 to 22.84 inch (20.1-58.0 cm).

The second structural parameter of interest is the width—thickness ratio of the depth, d, to
the web thickness, t,, The parameter will, therefore, be defined as d/tw. The ranges for this
parameter for columns of W8-W14 are 6.11-37.04. Data used for model calibration solely
involved relatively square columns; therefore, it will be assumed that the columns used in this
analysis will also be relatively square with b/df > (.75. The length of the flange, b, will there-
fore not be used as a parameter and can be considered to be equal to d in any subsequent
calculations used for model training.

The next structural parameter involves the flange thickness, . The thickness of the web, Ly
will be included in a ratio with the thickness of the flange. The thickness ratio, #,/¢,, is appro-
priate because, among other things, it specifically defines the amount of local and global
damage of the column depending on its orientation. For example, in a strong axis configura-
tion, if the flange thickness is small compared to its web, more local flange deformation
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Table 1: Model parameters and ranges.

Type Parameter Range

Loading Scaled Distance, Z 0to 10

Structural Depth, d 7 in to 25 in (20 to 58 cm)
Structural Width-Thickness Ratio, dre,, 6.1t037.0

Structural Thickness Ratio, #/t, 1.3t0 1.8

Structural Length, L 8 to 25 ft (2.4 to 6.1m)
Output Column Capacity Ratio, CCR Otol

would occur over the global deformation of the column that is more governed by the web.
Typical thickness ratios range from 1.62 to 1.77.

The last structural parameter is the column length, L. The column length is significant
because as the column height increases, the amount of deformation increases due to an
increase of tributary area, as well as the buckling length. Column lengths appropriate for this
model range from 8 to 20 ft (2.4—6.1 m) as found in a typical building. A summary of the
input parameters and their ranges are included in Table 1.

The residual column capacity was selected to be the output parameter of interest in this
example model. Other output parameters can be selected and considered simultaneously
using the ANN if desired. The residual capacity is quantified by the column capacity ratio
(CCR). The CCR is defined as the ratio of the residual column capacity after blast damage
over the virgin capacity of the column as described in eqn (2). For example, consider the case
of a column with load-carrying capacity of 800,000 Ibs (363,000 kg). The structural and
loading parameters of that column and charge weight would be entered into the model and,
for example, a CCR of 0.75 would be output. The CCR of 0.75 would indicate that the col-
umn could carry 75% of the initial load-carrying capacity of 800,000 Ibs (363,000 kg), which
would mean that the damaged column could carry up to 600,000 Ibs (272,000 kg). If the
column were designed to hold 700,000 (317,000 kg), the column would likely fail after the
blast, since it could only carry 600,000 Ibs (272,000 kg)

CCR = Blast Qa@aged column camacity )
Virgin column capacity

4 SELECTION OF TRAINING POINTS

The selection of individual training points was performed in an iterative process. An initial
set of training points was selected and is described in this section. The initial set consisted of
51 samples in both the strong and the weak axis model. These samples each included a dif-
ferent combination of the five parameters described in the previous section. For each
parameter, a nominal, minimum and maximum value was assigned based on the distribution
and range of values for that parameter. The nominal value is selected as the most representa-
tive value of the sample. This can be based on mean, median, distribution, etc. and often times
experience aids in the selection.

The nominal charge weight, W, was chosen to be 1,000 Ibs (454 kg). The minimum was
500 Ibs (226 kg) and the maximum was 1,500 lbs (680 kg). The minimum standoff, R, was
set at 5 ft (1.5 m), the nominal was defined as 10 ft (3 m) and the maximum was set as 20 ft
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Figure 4: Depth versus width—thickness ratios.

(6.1 m). Since scaled distance Z is used as the parameter in this paper, these values corre-
spond to a nominal Z of 1 with minimum and maximum 0.62 and 1.75 values, respectively. It
should be noted that these are not the full minimum and maximum ranges because the model
is able to extrapolate, to some extent, outside the minimum and maximum ranges defined.

This model considers W8—W 14 sized columns with b/d ;> 0.75. The corresponding depths,
d, and width-thickness ratio, d/f, , associated with these sections are plotted in Fig. 4. From
the distribution of this plot, it was decided that a nominal depth of 14 inch (35.6 cm) would
be used with a minimum and maximum of 8 inch (20.3 cm) and 22 inch (55.9 cm), respec-
tively. Eight inches (20.3 cm) were chosen as the minimum for the width—thickness ratio, 20
inch (50.8 cm) for the nominal and 35 inch (88.9 cm) for the maximum.

Figure 5 gives a plot of the depth, d, versus the thickness ratio, 7./t . In this case, the nom-
inal for the thickness ratio parameter was chosen as 1.60 because that value seemed to best
represent the distribution of points. The minimum and maximum were selected as 1.45 and
1.75, respectively.

The last parameter is the column length, L. A minimum height was chosen as 8 ft (2.4 m)
and a maximum was chosen as 20 ft (6.1 m). The nominal was decided to be 12 ft (3.7 m)
because that could be considered an average height for typical structures. A summary of all
the parameters and their values is included in Table 2.

The parameters were combined in a systematic manner for the initial data set. The five
parameter combinations span a five-dimensional space that is difficult to visualize. For this
reason, a three-dimensional data set will be used for explanation purposes. If a three-pa-
rameter space, x,, X,, X5, is considered and plotted as a cube with the nominal of each value
at the center of the axis and the minimum and maximum as the two extremes, as shown in
Fig. 6a, then the center black dot would correspond to the sample with x; = nominal, x, =
nominal, and x; = nominal. The next set of points is found by varying one parameter to an
extreme and keeping the remaining parameters fixed and nominal. For example, x; = min-
imum, x, = nominal, and x; = nominal. These points are shown in the cube in Fig. 6b as the
grey squares. For a given number of parameters, n, the number of samples corresponding
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Figure 5: Depths versus thickness ratios.

Table 2: Summary of nominal and extreme parameter values.

Parameter

Minimum Nominal Maximum

Scaled Distance, Z
Depth, d

0.62 1 1.75
8in (20.3cm) 14in (35.6 cm) 22 in (50.8 cm)

Width-Thickness Ratio, d/,, 8 20 35

Thickness Ratio, tf/tw
Length, L

1.45 1.60 1.75
8 ft (2.4 m) 12 ft (3.7 m) 20 ft (6.1m)

(a) (b) (c)
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Figure 6: Three-dimensional sample space: (a) nominal case, (b) one extreme parameter,

and (c) two extreme parameters.
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to varying one parameter is 2n. The last set of points used in this initial data set is found by
varying two parameters in all combinations of extremes and keeping the third parameter
fixed as nominal. For example, X, = minimum, X, = maximum, and X, = nominal. These
points are shown in the cube in Fig. 6¢ as the dark grey diamonds. For a given number of
parameters, n, the number of samples corresponding to varying two parameters is 2n(nl).
If all the above-mentioned samples are considered, then the total number of initial samples,
S, for n parameters is given by eqn (3). For the five input parameters in this model, the
number of initial samples is 51.

S=1+2n2 3)

5 GENERATION OF DATA SET
The data used in this model were generated using an FEM similar to that which was validated
for strong and weak axis steel columns tested experimentally [9]. The model was simplified
specifically in the boundary conditions to make for a more realistic scenario and also to allow
for a faster run time of the model. Details regarding the two models and the loading condi-
tions are described in the next two sections.

5.1 Strong axis model

The FEM model developed for training calculations is shown in Fig. 7 using LS-DYNA, a
non-linear, explicit finite element software [10]. The model is capable of capturing a variety
of loading conditions and configurations within one generalized model. The model is also
adaptable to the creation of additional parameters such as beam/column connections, bound-
ary condition variations and preload, allowing the data generated in this research to help train
any future models.

The column mesh dimensions and geometry are generalized according to the FRM input
parameters. The model is made with shell elements consistent in size and material with those
used in the validated model [9]. The column length, L, is defined as the clear length between
the supports, which are modeled by solid element support pads that have dimensions which
are functions of the column geometry. The column was left continuous through the supports
both top and bottom to allow the column web and flange to deform near the supports. This
was also done to represent the case of a typical multistory construction, where the columns
run continuous between floors and often go below ground level to basement floors.

The column boundary conditions were chosen primarily to avoid an over-constraining of
the column, which would be dominated by flexural response. They were chosen to allow the
local shear and buckling deformation to occur that were observed in various field tests. Roller
boundary conditions were applied to the solid element pads to prevent horizontal and vertical
translations during loading and during rebound. A roller support was also placed at the bot-
tom of the column to prevent vertical uplift. Node sets were placed at all boundary pads and
supports to allow for the future restraint of the model if a fixed condition or spring addition
is later desired.

For the strong axis runs, the load was applied to the flange opposite the support boundary
as shown in Fig. 7. The loads were determined using BlastX [11] and were distributed over
the height and width of the column allowing for a non-uniform load using a software devel-
oped during this research to apply a varying time-dependent load onto each element of the
FEM. The loads did not take into account any clearing effects [12, 13] and therefore are
considered to be conservative if clearing effects are appropriate.
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Figure 7: LS-DYNA finite element model.

The blast load was applied as a pressure load along the height of the column at time, # = 0.
The column was allowed to respond to the blast load for 300 ms. Additional cases were run
with a longer time frame, but it was found that it did not have a dramatic effect on the results.
After 300 ms, an axial load was applied in the form of a displacement-controlled boundary
condition at a rate of 12 inch/s (30.5 cm/s). For the virgin capacity, the blast load was omitted
and the axial load was applied at the same loading rate, with the hope that any rate effects
from the high loading rate would nearly cancel out.

The 51 FEM cases were run according to the loading described. Results from a represent-
ative case are given in Fig. 8. The first set of results is from the case where the standoff was
10 ft, the column had a depth of 8 inch (20.3 cm), a width—thickness ratio of 20, a thickness
ratio of 1.368 and a 12 ft (3.7 m) length. A summary of the behavior through loading is given
in Fig. 8,left. The first two frames show the column being loaded by the blast load. The third
frame shows the column being initially loaded axially and the last frame gives the column
buckling due to the damage at the base (from an alternate view). The corresponding force
diagram from this sample is given in Fig. 8(right). From this plot, the capacity of the column
at failure was 297,000 Ibs (1,321 kN). This is compared to a virgin capacity test of 829,000
Ibs (3,687 kN). The associated CCR is 0.358.

5.2 Weak axis model

The FEM used for the weak axis direction FRM is identical to that of the strong axis model
described in above except for the weak axis runs, another support pad is used. For the weak
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Figure 8: Strong axis model results.

axis model, the pressure load was applied to the web opposite the support. The loads were
determined using BlastX and were distributed over the height of the column. Incident pres-
sures were applied to the inside of the flanges to remain consistent with loads without clearing
effects.

The 51 FEM cases were run according to the loading described above. Results from one
representative case are included in this paper. This case was the nominal case. The standoff
was 10 ft, the column had a depth of 14 inch (35.6 cm), a width—thickness ratio of 20, a thick-
ness ratio of 1.6 and a 12 ft (3.7 m) length. A summary of the behavior through loading is
given in Fig. 9(left). The first three frames show the column being loaded by the blast pres-
sure load. The third frame shows the column being initially loaded axially and the last frame
given the column buckling in a first mode response in the region with the most blast damage.
The corresponding force diagram from this sample is given in Fig. 9(right). From this plot,
the capacity of the column at failure was 2,164,000 Ibs (9,623 kN). This is compared to a
virgin capacity test of 2,723,000 Ibs (12,113 kN). The associated CCR 1is 0.792.

6 MODEL TRAINING AND VALIDATION

The structure of the neural network was set up to accommodate the five input parameters and
the one output parameter and is given in Fig. 10. Initially, six hidden neurons were chosen for
the first neuron layer. A logarithmic transfer function was used for both the hidden layer and
the output layer because values of CCR are restricted from O to 1. The Levenberg—Marquardt
Algorithm (LMA) [14] was used as the training algorithm for this model and is built into the
MATLAB Neural Network Toolkit [15]. The LMA provides a numerical solution for the
minimization of a function created over a space of parameters by making the assumption that
the underlying function being modeled by the neural network is linear. Based on this calcu-
lation, the minimum can be determined exactly in a single step. The calculated minimum is
tested, and if the new error there is less, the algorithm moves the weights to this point [16].

The 51 sample input sets were randomly divided into 42 training data samples and 9 vali-
dation data samples. The LMA algorithm was trained with the training data sample as long
as the network continued to reduce the error in the validation sample output. A plot of the
mean square error versus iteration is given in Fig. 11. From this plot, it is evident that the
model was learning and reducing error with each iteration.

The network can also be tested by using the initial training data (FEM inputs) as inputs and
having the model determine the outputs. If the outputs are compared to the targets (FEM
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Figure 10: Steel column capacity neural network structure.

outputs), a regression analysis can be conducted. The results from this regression analysis are
shown in Fig. 12. The R value for the regression was 0.965.

7 MODEL TESTING
The model was tested against one randomly selected column in each of the four depth ranges
(W8, W10, W12, and W14). Each column was randomly assigned a standoff from 3 to 25 ft
and a column length from 8 to 25 ft. For each column, the FEM was run given the loading
condition described by the standoff. The residual capacity of the column was calculated and
compared to the output from the FRM.
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The results from the finite element runs for the eight test cases are summarized in Table 3.
The column in Test 3 failed during the blast and therefore minimal residual capacity was
computed. The results are compared to the CCR values calculated from the FRM along with
the calculated error between the FRM and the FEM calculations for each of the randomly
selected cases. The results from the FRM are all within 8% of the finite element calculations,
which is well within an acceptable range for this application. Table 3 also summarizes the
results from the FEM and from the FRM in the weak axis direction. All CCR values for the
weak axis FRM are within 0.09 of the actual CCR. Adding additional data points is an option
if a lesser error is required.
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Table 3: Results from randomly selected test cases.

Test W Section d(in) d/it, t/t, L) FEM CCR FRM CCR Difference
Strong Axis
1 W8x48 85 2125 1.71 12 0.800 0.739 6.1 %
2 W10x112 1136 1505 1.66 21 0.924 0.906 1.8%
3 W12x79 12.38 263 156 14 0.001 0.050 4.9%
4 W14x99 14.16 22.73 1.6 10 0.853 0.884 3.1 %
Weak Axis
5 W8x40 825 2292 15 18 0.300 0.387 8.7%
6 W10x33 9.73 3355 1.68 20 0.002 0.006 0.4%
7 WI12x152  13.71 1576 1.61 22 0.231 0.231 0.0%
8 W14x68 14.04 33.83 1.73 20 0.425 0.477 5.2%
Access Road W‘ ]
Curb
_/W12x136 . _
H = = H
Figure 13: Fictitious building example.

8 EXAMPLE

The plan view for a fictitious building is shown in Fig. 13. The building is set next to an
access road with vehicle traffic. A perimeter is needed to ensure that the building remains
structurally sound, but minimizes the encroachment into the road. The columns are 14 ft
(4.26 m) tall and are W12 “ 136 sections. What is the minimum standoff needed to ensure that
the structure can withstand at least 90% of its capacity given a vehicle-borne threat of W 1lbs

of TNT (actual charge values intentionally omitted)?

Using the ANN created in this investigation, one can iterate on the standoff parameter and
yield the results in Table 4. From the results, a standoff of 9 ft (2.74 m) is needed to ensure
the building can withstand 90% of its capacity. One can get these results in a matter of sec-
onds, without using blast software or creating an FEM.
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Table 4: Results from fictitious building example.

Charge Standoff d dr, 1/t L CCR
w 7ft(2.13m) 13.4in(39.0 cm) 16.97 1.58 14 ft (4.26 m) 0.799
w 8ft(244m) 13.4in(39.0 cm) 16.97 1.58 14 ft (4.26 m) 0.895
w 9ft(274m) 13.4in(39.0 cm) 16.97 1.58 14 ft (4.26 m) 0.956

9 CONCLUSIONS

This paper responded to the growing necessity of a fast running analysis tool to predict col-
umn capacity that, unlike typical methods such as SDOFs, could take into account column
effects that can vary with a standoff and charge size such as localized web buckling, flange
bending, and web fracture. The model was created using a simplified FEM to populate a data
set. The input parameters were chosen based on typical column dimensions as well as typical
threat scenarios. The output, CCR, was selected to be a ratio of the damaged column capacity
to the virgin column capacity. An ANN was used to predict the output parameter, and the
methodology for the development including parameterization and model training was
described.

The FRM was tested with four cases in both the strong and weak axis directions, which all
produced responses close to that of the finite element runs. It was concluded that the model,
using 51 finite element runs, is able to predict the response of relevant columns with an ade-
quate level of confidence (<10% error). The methodology described can be further applied to
various other column scenarios (i.e. pre-load, connections, material type) as well as applied
to other loading scenarios where FRMs may be needed.
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