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B This paper evaluates two simplified methodologies
for the preliminary design of precast concrete wall
panels to resist blast loading for use by design con-
sultants, construction contractors, and precast con-
crete suppliers in cost estimating during the bidding
process of a project.

B The methodologies use pressure-impulse dia-
grams and include a normalization approach and a
curve-fitting approach.

B The authors have created a spreadsheet-based tool,
following the normalization approach, for use during
preliminary design.
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recast concrete wall panels are commonly used for

exterior building envelopes due to their installation

efficiency, high quality control, and design flexibility.
For facilities that are vulnerable to explosive threats, these
panels often serve as the first line of defense against blast
loading and are commonly detailed to resist these severe
impulsive loads, in addition to conventional loading require-
ments. Blast demands are considered for antiterrorism and
force protection applications, such as government buildings
and military installations, or for facilities at risk of accidental
vapor cloud explosions, such as petrochemical or industri-
al processing facilities. Due to the dynamic nature of blast
loading conditions, specialized design and analysis methods
are needed to quantify structural response and determine the
extent of component damage following a blast event. These
methods can be computationally expensive and require the
knowledge and expertise of a blast design specialist. For
these reasons, it is not always feasible for precast concrete
producers to readily assess the blast-resistant performance
of a wall panel system during the early design stages and
bidding processes. This paper evaluates two simplified
methodologies for the preliminary design of precast con-
crete wall panels to resist blast loading. Using efficient and
computationally inexpensive approaches, these methods
allow the user to rapidly assess the blast resistance of a given
panel design, thereby facilitating a more accurate estimation
of fabrication and installation costs during the bidding phase.
An interactive design tool based on one of these methods has
been developed by the authors to facilitate the evaluation of
a broad range of panel constitutive parameters and increase
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the ease of implementation for precast concrete producers (this
tool can be found at https://www.pci.org/2019July-Appx).

Precast concrete wall panels provide an attractive design solu-
tion for blast-resistant applications due to their flexural perfor-
mance, inertial mass, and customizability. When developing

a bid for a facility with blast design requirements, precast
concrete producers must rely on previous experience, internal
expertise, or preliminary analyses from a specialized blast de-
sign consultant to develop a reliable cost estimate. If the bid is
successful, the full extent of blast-resistant design calculations
is then typically performed by an external consultant hired by
the contractor with the successful bid. In addition to deter-
mining expected deformations and corresponding damage to
the panel in accordance with specified performance levels, the
expert blast consultant must calculate the resulting reaction
forces, which are then used by the precast concrete producer
to design appropriate connection details.

Blast-induced reaction forces often lead to large and expen-
sive connections. Because this information usually becomes
apparent once the project has already been awarded, cost
estimates that were initially provided by the precast concrete
producer may no longer be representative of actual construc-
tion costs. To address these issues, two simplified blast eval-
uation methods that allow rapid preliminary design of precast
concrete wall panels are presented herein. The approaches use
pressure-impulse (P-I) diagrams, that is, iso-damage curves
that represent the potential combinations of reflected pressure
and impulse demands that produce a given level of component
response. Once P-I curves are determined at critical response
levels for a panel design configuration (for example, at a low,
medium, or high level of damage), the performance of the
panel under an array of potential blast hazards can be rapidly
assessed. This process facilitates a cost-effective estimation of
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expected panel response and eliminates the need for compli-
cated dynamic analyses during the bidding phase.

Background

Single degree of freedom analysis
methodology

Explosive events generate a shock or pressure wave that
radiates outward from the point of detonation. Blast pressure
loading initiates when the shock wave makes contact with

the surface of the component. A realistic representative blast
loading time history is composed of a large initial positive
pressure that rapidly decays (over a timescale of milliseconds)
until a small negative blast pressure region is produced as the
shock wave clears (Fig. 1). Because it is small and can slightly
counteract deformation induced by the larger positive pressure,
the negative phase is often neglected. As a further simplifica-
tion, the positive phase is often idealized as a triangular pulse
function (Fig. 1). This representation of blast loading is widely
used in design and therefore was used for the study presented in
this paper. The magnitude of the peak reflected pressure and du-
ration of the positive phase are a function of the charge size and
standoff distance in accordance with empirical relationships
documented in Unified Facilities Criteria (UFC) 3-340-02.
The impulse of the blast loading was calculated as the area
under the positive pressure time history.

To properly determine the response of structural components
to blast events, dynamic analysis methods were used that
consider the characteristics of the blast-induced shock wave
as well as the flexural behavior of the structural component.
Flexural performance was assessed using idealized resistance
functions, as addressed in the UFC,' with a generalized single
degree of freedom (SDOF) analysis approach, as outlined in
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Figure 2. Building component subject to blast (left) and
idealized single degree of freedom system (right). Note: M =

lumped mass of the system; R(y(t)) = resistance function of
the component.

Biggs.? Each component was equilibrated to a mass-spring
system and allowed only one translational degree of freedom
normal to the span length (Fig. 2). This approach relies on the
assumption of far-field explosive conditions, which implies
that the component of interest is far enough from the epicenter
of the explosion to justify the approximation of uniform pres-
sure demands along the entire span length. The response of
elements to near-field explosions, typically governed by brittle
mechanisms such as spall and breach, were not included in
the scope of this study because the majority of blast-resistant
design for precast concrete facade panels is performed for
far-field hazards.

Wall panels on a building can be modeled with idealized
boundary conditions, such as fixed-fixed, fixed-simple, or
simple-simple, depending on the connection detailing of the
system and the goals of the analysis. For example, elements
being evaluated for maximum deflection under blast loading
are commonly analyzed with simple-simple boundary condi-
tions, and evaluations for maximum shear may be performed
using fixed supports at one or both ends. Once the component
is idealized as a generalized SDOF system, its deformation
history can be calculated by solving the dynamic equation of
motion in Eq. (1).

K\ My"(1)+ R(y(t))=F(t) (1
where
K, = load-mass transformation factor
M = lumped mass of the system
R(y(f)) =resistance function of the component
(1) = midspan displacement of the panel as a function of

time ¢

F(r) = blast pressure versus time history

The load-mass transformation factor K|, is used to equate the
distribution of mass and applied blast pressure along the span
of the component as an SDOF system. This factor is calculat-
ed using Eq. (2) as the ratio of the load and mass factors K|
and K , respectively. For uniform mass and pressure, these
factors are calculated using an appropriate shape function for
the actual element ¢»(x) and the span length L of the member
(Eq. [3] and [4]).

K, = I;_AZ 2
K, =%f§¢(x)dx 3)
Ky = Jilolo)] @

An example for values of K, that are commonly used in
SDOF analyses are 0.78 (elastic) and 0.66 (plastic) for a simply
supported one-way component with uniform pressure and
assuming that a blast-loaded element will experience the same
deflected shape as for static loading.? The mechanical behavior
of the component is represented using the resistance function
R, which describes the relationship between the magnitude of
applied load and the resulting midspan deformation. The resis-
tance function R can be calculated using traditional structural
analysis approaches that incorporate the constitutive proper-
ties of the materials, compatibility, and force equilibrium. In
this approach, it is commonly assumed that a discrete plastic
hinge will form at locations where the cross section yields. An
idealized elastic—perfectly plastic resistance function is often
used by assuming a linear elastic response up to the point of
component yield, after which the resistance remains constant
for all subsequent values of plastic deformation. For reinforced
concrete components, the elastic stiffness is calculated assum-
ing a moment of inertia equal to the average of values for gross
cross section and fully cracked behavior. This assumption does
not consider the effects of strain hardening in the reinforcing
steel or the softening that occurs once the concrete crushing
strength is reached. After determining the mass of the com-
ponent, resistance function, transformation factors, and blast
loading demands, midspan deformation of the SDOF model

is generated as a function of time using any numerical method
suited for dynamic structural analyses. The maximum displace-
ment is then converted to either a ductility ratio or equivalent
support rotation for comparison with appropriate blast response
criteria to determine the extent of damage to the component.
Response criteria have been developed for several intentional
and accidental blast hazards, including antiterrorism, petro-
chemical, and nuclear design applications.

P-I capacity curves
It is possible for a structural element to experience the same

maximum response (and therefore the same level of protec-
tion) when subjected to various combinations of reflected
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pressure and impulse. A series of these combinations can be
identified using SDOF analyses and assembled to produce

a P-I capacity curve for a component at a given level of
protection. P-I diagrams are commonly used in blast-resistant
applications, such as determining safe standoff distances and
establishing acceptable thresholds for human injuries. An
early application of obtaining safety distances in this manner
was initiated following World War II, where buildings dam-
aged by blast loading in the United Kingdom were analyzed
for different response limits.* Currently, P-I diagrams are
commonly used as a design tool for a wide array of building
facade components, including proprietary window systems,
curtain walls, and concrete wall systems.

Generating a P-I curve requires multiple iterations of SDOF
analyses to identify the relevant response limit, which can be
tedious, especially in a preliminary design phase. For this rea-
son, several recent research efforts have introduced multiple
ways of developing normalized P-I diagrams for blast-loaded
components. Li and Meng* developed a normalized P-I curve
for an elastic SDOF system that is compatible with varying
pulse loading shapes. Fallah and Louca’ approximated the
P-I curves of idealized structural components by deriving
analytical formulas. The formulas depend on an SDOF sys-
tem with a bilinear resistance deflection curve subjected to
different pulse loading shapes. Using this method, the curve
can be generated by using one known point in the dynamic
range of the plot. Shi et al.® derived analytical formulas as a
function of constitutive properties to develop a normalized
P-I curve for reinforced concrete columns. Dragos and Wu’
proposed an analytical methodology to develop a normalized
curve for any pulse loading shape and any bilinear resistance
function based on an empirical approach. Dragos et al.® de-
rived two equations that can be used to normalize a P-I curve
for simply supported, one-way, and ultra-high-performance
concrete slabs. Wang et al.’ developed an analytical formula
to generate P-I curves for a one-way reinforced concrete slab
using pressure and impulse asymptotes. The aforementioned
methodologies have certain limitations: Li and Meng can only
be used for elastic SDOF systems, Shi et al. and Dragos et

al. work for a relatively small set of components, Fallah and
Louca requires an SDOF model to be analyzed for at least
one point on the dynamic region, and Dragos and Wu requires
iteration and integration, which increases the computational
cost of developing a point on the normalized P-I curve. Two
simplified approaches that allow rapid initial assessment of a
wide array of reinforced concrete blast loaded components for
a wide range of far-field blast loads were therefore developed
in this paper. The approaches presented in this paper build on
these previous studies and are tailored specifically to precast
concrete wall panels.

A set of P-I diagrams for use as a prescriptive design aid can
be readily developed using a limited number of one-time
SDOF analyses if the user is only concerned with a narrow
range of design parameters. However, if designers must
consider a broader range of parameters in their blast-resistant
projects, the possible variation of P-I diagrams can increase
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significantly due to a large range of available component
types, design configurations, and detailing schemes. For ex-
ample, solid concrete non-load-bearing wall panels analyzed
for possible combinations consisting of three response limits,
three boundary conditions, five span lengths, five concrete
compressive strengths, and 13 reinforcement ratios would
require 2925 unique P-I diagrams. To more efficiently rep-
resent these combinations of possible curves, two simplified
approaches are evaluated in this paper to calculate P-I curves
for solid nonprestressed concrete wall panels: a P-I normal-
ization approach and a curve-fitting methodology. The effec-
tiveness of each method is compared with conventional SDOF
analyses. A spreadsheet-based tool was developed in con-
junction with this study to facilitate seamless integration of
one of the simplified design methodologies into preliminary
design practices. This tool was developed for use in prelimi-
nary design phases and is not intended for preparing official
engineering calculations in applications where blast-resistant
design provisions are required. The approach will, however,
facilitate increased accuracy when estimating panel design
and detailing requirements during the bidding phase. These
tools can thereby allow precast concrete producers to gain a
competitive advantage when considering projects involving
blast-resistant facilities.

Calculation of minimum pressure
and impulse asymptotes

A P-I curve consists of three regions: impulsive, dynamic, and
quasi-static (Fig. 3). For increased computational efficiency,
each region can be calculated separately and then assembled
to complete the full curve. The quasi-static and impulsive
regions can be characterized by the minimum pressure P and
impulse /; that the component can resist. These limits can be
represented as asymptotes using Eq. (5) and (6), respectively,
where E is the strain energy of the resistance function (the
area under the resistance function curve) up to the deforma-
tion corresponding to the desired level of protectionaty, .

Impulsive region

log(P)
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Figure 3. Representative loading regions of a pressure-

impulse curve. Note: / = impulse; P = reflected pressure.




K, ,, is the load-mass transformation factor corresponding
to the range of the resistance function (elastic or plastic) in
which the desired level of protection falls.

I,=\2xExK, xM 5)

P =L (6)

0

yLimir

The minimum pressure and impulse asymptotes serve as

the baseline for properly calculating the entire P-I curve for
both simplified methods that are evaluated in this paper. The
dynamic region, which provides connectivity between these
asymptotes, can be generated using one of two simplified
approaches detailed in this paper. The first method, a normal-
ization approach, uses two dimensionless factors to shift the
asymptotes of a control P-I curve, which was obtained from
one SDOF calculation of a control element that has repre-
sentative characteristics of a blast-resistant precast concrete
panel. Using the P-I curve from the control element provides
appropriate curvature to the dynamic region of a P-I curve for
the panel of interest. The second method, a curve-fitting ap-
proach, is performed by first calculating both asymptotes and
then using an analytical formula that considers the magnitude
of each asymptote to define the dynamic region of the P-1
curve between those asymptotes. For these reasons, careful
consideration is given to properly characterizing and calculat-
ing the asymptotes.

Both methods are applicable for one-way, single-span,
non-load-bearing reinforced concrete solid wall panels with
simple-simple, simple-fixed, and fixed-fixed boundary condi-
tions. The proposed approach has not been validated for use
on prestressed and insulated concrete wall panels and would
require further development. Like most simplified blast design
calculations, far-field explosive conditions and uniform pres-
sure distributions are assumed, and the blast-pressure versus
time history is idealized as a triangular pulse load (neglecting
the negative phase). Near-field explosive conditions are not

considered. A more detailed discussion of each simplified
method is presented in the following sections.

Simplified method 1:
Normalization approach

The first approach generates the P-I curve for a given wall
panel by shifting a baseline P-I curve for a control component
according to the ratio of the pressure and impulse asymptotes
between the element of interest and the control component.
This approach builds on a normalization analysis strategy
from Dragos et al.? and introduces additional features to fa-
cilitate ease of implementation and use with precast concrete
wall panels. To provide a basis for the normalization strategy,
a control component is introduced. A P-I curve for the control
component is developed using traditional SDOF method-
ology and acts as a baseline for generating curves for other
component configurations. Because it is fully defined, the
control curve can be scaled to determine the P-/ curve for the
component of interest. The shift between the P-I curves for
the control component and the component of interest is based
on the ratio of the asymptotes calculated using Eq. (7) and (8)
for impulse 1, and pressure v, respectively.

Y, = = @)
IO‘C
_h

Y= P ®)

The control asymptotes are defined as P and /| , and those
for the component of interest are identified as P and /. These
factors are used to shift the control P-I curve and generate the
P-I curve for the component of interest at the desired level

of protection. The control component is shifted by multiply-
ing the respective control component impulse and pressure
vectors I and P_by these factors (Eq. [9] and [10]), resulting
in the P-I curve for the component of interest (Fig. 4). For

Table 1. Impulse and pressure values of the control component for normalization approach

Impulse, psi-ms Pressure, psi Impulse, psi-ms

66.07 500.00 71.77
68.27 318.04 81.47
68.67 202.30 91.76
68.67 128.67 114.34
68.97 81.85 127.37
68.57 52.06 142.48
67.77 33.11 177.54
67.47 21.06 221.24
68.47 13.40 275.68

Note: n.d. = no data. 1 psi = 6.895 kPa.

Pressure, psi Impulse, psi-ms Pressure, psi

8.52 343.53 2.65
5.42 428.07 2.58
4.49 533.42 2.53
3.68 664.69 2.49
3.45 1032.11 2.43
3.28 1286.12 2.40
3.03 3864.07 2.34
2.87 n.d. n.d.
2.74 n.d. n.d.
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Figure 4. Example of shifting control component. Note: SDOF
= single degree of freedom; ¥, = ratio of impulse asymptote

of component of interest to control component; ¥, = ratio of
pressure asymptote of component of interest to control com-
ponent. 1 kPa = 0.1450 psi.

the purposes of this study, the control wall panel component
illustrated in Fig. 5 was selected. Table 1 summarizes the P-/
curve data points for the control component. The associated
I, and P, are 58.54 psi-ms and 2.30 psi (403.62 kPa-ms and
15.86 kPa), respectively.

I=y,x1 ©)

P=vy,xP (10)
The accuracy of the normalization approach was evaluated

by comparing the resulting shifted P-I curves with traditional
SDOF analyses. A case study of 9450 wall panel design con-
figurations was performed. Errors between the normalization
approach and the SDOF analyses were calculated for each
wall panel design and level of protection. For each design, the
error was calculated over the three separate regions: impul-
sive, dynamic, and quasi-static (Fig. 6). The total error for
each curve was determined using a root mean square calcu-
lation. The errors calculated in the impulsive and quasi-static
(pressure-governed) regions were determined by simply

* ’——12|n

}/ *
/ 4 in.
fec = 4 ksi

#3 Gr. 60
@ 12in. 0. C.

Figure 5. Selected control component data: span and response limit (left) and cross-section properties (right).

Note: @ = at; # = number; f/_= concrete compressive strength; Gr. = grade; O. C. = on center; 6 = support rotation

6.895 MPa.
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calculating the horizontal or vertical difference, respective-
ly, between the normalization and SDOF P-I curves at each
discrete point in those regions. For the dynamic region, the
differences between the curves were determined using a radial
distance approach. To do this, the central point of the radial
curve must first be determined. For this evaluation, this point
was chosen as the intersection of the minimum pressure value
in the impulsive region and the minimum impulse
value 1 siosaic for the quasi-static region (Fig. 6). P uisive 1
located where the slope of the P-I curve, moving from the
impulsive to dynamic region, exceeds an angle of 15 degrees.
In a similar manner, L siosaric is located where the slope of the
P-I curve, moving from the quasi-static to dynamic region,
exceeds an angle of 0.015 degrees. A smaller angle change is
used for this region because the overall slope of the transition
between the quasi-static and dynamic regions is more gradual
than for the impulsive to quasi-static regions. Due to the shift,
the points on the normalized curve do not align perfectly with
their SDOF counterparts along the radial line intersections. To
compute the error along the radial lines, the normalized curve
is re-discretized relative to points on the SDOF curve (Fig. 6).
The error between the normalized curve and the SDOF solu-
tion was calculated using Eq. (11), where subscripts SDOF
and NM represent the values for the SDOF and normalization
curves, respectively. Total errors are illustrated using a prob-
ability density function (Fig. 7). Approximately 95% of the
examined cases have error percentages +6%. This simplified
approach has acceptable accuracy as a preliminary design tool
for estimating purposes for precast concrete wall panels under
blast loads. This method is also found to be well suited for
computer-based computations and was therefore deployed as
a spreadsheet-based design tool, which is presented later in
this paper.

impulsive

1 -1 P -P
Error(%) = ( SDOE "M |y | ZSDOF_NM | 5100 (11)
[SDOF SDOF
0.30
Mean=-0.787
= Standard Deviation=2.99
5025 an eviation
B
(=%
< 0.20
8
Sois
é 95% of the samples have
S error between +/- 6%
% 0.10
=
5
E 0.05
~ [
- 1
(g S— A e —
-40.0 -30.00 -20.00 -10.00 0.00 10.00 20.00

Error, %

Simplified method 2:
Explicit curve-fitting approach

The second approach explicitly links the pressure and impulse
asymptotes using a closed-form analytical expression. This
explicit curve-fitting approach builds on work previously con-
ducted by Wang et al.,” which developed an analytical formula
to generate P-I curves for one-way reinforced concrete slabs.
The original formula by Wang et al. is shown in Eq. (12),
where factor of failure mode # is equal to 0.6 and 0.5 for
flexural and shear failure modes, respectively. This approach
allows reflected pressure P to be defined as a function of im-
pulse 7, or vice versa. A plot of this equation directly connects
the pressure and impulse asymptotes, thereby forming the
dynamic region of the P-I diagram (Fig. 6).

15
(P—PO)(I—IO)”=O.33(%+%] (12)
The pressure and impulse asymptotes are calculated using
Eq. (5) and (6), as shown previously. The minimum pressure
asymptote lies in the semistatic region and therefore shows a
consistent strong agreement (that is, with errors generally less
than 15%) with that calculated using SDOF methods. Howev-
er, the minimum impulse asymptote obtained from Eq. (6) can
exhibit slightly more error versus that calculated using SDOF
methods (Fig. 8). Recall that the minimum impulse asymptote
is calculated using a K, that assumes quasi-static deflected
shapes for blast-loaded elements (Eq. [5]). As the P-I calcu-
lations trend toward an increasingly impulsive response at the
corresponding minimum asymptote, the assumed quasi-static
formulation of K, may not capture realistic variations in the
shape function due to higher-order modal vibration effects.

As the response of the component becomes more impulse
dominant, the value of K, is expected to increase, thereby
increasing the minimum impulse asymptote (shifting it to the
right) and moving closer to the limits of the P-I curve. An im-
pulse asymptote modification factor y is proposed to mitigate

0.045
5 0.040 Mean=7.20
g 0.035 Standard Deviation= 19.40
< 0.030
E 0.025
2 0.020 70% of the samples have
5 . error between -13 and 27%
g 0.015
£ 0.010
9
£ 0.005
0.000 —— At i
-50 0 50 100 150 200 250
Error, %

Figure 7. PDF of errors for the normalization approach (left) and the curve-fitting approach (right). Note: PDF = probability

density function.
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Figure 8. Divergence of pressure-impulse (P-/) curve on im-
pulsive range from impulse asymptote. Note: / = impulse; /; =

minimum impulse asymptote; / .. = minimum impulse val-

ue of the P-/ curve generated using traditional single degree
of freedom; P = reflected pressure; SDOF = single degree of
freedom. 1 psi = 6.895 kPa.

this effect (Eq. [13]). 1 , . represents the minimum impulse
value of the P-I curve generated using traditional SDOF meth-
ods. An evaluation of precast concrete panels was performed
to determine optimal values for this factor. Natural periods T
were calculated using Eq. (14), where k is the elastic stiff-
ness of the component and K|, corresponds to the elastic
range. Figure 9 plots the factors that were calculated for

three different response limits 6 for nonprestressed concrete
components.'? From these plots, conservative values of y can
be selected for several ranges of natural periods 7' . For com-
ponents with low natural periods (below 50 to 100 millisec-
onds), y ranges from 1.07 to 1.18. For higher natural periods,
y has a much wider distribution. Conservative floor values for
these modification factors are marked with a solid orange line
in Fig. 9 and are summarized in Table 2 for relevant ranges of
natural periods and response limits.

[min,SD()F

y:

/ 13)

0

Table 2. Recommended impulse asymptote
modification factor

Support rotation
response
limit 6, degrees

Impulse modifica-
tion factor y

Natural period of

component T, ms

T,<53 1.11
1
T, >53 1.00
0<T <72 1.09
2 72<T <188 1.03
T >188 1.00
T,<98 1.07
5
T >98 1.03
2w
I, - ———— (14)
k-
K, xM

To better capture wall panel response, Eq. (12) is modified
such that two new parameters, a and b, replace the numeric
coefficients of the equation. The new formulation in Eq. (15)
also includes the impulse modification factor v, which is mul-
tiplied by the impulse asymptote /. Optimal values for a and
b were determined by examining 630 different panel config-
urations. P-I curves that are generated using the curve-fitting
approach for each trial combination of a and b were investi-
gated and compared with curves generated using traditional
SDOF methods. Figure 10 shows a surface plot of the average
P-I curve error for a single panel configuration over relevant
ranges of a and b values. The combination of a and b that re-
sulted in the lowest average error for each panel configuration
was selected and added to a frequency histogram in Fig. 11.
Recommended values of a = 0.35 and b = 0.80 are the com-
bination that most often resulted in the lowest error in Fig. 11
(right) across the 630 panel configurations.

(P—P)I-yL)"=a(P, +yI) (15)

1.2

1.15

1.05

0 100 200 300 400 500
Natural period, ms

0 100 200 300 400 500
Natural period, ms

0 100 200 300 400 500
Natural Period, ms

Figure 9. Impulse asymptote modification factor y versus natural period 7 for support rotation response limit 6 of 1 degree

(left), 2 degrees (middle), and 5 degrees (right).
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Figure 10. Average error percentage for a and b values for a representative panel (left). Frequency histograms of a and b values

that result in minimum error for all panel configurations (right). Note: @ = curve-fitting parameter 1; b = curve-fitting parameter 2.

For verification, P-I curves that are generated using Eq. (15)
with the recommended values of a, b, and y were compared
with SDOF solutions for the 630 panel configurations. Fig-
ure 7 summarizes the error percentage of each point along
the P-I curves across all panel configurations as a proba-
bility density function. The probability density function
shows that error percentages range from approximately
-20% to 200%. Approximately 70% of the examined cases
have error percentages between -13% and 27%. Although
this approach results in a wider range of potential error than
the normalization method, the curve-fitting method still
enables an efficient and reasonably accurate generation of
P-I curves for preliminary design of blast-resistant precast
concrete panels using a closed-form equation compared with
SDOF analyses, which have higher computational expense.
Because it is closed form, the curve-fitting method is well
suited for implementation in design handbooks for estimat-
ing purposes.

1000

1
j ——SDOF model
i ~—Normalization approach

—&— Curve fitting approach

Pressure, psi

100 1000
Impulse, psi-ms

10000

Figure 11. Targeted component pressure-impulse curves ob-
tained using the normalization and curve-fitting approaches

as well as single degree of freedom analysis. Note: SDOF =
single degree of freedom. 1 psi = 6.895 kPa.

P-I curve development example

The following example shows the implementation of the two
proposed approaches.

Required: Develop a P-I curve for the wall component out-
lined here with a support rotation limit of 1 degree using the
normalization approach and the curve-fitting approach.

Given: A simply supported 12 ft (3.65 m) tall and 8 in.
(203.2 mm) thick wall panel with no. 5 (16M) reinforc-

ing bars at 12 in. (304.8 mm) on center. The tension rein-
forcement is located at a depth of 6 in. (152.4 mm) with a

2 in. (50.8 mm) cover to center of bars. The concrete has

a compressive strength of 4 ksi (27.58 MPa), and grade 60
(420 MPa) reinforcement is used. The concrete density is
150 Ib/ft* (2402 kg/m?). Static and dynamic increase factors
for the steel reinforcement are 1.10 and 1.17, respectively.
The dynamic increase factor for concrete is 1.19.

Note: A unit width will be analyzed, and top reinforcement is
neglected.

Procedure

Normalization approach

Step 1. Obtain given parameters of the control component.

Step 2. Establish given parameters of the targeted component.

Step 3. Determine dynamic moment capacity of the targeted
component.

Step 4. Compute elastic stiffness and ultimate resistance at
midspan for the targeted component.

Step 5. Compute the impulse and pressure asymptotes of the

targeted component using Eq. (5) and (6), respectively.
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Step 6. Compute impulse and pressure normalization factors
using Eq. (7) and (8), respectively.

Step 7. Develop the impulse and pressure curve for the
targeted component using Eq. (9) and (10), respec-
tively.

Step 8. Compute the reaction for the targeted component.

Curve-fitting approach

Step 1. Same as in step 2 of the normalization approach.

Step 2. Same as in step 3 of the normalization approach.

Step 3. Same as in step 4 of the normalization approach.

Step 4. Same as in step 5 of the normalization approach.

Step 5. Determine the impulse asymptote modification factor
from Table 2.

Step 6. Develop the impulse and pressure curve for the tar-
geted component using Eq. (15).

Solution

Normalization approach
Step 1. Given parameters of the control component (Fig. 5)

Boundary conditions Simply supported
Steel area of control
component A, =0.11in(70.97 mm?*)
Span length of control

component L =81t(2.4m)
Depth of reinforcement of

control component d, =4in. (101.6 mm)

Concrete compressive strength

of control component fi. =4ksi(27.58 MPa)

Thickness of control

component h, =6in. (152.4 mm)

Concrete density y. =1501b/ft’ (2402 kg/
m?)

Minimum impulse asymptote

of control component I, =58.54 psi-ms
(403.63 kPa-ms)

Minimum pressure asymptote

of control component P, =2.30 psi (15.86 kPa)
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Impulse and pressure for
response limit 1 degree See Table 2

Step 2. Given parameters of the targeted component
Boundary conditions Simply supported

Steel area of targeted

component A =0.31in.? (200 mm?)
Span length of targeted
component L, =121t (3.65 m)

Depth of reinforcement of
targeted component d. =61n. (152.4 mm)
Concrete compressive strength

of targeted component f. =4ksi (27.58 MPa)

cT

Thickness of targeted

component h, =8in. (203.2 mm)
Unit width of targeted
component b, =121in. (304.8 mm)

Concrete density y. = 150 Ib/ft’ (2402 kg/m’)

Concrete elastic modulus E =33x15 05 % 4000

= 3834 ksi (26,435 MPa)

Dynamic steel tensile strength
of targeted component Sy =117 x (1.10 x 60)

 =77.22 ksi (532.4 MPa)

Dynamic concrete
compressive strength of
targeted component for=119x4

=4.76 ksi (32.8 MPa)

Step 3. Determine dynamic moment capacity of the targeted
component.

Dynamic moment capacity M, =A4,x% fdyr X

d, —O.SX7A‘YT xfdyT
0.85x f, . xb,
=0.31x77.22
«l6-0.5x 0.31x77.22
0.85x4.76x12

=137.73 kip-in. (15.56 kN-m)

Step 4. Compute elastic stiffness and ultimate resistance at
midspan of the targeted component.



Average moment of where

L +1, 512460.54

inertia I,
2 2 g = gravitational acceleration
=286.27 in.* (119 X 10° mm?)
Midspan displacement
where at 1 degree Vi = tan(@) x L, x 0.5
= 1.26 in. (32 mm) (larger
I, = gross moment of inertia than displacement at ductil-
ity of one y )
I = cracked moment of inertia
o 384xE xI_ Str?un energy of the
Elastic stiffness = 4—‘1)‘” resistance function E=05xr xy +r X
SXLTX T (ylimir_ye)
_ 389> 3834000 286.27 = 4.97 Ib/in. (0.87 kN/m)
5x144"x12
Minimum impulse
. I =\2XxEXK M
=16.34 psi/in. asymptote 0 HEX R X
=2x4.97x0.66x1799 _
. . 8x M . -
Ultimate resistance ro=— du 108.57 psi-ms
L. xb, (748.6 kPa-ms)
Minimum pressure
= m asymptote P,=Ely, =497/126
144712 = 3.95 (27.2 kPa)
=4.43 psi (30.54 kPa) Step 6. Compute impulse and pressure normalization factors.
Step 5. Compute the impulse and pressure asymptotes of the Ratio of asymptotes
targeted component. for impulse ¥, =1/1, =108.57/58.54 =1.86
Load mass factor K, =0.78 (elastic), 0.66 (plastic) Ratio of asymptotes
) for pressure W, =P/P, =3.95230 =1.72
Mass Mo h,xy, _ 8x0.08681x1000
g 386 Step 7. Develop the impulse and pressure curve for the target-
= 1799 psi-ms?in. ed component.

Table 3. Impulse and pressure values of the targeted component using normalization approach

Impulse, psi-ms Pressure, psi Impulse, psi-ms Pressure, psi Impulse, psi-ms Pressure, psi
122.49 859.50 133.06 14.65 636.90 4.56
126.57 546.71 151.04 9.32 793.64 4.44
127.31 347.75 170.12 7.72 988.96 4.34
127.31 221.19 211.99 6.33 1232.34 4.27
127.87 140.69 236.14 5.93 1913.54 4.17
127.12 89.49 264.16 5.64 2384.46 4.13
125.64 56.92 329.16 5.22 7163.99 4.03
125.08 36.21 410.17 4.93 n.d. n.d.
126.94 23.03 511.11 4.71 n.d. n.d.

Note: n.d. = no data. 1 psi = 6.895 kPa.
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Table 4. Impulse and pressure values of the targeted component using curve-fitting approach

Impulse, psi-ms Pressure, psi Impulse, psi-ms

122.48 500.00 170.12
125.18 334.09 205.21
125.58 223.23 216.18
125.88 149.15 247.53
126.18 99.66 298.59
126.58 66.59 360.18
126.98 44.49 434.47
126.98 29.73 524.09
128.18 19.86 632.19
133.08 13.27 762.58
148.18 8.87 919.88

Note: n.d. = no data. 1 psi = 6.895 kPa.
Impulse 1= x1I_(see Table 3)

Pressure P=W,xP_(seeTable 3)

Step 8. Compute the support reaction for the targeted compo-

nent.

Reaction of targeted

L
component R =X 4.43%144

r 2 2
=318.96 Ib/in. (55.86 kN/m)

Curve-fitting approach

Step 1 to 4. Same solution as step 2 to step 5 in the normal-
ization approach.

Step 5. Determine impulse asymptote modification factor.

Tn=2><nxJKLMxM/k

Natural period

= 2x 7x~0.66%1799/16.34
=53.56 ms

Impulse asymptote

modification factor

(from Table 2) y=1

Step 6. Develop the impulse and pressure curve of the target-
ed component.

By assuming values a(P +yl )
of impulse, use Eq. (15) P= 072+ )
to calculate pressure (I - y]o)
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Pressure, psi Impulse, psi-ms Pressure, psi

7.33 1109.62 4.28
6.21 1338.49 4.23
5.93 1614.57 4.19
5.61 1947.60 4.16
5.23 2349.31 4.13
4.96 2833.89 412
4.77 3418.42 4.10
4.62 4123.51 4.08
4.50 4974.04 4.07
4.41 6000.00 4.06
4.34 n.d. n.d.

0.35% (3.95+1>< 108.57)
- +3.95

(1-1x108.57)""

(The solution is shown in Table 4.)
Summary

The P-I curves that were obtained for the targeted component
using the normalization and curve-fitting approaches are com-
pared against a P-I curve obtained from SDOF analysis of the
same component (Fig. 11).

Simplified P-I generating tool

To further facilitate the implementation of the proposed meth-
ods into conventional engineering practices for preliminary
design purposes, a spreadsheet-based tool was developed to
enable users to easily generate the P-I curves based on a set of
input parameters that correspond to the wall panel of interest.
Due to its overall lower error distribution, the normalization
approach was selected as the featured method for this tool.
The main purpose of this tool is to provide a rapid evaluation
of component damage when subjected to a blast load. To

use this tool, the user must first obtain the blast pressure and
impulse demands (that is, the design-basis threat) and select
the desired response limit. The constitutive properties of the
component of interest can then be input to the spreadsheet,
after which the tool determines whether the component is able
to satisfy the desired level of protection for the given blast de-
mands. If the initial design does not satisfy the response limit
(that is, the blast demand point falls above and to the right

of the P-I curve), the designer can easily change the design
parameters until the component meets the desired level of pro-
tection. The tool also provides the plastic moment capacity of



the wall and the reaction forces, which allows the designer to
rationally estimate the connection types needed to satisfy the
given blast demands. The reactions are calculated following
the equivalent static reaction approach for a one-way element,
as defined in UFC 3-340-02.! The simplified tool is provided
on the PCI website at https://www.pci.org/2019July-Appx.
For situations where a blast-resistant opening is present in the
panel, the pressure demand should be increased by the ratio
of the tributary panel width to the structural width. It should
be noted that this tool is intended only for preliminary design
and should not be used for final design evaluation.

Conclusion

Two approaches were developed to facilitate rapid generation of
blast-resistant capacity curves (pressure-impulse or P-I curves)
for precast concrete wall panels: a normalization approach and
a curve-fitting method. The P-I curves obtained from these
methods are intended as a preliminary design approach to
assess the blast resistance of non-load-bearing solid precast
concrete wall panels with conventional reinforcement. The ap-
proaches are also limited to far-field blast loads. The normaliza-
tion approach was compared with the traditional SDOF model
for a large sample of precast concrete panel configurations

and was found to have low error percentages, with 95% of the
examined cases having error percentages being +6%. P-I curves
of 630 precast concrete panel configurations were computed
with the curve-fitting approach and also compared with conven-
tional SDOF estimates. The curve-fitting approach resulted in

a wider spread of error, with approximately 70% of the cases
having error percentages between -13% and +27%. Due to the
higher error, the curve-fitting approach was found to be better
suited for simplified hand calculations or implementation in a
handbook. A spreadsheet-based tool was developed using the
normalization approach to further facilitate its deployment by
practitioners. Both methods are intended for preliminary design
calculations that would be conducted during the bidding phase.
These methods can rapidly determine whether a panel design of
interest meets the desired level of protection and can assist the
designer in estimating rational connection types by providing
support reaction forces caused by the response to blast loading.

Acknowledgments

The authors would like to thank PCI for its support of this
research effort through the Daniel P. Jenny Fellowship. The
authors would also like to thank the members of their PCI
fellowship advisory committee for their guidance and support
through this effort. The advisory team consisted of Roger
Becker, Greg Force, Ned Cleland, Venkatesh Seshappa, H. S.
Lew, Suzanne Aultman, and Sameh El Ashri. Omar Alawad
would like to thank Qassim University for providing stipend
and tuition support to enable his participation in this project.

References

1. DoD (Department of Defense). 2014. Unified Facilities
Criteria: Structures to Resist the Effects of Accidental

Explosions. UFC 3-340-02. Washington, DC: DoD.

2. Biggs, J. M. 1964. Introduction Design to Structural
Dynamics. New York, NY: McGraw-Hill.

3. Jarrett, D. E. 1968. “Derivation of the British Explosives
Safety Distances.” Annals of the New York Academy of
Sciences 152: 18-35.

4. Li, Q. M., and H. Meng. 2002. “Pressure-Impulse Dia-
gram for Blast Loads Based on Dimensional Analysis and
Single-Degree-of-Freedom Model.” Journal of Engineer-
ing Mechanics 128 (1): 87-92. https://doi.org/10.1061/
(Asce)0733-9399(2002)128:1(87).

5. Fallah, A. S., and L. A. Louca. 2007. “Pressure-Impulse
Diagrams for Elastic-Plastic-Hardening and Softening
Single-Degree-of-Freedom Models Subjected to Blast
Loading.” International Journal of Impact Engineering
34 (4): 823-42. https://doi.org/10.1016/j
.1jimpeng.2006.01.007.

6. Shi, Y., H. Hao, and Z. X. Li. 2008. “Numerical Deriva-
tion of Pressure-Impulse Diagrams for Prediction of RC
Column Damage to Blast Loads.” International Journal
of Impact Engineering 35 (11): 1213-27. https://doi
.org/10.1016/j.ijimpeng.2007.09.001.

7. Dragos, J., and C. Wu. 2013. “A New General Approach
to Derive Normalised Pressure Impulse Curves.” Interna-
tional Journal of Impact Engineering 62: 1-12. https://
doi.org/10.1016/j.1ijimpeng.2013.05.005.

8. Dragos, J., C. Wu, M. Haskett, and D. Oehlers. 2013.
“Derivation of Normalized Pressure Impulse Curves for
Flexural Ultra High Performance Concrete Slabs.” Jour-
nal of Structural Engineering 139 (6). https://doi
.org/10.1061/(ASCE)ST.1943-541X.0000733.

9. Wang, Wei, D. Zhang, F. Y. Lu, F. J. Tang, and S. C.
Wang. 2013. “Pressure-Impulse Diagram with Multiple
Failure Modes of One-Way Reinforced Concrete Slab
under Blast Loading Using SDOF Method.” Journal of
Central South University 20 (2): 510-19. https://doi
.org/10.1007/s11771-013-1513-z.

10. U.S. Army Corps of Engineers PDC (Protective Design
Center). 2008. Single Degree of Freedom Structural Re-
sponse Limits for Antiterrorism Design. PDC-TR 06-08, Re-
vision 1. Omaha, NE: U.S. Army Corps of Engineers PDC.

Notation

a = curve-fitting parameter 1

A, = steel area of control component
A, = steel area of targeted component
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b = curve-fitting parameter 2

b, = unit width of targeted component

d, = depth of reinforcement of control component

d, = depth of reinforcement of targeted component

E = strain energy of the resistance function

E, = concrete elastic modulus

i = concrete compressive strength of control compo-
nent

i = concrete compressive strength of targeted compo-
nent

fayr = dynamic steel tensile strength of targeted component

For = dynamic concrete compressive strength of targeted
component

F(r) = blast pressure versus time history

h, = thickness of control component

h, = thickness of targeted component

1 = impulse

I = minimum impulse asymptote

1, = minimum impulse asymptote of control component

I, = average moment of inertia

I = control component impulse vector

I, = cracked moment of inertia

I, = gross moment of inertia

L. spop = minimum impulse value of the P-I curve gener-
ated using traditional single degree of freedom
methods

I, = iterated impulse value on the normalized curve

L., = impulse values for the normalization curve

asiosiatic = point corresponding to the intersection of the mini-

mum impulse value for the quasi-static region

I = positive phase impulse

I,.,.  =impulse values for the single degree of freedom

curve
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SDOFi

du

impulsive

r

P

SDOF

P

SDOFi

= iterated impulse value on the single degree of free-
dom curve

= elastic stiffness

= load factor

= load-mass transformation factor
= mass factor

= span length

= span length of control component
= span length of targeted component
= lumped mass of the system

= dynamic moment capacity

= factor of failure mode

= reflected pressure

= minimum pressure asymptote

= minimum pressure asymptote of control compo-
nent

= control component pressure vector

= point corresponding to the intersection of the mini-
mum pressure value in the impulsive region

= pressure values for the normalization curve
= iterated pressure value on the normalized curve
= peak reflected pressure

= pressure values for the single degree of freedom
curve

= iterated pressure value on the single degree of
freedom curve

= ultimate resistance

= resistance function of the component
= reaction of targeted component

= time

= positive phase duration

= natural period



v, = displacement at ductility of one

Yimi = the deformation corresponding to the level of pro-
tection

y(7) = midspan displacement of the panel as a function of
time

y = impulse asymptote modification factor

V. = concrete density

0 = support rotation response limit

d(x)  =shape function for the actual system

v = ratio of asymptotes for impulse

v, = ratio of asymptotes for pressure
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Abstract

This paper presents two simplified blast-resistant
design methodologies for rapid generation of pres-
sure-impulse (P-I) curves for solid precast concrete
wall panels with conventional reinforcement: a nor-
malization approach and a curve-fitting methodology.
Both methods are primarily intended for preliminary
design calculations that would be conducted during the
bidding phase. The normalization approach involves
shifting a control P-/ curve to determine the respec-
tive curve for any panel configuration based on its
constitutive properties. This method generally results
in low error and, due to its streamlined computational
efficiency, was used to develop a spreadsheet-based
design tool. The curve-fitting approach, which uses

an analytical formula to calculate the dynamic region
of the P-I curve, is suited for simplified hand calcula-
tions or design handbooks. Both approaches exhibit
superior computational efficiency relative to traditional
single degree of freedom analyses and are well suited
for rapid assessments of panel performance during the
preliminary design phase.

Keywords

Bid process, blast design, design tool, estimating, pres-
sure-impulse curve, wall panel.
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