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Abstract

There has always been a challenge for designing structures against extreme dynamic loads. Blast
loading falls under these loads category and blast resistant design has been gaining more interest
during the past decade. Among different types of structures, Reinforced Concrete (RC) structures
are usually recommended to be used for blast resistant design. However, the nonlinearities
associated with these structures make their accurate analysis complicated. Therefore, simplified
techniques have been introduced for nonlinear dynamic analysis of these structures. This study
focuses on developing simplified computational strategies for the dynamic analysis of blast
loaded RC elements including beams, panels/slabs and columns. For RC beams, the basis for
commonly used Singlz-Degree-of-Freedom (SDOF) models has been outlined. A Multi-Degrees-
of-Freedom (MDOF) model which takes into account the concrete nonlinear properties has been
developed and the efiect of varying the number of degrees-of-freedom (DOF) on response has
been studied. Results showed that increasing the number of DOF affects the pressure-impulse
(P-I) diagrams, especially in the impulsive regime, as the extent of damage increased. In addition,
the model was compared with the experimental data and showed good agreement. For RC panels,
a SDOF technique, based on the US Army Technical Manual TM5-1300 instructions, was
constructed and results were compared with the ones obtained from explicit Finite Element (FE)
analysis. Compared to the FE results, SDOF model yielded conservative predictions for
deflection but it usually underestimated the dynamic reactions. A modification for reaction
calculation was proposed which resulted in significantly better prediction of the reaction for the
impulsive range of loading. Finally, considering the important role of columns in providing the
overall stability of the structure, a MDOF model was developed for RC columns and the load
carrying capacity of the columns was investigated for different levels of axial load, strain rate and
damage. Increasing tie strain rate enhanced the column’s cross section properties whereas
increasing the levels cf axial load reduced the cross section curvature and the column deflection
capacities. Results als> showed that good detailing at the supports can significantly improve the

load carrying capacity of RC columns.
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Chapter 1 Thesis Summary

1.0 Introduction

This chapter summarizes the thesis, starting with the background and the research
objectives. This wil. be followed by the basic methodology and the main points to be
considered for the analysis of structures subjected to blast. This chapter is concluded by a
summary of the research papers, main conclusions, and recommendations for future

research.

1.1 Background and Research Objectives

During the past fev/ decades, there has been a growing interest in the designing of
structures against blast loads. Among different construction materials, reinforced
concrete (RC) is usually recommended for blast resistant construction. Although steel
structures provide greater ductile response compared to RC structures, several concerns
related to their connections render their use limited. In fact, blast events usually result in
catastrophic failures and therefore, the importance of good connection details become
more significant. As a matter of fact, failure of a steel connection may result in an overall
progressive collapse of the structure even if individual steel members are capable of
resisting blast loads. In addition, RC structures provide good fire and inertial resistance
compared to steel structures.

To analyze a blast loaded RC elements to evaluate their maximum response quantities
(e.g. displacements, rnoments and shear forces), nonlinear dynamic analysis is required to

evaluate these quantities. However, the exact analysis of these structural elements is
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difficult due to their inherent nonlinearity. Therefore, simplified computational strategies
based on single degrze of freedom (SDOF) or multi degrees of freedom (MDOF) models
have been introduced.

There are a number of investigations in which SDOF or MDOF techniques have been
employed to study the response of structural members under blast or impact loading.
Krauthammer et al. (1990) used the moment-curvature relationship for a RC beam and
evaluated the deflected shape corresponding to different static load increments.
Subsequently, they considered the deflected shape as the vibration mode shape in their
SDOF model. Agreement between numerical and experimental results was obtained
when uncertainties associated with the loading were accounted for in the SDOF model.
Louca and Harding (1997) considered the first mode of vibration and used the Lagrange
equation to study tte dynamic response of steel plates with or without imperfections.
They found good correlation between their models and finite element models for plates
with low aspect ratios. Pan and Watson (1998) derived the equation of motion by
obtaining the strain energy and kinetic energy expressions for an assumed parametric
mode shape and studied the response of plates in different loading range for elastic and
elasto-plastic material. Their model overestimated the deflections for plates subjected to
high impulsive load which was attributed to the lack of tensile membrane resistance in
their model. Schlever and Hsu (2000) considered a beam with arbitrary support
conditions and dividzd the beam into two elastic segments. A number of elastic-perfectly
plastic translational and torsional springs were used in order to connect these two

segments to each other and also to model support conditions. They considered a
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combination of the mode shapes of the clamped beam, simply supported beam and a
triangular mode shape in the model and found their numerical results to be consistent
with those of finite element models. Boutros (2000) considered three generalized
coordinates (midspan deflection, plastic kink angle at midspan, plastic axial deformation)
and used virtual wo’k to find the dynamic equation of motion of simply supported beams
subjected to blast. The comparison of numerical results with test data suggested that
consistent results rnay be obtained by considering 5% damping in the model and
assuming 5% of th: beam length for the midspan plastic hinge length. Low and Hao
(2002) used SDOF systems, originally suggested by Biggs (1964) and Krauthammer et al.
(1986), in order to investigate different failure modes for one way RC members. They
concluded that impulsive blast loads tend to cause direct shear failure while blast loads
with lower amplitude and longer duration have a higher tendency to bring about flexural

failure.

The current study focuses on using simplified techniques such as SDOF and MDOF
modeling for performing nonlinear dynamic analysis of RC components (i.e. beams,
panels and columns) under blast load. The basics of commonly used SDOF models have
been explained and 2 MDOF model which takes the nonlinear properties of concrete into
account was developed for RC beams and RC columns. SDOF model for RC panels,
based on the US army technical manual TMS5-1300 (1990) instructions, have been

employed and results obtained from this model was compared with results. The following
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sections will highlight the main issues involved in the analysis of structural elements

subjected to blast.

1.2 Explosion and Blast Loading

During an explosior, a chemical reaction is initiated. This leads to a sudden rise of
temperature within the surrounding air. Consequently, a layer of compressed air, forming
the blast wave or the “shock front”, is generated which contains most of the energy
released by the blast. When the shock wave reaches an obstacle (structure), the pressure
increases to its maximum value (side-on overpressure). Then, this pressure decays
exponentially within a short time (positive phase duration), and finally, as the air cools
down, the pressure drops a little below the ambient pressure for a longer duration
(negative phase duration). During this duration, a partial vacuum exists resulting in a
suction condition. A. typical time history of a blast load is shown in Fig. 1.1(a). In
practice, the negative phase is neglected because of its smaller intensity and the positive
phase blast load is approximated with a triangular load as shown in the Fig. 1.1(b)

(Beshara 1994).

The side-on overpressure and impulse, which is the area under pressure-time history, are
usually given as a function of the scaled distance, Z in the form of charts or figures

(Bangash, M.Y.H and Bangash, T. 2005). The scaled distance is expressed as:

Z=— (1.1)
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Where R is the distance from the center of explosion in meters and W is the charge mass
expressed in kilograms of TNT. The TNT is taken as a reference explosive and the actual
mass of the charge from sources other than TNT should be converted to a TNT
equivalent mass. This is usually done by obtaining conversion factor based on the

explosive’s specific 2nergy and that of TNT.

It should also be noted that when the blast wave strikes an obstacle, depending on the
direction of its propagation, it can be reflected and the overpressure can be amplified by
as much as 20 folds. Therefore, the effect of reflection should also be taken into account
for estimating a blast load. Figures like Fig. 1.2 are available in references such as Baker
(1983) and Bangash (2005) in order to evaluate the side-on pressure, P;, impulse, is, and

their corresponding 1eflected values (i.e. reflected pressure, P,, reflected impulse, i,).

1.3 Dynamic Analysis

In order to design a structural element against extreme dynamic loads such as blast, the
maximum response quantities such as displacement and shear are needed. Therefore,
nonlinear dynamic analysis should be carried out to evaluate these quantities. It should
also be noted that camping is neglected during dynamic analysis since the maximum
response usually occurs at the first cycle and effect of damping on response is negligible.
For dynamic analysis, there are usually two groups of methods: analytical (macro)

models and finite element (FE) models.
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Macro models are usually based of SDOF analysis. This nonlinear analysis method
considers the primary mode of vibration to represent the dynamic behavior of the
structural element. Assuming a shape function for the first mode, the structural element is
idealized by a SDOF model. Deflection obtained from this equivalent system should
represent the actual cleflection of the actual system at a certain location (e.g. element mid
span). To satisfy this constraint, the external work, kinetic energy and strain energy of the
two systems are equated for the different levels of deformation (e.g. elastic, elastic-
plastic, or fully plastic conditions) and consequently, a transformation factor, Kz, which
is called load-mass factor, is found for each stage of deformation. Therefore, the dynamic

equation of motion can be expressed as:

K,mi+R(x)=F1) (1.2)
Where m is the element mass, x and X" are the displacement and acceleration of a certain
point (e.g. midspan). R(x) is the resistance force as a function of displacement and F(?)
is the applied blast load as a function of time. It should also be noted that a resistance-
displacement function must be evaluated for the structural element which can be
established either experimentally or by using plastic analysis. In addition, the load-mass
factors have been tabulated in references such as Biggs (1964); TM5-1300 (1990); Mays

and Smith (1995).

Finite element analysis (FEA) considers the whole continuous system. It divides the

structural model into a large number of small elements and solves the equation of motion
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for each node. With the development of nonlinear FEA, it is possible to carry out more
advanced analysis. In recent years, different material models were developed and
advancement in high speed computers and numerical solution techniques resulted in a
significant reduction of computational time associated with nonlinear dynamic analysis.
These efforts lead 1o development computer software such as LS-DYNA, ANSYS,
ABAQUS, ADINA, AUTODYN in order to model and analyze complicated systems in

an efficient way.

Although nonlinear FEA is a great tool for blast loaded structure, there are some
considerations which make this technique not widely adopted for general use. FEA
requires a large number of input data and careful assessment of the validity of the results
and thorough knowledge of the method. Moreover, even by using computers with fast
processors, FEA can still be extremely time consuming.

In contrast to FEA, rnacro models require limited input data. They are widely applicable
to predict blast effects and relatively easy to use and calibrate. Thus, all design codes are
based on the SDOF :method and even in the case of complex structures, SDOF methods

are usually used for reliminary design.

1.4 Strain Rate Effects
It has been shown by numerous experimental and numerical research programs that
concrete and steel exhibit greater strength at high strain rate of loading. This material

characteristic becomes more significant for the case of blast loading since the duration of
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loading is very small compared to the duration of other dynamic loads such as
earthquakes for exariple. Therefore, the material properties should be modified and the

resistance should be znhanced appropriately in order to consider the effect of strain rates.

In order to the study the effect of strain rate on material properties, the Split Hopkinson
Pressure Bar (SHPE) is usually employed. Kolsky (1949) first used this method to
investigate steel properties under dynamic loading. Then, the application of this method
spread later to differcnt materials such as metals, ceramics, concrete, soil, foams, plastic
and composite (Ross et. al.(1995)). SHPB can produce strain rates as high as 10%™. In
this technique, a specimen is placed between two long metallic bars and load transmitted
to the specimen through impacting one of the bars. Then, stresses and strains are
calculated using one-dimensional elastic stress-wave theory. In order to maintain the
validity of the theory and apply a uniform stress, the impact velocity should be limited
and proper length-to-diameter ratio should be selected for the specimen. These
requirements make the typical size of test specimen very small. Therefore, this method
seems to be more appropriate for homogeneous material like steel. It should also be
mentioned that testing larger specimen was made possible by employing another

technique called plate impact test. Fig. 1.3 shows the schematic views of these tests.

1.4.1 Dynamic Increase Factor (DIF)
Dynamic increase factor (DIF) basically is the ratio of material dynamic strength to static

strength and is reported as a function of strain rate. A number of researchers have
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investigated the dynamic behavior of concrete and mortar in order to come up with

expressions for the L'/F at different strain rates.

1.4.1.1 Concrete

One of the main refzrences for the effect of strain rate on the compressive strength of
concrete is Bischof and Perry (1991). They discussed several factors that affect the
concrete strength at high strain rates such as the concrete static compressive strength,
aggregate type, curing, moisture and age. They concluded that the concrete compressive
strength is the most predominant factor. In addition, there were no consensus among
different researchers on the effect of strain rate on the strain at the peak compressive

stress and different variations have been reported.

To obtain the DIF of concrete, expressions were proposed by Soroushian et al. (1986);
Comité Euro-International du Béton (CEB) (1988); Tedesco et al. (1997); Malvar and
Ross (1998). All these formulas differentiate between low to intermediate strain rates and
intermediate to high strain rates, and suggest separate relationships for the range of strain
rates under consideration. It was also shown that the concrete tensile strength exhibited

higher increase than the compressive strength.

CEB (1988) differentiates between low to intermediate strain rate and intermediate to

high strain rate, and suggests the following formulas:
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_\1.026a,
£l f. = (i] for £ <305’ (1.3-a)
gS
C\I/3
& . A1
= }/x[.—J for £ >30s (1.3-b)
gS

Where f, and f, are the dynamic and static compressive strength, £ is the strain rate,
£,=30x10° s (static strain rate), log y,=6.156a; -2, as=1/(5+9( £,/ £., )), f.,=10 MPa

=1450 psi.

1.0160
flf, =() for £ <305 (1.4-a)

g
SS

CN1/3
= IB(—S—J for £ >30s" (1.4-b)
£

5

Where f,and f, are the dynamic and static tensile strength, £ is the strain rate,
£, =30x10"° s (static strain rate), log £=7.116-2.33, § =1/(10+6( Sl Lo s [, =10 MPa

=1450 psi.

1.4.1.2 Steel

The variation of steel properties with increasing strain rate has been studied by
Soroushian and Choi (1987); CEB (1988); Malvar (1998). It has been observed that strain
rate mainly enhanced the yield and ultimate stress of steel and it does not have significant

effect on steel modulus of elasticity. One of the well known formulas for evaluating the

DIF of steel has bee proposed by Malvar (1998) as follow:

10
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6.‘ a
DIF = 1.5-a
(10”4 ) ( )
where:
a =0.074-0.040 Sy for yield stress, or (1.5-b)
a=0.019- 0.009—&— for ultimate stress (1.5-¢)

3

£ is the strain rate. f, and f, are the bar yield stress and ultimate stress in MPa.

1.5 Numerical Time Integration

To perform the dynarnic analysis, the equation of motion should be solved for each time
increment, which usually involves numerical integration of the differential equation of
motion. A review of different methods for numerical integration is available in Dokainish

and Subbaraj (1989),end , Subbaraj and Dokainish (1989).

In general, the numerical technique to solve the differential equation of motion will fall
under either an explicit or an implicit method. Each of these methods has its own

advantages and disadvantages for each specific problem.

Explicit methods such as the Central Difference and Runge-Kutta Methods use the
known quantities (e.g. displacement, velocity, acceleration) at time ¢ (or at some time in
the past) and solved the differential equation for their unknown values at time ¢ +4¢. On

the other hand, implicit methods such as the Newmark-8 and the Wilson-8 methods solve

11
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for the unknown values at time ¢ +A4¢ using the differential equation at time ¢ +A¢t which
means that the unkrown values are implicitly embedded in the equation. As a result,
implicit methods involve the simultaneous solution of a set of equations leading to
iterative procedures for nonlinear systems. Therefore, with respect to the computational

cost per time step, explicit algorithms are much more efficient than implicit ones.

Numerical methods are also assessed based on their accuracy and stability. Accuracy
indicates how close the numerical solution is to the exact solution when the time step
approaches zero. In other words, truncation error should converge to zero as smaller time
steps are used.

Stability can be corditional or unponditional. The numerical scheme is conditionally
stable if the numerical solution diverges for time steps beyond a critical time step and it is
unconditionally stable if the numerical error is not affected by the time step size, as long

as the time step satisfy the accuracy requirements.

Many implicit mehods are unconditionally stable while explicit methods are
conditionally stable. This means that greater time steps can be selected in implicit
algorithms and the time increment is determined regarding accuracy considerations. This
is why implicit methods are more beneficial for structural dynamics problem in which the
response is governed by the first few modes. Hence, they can usually be applied to
earthquake problems since selecting larger time step is permitted. On the other hand,

explicit algorithms are usually more appropriate for wave propagation problems in which

12
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the contribution of higher modes to the response can be more significant. Thus, the use of
these methods in blast and impact loading (which are high in amplitude and short load

duration) is preferable since their solution requires very small time increments.

1.6 Summary of the Research Papers and Conclusions

Paper I: Response Sensitivity of Blast Loaded Reinforced Concrete Beams to the
Number of Degrees of Freedom

Contribution of higher modes to the maximum response quantities can be more
significant in rapid cynamic loads such as blast and impact. In this study, a MDOF model
with varying number of degrees-of-freedom (DOF) was developed for RC beams.
Changing the number of DOF, nonlinear dynamic analyses were carried out for MDOF
models subjected to series of pressure and impulse pairs and differences in maximum
response quantities were compared. Moreover, the model was compared with available

experimental data.

Results showed that few DOF are needed to capture the response of partially damaged
beams. Results were also compared with several SDOF model results and it was observed
that the use of these¢ models may yield comparable results to those found from MDOF
analysis if the appropriate flexural rigidity is used. Peak shear obtained from models with
elastic response was also compared with closed form solution with a maximum difference

of about 20% in the impulsive regime.

13
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A larger number of DOF was needed to capture the flexural failure of RC beams and it
was observed that the required number increased with increasing the stiffness.
Comparison of Pressure-Impulse (P-1) diagrams obtained by using different DOF also
indicated that the required number is dependent on the damage and, moreover, large
number of DOF affected the P-I diagrams significantly in the impulsive regime for stiff
beams. This was attributed to the fact that high impulsive loads can excite modes within a
specific frequency range. In addition, by increasing damage, the frequency of vibration

decreases and consequently, more modes can possibly fall in that frequency range.

Paper II: Response of Two-Way Reinforced Concrete Panels to Blast

Most of the available studies are limited to evaluating the response of one-way elements
under blast loading. In this paper, the basic methodology of SDOF models for two-way
RC panels has been outlined, using TM5-1300 code instructions, and a SDOF model was
developed for two-way RC panels with different reinforcement and aspect ratios. FE
models of these panels were also constructed. Using SDOF models with different flexural
rigidity, P-I diagrams were generated and their predictions were compared with data
obtained from FEA. In addition, modification was proposed for calculating dynamic

reaction and results ottained from different methods were compared.

Comparison between /’>-/ diagram predictions and the FEA results showed that the use of
SDOF models with the: average of the cracked and the gross flexural rigidity resulted in a

better correlation between the SDOF analysis and FEA, especially in the impulsive

14
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regime. Compared 10 FEA results, the SDOF model gave conservative results for all
loading types and significantly overestimated the deflections for pressures with low
amplitude and long duration. The observed overestimation was mainly related to the

deficiencies in the resistance function for the SDOF models of two-way panels.

Comparison betweer: the dynamic reactions obtained from different techniques and FEA,
showed that the prososed modification in TM5-1300 reaction calculation improved the
SDOF reaction prediction in the impulsive regime and, unlike the TM5-1300 method
which underestimates the reaction, the modified technique yield significantly better
predictions for the impulsive realm of loading. In general, there was no significant
difference between the different techniques and the modified TM5-1300 method with all
methods underestimating the dynamic reaction compared to FEA results in the pressure
regime. Therefore, it is recommended to use the proposed modification for the impulsive

regime.

Paper III: Capacity Assessment of Reinforced Concrete Columns Subjected to Blast
Considering the inherent nonlinearity of RC, simplified techniques were introduced for
analysis of these elements under blast loading. However, many of the available studies
considered elements like beams which are not subjected to axial loads. Considering the
important role of columns in providing the overall stability of structures, a MDOF model
for RC columns was developed which takes into account of axial load effects, strain rate

effects and variation of rigidity. Column section properties have been studied under
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different levels of axial loads and strain rates. Moreover, P-I diagrams were developed
for two types of column details and the load carrying capacity of the columns were

evaluated.

Through construction of moment-curvature diagrams for the column’s cross section for
different levels of axial load, it was shown that the ultimate curvature capacity decreased
significantly by incrzasing the axial load. Moreover, enhancement in material properties
with increasing the strain rate resulted in significant amplification of the larger axial
force-bending moment interaction diagrams. In addition, it was shown that scaling the
material properties by a factor of 1.25 (as proposed by many researchers) cannot capture
the axial force and moment capacity enhancement for high values of strain rates in the

arrange of 100 s™ to 500 s™ which is very common during blast.

Comparison of the P-I diagrams developed with different axial loads shows that effect of
high axial load is more pronounced for the impulsive regime and the maximum
difference of 40% cean be reached by increasing the axial load level to 70% of column
axial load capacity. [n addition, presence of axial load reduces the deflection at each
damage level significantly. Calculating the RC column end rotation at the fully damaged
state also showed that this parameter is not a constant value, as suggested by the TMS-
1300, and it was observed that it decreases by increasing level axial load and the column

stiffness.
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Finally, comparison of the P-I curves for the fully damaged level with ones for the

partially damaged level indicates that good detailing at supports can enhanced the load

carrying capacity of the columns significantly. In average, the deflection, the impulse

asymptote and the p-essure asymptote at the partially damaged state were amplified by

the factors of 3.6, 2.4 and 1.5, respectively.

1.7 Suggestions for Future Work

The following points are proposed as an extension of this work:

Studying the effect of support vibration on the overall response of the blast loaded
element. Or, in other words, investigation of the possibility of providing isolators
in order to reduce the blast load effect on the structural elements.

Developing simplified numerical techniques to investigate the torsional response
of blast loadec. structural components.

Using FEA and experimental results to develop a more comprehensive resistance
function for two-way RC elements in order to be used in SDOF analysis.
Quantifying tte resistance function for retrofitted RC elements by FRP sheet in
order to be uszd in SDOF analysis. Or modifying the MDOF model in order to
consider the effect of such retrofit scheme in the analysis.

Using FEA to develop SDOF transformation factors of structural elements which
are subjected ‘o non-uniform blast load and calibrate the approximate loading

function with tie different scaled distances.
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e Using FEA t> find approximate shape functions and transformation factors for

SDOF models of panels with openings.
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Chapter 2: Response Sensitivity of Blast Loaded Reinforced Concrete Beams to the
Number of Degrees of Freedom

Abstract: Accurate analysis of Reinforced Concrete (RC) structures under blast loading
is very complicated due to the nonlinear behavior of concrete and reinforcement and the
various failure modes to be considered. Although blast loads can excite large number of
modes due to their high frequency content, practical computational tools are usually
limited to single degree of freedom (SDOF) models. In addition to oversimplification,
SDOF models are known to give inaccurate prediction for shear forces. This is because
accurate shear force prediction typically requires more modes than the fundamental
mode. In this study, a multi-degree-of-freedom (MDOF) model is developed that takes
into account the ncnlinear behavior of RC structures and the material strength and
deformation dependency on the strain rate. Using this model, a series of dynamic
analyses were carried out for two typical structural members, with different combination
of blast pressure and impulse. The effect of varying the number of degrees-of-freedom
(DOF) was investigated through increasing the number of nodes used to descretize each
structural member. Fesults indicated that a large number of DOF is required to accurately
model such structures and that the numbers of DOF is proportional to the extent of
damage. Changing the number of DOF also affected the Pressure-Impulse (P-/) diagrams
for the structural mzmber significantly, especially in the impulsive regime. The model

was also compared to available experimental results and showed good agreement.

Keywords: Blast loads; concrete structures; degrees of freedom; dynamic analysis;

models; nonlinear analysis.
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2.0 Introduction

In order to design a structure to resist a certain level of blast loading, local and global
failure should be taken into consideration. When the local response of RC members such
as beams and columns is considered, the design philosophy should aim at preventing
specific failure modes and/or they should be proportioned to withstand a specific level of
damage. On the other hand, when the possibility of global or overall failure is
investigated, the design strategy should aim at preventing progressive collapse, providing
alternative load paths and increasing the structural redundancy.

Because of the nature of blast loading and the nonlinearity associated with RC structures,
nonlinear dynamic analysis must be used to assess the full structural response. The
different techniques used for nonlinear dynamic analysis usually fall under two
categories: analytical (macro) models and finite element models. Macro models typically
employ a Single Degree of Freedom (SDOF) or a Multi Degree of Freedom (MDOF)
approach. These models use the fundamental (first) mode of vibration or the first few
modes to predict the structure response to blast loading. Analytical models are usually
simple and require liriited number of input data. On the other hand, nonlinear dynamic
analysis using a finite element model usually requires a large number of input parameters
and significant exper.ence and knowledge for obtaining reliable and realistic results.
However, in early design or analysis stages, it is not feasible to use complex time
consuming finite element analyses, therefore, there is a need for relatively simple, yet
reasonably accurate methods such as the one described here. This method can also be

used to check the overall accuracy of finite element analyses.
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Generally, the exact blast loading information including the peak over pressure value and
pressure time history may not be available as a result of many uncertainties associated
with such loading. However, as can be seen in Fig. 2.1(a), for a typical blast loading, the
blast pressure (side-on over pressure) decays in an exponential form during a very short
time (positive phase) and finally falls below ambient pressure, stays there for a longer
time (negative phase) and has lower pressure intensity (Baker et al. 1983). In practice, the
negative phase (suction) can be neglected and the exponential decay loading can be
approximated by a triangle which has the same peak pressure but different duration, 77.

As can be seen in Fig. 2.1(b), the duration is determined based on the time to reach the
maximum response. If the maximum structural response occurs after the pressure has
decayed to ambient pressure, the equivalent duration is obtained by equating the area
under the actual pressure-time curve in the positive phase (the impulse) to the area of the
idealized triangle load. On the other hand, if the time to reach the maximum response is
less than the positive phase duration, the equivalent duration is found by equating the
slope of tangent line (at arrival time) on the actual loading curve with the slope of triangle

load (Beshara 1994). This idealization is shown in Fig. 2.1(c).

There are a number of investigations in which SDOF or MDOF techniques have been
employed to study the response of structural members under blast or impact loading
[Biggs (1964); Krauthammer et al. (1986); Krauthammer et al. (1990); Louca and
Harding (1997); Pan and Watson (1998); Schleyer and Hsu (2000); Boutros (2000); Low

and Hao (2002)]. However, most available research programs, including the ones listed
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above, have focused on considering the real first mode or a combination of different
assumed mode shapes for the first vibration mode to govern the dynamic response of
structural members. N evertheless, it is well known that higher modes significantly affect
the structural respons: in wave propagation problems such as blast and impact (Ebeling
et al. 1997; Subbaraj and Dokainish 1989). This means that models with more degrees of
freedom (DOF) may be required to account for the effect of higher modes on the
structural response. Moreover, recently published experimental results of RC members
tested under blast loading (Razaqpur et al. 2007; Magnusson 2007) showed that shear
failure, which can be predicted more accurately by including higher mode effects, was

the governing failure inode in many of the tested RC members.

In this paper, a numerical method based on the lumped mass approach is employed to
study the significance of using MDOF model with a large number of DOF on the
response of RC beams subjected to blast. The strain rate effects are also incorporated in
the analysis in order to consider the effect of the rapid rate of loading on member
response. A series of blast loading with different pressure and impulse combinations are
generated to produce different frequency content and the effect of the large number of
DOF on maximum response quantities is considered by increasing the number of nodes
used in discretizing these structural members. The following sections outline the model
development, including material properties and solution technique, as well as the results

of the various analyses.
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2.1 Model Development

2.1.1 SDOF Model

Available SDOF analysis techniques applied to individual structural members consider
the fundamental vibration response mode of the member and utilize a nonlinear dynamic
analysis procedure to evaluate the member response to a certain level of blast loading. In
these techniques, the dynamic response of a structural member is approximated by the
first mode shape and the dynamic equation of motion is evaluated for an equivalent
SDOF system (Figs. 2.2(a) and 2.2(b)). Deflection obtained by solving this equivalent
system represents the actual deflection of the structural member at a certain key location
(e.g. member midspan). To establish the equivalent SDOF, one needs to evaluate the
mass factor, Ky, the resistance factor, Kz and the load factor, K;, which relate the
equivalent mass, the equivalent resistance, and the equivalent load, respectively, in the
SDOF system to the zctual quantities in the structural system. In general, by equating the
external work, Kinetic energy and strain energy of the two systems, these factors can be
found easily. It is worth mentioning that the load factor is approximately equal to the
resistance factor (Mays and Smith 1995). These factors can be evaluated (Biggs 1964) as

follows:
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pr¢(x)dx
Kp=K, =2 I . @1
[ pa
[pu#*(x)ax
K, =% (2.2)
fouas

0

In the above equations, Kj, Kg, K)s are the load factor, the resistance factor and the mass

factor respectively; ¢ and p are the mass and load per unit length; L is the member

length and @(x) is the assumed mode shape.

For a nonlinear systen, a different shape function is usually considered for each stage of
response (e.g. elastic, elastic-plastic, or fully plastic conditions). Consequently, as the
shape function chang:s, new transformation factors are computed for each deflection
stage. Using these factors, the dynamic equation of motion for the SDOF model can be

written as:

Kymy + KoR(») = K, F (1) 23)
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In this equation, m is the member mass which can be given as: m=p,, XL; y and y are
the displacement and the acceleration; R(y)is the resistance force as a function of
displacement and F'(¢) is the blast load as a function of time.

It should be noted that, as can be observed from Eq. 2.3, damping is usually not
considered in impulsive loading problems such as blast and impact since the maximum

response, which is generally the quantity of interest, usually occurs during the first

vibration cycle when damping has minimum contribution to the dynamic response.

In order to express the equation of motion in terms of one factor, K is divided by Kjsand
the factor Ky (Load-Mass factor) is introduced. The values of the load-mass factors are
tabulated and can be found in references such as Biggs (1964); TM5-1300 (1990) and
Mays and Smith (1995). Hence, the equation of motion for the equivalent SDOF can be

written as:

K, ,my+R(y)=F() 2.4)

In the previous equation, the static load-deflection relationship of the structural member

should be constructed in order to use it as the resistance-displacement function, R(y).

These resistance-displacement relationships can be found either experimentally, using
appropriate code equetions, or using plastic analysis. If plastic analysis is used, then the

force, R, , which initiates a plastic hinge within the structural member is calculated, the
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corresponding static deflection, A, is found and the resistance-deformation relationship
is simplified as shown in Fig. 2.2(c).

In the case of RC member, an effective flexural rigidity, £/, , is needed to compute the
deflection obtained for the corresponding applied static load. Biggs (1964) suggested

using the average of the cracked section rigidity, E7

cr?

and the gross rigidity, £, for

deflection calculation. It should be noted that other international RC design codes [ACI
318-05 (2005); CSA A23.3-04 (2005); EuroCode 2 (1992); NZS 3101:1995 (1995)]

employ different expressions for E7,; .

Figure 2.3 shows the forces exerted on a simply supported beam subjected to a blast
pressure. As can be seen in this figure, both the inertial force and the applied blast load

should be considered in order to find the correct dynamic reaction, V,, at the supports.

Considering the primary response mode, Biggs (1964) used the equilibrium conditions

for the forces shown in Fig. 2.3 to derive the following equation for the dynamic reaction:

V()= By x R(t) + B x F (1) (2.5)

This equation expresses the dynamic reaction, V,(), at a time ¢ as the summation of
fractions of the resistance force, R(¢), and the applied force, F(¢), at time ¢, with B, and

B, being constants, which are modified for each stage of displacement (e.g. elastic,

elastic-plastic, or fully plastic).
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2.1.2 MDOF Model

As mentioned earlier, in nonlinear analysis of RC members subjected to dynamic loading
the material stiffness should be adjusted for each loading increment or with increased
displacement. The members must also be discretized to account for the stiffness variation
across the member langth. As a result, for this type of analysis, finite element models,
which require specia. experience and significant modeling and solution time, are usually

employed.

To reduce the difficulties associated with nonlinear dynamic analysis of continuous
systems, MDOF models based on the lumped mass approach can be employed. In these
techniques, the structural member is replaced by a series of discrete connected nodes and
the material properties are concentrated at these nodes. Using a finite difference method,
the dynamic analysis of an RC member subjected to blast can be performed as explained

below.

Figure 2.4 shows a siraple beam divided into (n+7) segments. The lumped mass and load
at the i node are, respectively,: LM; = p,, (4Ax) and F; = p(4x), in which Ax is the segment
length.

The dynamic equilibriim equation for the i node will be:

LMij}i + V;—l,i - V,i+1 + Ciyi = F;(t) (2.6)

I
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where:

VsV Vi = i" node displacement, velocity and acceleration, respectively.

LM, = Lumped mass at the i node

C, = Damping for the i node

F@® = Lumped blast load at the i* node

V.1 >V, .= Shear force values between the (i-1 ) and the i node, and shear between the

i" and the (i+1)" node, respectively.

By considering the free body diagram of a typical nodal mass (Fig. 2.4), the preceding

shear forces can be wr tten as:

M -M,
V., =—i i 2.7
i~1i A)C ( )
M, ,—-M,
Vi = 2.8)
where:

M, ,,M,, M, = Moment at the (i-1)", the i and the (i+1)" node, respectively.

Ax = Segment length

and employing Egs. 2.7 and 2.8, Eq. 2.6 can be rewritten as:
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LM.y__M,._I—zimeM +Cj = E(®) 2.9)

7

The curvature,¢, can be obtained at each node using the following finite difference

approximation:
_dy -1
$= e Kx7(yi+1"2y,- +Yiy) (2.10)

Hence, the corresponding moment at each node can be found from the moment-curvature
diagram evaluated for the beam cross section. Equation 2.9 is then solved numerically for
each time increment. Adopting this technique, the nonlinear behaviour of RC members
can be analyzed and the post damage state can be modeled easily using the MDOF
approach. As noted earlier, damping is not considered in the MDOF model since the
maximum response, 'which is generally of interest, usually occurs during the first

vibration cycle when damping has minimum contribution to the dynamic response.

2.1.2.1 Numerical Integration Scheme
In this study, the Central Difference Method , which is an explicit method, is used and the
following formulation, which is employed by Krauthammer et al. (1993), is considered

for estimating the critical time step, 7, :
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tcr =A‘)C/CYL (2.11)

where the wave velocity, C, , is given by:

1/2
CL=[ Ed=v) ] 2.12)
(d+v)1-2v)p

In the above expressions, Ax is the node spacing, £ is the elastic modulus, v is Poisson’s
ratio and p is the mass density of reinforced concrete.

A time step size of 0.05 7., obtained form the previous equation was compared to even
smaller values and the east value was selected in the analysis. These smaller values were
1x107 second for n < 40 and 1x107 seconds for n > 40, n being the number of nodes in
the MDOF model. Since the order of time step is very small, it is important to note that
enough numerical precision should be considered during the analysis in order to prevent
truncation errors created by the computer itself. Therefore, all calculations in this study

were carried out by employing double precision.

2.1.2.2 Material Stress-Strain Relationship
2.1.2.2.1 Concrete
Numerous stress-strain relationships for concrete and reinforcing steel are available in the

literature. For concrete in compression, different relationships expressed in terms of the
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compressive strength, the strain at this compressive strength, and the concrete modulus of
elasticity have been proposed (Scott et al. 1982; Dilger et al. 1984; Soroushian et al.
1986; Mander et al. 1988). In this study, the following relationship proposed by Popovics

(1973) is adopted:

. q(e/e) (2.13)

g =
“q-1+(e/e )"

[4

where:

£,0, = Strain and corresponding compressive stress

f],&, =Maximum ccmpressive stress and corresponding strain

g,k = Curve fitting parameters which are given by 0.8+7./17 and 0.67+f.' /62 ,
respectively, where f, is in MPa.

Equation 2.13 is easy to use and was shown to be capable of modeling initial tangent

stiffness and the post-peak behavior by Bentz (2000).

For tension stiffening, different equations have been proposed by Vecchio and Collins
(1982), Collins aﬁd Mitchell (1987), Tamai et al. (1987), and Bentz (2005). These
relationships may be appropriate for a specific section since tension stiffening is
dependent on the bond characteristics which vary from section to section. In this study,

the Vecchio and Collins (1982) relationship, given by:
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ft‘l
A — 2.14
©1+4/200¢, @19

was used, in which, €,,0, are the tensile strain and corresponding tensile stress, and f,

is the tensile strength taken as 10% of the compressive strength.

2.1.2.2.2 Steel

A number of formulations were proposed for the reinforcing steel stress-strain
relationship and all of them consist of three zones: elastic, yield plateau and strain
hardening. In this study, Hoehler and Stanton (2006) model was used. According to their

formulation, the strair -stress relationship for steel is expressed as:

oc=Ex¢g fore<e, (2.15-a)

oc=0,+(6—¢)xE, fore, <e<g, (2.15-b)
E —& G,

c=0,—(0,—0,)x(—+—)" for g, <e<g, (2.15-¢)
‘gu T Csh

where:

£,0 = Strain and corresponding stress in the reinforcing steel, respectively.

o,,€, = Stress and strain at steel yield, respectively.

c,,,€, = Stress and st-ain at the onset of strain hardening, respectively.
o,,&, = Ultimate (peak) stress and strain, respectively.

E = Elastic modulus
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E = Slope of yield plateau

y

G, = Parameter that defines the curvature of the strain hardening curve.

2.1.2.3 Strain Rate Effects

It has been shown by a number of experimental and numerical studies that concrete and
steel exhibit significant strength increase under high strain rate of loading. Although it
was suggested that inertial effects change the uniaxial stress to uniaxial strain during high
strain rate of loading, and this leads to enhancement in material strength (Bischoff and
Perry 1991), this characteristic is not well understood due to lack of experimental stress-
strain relationships at high strain rate. Most of the experimental results are limited to low
strain rates or have been performed on small specimens which may give correct results
for isotropic materials such as steel but not for heterogeneous materials such as RC.

As a simplification, the ratio of material dynamic strength to static strength, usually
referred to Dynamic Increase Factor (DIF), is given as a function of strain rate either

graphically (TM5-1300, 1990) or presented in the form of formulas.

2.1.2.3.1 Concrete

For concrete under compression, it has been shown that the increase in compressive
strength is more significant than the enhancement of its other properties such as ultimate
strain and the elastic modulus. For strength enhancement, expressions were proposed by
Comité Euro-International du Béton (CEB) (1988), Tedesco et al. (1997), and Malvar and

Ross (1998). All these expressions differentiate between low to intermediate strain rates
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and intermediate to high strain rates, and suggest separate relationships for different
ranges (Fig. 2.5(a)). It has also been shown that the concrete tensile strength exhibits
higher increase than the compressive strength (Fig. 2.5(b)). There is no consensus among
different researchers cn the effect of strain rate on the strain at the peak compressive
stress and different variations have been reported (Bischoff and Perry 1991).

Tedesco et al. (1997) used their experimental results obtained from a number of Split-
Hopkinson Pressure Bar (SHPB) tests for concrete with different strength and moisture,
and employed some regression equations in their concrete model. Malvar and Ross
(1998) considered a large number of test results and modified CEB (1988) formula for
concrete under tension. Since Tedesco’s experiment cover strain rates up to 1x10° s
and Malvar’s equation has been obtained by considering large number of data, Tedesco’s
relations for concrete under compression and Malvar’s formula for concrete under
tension are adopted in this study. Tedesco et al. (1997) considered these equations for

concrete under compression:

£l f, =0.758log £ +:.058>1.0 for £<63.1s" (2.16-a)

£l £, =0.758log£-0.289<2.5 for £>63.1s" (2.16-b)

£, /€. =1.08+0.112log £ +0.0193(log £)? (2.16-c)
cd cs

where f, and &£, arz concrete dynamic compressive strength and corresponding

dynamic strain, and £, and &, are their static values, ¢ is the strain rate in s
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Malvar’s equations for concrete under tensions are:

Y
£l f,;(,iJ for £<1.05" (2.17-a)
£
LNI/3
ful fo= ﬂ(i) for £>1.0s (2.17-b)
85

Where f,,and f,, are the dynamic and static tensile strength, £ is the strain rate. The
static strain rate, £, , is taken as 30x10° s™ for compression, and, £ =1x10°s" for

tension, #=10%2 and 6=1/(148 £,/ f,, ), where f,, =10 MPa .

2.1.2.3.2 Steel

For steel, it has been observed that yield and ultimate stress increase with increasing
strain rate but the modulus of elasticity is not affected by the rate of loading. Similar to
concrete, relationships are given for reinforcing steel by Soroushian and Choi (1987);
CEB (1988); Malvar (1998). Malvar’s formulations were used in the present analyses
because of the large number of test results at different strain rates that were used to verify

his expressions:

DIF = (15_4) (2.18-a)

where:
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a=0.074- 0.0404L1y4 for yield stress, or (2.18-b)
a=0019~ 0.0094% for ultimate stress (2.18-¢)

£ is the strain rate f,and f, are the bar yield stress and ultimate stress in MPa.

As can be seen in Fig. 2.5(c) and Fig. 2.5(d), the stress-strain curves will be scaled
corresponding to the specific strain rate. For concrete, the maximum compressive stress
and the corresponding strain are scaled by the DIF values given in Eq. 2.16 while the
maximum tensile stress is scaled by the DIF value given in Eq. 2.17. For steel, the yield

and ultimate stress are amplified by the DIF values given in Eq. 2.18.

2.1.2.4 Strain Rate Estimation

In order to use the appropriate DIF, a procedure to find the strain rate corresponding to a
specific blast load would need to be established. Different methods such as finding
maximum curvature rat: (Kulkarni and Shah 1998) or deriving an approximate strain rate
equation (Krauthammer et al. 1994) have been proposed. These methods estimate the
order, rather than the exact value of the strain since the latter is too complicated to be
modeled using simple tools. Nevertheless, because the method described by
Krauthammer et al (1994), is simple and accurate enough, it was adopted in this study. To
obtain the DIF, the loal-strain relation at extreme fibers for a section resulting from a
uniform load should be evaluated. Considering the simply supported beam shown in Fig.
2.6, the strains at the tensile and compressive fiber at the midspan of this beam are given

by:
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_ Pl h ]
& =(— g )(EI ) (2.19-a)

pl’  h, _
=(— )(EI ) (2.19-b)

where ¢, and &, are strains at the extreme compressive and tensile fiber, respectively; p
is the uniform blast load; 4. and A, are the compression depth and the tension depth of

the cross section, respectively; EL., is the cracked flexural rigidity and L is the beam span.
If the moment-curvatw-e relationship at a certain strain rate is approximated as elastic-

perfectly-plastic, then El,=M /¢y, where M, and ¢, are the yield moment and

curvature at yield, respectively.

Consequently, the strain rate at the extreme fibers can be obtained by evaluating the

derivative of Egs. 2.19-a and 2.19-b with respect to time as follows:

g, _op I?

2.20-
ot at(s)(EI ) (2:20-2)
o, op I’ h
98 _ 2.20-b
o o8 ar) (2.20-b)

As an approximation, a strain rate value, €, can be assigned for the whole cross section

by taking the average of strain rates obtained from Eqgs. 2.20-a and 2.20-b:
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s L hth

221-
or 16" EI i) @21-2)
or
6p >  h
] 221-b
o 16 e (2.21-b)

where 4 is the beam height.

For a triangular load idealization (Fig. 2.1(b)), Eq. 2.21-b can be simplified to:

I’h @,
(16 )(M ) (2.22)

where p, and 7, are peak blast load per unit length and loading duration, respectively.

A similar procedure can be used for RC beams with different loading and support
condition, where the strain rate for each beam section can be evaluated through similar
approximation. In this way, the proposed model would be capable of considering the

distribution of strain rate variation along the beam length.

2.2 Numerical Result; and Discussion

2.2.1 Overall Procedure

In order to investigate the effect of varying number of DOF, a clamped-clamped and a
simply supported RC beam with identical material and cross sectional properties are

analyzed. The clampec| beam is used to study the effect of higher stiffness (compared to

44



M.A.Sc. Thesis-S. H._Changiz Rezaei McMaster University-Civil Engineering

the simply supported beam) on the response. The beam has equal amount of positive and
negative steel with the reinforcement ratio of 1% each. The beam has a of 600 mm deep,
and a 400 mm wide cross section and span length of 4.0 m. A 30 MPa concrete is used
and the yield and ultimate strengths of the steel reinforcement were 400 MPa and 600
MPa, respectively.

Using the triangular load approximation of the actual blast loading as explained earlier,
the beams are subjected to a series of pressure and impulse combinations. This means
that for a specific pea< pressure, the duration of the load is changed and consequently
new values of impulse are generated. For each combination of pressure and load duration,
the number of nodes (D)OF) is increased from 2 to 30 for the simply supported beam and

from 2 to 40 for the clamped beam.

Following the method explained earlier, the strain rate is obtained for each node and the
material properties are adjusted accordingly. As discussed earlier the concrete tensile
strength is known to be more sensitive to the strain rate than the compressive strength.
Moreover, the DIF for concrefe under tension is significant for strain rates higher than
1s™l. Therefore, for loac cases in which the maximum strain rate is greater than 1s7,
separate strain rates and moment curvature relationships are evaluated for each node. For
other load cases (i.e. cases with strain rate less than 1s™), the maximum strain rate value
and the corresponding moment-curvature relationship is used for all the beam nodes. The
ultimate curvature is defiaed as the point on the moment-curvature curve at which half of

the beam height is crushed in compression. The analysis would stop when the number of
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failed nodes (nodes having curvature greater than ultimate curvature) reaches three for
the clamped beam (at both supports and at the midspan) and one (at the midspan) for the
simply supported beam. The numerical procedure is summarized in the flow chart shown
in Fig. 2.7.

A total of 27 and 25 load cases were analyzed for the simply supported beam and the
clamped beam, respectively. The blast loads included six peak pressure values (Py=100,
500, 750, 1,000, 2,530 and 5,000 kPa) and five load durations (7;= 0.003, 0.005, 0.01,
0.1 and 1.0 s).

Among these combinations, the simply supported beam survived 15 load scenarios (S-1
to S-15 in Table 2.1(2)) and the clamped beam survived 17 load scenarios (C-1 to C-17 in
Table 2.1(b)). The rest of the beams (12 simply supported beams and 8 clamped beams)
failed totally under the particular combination of blast and impulse acting on them.
Therefore, the results. for the two sets of beams will be discussed separately.

It should be noted that more studies would be needed to cover a wider range of
span/depth and reinforcement ratios, different support conditions and different ranges of
pressure and impulse. However, the different load parameters and support conditions
considered in this sttdy can be considered adequate to give an overall understanding and
demonstrate the effects of considering different MDOF systems in the analysis of RC

beams subjected to blast.
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2.2.2 Partially Damaged Cases

The variation of maximum displacement, curvature and shear for the simply supported
beam are depicted versus the number of nodes for two pressure values (1,000 kPa, 2,500
kPa) in Fig. 2.8. It caa be seen that the variations in maximum displacement, curvature
and shear decrease significantly with increasing node number and, typically, a minimum
of three nodes, five nodes and ten nodes are needed to predict the displacement, curvature
and shear, respectively, within the specified convergence limit (defined as 5% response
difference between suc:essive MDOF models).

As expected, a larger number of nodes (DOF) is needed to estimate the shear (Clough and
Penzien 1993). Table 2.1(a) shows the difference between the predicted displacement,
curvature and shear valies obtained using three, five and ten nodes, to the corresponding
predicted values using thirty nodes for all the partially damaged cases, expressed as a
percentage of the latter. As the results show, the maximum difference between the results
obtained for all of the response parameters using thirty nodes and those obtained using
fewer nodes is approximately 11% (Beam S-1).

Similar results are given in Fig. 2.9 for the clamped beam. This figure shows the
variations of maximum response quantities with increasing number of nodes for the two
previous peak pressure values (i.e. 1,000 kPa, 2,500 kPa). Compared to the simply
supported case, the dynamic shear is higher and the displacement is lower for the
clamped beam as a result of its higher stiffness. It can also be noted that the required
number of nodes for the displacement and the curvature values to converge is

significantly greater than that for the simply supported beam case. This can be attributed
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to the higher vibration frequency of the clamped beam compared to the simple beam,
which, combined with the high frequency content in blast loads, leads to significant
higher mode contribut ons to the response. Thus, more nodes (DOF) would be needed to
model the C-Beam responses. As observed from Fig. 2.9, a minimum of ten nodes for
both displacement and curvature, while a minimum of twelve nodes is required for shear
to obtain results that arz accurate enough to satisfy the 5% convergence limit.

Table 2.1(b) shows the difference between the predicted maximum displacement,
curvature and shear values obtained using ten, ten and twelve nodes, respectively, and the
corresponding values cbtained using forty nodes for partially damaged clamped beams,
expressed as a percentage of the more accurate values. As the results show, the maximum
difference between the response values obtained using forty nodes and those obtained
using fewer nodes occurs in predicting shear and it is 13.9% of the more accurate value

(Beam C-8).

2.2.2.1 Comparison with Different SDOF Models

The maximum response quantities for displacement and shear obtained from a MDOF
model, which is used with the minimum numbers proposed earlier, are compared with the
results obtained from different SDOF models. Four SDOF models with different
commonly used flexura! rigidity, EI, are considered. These SDOF models are based on
the cracked section, FI,,, gross section, El,, average of the cracked and the gross section
rigidities, El,., and the rigidity expression recommended by the CSA A23.3-04, (2005)

Standards for computing RC beams deflection, Elcsy.
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It should be noted thet the Elcs, is a function of the maximum moment in the beam and
as a result it is a function of the resistance. Therefore, the use of Elcgy results in a
nonlinear resistance. The resulting problem is solved for each time increment using the
Newton-Raphson method. In the solution of SDOF system the maximum strain rate
obtained from the proposed MDOF model is used. One additional SDOF system
considered is a 1 node MDOF system, which is the same as the MDOF system described

earlier but using only a single node at the beam midspan.

The percentage difference between the displacements and shears obtained from five
different SDOF systems and the MDOF system are given in Tables 2.2(a) and 2.2(b) with
the calculated absolut: maximum differences obtained for each model shown in bold.
Considerable scatter exists in the results obtained from several different commonly used
SDOF models which emphasizes the high dependency of the SDOF models on EI. The
SDOF (EI.,) model overestimates the displacement by 23.7% (Beam S-14) to 132.6%
(Beam C-4). In contrast, the SDOF (El;) model underestimates the displacement by
41.1% (beam S-7). Both the SDOF (EI,,) and the SDOF (1) models also underestimate
the value of shear by 46.9% (beam S-1) and 19.1% (beam S-1), respectively. The SDOF
(El,.) and SDOF (Elcs4) models give better prediction with a maximum difference of
around 31% (Beams S-1 and S-13) for the two response quantities. It should also be
noted that the SDOF (Elcss) model yields better prediction of the response than the

SDOF (El,.) model for clamped beam since it considers the combination of the supports

49



M.A.Sc. Thesis-S. H. Changiz Rezaei McMaster University-Civil Engineering

and midspan rigidities in the analysis (70% of midspan rigidity and 15% of each support

rigidity) to obtain the overall rigidity (CSA A23.3-04 2005).

As can be observed from Table 2.2, use of a single node in the MDOF model [MDOF (/
node)] leads to highly inaccurate prediction of the displacement which is overestimated
by 210% (Beam C-14). This is because the curvature is approximated inaccurate and the
variation along the beams is not modeled correctly. The results are better for simply
supported beams because of the lack of such variation. It can also be seen that MDOF (/
node) model undersstimates the shear by about 60% on average in both the S- and C
Beams as a result of lumping of the mass and load at one point only.

Overall, good restlts can be obtained for both the displacement and the shear using
SDOF if an appropriate value is used for correct EI. The comparison shows that for some
values of beam and load parameters the use of £/, and Elcsy can yield results that are

close to those obtained from a MDOF model.

2.2.2.2 Dynamic $Shear Comparison with Closed Form Solutions

For elastic behaviour, Biggs’ (1964) closed form solution (Eq. 2.5) can be used to
estimate the maximum shear based on the first mode of vibration compared to the
maximum shear obtained from the proposed MDOF model. Biggs’ expressions for

simply supported and the clamped-clamped beams are given as follow:

V,=039R(#)+0.11F(t)  for simply supported beams (2.23-a)
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V,=0.36R(t)+0.145(t)  for clamped beams (2.23-b)
Where V,is the dynamic shear at support and F(f)and R(f) are the applied load and the

elastic resistance as a function of time, respectively. The time of maximum shear can be

found from the MDOF model and consequently, F(t) and R(¢) can be calculated. It should
be noted that R(f)can be obtained as a function of moment, AM(t), at support and

midspan for the simply supported and the clamped-clamped beam, respectively; (i.e.

8M(£)/4 and 12M 1)/4)

Table 2.3 gives the shear obtained from the MDOF model (using ten nodes for the S-
Beams and twelve nodes for the C-Beams) for the beams that remained elastic under the
indicated blast loed. Knowing the time, ¢, to reach the maximum shear, the applied

load, P(t), and moment, M (t), can be specified. The corresponding shear, obtained from

Eq. (2.23-a) (for simply supported beams) and Eq. (2.23-b) (for clamped beams), are also
given in the same table along with the difference between the two sets of values
expressed as a percentage of the MDOF values. As can be seen from the same table, for a
certain peak pressure, the difference decreases with increasing load duration and the
maximum value occurs for short duration of loading. This can be justified based on the
fact that the frequency content of the load is higher for such small values of 77 and more
modes are needec to accurately predict the shear.

Table 2.3 also shows that there is relatively small difference between the shear force
values predicted using the MDOF model with ten or twelve DOF and those obtained

using Egs. 2.25-a and 2.23-b, with the maximum difference being around 20%.
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Therefore, it can be concluded that, in the elastic range, the dynamic shear can be
adequately predicted using Biggs’ closed form solution except for the case of very short

duration (impulsive) blast loads.

2.2.3 Comparison with Experimental Results

There are a limited number of experimental results available in literature for blast loaded
RC beams with complete loading time history and design details because of security and
classification requirements. Moreover, the uncertainties in pressure and time
measurements and support conditions create additional difficulties facing numerical

model validations by experimental results.

A simply supported RC beam (Beam B100(12)D2) tested by Magnusson (2007) was used
to validate the MDCF modeling technique adopted in this study. This beam was
subjected to a blast load that resulted from an explosive charge located at a distance of
10.0 m in a shock tube. The approximate peak pressure and loading duration for this
explosion were 845 kPa and 0.012 s, respectively. The concrete compressive strength and
yield stress of reinforced bars were 100 MPa and 500 MPa, respectively. The length of
the beam was 1.5 m and its cross section was 300 mm wide and 160 mm deep, with 2.2%

tensile reinforcement. More details can be found in Magnusson (2007).

Figure 2.10 gives the normalized displacement for the air blast test as predicted by the

different models, including the MDOF (with three nodes), the SDOF (Elcs4) and the
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SDOF (El,,.). The displacement results have been normalized with respect to the
maximum beam displacement (22.8 mm) obtained during the air blast test [Magnusson
(2007)]. As the figure shows, the MDOF model gives the best prediction for maximum
displacement, with an error of about 9%. It can also be observed that the use of SDOF
(Elcss) model and SDOF (El,.) model leads to 49% and 34% overestimations of

maximum deflectior, respectively.

2.2.4 Totally Damaged Cases

For the totally damaged beams, larger number of nodes was needed to capture the failure
state. This number varied, depending on the loading and member stiffness. Sample of the
results are presented in Figs. 2.11 and 2.12. Figure 2.11 gives the variation of predicted
maximum curvatur¢ and support shear for a simply supported beam subjected to a peak
pressure and positive phase duration of 2,500 kPa and 0.005 s, respectively whereas Fig.
2.12 gives the variation of predicted maximum curvature and support shear for a clamped
beam with a peak pressure and positive phase duration of 2,500 kPa and 0.006 s,
respectively.

As can be seen in both Figs. 2.11-a and 2.12-a, the curvature varies significantly with
increasing number of nodes until the failure criterion is reached. As mentioned earlier,
Failure in Fig. 2.12-a indicates that half of the beam height is crushed in compression at
the supports and at the midspan. In the same figure, Partial Failure indicates that half of

the beam height is crushed in compression at the supports only.
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It should also be noted that the large predicted increase in shear for the clamped beam
(Fig. 2.12-b) comparzd to the simply supported beam (Fig. 2.11-b) is due to the high
value of moment near the support. In fact, when flexural failure occurs at support, the
node located near the failed node still resists a large moment, Eq. 2.7, and consequently,

produces a higher shear.

2.2.4.1 Required Number of DOF for Different Py and T

Figure 2.13 shows th: relationship between the required number of nodes (to capture
failure) for different combination of peak pressure, Py, and loading duration, 77, for the
simply supported and the clamped beams. As expected, for a specific pressure, the
number of nodes increased significantly as the duration decreased. This is attributed, as
explained earlier, to the fact that such highly impulsive loads with higher frequency
content would excite i ore modes. It can also be observed that the increase in the required
number of nodes with a decrease in pressure duration is even higher for the clamped
beams (compared to the simply supported beams) due to their higher stiffness (a
maximum of 90 DOF were required as shown in Fig. 2.13).

The high number of DOF required to capture failure suggests that more nodes may be
needed to predict increased level of damage. To verify this, Pressure-Impulse Diagrams
for beams with different level of damage will be constructed and discussed in the

following section.
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2.2.5 Effect of Number of DOF on the Pressure-Impulse Diagrams

Pressure-Impulse (F-I) diagrams usually consist of several contours corresponding to
different damage levels (Baker et al. 1983). As illustrated in Fig. 2.14, each contour
represents the different combinations of pressure and impulse that will result in the same
maximum deflection, maximum curvature, ductility level or same level of damage in the
member. Pressure and impulse combinations to the right and/or above each curve
produce damage greater than that represented by this curve while the ones to the left
and/or below the cuve would result in lower damage than indicated by the curve. Each
curve in this diagrem can be divided into three segments: impulsive loading realm,
dynamic loading realm and quasi-static loading realm. The P-I diagram approach is
considered a simplified tool to assess the performance of the structural members under
specific level of blast load (Baker et al. 1983).

Figures 2.15 and 2.16 show the P-I diagrams for different levels of curvature ductility at
midspan and at the supports for the simply supported and the clamped beam,
respectively. These curves are obtained using 10 or 30 nodes for the simply supported
beam, and 15 or 45 nodes for the clamped beam. As predicted by the MDOF model, the
difference between curves increase with increased curvature ductility and the difference
is much less in the impulsive loading realm compared to the quasi-static regime. The
variation is more significant for the clamped beam due to its higher stiffness and it
reaches a maximum of 60% for the clamped beam with a curvature ductility of 5. Similar
to the simply suppoited beam, the change in the impulsive regime is greater because of

the higher frequency of the load which excites more modes.
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2.3 Conclusions

In this paper, a numerical technique based on the lumped mass approach was employed
to perform nonlinear dynamic analysis of RC beams subjected to blast. The model takes
into account the concrete and steel nonlinearity and the dependency of the material
properties on strain rate. The study aimed at evaluating the effect of modeling RC beams
using a large number of DOFs on their dynamic response using the developed MDOF
model.

Typical RC beams with clamped and simple support were selected for the study and a
series of blast loading with different pressure and impulse combinations was selected to
generate different frequency content. The corresponding strain rate for each load was
calculated and appropriate dynamic increase factors were used to scale the steel and the
concrete properties.

The effect of the ntmber of DOF on maximum response quantities was considered by
increasing the number of nodes used to discretize each beam. The results were compared

with simple SDOF models and showed significant difference.

Results for partially damaged beams showed that only a few nodes were enough to
capture the complete response of the beams. The MDOF results were also compared with
different SDOF systems and it was observed that SDOF models may give results that are
comparable to those obtained from a MDOF model if an appropriate effective flexural

rigidity was selected. For elastic response the peak shear was also compared with an
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available closed-form solution for shear and the maximum difference was found to be
around 20%.

More nodes were needed to capture flexural failure of the totally damaged beams and the
required number in:reased significantly with increased beam stiffness. Data obtained
from failed cases irdicated that with increased damage to the beam more nodes were
needed in the analysis. This is attributed to the fact that blast load excites a number of
modes in a specific {requency range. As the damage increases in the beam, the frequency

of vibration will decrease and as a result, more modes fall within that frequency range.
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Notation

C = damping cozfficient for i node

(64 = parameter that defines the curvature of the strain hardening curve in reinforcing
steel

C,  =wave velocity

DIF = dynamic increase factor
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E = elastic modtlus of reinforcing steel

EI = flexural rigidity

F = total applied load

F,  =lumped load at i node

f! = concrete maximum compressive stress

foa = concrete dynamic compressive strength

f., = parameter of Malvar’s equation for concrete
£ = concrete stati: compressive strength

S = concrete max:. mum tensile stress

S = concrete dynamic tensile strength

fs = concrete static tensile strength

f = reinforced bar stress

h = beam height

h, = compression depth

h, = tension depth

k = curve fitting parameter in the concrete model
K; = load factor

Kr = resistance factcr

Ky = mass factor

K;ys = load-mass facter

[ = beam length
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LM, =lumped mess at i node

m = member mass

M., =momentat (i-1)"

M,  =moment at /” node

M,, =moment at (i+] )'h node

M,  =yield moment

n = number of nodes

p = blast load per unit length

Do = peak blast load per unit length
Py = peak pressure

q = curve fitting parameter in concrete model

R(t) =resistance force as a function of time

t, = critical time step

17 = loading duration

V.., =shearbetwesn (i-1)" and i* node

V... = shearbetwe:ni”and (i+1)” node

v, = dynamic reaction

y = displacemert at a specific point (usually, member midspan)
y = acceleration at a specific point (usually, member midspan)
Y = " node displacement
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y,  =i"node velocity

Vi = ;" node acccleration

o = parameter of Malvar’s equation for reinforcing steel

@, = parameter o’ reinforced bar yield stress in Malvar’s equation
o, = parameter o reinforced bar ultimate stress in Malvar’s equation
p = parameter of’ Malvar’s equation for concrete

B,  =resistance force coefficient in Biggs’ equation for reaction
B.  =applied load coefficient Biggs’ equation for reaction

é = parameter of Malvar’s equation for concrete

Ax  =segment length

A, = deflection at the onset of yielding

£ = strain

£, = concrete stra:n at maximum compressive stress

g, = concrete dynamic strain at peak compressive stress

£, = concrete static strain at peak compressive stress

g, = strain at the onset of strain hardening in reinforcing steel

£, = strain at steel yield point

g, = ultimate (peak)) strain in reinforcing steel

g = strain rate

£, = concrete static strain rate
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4 = curvature
2, = yield curvature

#(x) = assumed mode shape

o = stress in the reinforcing steel

o, = compressive stress in concrete

o,  =stress at the onset of strain hardening in reinforcing steel
o, = tensile stress in concrete

o, = ultimate (peck) stress in reinforcing steel

o,  =stress at steel yield point

ol = mass density of reinforced concrete
P = mass per unit length

v = Poisson’s rat o

Subscripts and Superscripts
ave = average
cr = cracked

CSA = Canadian Stadards Association

g = gross
y =yield
u = ultimate
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Table 2.1: Effect of number of DOFs on the maximum response quantities

(a) Simply supported beam

Beam Ti(s) Disp.'(%) Shear’(%) Curvature’(%)
_ P,~100 kPa
_S-1 0003 1.0 11.1 2.6
_S2 0010 2.5 6.1 0.2
30100 4.9 4.5 0.2

$-4  1.000 4.9 4.6 0.9
_ P=500 kPa
_$-50.003 0.5 5.7 42
_$-6_ 0010 1.7 2.7 03
_S70.100 5.5 47 1.0
$-8  0.200 5.7 1.8 0.8

. P,=750 kPa
S99 0.003 0.6 2.5 0.0
_S-10 0010 1.9 2.0 0.9
_S-11_ 0.015 2.8 4.4 2.6

S-12 0.020 3.2 3.2 11.0
. P,;~1,000 kPa
_S-13_0.003 0.3 3.6 1.1

S-14  0.010 2.1 3.7 1.5
_ P,;=2,500 kPa

S-15  0.003 1.8 3.2 43
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Table 2.1(continued):

(b) Clamped beam

Beam T;(s) Disp.“(%) Shear’(%) Curvature®(%)
_ P~100 kPa
_C-1_ 0.003 2.1 3.7 1.5
_C2 0.010 4.7 4.9 1.5
_C-3 0.100 4.0 4.2 0.2

C-4 1.000 3.6 4.0 0.4
_ Py~500 kPa
_C-5  0.003 2.0 22 3.0
_C-6 0.005 5.4 7.0 11.6
_CT7  0.010 6.2 52 3.9
_C-8 0100 6.3 13.9 0.8
C-9 1.000 6.5 2.4 0.5

_ Py=750 kPa
_2-10  0.003 24 0.2 4.0
_C-110.005 5.6 0.0 8.4
_>-12  0.010 5.6 3.1 3.2
_i2-13  0.100 6.7 0.9 2.4

>-14  1.000 7.1 1.0 1.3
_ Py~1,000 kPa
_>-15  0.003 2.0 0.0 53

c-16  0.010 5.1 0.4 1.5
. P~=2,500 kPa

c-17  0.003 2.4 7.7 14

! Displacement was obtained by using 3 nodes and compared to the same for 30 nodes
2 Shear was obtained by using 10 nodes and compared to the same for 30 nodes

3 Curvature was obtained by using 5 nodes and compared to the same for 30 nodes

4 Displacement was obtained by using 10 nodes and compared to the same for 40 nodes
> Shear was obtained by using 12 nodes and compared to the same for 40 nodes

§ Curvature was obtained by using 10 nodes and compared to the same for 40 nodes
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Table 2.2: Difference between the MDOF results and the results of SDOF systems:

{a) Sunply supported beam
SDOF(EL) SDOF(EL) SDOF(EL,,) SDOF(Elgy MDOF(1 node)
Beam I3 Disp(%) Shear(%} Disp.(%) Shear(%) Disp.{%) Shear{%) Disp.(%) Shear(%) Disp.(%) Shear(%)
Pe=100 kPa
31 0w T ol -409 0.3 - Qg1 +i90  -3L3 - U3 ~19.1 EE 515
52 0010 + 856  -308 14 - 65 +280  -156 S14 63 + 52 493
3 0100 +1207 + 23 62 +51 +315 T 41 -32 - 59 <141 451
54 1000 +1223 + 65 ~76 + 67  +304  +65 05 - 82 =159 ~450
L
P=500 kPa
S5 0003 +566  -433 - 21 130 179 -263 + 10 -281 - 125 - 565
S6 0010 +503 - 73 2201 +354  + 37 +132  +198  -175  + 33 ~452
37 0100 +363 - 53 “411 - 48 - 179 - 50  +226 - 58  +179 438
S8 0200 +386 08 ~409 - 94 - 173 96 141 297 +189 _133
P~750 kPa
%% 0003  +3a8 -3/¢6 Y X S L ¥ SR ¥ RS W (¥ R T R T
S10 0010 +343 Y ~87  +138 - 81  +103  +185 J118 26 499
St 0015 +289 - 51 -322 - 03 126 - 18 <169 - 61 170 472
S12 0020 +305  -105 -314 NEX - 116 - 85 183 J110 95 455
“P=1,000 kPa
S.13 0003 +545 338 - 57 38 +14.4 123 +103 -314 35 530
S134 0010 +237 J110 259 228 - 97 . 54 +135 S121 +17 488
P=2500 kPa
S15 0003 +418 -162 -128 -92 +26 -150 +196 2221 -43 -518
- e ]
“AveragelABS) 98 . 180 . 185 106 160 122 1o b1 .| _wma
cov 05 0.9 08 07 05 0.6 0.7 0.6 07 0.1

T5eZ5y ZI8Ue) 11 S-SoUL, 98 VN

SUTISaUTSUL [TAT)-AIISIOATU ) JSISCIADIN
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Table 2.2:(Continued) :
(b) Clamped beam
SDOF(EL,) SDOF(EL) SDOF(EL ) SDOF(Elgey MDOF(1 node)
Beam Iis i i Shear{%:} Di 3 isp.{ Shear(ds

LR

"
TG R a

Cl 0003 +648 -414 -39 -156 +20.1 -27.2 -39 -156 + 643 -66.9
-2 0010 +1082 -164 -386 - 46 +312 - 3% -3.6 - 46 +133.6 -523
C3 0100 +1303 - 45 -33 - 37 +382 - 4t -33 - 37 +180.8 - 445
C4 1000 +1326 - 33 -39 - 38 +365 - 34 -39 - 38 +1855 -439
P=500 kPa
5 0e03 o+ 6-2.5 -368 - 53 - 92 +184 -215 - 32 - 94 + 626 -633
Cé& 0005 +T747 - 183 - 96 + 82 +18.4 - 18 - 57 - 78 + 865 -56.1
7 0010 +841 - 33 -148 +104 +16.1 + 56 - 06 -12.5 + 1271 -2
C8 0100 +804 +117 -244 +13.1 + 63 +127 +123 - 82 +197.0 -463
9 1000 +733 +129 -283 +123 + 18 +130 +167 - &8 +2086 -452
P#750 kPa
C-i0 0063 +362 -333 -10.1 - 32 +129 -168 - 52 -3 + 388 -64.3
C-11 0065 +613 -146 -163 +130 + 93 + 28 + 08 -178 + 786 -390
C12 0010 +644 - 30 -236 +113 + 37 + 96 +11.1 -173 +12351 - 569
C-13 0100 +6&d8 - 33 -30.4 -30 - 2.2 - 33 +21.3 - 48 +2007 -3466
C-14 1000 +696 - 63 -298 - 6.5 - 04 - 64 +283 - 33 +2164 - 444
P#1,000 kPs
C-15 0003 +311 -302 -143 +22 +3.1 -125 - 41 -251 + 317 -646
.16 00160 +540 - 80 -250 -30 00 - 52 +156 -108 +122% -570
Pp=2500 kPa
C-17 0003 +379 -232 -12.6 -76 +4.3 -138 +34 -16.9 +433 -817
Average{ABS) 4.8 160 153 7.7 133 2.9 84 113 1280 5.6
COv 0.3 08 0.8 0.3 g 0.7 0.9 06 0.5 6.2
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Table 2.3: Difference between MDOF shear and closed form solution
(a) Simply supported heam

Py Mwmp  MDOF %% hifrerence
Beam Ti(s)  4s) (k1(>)a) (kNgl) Shear(kN) Sh:::l(nkN) (%)
P~=100 kPa
S-1  0.003 0.0052 0.0 40.3 40.6 31.5 225
S-2 0010 00071 289 101.2 91.0 84.1 7.6
S-3 0100 0.0095  90.5 140.6 129.0 125.6 2.6
S-4 1000 0.0096  99.0 144.4 132.7 130.1 2.0
P=500 kPa
S-5  0.003 0.0053 0.0 193.0 189.7 150.5 20.7
S-6 0010 00082  88.0 395.2 339.6 323.7 4.7
S-7 0100 0.0122 4388 6343 560.4 572.0 2.1
P=750 kPa
S-9  0.003 0.0054 0.0 270.7 261.5 211.1 19.3
S-10  0.010 0.0087  99.0 561.4 4879 4553 6.7
P;~=1,000 kPa
S-13  0.003 00054 0.0 339.6 329.8 264.9 19.7
(b) Clamped beam
Beam T, 45 P®) M@®  MDOF Cf'::;f' Difference
L (kPa)  (kN.m) ShearkN) o kN) (%)
P=100 kPa
C-1  0.003 0.0024 200 50.3 723 58.8 18.7
C2 0010 0.0040 615 85.0 114.5 105.6 7.8
C-3 0100 0.0040  96.1 102.4 139.7 132.2 5.4
C4  1.000 0.0041  99.6 103.8 142.0 134.4 5.3
P=500 kPa
C-5 0003 00024 983 229.7 335.9 270.1 19.6
C-6  0.005 0.0040 103.5  287.7 396.1 333.9 15.7
C-7 0010 0.0041 2970  353.7 494.7 448.6 9.3
C-8  0.100 0.0045 4777 4216 594.6 562.3 5.4
C9  1.000 0.0045 4978 4278 607.2 573.5 5.5
P~750 kPa
C-10 0003 0.0024 1438 3185 478.2 376.2 21.3
C-11  0.005 0.0025 3750 3694 568.9 482.9 15.1
C-12 0.010 0.0044 4204  508.9 739.9 643.8 13.0
C-13 0100 0.0046 7157  618.4 896.6 828.2 7.6
P7~1,000 kPa
C-15  0.003 00025 1583  409.2 6112 4774 21.9
C-16  0.010 0.0046 541.0  662.9 947.9 837.1 11.7
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Figure Captions

Fig. 2.1: Actual anc. idealized side-on blast pressure time histories: (a) Actual blast load
time history, (b) Triangular load approximation, (c) Using tangent line in approximating
blast load

Fig. 2.2: SDOF model: (a) Actual structural element, (b) Equivalent SDOF model, (c)
Typical resistance-d splacement curve

Fig. 2.3: Free body ciagram of a simply supported beam subjected to blast load

Fig. 2.4: Schematic view of MDOF model based on lumped mass approach

Fig. 2.5: Strain rate effects: (a) DIF for concrete under tension, (b) DIF for concrete
under compression, (c) Scaled stress-strain curve for reinforcing steel, (d) Scaled stress-
strain curve for concrete

Fig. 2.6: Strain rate distribution at the midspan of a simply supported beam

Fig. 2.7: Flow chart of the overall numerical procedure

Fig. 2.8: Maximum response quantities for the simply supported beam versus number of
nodes: (a) Displacement, (b) Shear, (c) Curvature

Fig. 2.9: Maximum response quantities for the clamped-clamped beam versus number of
nodes: (a) Displacement, (b) Shear, (¢) Curvature

Fig. 2.10: Comparison between different models and experimental data

Fig. 2.11: Variations of maximum response quantities with the number of nodes for a
failedsimply supported beam (Pp=2,500 kPa, 7;= 0.005 s): (a) Curvature, (b) Shear

Fig. 2.12: Variations of maximum response quantities with the number of nodes for a

failed clamped-clampzd beam (Py=2,500 kPa, T;= 0.006 s) : (a) Curvature, (b) Shear
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Fig. 2.13: Required number of nodes to reach failure criteria for different loading: (a)
Simply supported beam, (b) Clamped-clamped beam

Fig. 2.14: General form of pressure-impulse diagram

Fig. 2.15: Pressure-impulse diagrams for simply supported beam by using 10 and 30
nodes: (a) Curvature ductility=2.0, (b) Curvature ductility=3.5, (c) Curvature
ductility=5.0

Fig. 2.16: Pressure-irapulse diagrams for clamped-clamped beam by using 15 and 45
nodes: (a) Curvature ductility=2.0, (b) Curvature ductility=3.5, (c) Curvature

ductility=5.0

75



M.A.Sc. Thesis-S. H. Changiz Rezaei McMaster University-Civil Engineering

Actual Load
Time

Curve

Trianglular Load

)
=
2
g
oy
e °
=
=
[\Nl
@
=1
2
o
& E
o) | -
2 N |5
% MB
° 4 § 2
A N
2 y 1
z q '
A‘.\\\m\\\\\\\\\\\\\\\\\i\
] —_—
g
&) g8
g A
2 . 835
S 3% g?,
a 23 &

(@)

Fig. 2.1: Actual and idealized side-on blast pressure time histories: (a) Actual blast load
time history, (b) Triengular load approximation, (c) Using tangent line in approximating

blast load
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Fig. 2.2: SDOF moclel: (a) Actual structural element, (b) Equivalent SDOF model, (c)

Typical resistance-displacement curve
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Fig. 2.3: Free >ody diagram of a simply supported beam subjected to blast load
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Fig. 2.4: Schematic view of MDOF model based on lumped mass approach
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©

(d)

Fig. 2.5. Strain rate eflects: (a) DIF for concrete under tension, (b) DIF for concrete
under compression, (c) Scaled stress-strain curve for reinforcing steel, (d) Scaled stress-

strain curve for concrete
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Fig. 2.6: Strain rate distribution at the midspan of a simply supported beam
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Solve: Dynamic equation of motion for the time increment
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Find: Number of failed nodes
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Fig. 2.7: Flow chart of the overall numerical procedure
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Fig. 2.8: Maximum response quantities for the simply supported beam versus number of
nodes: (a) Displacement, (b) Shear, (¢) Curvature
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Fig. 2.9: Maximum response quantities for the clamped-clamped beam versus number of
nodes: (a) Displacement, (b) Shear, (¢) Curvature
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Fig. 2.10: Comparison between different models and experimental data
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Fig. 2.11: Variations of maximum response quantities with the number of nodes for a

failed simply supported beam (Pp=2,500 kPa, 7;= 0.005 s): (a) Curvature, (b) Shear
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Fig. 2.12: Variations of maximum response quantities with the number of nodes for a

failed clamped-clamped beam (Pp=2,500 kPa, T;= 0.006 s) : (a) Curvature, (b) Shear

88



M.A.Sc. Thesis-S. I1. Changiz Rezaei McMaster University-Civil Engineerin

AN

@)

10

Number of DOF

10
—o— 5,000 kPa
—B8— 2,500 kPa
—— 1,000 kPa
0 —&— 750 kPa
10 e A A PR TR ) 2 Y i A
107
Loading duration(s)
(b)
10°f : .
—8— 5,000 kPa|!
—o— 2 500 kPa|
-~ ;
O < ;
A
Gy
S
o
el
=
=N
Z 10} ]
107
Loading duration (s)
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Simply supported beam, (b) Clamped-clamped beam
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Fig. 2.16: Pressure-impulse diagrams for clamped-clamped beam by using 15 and 45
nodes: (a) Curvature ductility=2.0, (b) Curvature ductility=3.5, (¢) Curvature

ductility=5.0
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Chapter 3: Response of Two-Way Reinforced Concrete Panels to Blast

Abstract: Analysis of reinforced concrete (RC) structures subjected blast loading is
complicated due to the nonlinear behavior of concrete and reinforcement and the various
failure modes to be considered. Therefore, simple analytical tools based on Single-
Degree-of-Freedom (3SDOF) idealization of structural elements were developed by many
researchers to investigate the response of blast loaded RC beams, columns and panels.
However, most of these approaches were limited to simple cases of one way structural
element and did not consider many factors known to significantly alter the dynamic
response. In this study, a SDOF model based on the guidelines of the US army Technical
Manual TM 5-1300 is developed that takes into account the nonlinear behavior of RC
panels. In addition, the model considers the material strength and deformation
dependency on the strain rate as well as the post-failure membrane resistance. Using this
model, a series of dynamic analyses were carried out using Pressure-Impulse (P-/)
diagrams generated for two-way RC panels with different dimensions, aspect ratios,
reinforcement ratios and support conditions. The P-I diagram predictions were compared
with the data obtained from a series of detailed explicit finite element (FE) analyses and
the SDOF analysis consistently overestimated displacement for all types of loading. The
general trend of results and the major characteristics of P-I diagrams were also discussed
for SDOF models of panels with different flexural rigidities and a modification for the
TM5-1300 method for dynamic reaction calculation is proposed. Unlike the current TMS5-
1300 method which significantly under predicts the reactions, the proposed modification

leads to a much better prediction for the impulsive range of response to blast load.

Keywords: Blast loads, Concrete structures, Dynamic response, Finite element method,

Models, Nonlinear analysis, Panels, Structural safety.
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3.0 Introduction

In recent years, ther: was a growing concern about the response of lifeline infrastructure,
federal buildings aad power plants to accidental and man-made explosions. During
explosions, a chemical reaction takes place resulting in a sudden rise in temperature and
pressure. Consequently, a shock wave is generated which strikes the structure with the
pressure greater then ambient pressure. Generally, the exact blast loading information
including the peak over pressure value and pressure time history may not also be
available as a result of many uncertainties associated with such loading. However, as can
be seen in Fig. 3.1(a), for a typical blast loading time history, the blast pressure (side-on
over pressure) decays in an exponential form during a very short time (positive phase
duration) and finaly, falls below ambient pressure for a longer time (negative phase
duration) with less pressure intensity (Baker et al. 1983). In practice, the negative phase
(suction) can be nezlected and the exponential decay loading can be approximated by a
triangle which has the same peak pressure and different duration, 7.

As can be seen in FFig. 3.1(b), the duration is determined based on the time to reach the
maximum response. If the maximum structural response occurs after the pressure is
decayed to ambient pressure, the equivalent duration is obtained by equating the area (the
impulse) under the actual pressure-time curve in the positive phase with the area of the
idealized triangle load. On the other hand, if the time to reach the maximum response is
less than the positive phase duration, the equivalent duration is found by equating the
slope of tangent linz (at arrival time) on the actual loading curve with the slope of triangle

load (Beshara 1994) as shown in Fig. 3.1(c).
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Because of the short 1ime history associated with blast loading and the nonlinear behavior
of most structures under such extreme loads, nonlinear dynamic analysis is usually
required to predict tae structure response during blast loads. The different techniques
used for nonlinear dynamic analysis usually fall under two categories: analytical (macro)
models and finite element (FE) models. Macro models typically employ a single-degree-
of-freedom (SDOF) or a multi-degree-of-freedom (MDOF) idealization of the structural
element under consicleration. The models use the first mode of vibration or the first few
modes to predict the structure’s response to blast loading. These models require a limited
number of input data and are simple to use and easy to calibrate. On the other hand,
nonlinear dynamic analysis using FE models is usually time consuming, requires a large
number of input parameters and generally demands significant experience and knowledge
to obtain reliable and realistic results. This is why most design codes are based on a
simplified SDOF technique and even for case of complex structures, SDOF analysis is

conducted for prelim nary design or verifying FE resulits.

Due to the inherent nonlinear behavior of concrete and reinforcement, reinforced concrete
(RC) structures, the various failure modes, and the effect of the rapid dynamic loading on
the material response, detailed analysis is typically needed to gain understanding of many
aspects of the blast loading-response interaction. However, such level of analysis is not
suitable for initial assessment and screening or even preliminary design. In this regard, a

number of research programs focused at identifying simple analytical tools to enable
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design engineers and government officials to conduct rapid screening and evaluate the

risk level associated ‘with a certain explosion near key elements within a structure.

There are a number of investigations in which SDOF techniques have been employed to
study the response cf structural members under blast or impact loading [Biggs (1964);
Krauthammer et al. (1986); Krauthammer et al. (1990); Louca and Harding (1997); Pan
and Watson (1998); Schleyer and Hsu (2000); Boutros (2000); Low and Hao (2002)].
However, in the aforementioned research programs, the focus was to evaluate the

response of simple cases of one-way elements or steel plates to blast-type of loading.

In this study, a SDCF model based on the guidelines of the US army Technical Manual
TM 5-1300 is developed that takes into account the nonlinear behavior of RC structures
and the material strength and deformation dependency on the strain rate as well as the
post-failure membrane resistance of RC panels. An approximate method is also given in
order to estimate the strain rate and its consequent effect on material strength. Since
reinforced RC structures deflects in a nonlinear way, it is important to choose appropriate
flexural rigidity for the SDOF analysis. Using this model, a series of dynamic analyses
were carried out to generate Pressure-Impulse (P-I) diagrams for two-way RC panels
with different suppcrt conditions, aspect and reinforcement ratios in the two orthogonal
directions and results were compared with the ones obtained from FE analysis. Trend of
the curves and their main characteristics are discussed. Comparison with FE results

shows that cracked flexural rigidity work well for clamped panels while average of
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cracked and gross rigidity give better results for simply supported panels. It should also
be noted that one of the important parameters of structural design is the support reaction
which can be reached to the high values at the beginning of loading. But unfortunately,
TM5-1300 neglect applied force and also inertial forces in finding the reactions.
Therefore, the approximate numerical procedure, which accounts for applied load and
inertial forces, is implemented in TM5-1300 calculations for dynamic shear and results of
this modified method are also compared with those of other technique. The following
sections outline the model features and details followed by a discussion of the numerical

results.

3.1 Model Developrnent

3.1.1 SDOF Model

Available SDOF analysis techniques (Biggs, 1964; Baker et al., 1983; Krauthammer et
al., 1986, 1990 and TM5-1300, 1990) consider the fundamental vibration response mode
of individual structural members and utilize a nonlinear dynamic analysis procedure to
evaluate the member response to a certain level of blast loading. In SDOF techniques, the
dynamic response of a structural member (Fig. 3.2(a)) is approximated with the first
mode shape and the dynamic equation of motion is evaluated for an equivalent SDOF
system (Fig. 3.2(b)). Deflection obtained by solving this equivalent system represents the
actual deflection of the structural member at a certain key location (e.g. panels’ central
point). To establish the equivalent SDOF, one needs to evaluate the mass factor, Ky, the

resistance factor, Kz and the load factor, K;, which relate the equivalent mass, the
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equivalent resistance, and the equivalent load, respectively, in the SDOF system to the
actual quantities in the structural element. In general, by equating the external work,
kinetic energy and strain energy of the two systems, these factors can be easily found

(Biggs 1964). These factors can be evaluated as follows:

Equating the external work done by the load on the panel to that on the equivalent SDOF

system:

B(x,y)=2ED) ﬂp #(x,y) dA
— T A K, =4 Hp — 3.1)
A

(”KLpdAJonz [[p AGx,y) da

Equating the kinetic energy for the equivalent and actual system:

%( [{Ki m dA)x(w A’ =% [[mlo AGe,y)Pda
s [fm #6c.y) da (3.2)

#(x.y)= . K =4
ST
4

Equating the potential energy for the equivalent and actual systems:

%(HKR r dA)xAO =%Hr A(x,y) dd

b ) [[r #6.y) a4 (3.3)

plx.y )=—A ¢ y
0 N < — —
> i = = R
R L

'[Ir dA
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In the above equations, A, is the deflection at the panel’s central point and A(x, y) is the
deflection at any point on the panel with x and y coordinates; @(x,y) is the shape
function and @ 1is the natural frequency of vibration; 4 is the panel area and m, p ,r are

the mass, applied blast load and resistance force per unit area of the panel, respectively.

Considering the above equations, it is clear that, for a nonlinear system, a different shape
function should be considered for each stage of displacement (e.g. elastic, elastic-plastic,
or fully plastic ccnditions). Consequently, as the shape function changes, new
transformation factors are computed for each deflection stage. Using these factors, the

dynamic equation of motion for the SDOF model can be written as:

K, ma+K,r(A)=K, p() (3.4)
Where a is the panel’s central point acceleration, »(A,) is the static resistance force per

unit area as a function of the central point deflection, A, and p(?) is the blast load as a

function of time. By dividing the previous equation by K and noting that the load factor,
K, is equal to resistance factor, Kz, (Mays and Smith 1995) as can be inferred from Eqgs.

3.1 and 3.3, a Load-Mass factor, Ky, is introduced:

K yma+r(A))=pit) (3.5)

The values of the load-mass factors in tabulated format and can be found in references

such as Biggs (1964), TM5-1300 (1990) and Mays and Smith (1995).
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It should be noted, as: can be observed from Eqgs. 3.4 and 3.5, that damping is usually not
considered in impulsive loading problems such as blast and impact since the maximum
response, which is generally of interest, usually occurs during the first vibration cycle

when damping has minimum contribution to the dynamic response.

As can be noted from Eq. 3.5, a relationship between the resistance force and the
corresponding central point deflection is needed for the solution. A typical resistance-
deflection relationship for a two-way RC panel is shown in Fig. 3.2(c). Such resistance-
deflection relationshias can be found experimentally, using appropriate code equations,
or using plastic analysis. As can be seen in Fig. 3.2(c), the slope of the curve changes
when a new yield line initiates within the panel or at the supports.

Generally, if plastic analysis is used, the force which initiates a plastic hinge within the
structural member is calculated, thus, the corresponding static displacement is found and

the resistance-deflection relationship is established.

When dealing with RC members, an effective flexural rigidity, £/, is needed to
compute the deflection obtained for the corresponding to a certain applied load. Biggs

(1964) suggested usirg the average of the cracked section rigidity, £/

cr?

and the gross

rigidity, EI,, for deflection calculation, where as other international RC design codes
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[ACI 318-05 (2005); CSA A23.3-04 (2005); EuroCode 2 (1992)] employ different

expressions for EJ ;.

Figure 3.3 shows a free body diagram of a two-way panel subjected to uniform blast load.
Both the inertial force and the applied blast load should be considered in order to obtain
the correct dynamic reaction at the supports. It is generally assumed that the distribution
of inertial force follows the same as shape function associated with the first mode.
Considering the primary response mode, Biggs (1964) used the equilibrium conditions

for the forces shown in Fig. 3.3 to derive the following equation for the dynamic reaction:

Vi@ =y, REO+y:.F@) (3.6)
In this equation, V,(t), R(t) and F(¢) are the dynamic reaction, resistance force and

applied load at a time #; y, and y, are parameters that depend on the panel aspect ratio,

the span direction of support (i.e. short edge support or long edge support) and the stage

of displacement (e.g. elastic, elastic-plastic, or fully plastic).

3.1.2 SDOF Model in TM5-1300

The US army technical manual TM5-1300 (1990) was prepared to design structures to
withstand accidental blast load. At the time the manual was originally produced (1990), it
was considered a significant advancement in blast resistant design compared to previous
publications in this erea. The TM5-1300 was used directly or indirectly, in all NATO

countries (Morison 2006) for protective design applications. The manual is currently
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going through revision and updates. The work presented in this paper is expected to
contribute in improving the dynamic reaction provisions of the new TM5-1300. The
following sections present the current TM5-1300 recommendation as employed in this

study.

3.1.2.1 Load-Mass Factors

The same procedure described earlier is used to find load-mass factors for different
ranges of deflection. Table 3.1 gives the load mass factors for the two-way panels with 4
edge supports, actual values have been calculated for square 4 edges supported panels
only and linear interpolation for aspect ratios between 1.0 and 2.0 is applied. Similar

tables exist in the TM5-1300 for other kinds of support condition.

For fully plastic behavior, the code employs a yield line-based procedure to establish the
load-mass factors. Figure 3.4 shows a segment of a two-way panel which is bounded by
the support and the yield line pattern. The dynamic equation of motion based on the free

body diagram shown in Fig. 3.4 is given by:

SM=I6 (3.7
where:

ZM = summation of moments about the axis of rotation

/| = mass moment of inertia of the segment about the axis of rotation

m
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o = angular acceleration

Equation 3.7 can be rewritten, after expansion, as follows:

Fxc—(ZMN+ZMP)=(Imx%) (3.8-a)

or

F=Q . My+> M) c=( I”’lea) (3.8-b)
CcX

Where, as shown in Fig. 3.4, c is the distance between the resultant applied load and axis

of rotation. L, is the dimension of the segment perpendicular to the axis of rotation and
a is the translational acceleration of the point located at the end of sector. ZM v and

ZM p» are the total negative and positive moment developed within the panel cross

section, respectively.

Considering the term (ZM v+ ZM »)/c as aresistance force, R , the previous

equation can be simylified to:

F-R=( L X a) (3.9-a)
cx I,

or

F-R=M,xa (3.9-b)
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Where M, is the equivalent mass of the segment and therefore the load-mass factor for
this segment can be given by:
I 1

= m X
LM
exL, M,

(3.10)

Where M, is the total mass of the considered segment. Following the same procedure

for the other segmen's of the two-way panel, the load-mass factor of the entire panel can

be found as the summation of each segment’s load-mass factor:

1 1
K, = m__ e~ _ 3.11-a
it Zcxlﬂ . (3.11-a)

and for a two-way panel with a uniform thickness, the Eq. 3.11-a can be simplified to:

I 1
= — 3.11-b
KLM Zch XAse{ ( )

Where A, is the area of each individual segment.

From the above calculations, it is obvious that the location of the yield lines is required to
evaluate the load-mass factors. Therefore, the TM5-1300 uses yield line analysis to find
the configuration of yield lines based on the plastic moment capacity of reinforcement in
the x and y direction. The TM5-1300 provides results in graphical format that gives the
yield line locations of two-way panel with different moment capacity and support

condition in orthogonel direction.
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3.1.2.2 Resistance Force Function

The typical resistance function in TM5-1300 is shown in Fig. 3.5. As this figure shows,
the total resistance function can be divided in two parts: flexural resistance and tensile
membrane resistance:. In the former part, the RC panel cross sectional flexural capacity is
the controlling resistance whereas in the latter, the tensile steel reinforcement
predominantly provides resistance. The following sections describe the method to

construct flexural pa‘t and membrane part of the resistance.

Flexural Part: TMS5-1300 employs theory of elastic plates to obtain multi-stage
resistance function for two-way panels. In fact, a procedure to find the maximum possible
load is carried out at each stage of deformation (i.e. elastic, elastic-plastic, etc.). During
this process, it considers certain key points in a panel with a specific support
configuration (Fig. 3.6). At these points the largest moments are expected and therefore,
yield lines are also c¢xpected to initiate from these points. Generally, the magnitude of

moment at these locations is given as a function of the panel aspect ratio as:

M = fBxrxH? (3.12)
Where £ is the coetfficient found based on the location of the point and also the panel

aspect ratio; r is the rasistance force, and H is the dimension of the panel in y-direction.

To find the maximum permissible load (resistance force) for a certain support

configuration, the leit hand side of the previous equation should be replaced with the
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plastic moment capacity of different trial points and the equation should be solved for the
minimum (governing) load. The deflection attained at a key point (e.g. central point for 4
edges supported, middle of the free edge for 3 edges supported and at the intersection of

free edges in 2 edges supported panels) for this governing load can be obtained by:

_ 2
A, =(1E;) xyxrxH* (3.13)

Where EI is the flexural rigidity of the cross section per unit length; v is the Poisson’s

ratio; yis a coefficient found based on the panel’s aspect ratio.

A sample of graphs “or obtaining y and £ coefficients for a clamped panel is shown in

Fig. 3.7. Similar graphs for panels with different support conditions can be found in the
TM5-1300. It should be noted that in order to construct the resistance-deflection curve,
the above procedure should continue to find load and deflection for the whole practical
range of deflection. In fact, when one yield line is generated at one edge, a panel with
new support configuration results. Therefore, the above procedure is repeated for the new
panel in order to find the resistance and deflection increments up to the point where all
possible yield line petterns are considered. It should also be taken into account that the
rigidity of RC structure changes with increasing deformation. Therefore, different
effective flexural rigidities, £z can be used in the previous equation in order to compute
the deflection. The TIM5-1300 recommends using a constant rigidity equal to the average

of cracked rigidity, Ei,, and gross rigidity, EI,, similar to Biggs’(1964) suggestion.
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The TMS5-1300 reccgnizes that the post ultimate resistance for two-way panels as the
remaining resistance: after failure in 1 edge or 2 edges. In other words, the moment
considers the average deflection in which two-way spanning changes to one-way
spanning and the remaining resistance is the corresponding ultimate resistance of the one-
way panel. The failure criteria at this transition point is considered a partial flexural
failure whereas, complete collapse is referred to the ultimate flexural failure.

The deflection at partial and ultimate failure can be found based on the available plastic

rotation capacity as follow:

Considering the yield line configuration for the 4 edges supported element shown in Fig.

3.8, the central point deflection at partial failure, A, can be found as:
A =(H xtan6,)/2 (3.14)

Where 6, is the rotation about the vertical support of the panel.

Considering partial failure at vertical support, the corresponding rotation about the

horizontal support, ¢!, can be given by:

a=tan™ (w—) (3.15)
2x

Where x as is shown in Fig. 3.8.
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As the element defle:ts more, the rotation about horizontal support increases and, at the

ultimate failure, the rotation in excess of @ can found as:

(3.16)

A= HH —-tan‘l (H X:angV ]
X

Where A is the small extra rotation and 8, is the rotation about the horizontal support.

Replacing 6§, and 6,, with the maximum rotational capacity, &, , the ultimate deflection,

ax *

A, , can be expressed as:

A, =xtanl9max+(L/2—x)xtan|:9max—tan—] (—HXEMJ:I (3.17)
x
In this way, partial and ultimate deflections are estimated based on the maximum plastic

rotation.

Tensile Membrane Part: Under extreme dynamic loading such as blast, RC structural
elements usually deform the plastic stage and larger displacements occur. Consequently,
tension membrane action may develop depending on amount of the continuous
reinforcement steel. The supports should restrain membrane movement and continuous
reinforced bars should be adequately anchored and fixed into the panel supports to allow
the development of the tension membrane resistance. The tensile membrane resistance for

two way panels can te found as follow:
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Considering the free body diagram of small element shown in Fig. 3.9, the equilibrium of

forces can be written as:

A 2 2
rodc dy+T. dy ST, ay | s 2% g |or ae ot ax [ 2492 4y =0
T X ax x 2 y ay y

] ox Ox oy oy’
(3.18-a)
or
2 2
L, 0z, 02 _n (3.18-b)
T, ox® &* T,

Where, 7 = the tensile membrane resistance (load per unit area due to tensile membrane

action), z = deflection of the considered element, 7, = force in the continuous
reinforcement in the horizontal direction, and 7, = force in the continuous reinforcement
in the vertical direction.

And the solution to the previous equation can be given by:

AT, /H®

rT = B r 17

(3.19)

n=13,5

4 Z %(_1)01—1)/2 1_ )
n
cosh[

Experimental results illustrates that the actual tensile membrane resistance is higher than
the value obtained ty Eq. 3.19 and that increase is attributed to the contribution of

negative reinforcement in tensile membrane resistance (Park and Gamble (2000)). This
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may also be the rationale behind the TMS5-1300 provisions which give 50% greater
membrane resistance: than the amount obtained by Eq. 3.19. There may also be additional
enhancement in resistance due to compression membrane action (arching) at deflections
below the required deflection for initiating tension membrane (Park and Gamble (2000)),
however, TM 5-13(0 neglects this enhancement. This is, however, conservative and

reasonable approach since in practice, support condition may not allow the panel to arch.

3.1.2.3 Support Reaction

The TM5-1300 acknowledges that support reactions are functions of applied loads and
resistances, but it assumes that loading duration is very short and applied blast load goes
to zero before the element reaches its maximum resistance and, as a result, it neglects the
applied load in deriving the support reaction. Therefore, the code calculates the dynamic
reaction panel by simply considering resistance force distributed between supports. In the
case of two-way panel, it calculates the dynamic reactions during the plastic behavior
stage and distributes resistance as a static load between supports. It also assumes the
same distribution, fo- all other stages of element behavior (e.g. elastic, elastic-plastic,

etc.).

3.1.3 Strain Rate Effects
Comparing the duration of typical blast load ,which is in the order of milliseconds, with
the duration of other clynamic loads such as earthquake ,which is in the order of seconds,

one can understand that a blast load is usually characterize with high rate of loading.
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Therefore, the mater;al characteristics in terms of the strength and deformation capacities
under high strain rates are needed to be considered for the analysis of extreme dynamic
loads with short durations such as blast (Bischoff and Perry 1991).

Generally, the ratio of the material dynamic strength to its static strength, referred to as
the Dynamic Increase: Factor (DIF), is given as a function of strain rate either graphically
(TM5-1300 1990) or presented in the form of formulas. To obtain the DIF factors, Split-
Hopkinson Pressure Bar (SHPB) test is usually employed and material properties are

investigated at different strain rate (Bischoff and Perry 1991).

3.1.3.1 Concrete compressive strength

In order to assess the dynamic strength of concrete, different parameters such as concrete
static compressive strength, aggregate, curing and moisture, age were discussed by
Bischoff and Perry (1791). It was concluded that the concrete compressive strength was
the predominant factor and concrete with lower compressive stress showed higher
increase in strength. Several expressions for the enhancement of concrete compressive
strength are given in literature. One of the widely acceptable formulations for the DIF for
concrete compressive strength is proposed by Comité Euro-International du Béton (CEB)

(1988) and is considered:

1.026a;
folf. = (i) for £ <30s’! (3.20-a)
£

s
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NI/3
= 7{3} for £ > 305 (3.20-b)
£

s

Wheref , and f, are the dynamic and static compressive strength, & is the strain rate,
£,=30x 10 s (static strain rate), y, =105 o =1/(5+9( £,/ £, )), f.,=10 MPa

=1,450 psi.

3.1.3.2 Steel yield stress

Similar to concrete, expressions for steel DIF were proposed by Soroushian and Choi
(1987); CEB (1988). Malvar (1998) with Malvar (1998) formulation used in an earlier
investigation by the authors (Changiz Rezaei et al., 2007). Malvar’s formulations were
used in the present analyses because of the large number of test results at different strain

rates that were used to verify his expressions:

&\
DIF =] — 3.21-a
(10‘4 ) ( )
where:
o = 0.074-0.040 Zy— (3.21-b)
y 414

In the above equation, £ is the strain rate and f, is the bar yield stress in MPa.

In this study, the concrete compressive stress and the steel yield stress is amplified by the

mentioned DIF and moment capacity of the section is calculated based on the ACI 318-
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05 (2005) design provisions. The other rationale behind selecting the expressions given in
Eq. 3.20 and Eq. 3.2] is that the FE models discussed later in this study employ the same

DIF for concrete and steel strength.

3.1.3.3 DIF estimation

As explained earlier, material strength should be scaled by the appropriate DIF' in order
to be used in the SDOF analysis. As a result, strain rate should be estimated by a
procedure in order to compute the corresponding DIF for the analysis. Different
techniques such as firding maximum curvature rate (Kulkarni and Shah 1998) or deriving
the approximate strain rate equation (Krauthammer et al. 1994) exist. All of these
methods are limited to one way structural elements and also give predictions for the order
of strain rate, not the exact value since the correct modeling of strain rate dependency is
so complicated and cannot be achieved using simple tools. Moreover, in the case of two-
way panels with different distribution of curvature, finding the constant strain rate for the
whole system becomes more difficult.

An approximate and simple technique was developed as follows: In this study, the
maximum velocity of the central point before reaching the plastic stage of the
deformation is found. Then, the strain rate is estimated based on the measured velocity
and analysis is repeated with the modified material properties. This procedure continues
until the same maximum velocity is obtained from the two successive iterations and
convergence is reached. In this way, a basis is provided to calculate the strain rate and

corresponding DIF for a two-way panels. To derive the approximate equation relating the
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central point velocity and strain rate, the following relations can be used to modify strain

rate for each iteration:

The deflected shape (see Fig. 3.10) is divided in two segments and using central
difference technique, the curvature, @, at midspan section in x-direction can be

expressed as:

2
dy _ 2xA, _8x4, (3.22)

)
a* (L12} I

n

Then, the strains at the tensile and compressive fiber in the midspan of this section can be

obtained as:

PRSI (3.23-a)
F;
£ = 8—Xhi—2XA2 (3.23-b)

Wheree, and ¢, are strains at the compressive fiber and the tensile fiber, respectively;
h. and h, are the compression depth and the tension depth of the cross section,

respectively.
Consequently, the strain rate at extreme fibers can be found by taking derivative with

respect to time:
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8xh xV

=T ° (3.24-a)
8xh, xV

=0 0 (3.24-b)

Where ¢, and £, are strain rates at the compressive fiber and the tensile fiber,

respectively; V', is the panel’s central point velocity.

And the average of the above strain rates can be taken for the strain rate in x-direction:

g = x (™ ;”c ) (3.25-2)
or
£ =4xV,x (%) (3.25-b)

Where # is the thickness of the panel and £, is the average strain rate in x-direction.

Following the sam: procedure for the y-direction, the average strain rate in y-

direction, éy , can be found as:

. h
£, = 4xV o () (3.26)

And the strain rate, £, can be assigned for the whole element by taking the average of the

£.and ¢ :
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£=2 XVOXhX(%'i-#) (3.27)

As can be seen, the above equation relates the strain rate with the panel’s central point

velocity and in this way, strain rate can be modified for every new iteration.

3.2 Numerical Results and Discussion

3.2.1 Overall Procecure

Using the SDOF model developed with the features explained in the previous sections, 3
clamped panels and > simply supported panels were modeled. The details of these panels
are listed in Table 3.2. These panels have different reinforcement and aspect ratios. The
thickness of all panels was kept constant as 200 mm and their dimensions in x-direction
were kept as 4.0 m. 20 MPa concrete compressive strength was used and the yield stress
of the reinforcement was set to 400 MPa for the analysis. The maximum rotational
capacity of the panels, which determined the end of the flexural resistance stage, was set
to 2.0 degree. This value of the rotation is the minimum level of rotation considered and
recommended for cornmon panels by the TM5-1300. After this the clamped (but not the

simple) panels were assumed to resist the load solely by the tensile membrane action.
As noted earlier, RC structures show nonlinear behavior under applied load and their

flexural rigidity changes during the analysis. Therefore, an effective flexural rigidity,

ELg, should be used in the SDOF models. Using the cracked flexural rigidity, £, and
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the average of the cracked and the gross rigidities, two sets of P-/ diagrams were
developed from the SDOF analysis as will be explained later. A number of points on
these diagrams, which basically identifies sets of pressure and impulse pairs, were
selected. FE models of these panels were generated and those selected pressure and
impulse pairs were applied on these models. Then, the maximum deflection obtained
from the FE analysis was compared with the ones predicted by the P-/ diagrams as will
be described in the fcllowing sections.

As mentioned earlier, the TM5-1300 does not consider the effect of inertial force in
calculating reaction forces. The inertial force was taken in to account by approximating it
as a uniform load. Tte following sections also discuss and compare the dynamic reaction
results found from the TM5-1300, the proposed modification, Biggs’ formulation (Eq.

3.6) and the FE.

3.2.2 FE Models
The panels listed in Table 3.2 were modeled using the nonlinear dynamic analysis FE
code LS-DYNA V.971 (2006). Schematic diagrams of the clamped and simply supported

panels have been shown in Fig. 3.11.

The FE analysis emp oyed non-linear material properties for both the steel and concrete

and included large deformation. The software automatically accounted for strain rate

effects.
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LS-DYNA material model (MAT CONCRETE DAMAGE) was used for the concrete.
This model has been developed to model concrete under impulsive loading and has been
used successfully to predict the response of concrete under uniaxial, biaxial, and triaxial
stresses in both tension and compression (Tavarez et. al. 2003). The formulation has also
been used successfully to model the behavior of reinforced concrete walls subjected to
blast loads (Malvar et al. 1997).

This concrete model is a plasticity-based formulation with three independent failure
surfaces which change shape, depending on the confinement pressure. In LS-DYNA, this
material model is used in conjunction with an equation of state
(EOS_TABULATED COMPACTION), which gives the current pressure as a function
of current and previous volumetric strain. The inclusion of the strain rate effects in the

concrete material model was based on the work by Malvar et al. (1998 and 1997).

The steel reinforcement was modeled explicitly as beam elements in full contact with the
concrete solid elements at their coincident nodes. The steel material was modeled using a
plastic kinematic material model (MAT PLASTIC KINEMATIC) in LS-DYNA. The
strain rate effect was taken into account using the Cowper-Symonds model (Cowper and

Symonds 1957) which scales the yield stress as follows:

N7
J%”’:l + (SREC)SRP (3.28)
s

where f,; and f, are the dynamic and static compressive strength of steel respectively and
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£ is the strain rate. The strain rate parameters SRP and SRC were adopted by considering
the empirical formulation proposed by Malvar et al. (1998) and using regression analysis.

The values used in this study were SRC =0.3213 and SRP =4.8662.

As can be seen in Fig. 3.11(a), supports were modeled with rigid plates for simply
supported panel. As Fig. 3.11(b) depicts top rigid plate and bottom rigid plates were used
to model the clamped condition. In order to benefit from tensile membrane action in
clamped panels, steel element nodes were connected to lateral plates and these plates can
move outward while their inward movement is prevented through contacting both the
bottom and top plate. The AUTOMATIC SURFACE TO _SURFACE CONTACT
algorithm in LS-DYNA was employed between the panel and the rigid plates shown in
Figs. 3.11(a), 3.11(b) and also between the lateral plates and the other two plates shown

in Fig. 3.11(b).

Figure 3.12 presents the typical FE meshes used in the analyses. Plates and the concrete
panel were idealized by of 50 mm X 50 mm X 40 mm solid elements and a 2-node beam
element was used to model the reinforcing bars. In addition, fully integrated solid
elements with nodal rotation were employed in the analysis and perfect bond was

assumed between the bars and the concrete.

Blast load were applied as a uniform pressure with a triangle load history as shown

before in Fig. 3.1(b). Total dynamic reaction was calculated by adding the total contact
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forces between concrete and bottom plate. The displacement time-history of the node
located at panel’s central point on top surface of the panels is considered and the
maximum displacement is found. In cases where there is a local failure at this node, the
maximum deflection reached by the top reinforcements, located just below this node, will

be reported.

3.2.3 SDOF Models with Different Flexural Rigidities

As pointed out earler, an effective flexural rigidity, ELy , is needed to construct a
resistance deflection curve. In this section, different SDOF models with three different
flexural rigidities are considered. Two of them will be used in the analysis as it will be

proven there is no need to consider the third one.

The three SDOF models with an assumed rigidity are listed as follow:
SDOF(EI,,): The effective flexural rigidity of this model is based on the weighted

average of cracked end gross rigidity in two orthogonal directions. This approach for

rigidity calculation is recommended by the TM5-1300 and can be expressed as:

_EI, +EI,

EI(IVC
2

(3.29-a)

Where:
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HxEI +LxEl
E]g — g(x) 182) (329-b)
H+L
HxEL,, +LxEL,,
El, = : (3.29-c)
H+1

In the above equations:

El,.,,El,, = Gross flexural rigidities in x-direction and y-direction, respectively.
El,..,,El,,,=Cracked flexural rigidities in x-direction and y-direction, respectively.
El, =Average gross flexural rigidity in orthogonal direction.

EI, =Averzge cracked flexural rigidity in orthogonal direction.

SDOF(EI, ): The average cracked flexural rigidity in orthogonal direction is used for

this SDOF system and is given by Eq. 3.29-c in the previous SDOF model.

SDOF(Elyeighted):

For this SDOF mode , effective rigidity is considered based on the weighted average of
cracked and gross rigidities over the panel surface. In this procedure, the RC panel is
divided to regions with different rigidities as shown in Fig. 3.13. These regions are
corner, edge (i.e. E(1), E(2), E(3) and E(4)) and central regions. The weighted
contribution of each egion’s rigidity to the overall panel rigidity is considered by the

ratio of its area over the total area of panel using the weighted mean approach as follow:
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4 AE(,-) A A
E‘Iweigthed = Z T xEIE(i) +—_mlixEImid +MxElcomers (330)
i=1 "4tot Amt ot
Where:
El,, =EI, if E(i) region is located near simple support;
El,,, =EI, if Ei regionis located near fixed support;
EI, . =EI e and
n n
El,, =——xEIl +—1—xEI, (3.31)
n,+n, n,+n,

In these equations:

Ag,, = Areaofthe panel bounded by i * region

A,., = Areaof the panel at midspan region
A, = Total area of the corner regions
A4, = Total area of the panel

El,, =flexural rigidity at the i  edge region (i = 1,2,3,4)

El,., ={flexural rigidity at the central region

EI.,... = flexural rigidity at the corner regions

ElI, = Average gross flexural rigidity of reinforcement in orthogonal direction.
EI,, = Average cracked flexural rigidity of reinforcement in orthogonal direction.

C

g = number of simple supports
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ns = number of 1ixed supports

3.2.4 Pressure-impulse diagrams

The concepts of the pressure-impulse (P-I) diagrams was introduced in order to
characterize the level of damage induced by the pulse loads (Baker et al. 1983). As
depicted by Fig. 3.14, it consists of sevefal contours corresponding to different levels of
damage or deflection.

As illustrated in Fig. 3.14, each contour gives different combinations of pressure and
impulse that will result in the same maximum deflection, maximum curvature, ductility
level or level of damage in the member. Pressure and impulse combinations to the right
and/or above each curve produce damage (deflection) greater than that represented by
this curve while the ones to the left and/or below the curve would result in lower damage
(deflection) level than indicated by the curve. Each curve in the P-I diagram can be
divided into three segments: impulsive loading realm, dynamic loading realm and quasi-
static loading realm. It can also been observed that an impulse asymptote for the
impulsive regime and pressure asymptote for the quasi-static regime can be identified for
each curve. This means that maximum level of damage the load impulse is more
dependent on the load’s impulse for the impulsive regime and the peak pressure for the
quasi-static regime. It should also be noted the level of damage is dependent on the
combination of both pressure and impulse in the dynamic loading realm. In general, the
P-I diagram approach is considered a simplified tool to assess the performance of the

structural members under specific level of blast load (Baker et al. 1983).
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3.2.4.1 P-I diagrams for the simply supported panels

Using the SDOF model with a specific rigidity, P-I curves was constructed for different
level of deflection and results are reported in Fig. 3.15, Fig. 3.16 and Fig. 3.17. In these
figures, different level of deflections, L/400, L/200 and L/100, have been identified beside
each curve as a fraction of panel length in horizontal direction. As depicted in these
diagrams, three poinis have been selected and marked in each curve. These points are
taken from different sarts of a curve and, as can be seen, there is one selected point for

each regime (i.e. impulsive, dynamic and quasi-static).

As described before, the points marked on the P-I diagrams represent combinations of
pressure and impulse. These loads were applied on the FE model and the maximum
displacement from the FE analysis was found. This displacement was then divided by the
value predicted by the corresponding P-/ diagram and the FEM/SDOF ratio was reported
bedside of each markzd point. Typical FE results obtained for the deflection of simply

supported panel are shown in Fig. 3.18.

Figures 3.15 and 3.16 show the P-I curves obtained by using El,,. and El,. Use of the
former rigidity is also recommended by TM5-1300 (1990). Comparing the two figures, it
can be seen both SDOF models overestimate the deflections (all ratios are lower than
1.00) but employing SDOF (EL,.) overally provides a better estimation for the detailed
FE model results comypared to the results obtained from SDOF (£I,). As can be seen in

Fig. 3.16, implementation of cracked rigidity, El.,, in the SDOF model will result in the
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significant overestimation of the deflection. As shown by both figures, the ratios are
higher in the impulsive regime compared to the other parts of the curves. This can be the
results of contribution of higher modes in response for such regimes. In fact, it has been
pointed that the cortribution of higher modes can be more significant for impulsive
loading (Subbaraj and Dokainish 1989; Ebeling et al. 1997). Therefore, FE models,
which can take the accounts of higher modes, can give larger deflection in the impulsive

region and consequently the ratios become higher in this region.

It can also be obse-ved that use of EI, yields a wider space between P-I curves,
especially in the quasi-static regime, compared to the curves obtained by SDOF (El,.).
As Fig. 3.15 depicts, SDOF (El,,.) overestimate the results in quasi-static regime
significantly as the deflection increase and the space between curves become much
closer. This can be atiributed to the dependency of the pressure asymptote, the part of the
P-I curves parallel tc the horizontal (impulse) axes, to the ultimate resistance, 7,, and
stiffness, k. For an elasto-plastic SDOF model, Smith and Hetherington (1994) obtain the
pressure asymptote, /., by equating the external work and strain energy. Therefore, P,

can be expressed as:

rM

2k.A

m

P =r.Q1-

) (3.32)

where A, is the maxinum level of deflection.
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Taking the derivative of previous equation with respect to level of displacement, A, the
variation of the pressure asymptote with displacement can be obtained as:
0P, r’

- 333
oA, 2kA} (3.33)

The above equation shows that the change in pressure asymptote is directly proportion to
the square of resistance and the reciprocal of the stiffness. This means that the variation
in P, becomes signif cantly larger by using higher resistance values or lower values of
stiffness. In fact, the difference between two successive value of pressure asymptote will
be greater (i.e. the spece between P-I curves become wider) for the structural system with

higher resistance or lower stiffness.

Overall, the overestimations can be attributed to the resistance underestimation in SDOF
model. In fact, TM5-1300 neglects the tensile capacity of the concrete, but at high rate of
loading, this property of concrete increase much more than its compressive strength
(Malvar and Ross 19$8) and therefore, higher enhancement in strength can be expected.
Furthermore, as described earlier, the resistance function is constructed by finding and
adding the static load increments which can create plastic moment in certain points of a
panel. However, greater load can be expected for creating a yield line which consists of a
series of yielded points not a single yielded point and this means that resistance can be

greater. In addition, noting that the thickness of the panel is significantly less than its
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other dimensions, it can be concluded that the problem in hand is a plain stress problem
with the concrete under a biaxial state of stress and hence, there is also additional
enhancement for the concrete strength. Moreover, using smooth transition toward the
plastic stage instead of employing constant value of stiffness will also bring about lower
effective stiffness for the SDOF model and this will result in a wider space between P-1

curves.

It can also be noted that, similar to Eq. 3.32, an expression is given by Smith and
Hetherington (1994) for the values of impulse asymptote (the part of P-I curve parallel to

the pressure axes), [ _,as:

I.=r( fm.(zf”' —kl)) (3.34)

and if the derivative of previous equation is calculated with respect to A, , the variation

can be found as;

o, | mnk (3.35)
OA,, 2kA, -r,

It can be seen that the change in the value of impulse asymptote with variation of

stiffness and resistance cannot be explained explicitly as in Eq. 3.33 . However, it can be

inferred that the variation of these parameters has less effect on the variation of I,
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compared to their effect on P, since the square root of these parameters determines the

change in /. with displacement.

Fig. 3.17 also shows the results obtained by implementing the El,eigheq in the SDOF
model. It can be noted that the same trends, which were explained for the two previous
figures, exists for the P-I diagrams developed by this SDOF model. Comparing to the
results of SDOF (El,.), the ratios becomes a little greater and the changes between the
results presented in Fig. 3.15 and Fig. 3.17 are not significant. Therefore, considering the

simplicity and ease of effective rigidity calculation, SDOF(EI,, ) is more advantageous

than SDOF (El,eighted)

3.2.4.2 P-I diagrams f'or clamped panels

Using the developed SDOF model, P-I diagrams were developed for the clamped panels.
Cracked and average flexural rigidity were used and results are depicted in Fig. 3.19 and
Fig. 3.20, respectively. As specified on these figures, these P-I curves include different
levels of displacement expressed as a ratio of long span length. L/400, L/200 and L/100
falls in the flexural part of resistance function while L/12 placed in the tensile membrane
part. Next to the curve generated for the L//2 value, another curve for the same value of
displacement was corstructed using a modified resistance function. In fact, it was
assumed that the maxiraum rotation of RC section is not limited to 2 degrees and that the

flexural action continues until plastic part intersects with tensile membrane resistance
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which results in the drop shown in Fig. 3.10 to disappear in the modified resistance
function (Fig. 3.21).

Based on these assumption new P-I curves was built for a deflection of L//2 and are
shown in Figs. 3.19 and 3.20. Again, there was no need to consider SDOF(EL,eighteq)
model (Eq. 3.30) for clamped panels since it will result in the same value as the

simplified SDOF(EL,.) .

Results for Flexural Part: Similar to the process described in the previous section, three
pressure and impulse pairs were identified for each curve and the ratio of maximum
displacement found from FE analysis over the one predicted by the P-I diagram is

reported next to each point. Sample of FE results are shown in Fig. 3.22.

Considering Figs. 3.19 and 3.20, it can be observed that similar to simply supported
slabs, both SDOF(El,.) and SDOF(EL,) overestimate the maximum deflection but
SDOF(EL,.) gives much better predictions than SDOF(EL,). The same trend in results
same as the ones explained for the simply supported can also be seen in these figures. On
other hand, in contrast to the simply supported panels, use of El,,. in SDOF model of the
clamped panel correlates better with the result of FE analysis and the ratios shown in Fig.
3.19 are higher than the ones presented in Fig. 3.15. This can be attributed to the
contribution of higher modes in FE model response. In fact, more modes can be excited
in clamped panels as a result of higher vibration frequency and consequently,

contribution of higher modes can be more significant when they are subjected to the blast
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loads with high rate of loading (Subbaraj and Dokainish 1989; Ebeling et al. 1997).
Therefore, larger def ection can be found by the FE models and the ratios become greater,

especially in the impilsive regime.

Again, it can also be observed the curves become closer in the quasi-static regime which
is more pronounced for the P-I diagrams constructed by SDOF(EL,,.). Similar to the
previous section, th: observed overestimations can be attributed to reasons such as
strength and stiffness parameters. Another factor may be the presence of tensile
membrane resistance in the flexural part of the resistance function. As Fig. 3.5 shows, the
tensile membrane resistance increases with increasing displacement and it also exists in
the flexural part of resistance function. However, the TM5-1300 neglects this extra

resistance during flexwral-dominated stage.

It should also be noted that although the SDOF(EI,,) model results in a P-I diagrams with
wider space between curves, the space does not change significantly compared to the
simply supported panels and the curves become closer with increasing the deflection. In
fact, this occurred since clamped conditions for the panels results in a very stiff model
regardless of what kind of flexural rigidity is used in the analysis. Hence, the variation of
flexural rigidity between El,. and EI, has lower effect on the space between P-I

diagrams.
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Results for Tensile Membrane Part: As pointed before, SDOF model benefit from
tensile membrane resistance when the maximum displacement reaches L/12. For this type
of loading, the concrete is usually distorted due to high intensity of the load and
therefore, the typical deflections reached for the reinforcement are shown in Fig. 3.23.
Considering both Figs. 3.19 and 20, it can be seen that all the ratios are below 1.00 (i.e.
SDOF model overestimate the FE results). It can also be observed that use of the
modified resistance function will also shift the curves up in the quasi-static regime but the
ratios still remain much lower than 1.00. As explained before, this may be attributed to
the same reasons given in previous parts for the overestimation of FE results, especially
in the quasi- static regime. Moreover, this trend occurs since the developed code based on
TMS5-1300 guidelines decouples the flexural resistance and tensile membrane resistance
while the behavior can exist together. In fact, the maximum rotation capacity of the RC
section cannot be accurately specified and therefore, panels can also have some flexural

resistance although it enters tensile membrane part of the resistance function.

3.2.5 Support Reactions

The TM5-1300 neglects the dynamic behavior of the two-way panals and expresses the
shear in terms of resistance force. A simplified approach is outlined here to implement
the effect of inertial force in support dynamic reaction calculations and results are
compared with available closed form solution for the reaction (Biggs 1964) reaction and

the TM5-1300’s predicted reaction.
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3.2.5.1 Implementing the Effect of Applied Load in TM5-1300’s Method

The distribution of inertial force over the entire panel can be given by the shape function
considered for the dynamic analysis, as shown in Fig. 3.24 for a one way element.
Therefore, as an approximation, the inertial force can be replaced by a uniform inertial
load with the same total value. As a result, there would be a net uniform load due to the
blast and inertial loads and consequently, the resultant of this uniform load is divided
between supports to obtain the approximate dynamic shear. The same procedure can be
applied to a two-way panel by considering a two-way shape function. The net load should

be distributed between all supports using the procedure outlined in the following section:

As shown in Fig. 3.25, by considering the cross sections of a two-way panel in the two
orthogonal directions, each section can be considered as a section in an one-way element
and therefore, the multiplication of the shape function associated with these two one way
elements can result in a shape function for the two way element made from these

elements:

#(x,y) = p(x)x ¢(y) (3.36)
Where:

#(x,y) = The shape function of the two way element
#(x) = The shape function of one way element associated with the x-cross section

#(y) = The shape function of one way element associated with the y-cross section
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The TMS5-1300 considers the resistance load as a uniform load and by evaluating the
equilibrium equationss for a panel at the plastic stage, it obtained coefficients to calculate
the support reaction. The same expressions will be used to distribute the mentioned

uniform net load.

3.2.5.2 Results for Different Methods

Some of the loads shown in the P-I diagrams were considered and applied on
SDOF(El,,.) for clamped panels and simply supported panels. The Total dynamic
reaction was calculated using TM5-1300 current method, the proposed modified TM5-
1300 method and the closed form solution [Biggs (1964); Eq. 3.6] and the maximum
value was compared with the result of FE analysis. Tables 3.3 and 3.4 give the maximum
reaction found from FE analysis and the load specifications. The maximum values
predicted by other me:hods were normalized by dividing them by the FE values and were
also reported in these tables. The first column determines the location of the load on the
P-I diagrams. In this column, I, D and Q, denote impulsive, dynamic and quasi-static
regime, respectively. ~"he next two columns give the peak pressure and loading duration.
The rest of columns show the FE dynamic reaction and the normalized values calculated

from different methods.

The ratios in Table 3.% show that the current TM5-1300 significantly underestimates the
FE predictions in the impulsive regime while the other two methods result in the better

estimation of the FE results. In the other regimes, no significant difference can be
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observed between the three methods employed in SDOF analysis. Moreover, the
underestimation of reactions (data with lower value than 1.00) in the dynamic regime and
even more in the quasi-static regime can be attributed to the underestimation of resistance
force. As illustrated by Eq. 3.6, combination of applied load and resistance force
determines the dynamic reaction. Therefore, it is quite obvious that contribution of
resistance force becomes more significant for loads with low values of pressure and, as
explained before, resistance force is underestimated during SDOF analysis. This can also
be the reason for underestimation of some of the loads shown in the impulsive regime

which has high peak pressure and long duration of loading.

Similar data are given in Table 3.4 for the clamped panels. In the impulsive regime,
reactions are highly underestimated by TM5-1300 whereas better prediction has been
obtained by using the other two methods in the impulsive regime. It can also observed
that all ratios are lower than 1.00 in other regimes and, similar to simply supported

panels, deficiencies in resistance force can lead to the underestimation of reaction.

Overall, it can be concluded that there is not significant difference between the results of
the TM5-1300 methocl and the proposed modified technique for low pressure since the
effect of resistance rorce is more predominant for this kind of loads. However,
considering loads with high pressure also reveals that it is better and more conservative to
use the proposed mcdification in TMS5-1300 method in order to account for the

considerable contribution of load in the reaction force.
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3.3 Conclusions

Focusing on blast loaded two way panels, the major characteristics of SDOF model in
TM5-1300 manual vrere highlighted and presented. A SDOF model was developed that
takes into account strain rate effects in addition to the TMS5-1300 SDOF model
characteristics. A simplified procedure was established in order to estimate strain rate for
two way elements. TM5-1300 method for obtaining support reaction was also modified
and the effect of applied load was implemented in the analysis. Using different flexural
rigidity in SDOF analysis, P-I diagrams have been constructed for different level of
deflection and P-I curve predictions were compared with results of FE analysis.
Moreover, maximum dynamic reaction obtained from different methods including FE

analysis were considered and compared for the different blast load levels.

Using SDOF models ‘with different rigidity, P-I curves are generated for different level of
deflection and results were compared with the ones obtained from FE analysis. It was
shown that use of average of cracked and gross flexural rigidity, which is also
recommended by TMS5-1300, correlates better with FE results in the impulsive regime
compared to the other realm of loading. It was shown that SDOF analysis results in
conservative prediction of displacement for all type of loading and it also overestimates
displacement significantly for the loads with low pressure amplitude and long duration of
loading. The overestimation of results was attributed to the deficiencies which were

present in resistance function. Expressions for the variation of pressure and impulse
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asymptote with respect to level of deflection were derived and dependency of these

asymptotes to stiffness and resistance was discussed.

A modification proposed for TM5-1300 dynamic reaction calculation which can take the
effect of inertial force into account. It was pointed that support reactions calculated from
TMS-1300 method significantly under predict the FE results but the proposed
modification yield to significantly better prediction of FE results for impulsive loading
regime. Therefore, it was concluded that it is better to consider the proposed modified
method for impulsive loads and use of this modification in TM5-1300 calculation does

not make significant change in results for other kind of loading.

All in all, it seems that the SDOF analysis recommended by TM5-1300 is conservative
for displacement and unconservative for dynamic reaction. In this paper modification was
given so that the reaction prediction was significantly improved in the impulsive regime
but the shear prediction is still underestimated for other type of loading and this is mainly
due to the resistance underestimation. Therefore, considering that the recent
developments in computers have made the analysis easier than before, efforts can be
made to modify the analysis recommended by TM5-1300 in order to find more realistic

results and consequently, save the cost of construction.
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Notation

The following symbol: are used in this paper:

A = Area

a = central accelzration

c = the distance between the resultant applied load and axis of rotation
DIF = dynamic increase factor

El = flexural rigidity

F = total applied load

f.. = concrete dynamic compressive strength

f., = parameter of CEB’s equation for DIF of concrete
Lo = concrete static compressive strength

5 = reinforced bar yield stress

H = Dimension of panels in vertical direction

h = Panel thickness

h, = compression depth
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h, = tension depth

I, = impulse asymptote in the P-I diagram

I, = mass moment of inertia about the axis of rotation

k = stiffness of "he SDOF model with an elasto-plastic resistance
K = load factor

Kz = resistance factor

Ky =mass factor

Kiy = load-mass factor

L = dimension of panels in horizontal direction

L, = length of the dimension perpendicular to the axis of rotation
m = mass per urit area of panel

M, =equivalent mass of the element segment

M, =negative moment

M, = positive moment

M, = total mass of the element segment

Py = number of simple supports

ny = number of clamped supports

p = blast load per unit area

Py  =peak pressure
P. = pressure asymptote in the P-I diagram

R(r) =total resistance force as a function of time
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r = resistance force per unit area
rr = the tensile membrane resistance per unit area
SRC = the strain rete parameter in Cowper-Symonds model

SRP = the strain rete parameter in Cowper-Symonds model

Tr = loading duration

T = tensile force in the continuous reinforcement in the short direction
T, = tensile force in the continuous reinforcement in the long direction
V, = central velocity

v, = dynamic reaction

x = x-coordinate

y = y-coordinate

z = z-coordinate

o = support rotation

@, = parameter of reinforced bar yield stress in Malvar’s equation

a, = parameter of CEB’s equation for DIF of concrete

p = a coefficien: for the moment calculation in TM5-1300

y = a coefficien: for the deflection calculation in TM5-1300

Ve = applied load coefficient Biggs’ equation for dynamic reaction

I = resistance fcrce coefficient in Biggs’ equation for dynamic reaction
Y, = parameter o:” CEB’s equation for DIF of concrete

A(x,y) = deflection of a point in a two-way panel with x and y coordinates
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A, = deflection at a certain point of a two-way panel
A, = the deflection at the partial flexural failure

A,  =maximum central deflection of a two-way panel
A,  =the deflection at the ultimate flexural failure

£, = strain at the compressive fiber

g, = strain at the 1ensile fiber

£ = strain rate

g, = strain rate at the compressive fiber

g, = strain rate at the tensile fiber

£, =concrete static strain rate

£, = strain rate for x-direction

g, = strain rate for y-direction

¢(x) = the shape function of one way element associated with the x-cross section
#(y) = the shape function of one way element associated with the y-cross section

#(x ,y) = the shape function of the two-way panel

@ = curvature

A = the small extra rotation

6,  =horizontal rotation

6_,. = the maximun: rotation capacity
6 = vertical rotation

4
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] = angular acceleration
v = Poisson’s ratio
@ = the natural frequency of vibration

Subscripts and Superscripts
ave = average

corners = corner reginns

cr = cracked

E(@) = ith region near the support (i=1,2,3,4)

g = gross
mid = midspan region
tot = total

u = ultimate
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Table. 3.1: Load mass factors for the four edges supported element in TM5-1300

K, For Elastic and Elasto-Plastic Ranges(Support Conditions)

. Value
Support Conditions One Support Two Supports Three Supports
pp of I/H | AllSupports | Simple, Simple, Simple, All Supports
Fixed Other Supports Other Supports |  Other Supports | Simple
Fixed Fixed Fixed

L/H=1 0.6/ 0.6/ 0.62 0.63 0.63
Four edges L L L L L
supported 1< L/H<?2 0.61+0.l6(—f7-1) 0.61 +0.16€ﬁ -1) 0'6}F0'16(ﬁ-1) 0.6.3-’-0.16(71-1) 0.63+0. 16(ﬁ-1)

L/IH22 0.77 0.77 0.78 0.79 0.79
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Table. 3.2: The analytical specifications of panels

(a) Simply supported panels M

D Hm) m) APt (mﬁli’;m) (m;ffz;m) p(%) (%)
S-1 4.0 4.0 1.0 1,200 1,200 0.75 0.75
S-2 3.2 4.0 0.8 960 1,200 0.60 0.75
S-3 2.4 4.0 0.6 720 1,200 0.45 0.75

D Thickness=200 mm

(b) Clamped panels

ID  H(m) IL(m) ‘Al‘f:t‘i’gt ( mi%’;m) @iy/ A% 5 (%)
C-1 40 40 1.0 960 960 0.60  0.60
C2 32 40 0.8 768 960 048  0.60
C3 24 40 0.6 576 960 036  0.60

® Thickness=200 mm
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Tabel 3.3: Dynamic reaction of the simply supported panels

(a) S-1
Loading Py T, (ms) Vrg Vint 1300 VBiggs VModified M 5-1300
L
Realm  (kPa) (kN) Ve Ve Vi
I 1,000 1.18 4,790 0.38 0.94 1.09
1 1,000 2.09 6,583 0.3 0.68 0.79
I 1,000 3.24 7,895 0.25 0.57 0.66
D 84 21.64 1,754 1.04 0.83 0.79
D 126 27.81 2,579 0.74 0.69 0.67
D 158 34.80 3297 0.58 0.59 0.59
Q 57 877.20 1,480 1.21 1.05 1.02
Q 89 561.80 2,276 0.83 0.78 0.76
Q 108 463.00 2,709 0.71 0.69 0.68
Average 0.67 0.76 0.78
C.0.V 0.49 0.21 0.22
(b) S-2
Loading Py T, (ms) Vig Visasoo VeV odied 1o 51300
N L
Realm  (kPa} (kN) Vig Ve Vi
I 1,000 1.53 4,683 04 0.77 1.01
1 1,000 2.57 6,498 0.29 0.55 0.73
1 1,000 3.92 7414 0.26 0.48 0.64
D 132 17.18 1,997 0.93 0.79 0.77
D 180 21.93 2,745 0.68 0.66 0.65
D 210 29.72 3,366 0.56 0.58 0.59
Q 90 555.60 1,882 0.98 0.87 0.85
Q 120 416.70 2,438 0.76 0.72 0.71
Q 138 362.30 2,729 0.68 0.67 0.67
Average 0.62 0.68 0.74
C.0.V 0.26 0.13 0.13
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Table 3.3(continued)

(c) S-3
Loading Py T, (ms) Vreg Vivsasoo  Vbiggs V stodfied o 5-1300
Realm  (kFa) (kKN) Vi Vi Vg
1 2,030 1.08 7,529 0.27 0.66 1.09
1 2,000 1.69 9,122 0.22 0.55 0.9
| 2,030 2.50 11,311 0.18 0.44 0.73
D 240 13.38 2,703 0.73 0.68 0.66
D 290 17.76 3,407 0.58 0.59 0.6
D 300 28.79 3,917 0.51 0.54 0.56
Q 156 320.50 2,461 0.79 0.74 0.72
Q 186 268.80 2,871 0.68 0.66 0.65
Q 206 242.70 3,123 0.63 0.63 0.63
Average 0.51 0.61 0.73
C.0.vV 0.23 0.09 0.17
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Tatle. 3.4: Dynamic reaction of the clamped panels

0 C-1
Loading Py T, (ms) Veg V iag s-1300 VBiggs VModified TM 5-1300

Realm  (kPa) (kN) Vi Ve Vi
1 2,000 0.80 8,960 0.26 1.43 1.91

1 2,000 1.25 11,422 0.21 1.12 1.5
I 2,000 1.87 13,964 0.17 0.92 1.22

D 180 12.12 5,557 0.41 0.36 0.35

D 210 17.74 6,947 0.33 0.33 0.33

D 240 23.29 7,996 0.29 0.31 0.32

Q 105 666.70 5,025 0.45 0.42 041
Q 126 555.60 5,892 0.39 0.37 0.37

Q 138 507.20 6,353 0.36 0.36 0.35
Average 0.32 0.62 0.75

C.0V 0.09 0.42 0.62

(b) C-2
Loading Py T, (ms) Vie V ras s-1300 VBiggs VModzfied TM 5-1300

Realm  (kPa) (kN) Vi Ve Vi
1 2,000 0.98 9,194 0.25 1.06 1.57

1 2,000 1.51 11,795 0.2 0.82 1.22

1 2,000 2.25 13,708 0.17 0.71 1.05

D 240 11.68 6,281 0.36 0.34 0.33

D 260 18.38 7,745 0.3 0.3 0.3

D 280 26.28 9,090 0.25 0.27 0.28

Q 144 486.10 5,674 04 0.38 0.37

Q 164 426.80 6,447 0.35 0.34 0.34
Q 175 400.00 6,888 033 033 0.33
Average 0.29 0.51 0.64

COV 0.08 0.28 0.5
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Table 3.4(continued’
(c) C-3
Loading Py T, (ms) Ve Viwsasoe  Viges Y iatodyed mva 51300
L
Realm  (kPa) (kN) Vi Vi Vi
1 3,500 0.77 11,540 0.23 1.05 1.76
I 3,500 1.15 13,896 0.19 0.87 1.46
1 3,500 1.67 16,537 0.16 0.73 1.23
D 370 11.63 6,551 0.39 0.39 0.39
D 420 15.16 8,015 0.32 0.34 0.35
D 480 18.20 9,372 0.28 031 0.34
Q 237 295.40 5,925 0.43 042 041
Q 260 269.20 6,477 0.4 0.39 0.39
Q 277 252.70 6,685 0.38 0.39 0.39
Average 0.31 0.54 0.75
C.O.V 0.1 0.27 0.57
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Figure Captions

Fig. 3.1: Actual and iclealized side-on blast pressure time histories: (a) Actual blast load
time history, (b) Triangular load approximation, (c) Using tangent line in approximating
blast load

Fig. 3.2: SDOF mode!: (a) Actual structural element, (b) Equivalent SDOF model, (¢)
Typical resistance-displacement curve for a two-way RC element

Fig. 3.3: Free body diagram of a two-way element subjected to blast load

Fig. 3.4: The segment of a two-way panel bounded by yield lines

Fig. 3.5: Resistance function of the SDOF model

Fig. 3.6: Four edges support element with different support conditions

Fig. 3.7: The coefficients for finding moment and deflection at the certain points of
element

Fig. 3.8: Determining tae deflection at the end of flexural action

Fig. 3.9: Determining the tensile membrane resistance

Fig. 3.10: Deflected shape of a two-way element from a view in x-direction cross section
Fig. 3.11: The specifications of FE model geometry: (a) Simply supported panel, (b)
Clamped panel

Fig. 3.12: Typical mesa configuration for simply supported panels and clamped panels:
(a) Panel S-1, (b) Panel C-1

Fig. 3.13: Dividing the area of a two-way element in to different regions

Fig. 3.14: The general form of pressure-impulse diagram

Fig. 3.15: P-I diagrams for the simply supported panels using SDOF(El,y.)
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Fig. 3.16: P-I diagrams for the simply supported panels using SDOF(EI,)

Fig. 3.17: P-1 diagrams for the simply supported panels using SDOF(Elyeighted)

Fig. 3.18: Deflection of panel S-1 (Py=1000 kPa, 7;=2.09 ms): (a) Deflection contours at
t = 0.83 ms, (b) Deflection contours at = 1.68 ms, (c) Deflection contour at # = 5.67 ms,
(d) Displacement-time history for the central point of the panel

Fig. 3.19: P-I diagrains for the clamped panels using SDOF(El,y.)

Fig. 3.20: P-I diagrams for the clamped panels using SDOF(EI,)

Fig. 3.21: Modified resistance function for the SDOF model

Fig. 3.22: Deflection of panel C-1 (P;=2000 kPa, 7;=1.25 ms): (a) Deflection contours at
t = 1.08 ms, (b) Deflection contours at = 1.91 ms, (c) Deflection contour at £ = 5.52 ms,
(d) Displacement-tirr e history for the central point of the panel

Fig. 3.23: Deflection of reinforcement in panel C-1 (Py=2000 kPa , 7;=5.92 ms): (a)
Deflection contours at ¢t = 14.00 ms, (b) Displacement-time history for a reinforcement
node near the central point of the panel

Fig. 3.24: Implement ng the effect of applied load in reaction for TMS5-1300

Fig. 3.25: Shape function of x-direction and y-direction section of a two-way panel
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Fig. 3.1: Actual and idealized side-on blast pressure time histories: (a) Actual blast load

time history, (b) Triangular load approximation, (c) Using tangent line in approximating

blast load
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Fig. 3.2: SDOF model: (a) Actual structural element, (b) Equivalent SDOF model, (c)

Typical resistance-displacement curve for a two-way RC element
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Fig. 3.3: Free body diagram of a two-way element subjected to blast load
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Fig. 3.4: The segment of a two-way panel bounded by yield lines
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Fig. 3.5: Resistance function of the SDOF model
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Fig. 3.6: Four edges support element with different support conditions
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Segment 1 Segment 2

Fig. 3.10: Deflected shape of a two-way element from a view in x-direction cross section
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Fig. 3.12: Typical mesh configuration for simply supported panels and clamped panels:

(a) Panel S-1, (b) Panel C-1
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Fig. 3.13: Dividing the area of a two-way element in to different regions
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Fig. 3.16: P-I diagrams for the simply supported panels using SDOF(EI;,)
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Fig. 3.18: Deflection of panel C-1 (P;=1000 kPa, 7;=2.09 ms): (a) Deflection contours at
t =0.83 ms, (b) Deflection contours at # = 1.68 ms, (c) Deflection contour at # = 5.67 ms,

(d) Displacement-time history for the central point of the panel
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Fig. 3.20: P-I diagrams for the clamped panels using SDOF(EI,)
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Fig. 3.22: Deflection of panel C-1 (P;=2000 kPa, 7;=1.25 ms): (a) Deflection contours at
t=1.08 ms, (b) Deflection contours at # = 1.91 ms, (c¢) Deflection contour at = 5.52 ms,

(d) Displacement-time history for the central point of the panel
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Chapter 4: Capacity Assessment of Reinforced Concrete Columns Subjected to
Blast

Abstract: Due to their beneficial characteristics, Reinforced Concrete (RC) structures are
used extensively for protective design against blast. However, the inherent nonlinearity
associated with concrete structures makes the exact analysis of these types of structures
very complicated. Tlerefore, simplified techniques are used to investigate the dynamic
response of RC structural elements under blast. Many of the available studies were
limited to study structural elements subjected to no axial loads such as beams. In this
study, a multi-degrees-of-freedom (MDOF) model is developed to study the response of
blast loaded RC colurnns which are the most critical elements to the overall stability of a
structure and, when taey fail, are the main cause for progressive collapse. The effect of
axial load levels, strain rates and variation of flexural rigidity along the column heights
has been implementec. in the model. Effect of strain rate and axial load on column section
properties has been investigated by constructing moment-curvature diagrams and bending
moment-axial force interaction diagrams. Pressure-Impulse (P-I) diagrams were
developed for two different types of steel detailing and parameters such as the effect of
axial load on the P-I diagrams, deflection at each level of damage, the effect of proper
detailing on load carrying capacity and the column rotational capacity at fully damaged
state were studied. Analysis results showed that section properties are enhanced with
increasing strain rate. Increasing the level of axial load reduced the deflection capacity
and the column rotation capacity. It was also found that good detailing at the supports can
significantly enhance the load carrying capacity of column. The proposed model can also

be used as a tool for dumage screening purposes.

Keywords: Blast loads, Concrete columns, Damage assessment, Dynamic response,

Models, Nonlinear analysis, Structural safety.
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4.0 Introduction
In recent years, there has been a growing number of research activities focusing on
protective design. For blast resistant design, reinforced concrete (RC) structures are

usually used because of their ductile response and good fire and high inertial resistance.

In blast resistant desi zn, structures should be proportioned and detailed to withstand local
and global damage evels. When the local response of critical RC elements such as
columns is considercd, the design strategy should aim at preventing specific failure
modes by proportioning the columns so that they can sustain a specific level of damage
and inelastic deformation. On the other hand, when the global stability or the overall
failures are evaluated, the design philosophy should aim at providing alternative load

paths and increasing the structural redundancy in order to prevent progressive collapse.

Because of the naturs of blast loading and the inherent nonlinearity of RC structures,
nonlinear dynamic analysis must be carried out to evaluate the structural response. The
different techniques used for nonlinear dynamic analysis usually fall under two
categories, namely: analytical (macro) models and finite element (FE) models. Macro
models typically employ either a single-degree-of-freedom (SDOF) or a multi-degree-of-
freedom (MDOF) approach. These models employ the first mode of vibration or the first
few modes to predict the structure’s response to blast loading. Macro models require a
limited number of input data and they are usually simple and easy to calibrate. On the

other hand, nonlinear dynamic analysis using FE models requires large number of input
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parameters and would usually demand a significant experience and knowledge to obtain
reliable and realistic results. This is in addition to costs associated with building the
model, solution time ¢nd the availability of computational facilities. Thus, most codes are
based on SDOF approaches and even for complex structures, SDOF analysis is used for

preliminary design or to check the FE results.

During an explosion, a chemical reaction takes place which results in a sudden rise in
temperature and pressure. Consequently, the generated shock wave travels and strikes the
structure with a pressure greater than ambient pressure referred to as “side-on over-
pressure” or simply ‘“‘over-pressure”. Figure 4.1(a) depicts the typical pressure time
history during a blast event. As shown in the figure, the overpressure decays in an
exponential form during a very short time (positive phase) and finally, drops below
ambient pressure with a longer duration (negative phase) and a less pressure intensity
(Baker et al. 1983). (Generally, the exponential decay loading is approximated by a
triangle pulse and the negative phase (suction) is neglected in the analysis. In this
approximation, the triangle load has the same peak pressure as the actual blast load but
different load duration, 7;. As can be seen in Fig. 4.1(b), the duration is determined based
on the time to reach the maximum response. If the structural element reaches its
maximum displacement after the pressure drops to ambient pressure, the equivalent
duration is calculated through equating the area under the actual blast pressure time
history curve in the positive phase (this area is the impulse of the blast load) with the

triangle pulse area. Orn the other hand, if the element reaches the maximum response
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within a time less than the positive phase duration, the equivalent duration is obtained by
equating the slope of tangent line (at arrival time) of the actual loading curve with the
slope of triangle load (Beshara 1994) as shown in Fig. 4.1(c).

Many researchers have employed SDOF or MDOF techniques and investigated the
response of structural elements under blast or impact loading [Biggs (1964);
Krauthammer et al. (1986); Krauthammer et al. (1990); Louca and Harding (1997); Pan
and Watson (1998); Schleyer and Hsu (2000); Boutros (2000); Low and Hao (2002)].
However, most of these studies employed simplified models to study the dynamic
response of one-way elements with no axial loads. On the other hand, critical structural
elements such as columns are typically subjected to axial loads. In addition, columns
located in the building perimeter are the most susceptible elements for damage during a
blast event. Failure of these critical elements may lead to a partial or complete

progressive collapse of the structure.

In this study, a MDOF model based on lumped mass approach is employed to study the
response of RC columns under blast. The additional moment caused to presence of axial
load were considered explicitly in the analysis. The strain rate effects were also
incorporated in the analysis in order to consider the effect of the high rate of loading on
the column response. The effect of strain rate was studied on section properties.
Assuming different details at the column ends, Pressure-Impulse (P-/) diagrams were
constructed. The effect of axial load level on the blast load carrying capacity of the

column, the deflection and the column rotational capacity at different levels and the effect
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of good detailing at supports were investigated. The following sections outline the details
of the MDOF model. This will be followed by numerical results and concluding remarks

of this study.

4.1 Model development

4.1.1 MDOF Model for a RC Column

In nonlinear analysis of RC elements subjected to dynamic loading the material stiffness
should be adjusted for each loading increment with increasing displacement. The column

must also be discretized to account for the variation of stiffness along the column height.

In this regard, MDOF models based on the lumped mass approach are usually employed
in order to minimize the difficulties associated with nonlinear dynamic analysis of
continuous systems. In these techniques, the structural element is replaced by a series of
discrete connected nodes and the material properties are concentrated at these nodes.
Using a finite difference method, the dynamic analysis of RC column subjected to blast

can be performed as follows:

Figure 4.2 shows a column divided into (n+/) segments. The lumped mass and load at
the i node are, respectively: LM; = p,, (Ax) and F; = p(4x), in which p,, and p are mass
and load per unit length of the column, respectively and Ax is the segment length. The

dynamic equilibrium equation for the i node can be written as:
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LMi.j}i + Vi—],i -V

ii+1

+Cy, =F() 4.1)
Where:

ViV Y, = i" node displacement, velocity and acceleration, respectively.

LM, = Lumped mass at the i/ node

C = Damping for the i" node

E() = Lumped blast load at the i” node

Vi _1; V.= Shear force values between the (-1 )" and the i node, and shear between the

i" and the (i+1)" node, respectively.

Considering the additional moment caused by axial force, F,, and using the following

equations:
V,'_li ____Mi —Mi—1+F7(yi—l _yl) (42)
’ Ax
V,',‘+1=Mi+]_Mi +F1(yi _yi+1) (4.3)
’ Ax
Where:
M,_,,M M, =Moment at the (i-1)", the i and the (i+1)" node, respectively.
Ax = Segment length
Employing Eqgs. 4.2 and 4.3, Eq. 4.1 can be written as:
w M. -2M +M, . —F(y,_, -2y, _ .
LMy _ i-l i * i+l a(yl—l 2yl +yx+1) +Ciyi =F;(t) (44)

1 H Ax

The Curvature (¢ ) can be obtained at each node using the following approximation:
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d’y -1
T AP

Via=2Y,+ yi1) (4.5)
Thus, the correspond ng moment at each node can be found from the moment-curvature
diagram evaluated for the column cross section whereas the above equation is solved
numerically for each t: me increment.

Using the above technique, the nonlinear behavior of RC column is considered and the
post damage state can be predicted using the MDOF approach. It should also be noted
that damping is usually not considered for the impulsive loading problems such as blast
and impact since the maximum response, which is generally of interest, usually occurs

during the first vibration cycle when damping has minimum contribution to the dynamic

response.

4.1.2 Material Stress-Strain Relationship

4.1.2.1 Concrete

Numerous stress strain relationships for concrete and reinforcing steel can be found in the
literature. For concrete under compression, different expressions were proposed
(Popovics 1973; Scott =t al. 1982; Dilger et al. 1984; Soroushian et al. 1986; Mander et
al. 1988). Typically, these relationships are expressed in terms of the compressive
strength, the strain at this compressive strength and the concrete modulus of elasticity. In
this study, the relationship proposed by Saatcioglu and Razvi (1992) for confined

concrete is adopted:
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1/(1+2K )
o, =f. [2(5) - (3)2] <f' forese (4.6-)
SC 6‘C
o, = 0.1 . (e—e)+f 'Cc for g, <& (4.6-b)
€ &
Where:
£,0, = Strain and corresponding compressive stress

4 . . . .
f « » € =Maximum compressive stress for confined concrete and corresponding strain
K = Curve parameter for confined concrete

oS = Strain corresponding to 0.85f 'CC on the descending branch of stress-strain

curve

In the above equation, /', , &, , &, and K are determined based on the cross section of

cc ?

the column, configuration of ties and concrete properties. Saatcioglu and Razvi (1992)

also give a constant residual stress equal to 0.2f 'CC for strains greater than &,, ( strain

corresponding to 0.2f'_ ), and this residual strength has been neglected in this study.

For tension stiffening, different formulations have been proposed by Vecchio and Collins
(1982); Collins and Mitchell (1987); Tamai et al. (1987), Bentz (2005). Each of these
formulations may be appropriate for a specific section and concrete mixture properties
since tension stiffening is dependent on the bond characteristics which vary from case to

case. In this study, Vecchio and Collins’ (1982) relationship, given by:
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o, =——————f’
" 1+4/200¢

4.7

was used, in which, ¢, o, are strain and corresponding tensile stress, and £, is the tensile

strength taken as 10% of the compressive strength.

4.1.2.2 Steel

A number of formulations are available in the literature for the reinforcing steel stress-

strain relationship and all of these formulations consist of three parts: elastic, yield

plateau and strain hardening part. In this study, Hoehler and Stanton (2006) model was

used. According to their formulation, the strain-stress relationship for steel is given by:

oc=Ex¢g foraSsy

oc=0,+(-¢)XE, for e, <e<g,

£, —€
oc=0,-(0,-0,)x(-—+—)% for ¢, <e<g,
'E‘u T Csh
Where:
£,0 = Strain and corresponding stress in the reinforcing steel

o,,&, = Stress and st-ain at steel yield
o, €, = Stress and strain at the onset of strain hardening
o,,€, = Ultimate (peak) stress and strain

E = Elastic modulus
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E = Slope of yield plateau

y

G = Parameter that defines the curvature of the strain hardening curve.

4.1.3 Strain Rate Effects

There is a very high sirain rate associated with blast as a result of the short time history of
blast loads (in the range of milliseconds) compared to the duration of other dynamic loads
such as earthquake (in the range of seconds). Hence, the material characteristics under
such extreme dynamic loading may differ from those obtained under static loading
condition. In fact, it has been shown by a number of experimental and numerical studies
that concrete and stezl exhibit significant strength increase under high strain rate of
loading (Bischoff and Perry 1991). Hence, material properties should be modified and

enhanced in the analysis of rapid dynamic loads such as blast and impact.

The ratio of the mat:rial’s dynamic strength to its static strength is defined as the
Dynamic Increase Factor (DIF) and is used to scale material properties under dynamic
loading condition. This factor is usually expressed as a function of strain rate either

graphically (TMS5-1300, 1990) or presented in the form of formulas.

4.1.3.1 Concrete
For concrete under compression, it was shown that the increase in compressive strength is
more significant than the enhancement of other concrete properties under compression

such as ultimate strain and the elastic modulus. For strength enhancement, expressions
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were proposed by Comité Euro-International du Béton (CEB) (1988); Tedesco et al.
(1997); Malvar and Ross (1998). All these expressions differentiate between low to
intermediate strain rates and intermediate to high strain rate, and give separate
relationships for thess ranges (Fig. 4.3(a)). It was also shown that the concrete tensile
strength exhibited higher increase than its compressive strength (Fig. 4.3(b)). There were
no consensus among different researchers on the effect of strain rate on the strain at the
peak compressive stress and different results have been reported (Bischoff and Perry

1991).

Tedesco et al. (1997) used their experimental results from a number of Split-Hopkinson
Pressure Bar (SHPB) tests for concrete with different strength and moisture, and
implemented some regression equations in their concrete model. Malvar and Crawford
(1998) considered a large number of test results and modified CEB (1988) formula for
concrete under tensicn while as stated by Malvar and Crawford (1998), the CEB (1988)
formula for concrete compressive stress enhancement is widely acceptable among the
researchers. Therefore, in this study, CEB’s (1988) relations for concrete under
compression and Malvar’s (1988) formula for concrete under tension are adopted. The
equation proposed by Soroushian et al. (1986) is also considered for scaling the strain
corresponding at the peak compressive stress. These relationships are expressed as

follow:

CEB’s (1988) formula for concrete under compression:
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. \1.026,
£, lf. =(,i) for £ <305 (4.9-a)
gS
CN\I/3
- 75[_i) © for £> 305! (4.9-b)
gS

Wheref , and f, are the dynamic and static compressive strength, £ is the strain rate,
£,=30x 10 s (static strain rate), ¥, =10%"%2 o, =1/(5+9(f../ ., )), f.,=10 MPa

=1450 psi.

Soroushian’s (1986) expression for scaling strain at peak compressive stress:

£,/¢, =1.08+0.112log £ +0.0193(log £)> (4.9-c)

Where ¢, is the strain corresponding to the concrete dynamic compressive strength and

g, is its static values, £ is the strain rate ins™.

Malvar’s equation for concrete under tension:

NG
Jal s = (f—) for £ <1s’! (4.10-a)
gS
N\I/3
- ﬂ(i] for & >1s" (4.10-b)
SS
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Where f,,and f,, are the dynamic and static tensile strength, & is the strain rate,

£,=30x10° 5! (static strain rate), =102 §=1/(1+8 £,/ £., ), f,,=10 MPa .

4.1.3.2 Steel

Similar to concrete, expressions are proposed for the enhancement of steel properties at
high strain rate. For reinforcing steel, relationships given by Soroushian and Choi (1987);
CEB (1988); Malvar (1998) were proposed. It has been observed that yield and ultimate
stress increased with increasing strain rate whereas the steel modulus of elasticity is not
affected by the rate of loading. For the MDOF model developed in this study, Malvar’s
(1998) formulations arz used because of the large number of test results at different strain

rates that were used to verify their expressions:

é a
DIF = 4.11-a
(10‘4 ) ( )
Where:
a =0.074-0.040 4f1y4 For the DIF of yield stress (4.11-b)
a=0.019- ().009zfl"—4 For the DIF of ultimate stress (4.11-¢)

¢ is the strain rate. f, and f, are the bar yield stress and ultimate stress in MPa.

As can be seen in Fig. 4.3(b) and Fig. 4.3(c), the stress-strain curves is scaled

corresponding to a certain strain rate level. The maximum concrete compressive stress
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with its corresponding strain, maximum concrete tensile stress and steel yield and

ultimate stress will be amplified by the corresponding DIF.

4.1.4 Strain Rate Estimation

In order to modify the material properties by the appropriate DIF, a procedure should be
established to predict the strain rate for a specific blast loading conditions. Different
technique such as finding maximum curvature rate (Kulkarni and Shah 1998) or deriving
the approximate strain rate equation (Krauthammer et al. 1994) can be used. All of these
techniques gave an estimation of the order of strain rate, not the exact value since the
correct modeling of strain rate dependency is very complicated and cannot be achieved
using simple analysis. Nevertheless, the method described by Krauthammer et al (1994)
provided a simple and accurate methodology for estimating strain rates and therefore was
used in this study. In this technique, the relationship between the strain and applied
uniform load in an element cross section must be evaluated. Considering the fixed
column shown in Fig. 4.4, the strains at the tensile and compressive fiber at midspan of

this column can be given by:

£, 2(_24_)(75};_) (4.12-a)
_PL B i
8’_(24)(51 ) (4.12-b)
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Wheree, and ¢, are strains at the compressive fiber and the tensile fiber, respectively. p
is the uniform blast Joad. 4 and 4, are the compression depth and the tension depth of

the cross section, respectively. Elyis an effective flexural rigidity and L is the column
height.
Consequently, the strain rate at extreme fibers can be obtained by evaluating the

derivative with respect to time:

2
O, _op L (4.13-a)
or o 24 EI
o¢, _op L’
% 4.13-b
a ot (24)(EI (4.13-5)

And the strain rate, £, for the whole cross section can be considered by taking the

average of strain rates obtained from Egs. 4.13-a and 4.13-b:

_op L’ h, +h,

ot (48)( El, g @.14)
or

ap L

ot (48)(EI ) (4.15)

Where 4 is the cross section height.

In order to estimate an effective flexural rigidity (El) for the element cross section, the

moment-curvature diagram is constructed. Then, the moment and curvature at the yield

point (M ,4,) are found on the moment curvature diagram and Eljg is obtained by
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calculating the value of M,/ ¢y. Hence, for a triangular load idealization, the previous

equation can be simplified to:

s‘=;’—°(%)<£y—) (4.16)

Where p, and 7, are the peak uniform load per unit length and the loading duration,

respectively.

Similarly, strain rates can be estimated for RC columns with different loading and
support conditions. Following the above approximation, the strain rate for each section
along the column height can also be calculated. Thus, in this way, the proposed model is

capable of considering the distribution of strain rate along the height of the column.

4.2 Numerical Result; and Discussion

4.2.1 Overall Procedure

The developed MDOF model was used to study the column shown in Fig. 4.5 with height
that varied between 3.0 m and 6.0 m and the shown cross section. The concrete
compressive stress wa; set to 30 MPa and reinforcement yield stress was assumed to be
400 MPa. Using these material properties, the change in cross section behaviors such as
moment-curvature diagrams and moment-interaction diagrams was studied for different
levels of axial loads and strain rates. In addition, four levels of axial loads, as a fraction of

the column axial load capacity, Fyma , found under static rate of loading (1E-7 s'l), were
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considered. These levels were 0.2 Foma 0.35 Famaxrs 0.5 Fama and 0.7 Fypma. The
column MDOF model was used with 40 degrees of freedom based on the previous study
by the authors (Changiz Rezaei et al. 2008) that dealt with degrees of freedom
optimization for RC structures under blast loads. For the MDOF analysis, the strain rate
was also calculated for each node based on the method explained earlier and material
properties were modified accordingly. Considering the point that concrete tensile strength
and compressive strength shows higher sensitivity to strain rates greater than 1s? and 30
s, respectively, the separate strain rates and moment-curvature relationships were
evaluated for each node in cases where the load produced strain rates greater than 1s™.
The numerical procedure has been summarized in the flow chart shown in Fig. 4.6.
Moreover, two column support capacities were defined and P-I diagrams, which
represent combination of pressure and impulse producing the same level of deflection,
were developed for these two support conditions. The effect of axial loads as well as
good detailing on blast load carrying capacity and the column rational capacity were

investigated. The following sections present the findings of these studies.

4.2.2 Section Properties

4.2.2.1 Moment-Curvature Diagrams

Using the stress-strain relationships described earlier, the moment-curvature diagram for
a given column cross section can be constructed. For a specified curvature, the strain
distribution is adjusted so that the summation of the internal compressive and tensile

forces is equal to the applied axial load. After obtaining the strain distribution, the
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moment is calculated by evaluating the sum of the internal force moments about the
geometrical centroid of the column cross section. Following this procedure, moment
curvature diagrams were generated for different level of axial loads (i.e. no axial load, 0.2
Fomars 035 Fymax, 0.5 Fomar and 0.7 F,pa,) as shown in Fig. 4.7. In this figure, variation
of moment-curvature diagrams are shown at different levels of strain rate, which are 1E-7
s (static rate of loading), 1 s, 10 s, 100 s and 500 s™! for the different levels of axial
load. The results obrained by amplifying the material properties with 25% (1.25xSt),

which is the current practice (Rodriquez-Nik 2006), are also shown in the figure.

Ultimate curvatures in Fig. 4.7 are limited to a maximum concrete strain corresponding to

85% of the concrete compressive strength (&) at the descending portion of the stress-

strain relationship. Comparing the ultimate curvatures at different strain rates and the
same at no axial load, it can be observed that axial loads significantly reduce the ultimate
curvature of the column cross section. In fact, axial loads increase the depth of
compression zone in the section and, as a result, the ultimate curvature is reduced as
shown in Figs. 4.8(a) and 4.8(b). It can also be observed that enhancement of material
properties at higher srain rate also results in increase in the ultimate curvature values.
Fig. 4.8(c) depicts the amount of reduction in ultimate curvature for the moment-
curvatures shown in Fig. 4.7. Fig. 4.8(c) also shows that, in average, there is a 40%
reduction in curvature: values for low levels of axial load (0.2 F,.«) and the average
reduction can be as high as 70% for high value of axial load (0.7 F,.n.). Because

ultimate curvatures may increase with increasing strain rates, the reduction in ultimate
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curvatures due to presence of axial load is more pronounced for low strain rates.
Considering the significant reduction in the value of ultimate curvature, it can be
concluded that the pcssibility of column failure under blast increases by considering axial

load in the analysis.

The cracking moment can be identified on the moment-curvature diagrams can be
identified at the onset of reduction in the slope of the curves. It can be observed that this
section property also increase with increasing strain rate due to the significant increase in

tensile capacity of coacrete at high strain rates.

Considering Fig. 4.7, it can also be observed that the moment-curvature diagrams
obtained by using 25% enhancement to the material properties can reach the values
corresponding to the strain rate of 1 s?. Therefore, it is quite obvious that simply
amplifying the static material properties by the factor of 1.25 cannot capture material
enhancement at the very high strain rates such as 100 s and 500 s” corresponding to
blast. Consequently, employing the 25% factor would result in underestimation of

material resistance at such strain rates.

4.2.2.2 Axial Force-Moment Interaction Diagrams
Generally, interactior. diagrams are used to find the load carrying capacity of a column
cross section for a combination of axial force and bending moment. Fig. 4.9(a) shows the

interaction diagrams for the column cross section at different levels of strain rate. At
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higher strain rates the material properties are enhanced resulting in higher load carrying
capacity. As can be seen, the larger the value of strain rate, the more the interaction
diagrams move outwerd and the column cross section resistance, in terms of both axial
load and bending mornent, increases. Similar to the previous section, it can also be seen
that using scale facto: of 1.25 for material enhancement cannot capture the interaction
diagrams at high strain rates and that results in underestimation of the axial force and

bending moment capacity at high strain rates.

The values of the maximum axial force, F

a-max ?

the balanced axial force, F,_,, balanced
bending moment, M, and pure bending moment capacity, M, , at different strain rates

were normalized by their corresponding value at the static rate of loading (1E-7 s1) and
results are shown in Fig. 4.9(b). As this figure shows a significant increase is obtained at

high strain rates and, as can be expected, the rate of amplification for F, F,_, and

~max ?
M, increase at strain rate greater than 30 s’ since these quantities are dependent on

concrete compressive strength which is amplified at higher rate for strain rate greater than

30 s as can be seen in Fig. 4.3(b).

4.2.3 Damage Assessment

The concept of the Pressure-Impulse (P-I) diagrams is widely used to find the maximum
deflection or damage reached for a certain combination of pressure and impulse (time
integral pressure). Two connection behavior will be defined at column ends and using the

MDOF model, the corresponding P-I diagrams is developed for each connection type.
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The first connection (referred to as type N) resembles a poorly detailed (non ductile
connection). The second connection (referred to as type D) is a ductile connection that
maintains its momen: capacity till the full moment capacity is developed at the column
midspan. Consequently, parameters such as axial load level, deflection at each damage

level, RC section capacity and detailing effects will be studied.

4.2.3.1 P-I Diagrams

P-I diagrams represeat combinations of pressure and impulse pairs producing the same
maximum level of damage or deflection within the structural element (Baker et al. 1983).
A typical P-I diagrans has been depicted in Fig. 4.10. As this figure shows, P-I diagrams
consist of several contours, each corresponds to a certain level of deflection (damage) and

the further a contour is from the origin, the higher the deflection (damage) is.

As cén be seen in Fiz. 4.10, each P-I diagram can be divided to three parts: impulsive
loading realm, dynamic loading realm, quasi-static loading realm and a pressure and a
impulse asymptote shown in the figure can be identified for each curve. In this
classification, the maximum deflection may depend only on the applied impulse
(impulsive), impulse and pressure (dynamic), or pressure (quasi-static). The pairs of
pressure impulse falliag below or to the left of each curve produce a maximum deflection
lower than the value specified by the curve while the points above or to the right of the

curve indicates a greater deflection.
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4.2.3.2 Effect of Axial Load on the P-I Diagrams
Using the MDOF model subjected to triangular blast load, the P-I diagrams were

generalized for the two connection types, N and D.

Damaged state of typzs N is defined as a state in which the supports are starting to fail in
flexure and the curvature has reached its ultimate value at these regions. Column damage
for type D is defined as yielding at supports that is followed by column midspan yielding
which will lead to a raechanism. In other words, to progress from the partially damaged
state (type N) to the fully damaged one (type D), it is assumed that there is good detailing
at supports and the plastic moment can be sustained at these regions until the midsapn

fails in flexure.

Considering the above definitions, P-/ diagrams were generated for different levels of
axial load (i.e. no axial load, 0.2 Fimax, 0.35 Famax, 0.5 Fomax and 0.7 F,pe) for the
connection type of N and D. These diagrams are shown for the two column heights (i.e.
3.0 m and 6.0 m) in Fig. 4.11 and Fig. 4.12, respectively. In these figures, the deflections
at these damage states have also been reported as a fraction of column length beside each

levels of axial load.

Considering Figs. 4.11 and 4.12 and comparing the P-I curves with the case with no axial
load, it can bee observzd that the difference becomes more pronounced in the impulsive

regime as the axial load becomes high and it reaches the maximum negative shift of
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about 40%. As the load moves towards quasi-static regime, the variation of P-I curves
with respect to the case with no axial load becomes less significant and, in average, it can

reach the maximum of about 20%.

Comparing the deflection of the column with N and D connection type, for both column
heights, it can be seen that the inclusion of the axial load will result in a significant
reduction in deflection value for both types. Fig. 4.13 shows the reduction in deflection as
percentage of its value for the column with no axial load. As can be seen, for type N
connection the reduction in average varied from 27%, at low axial loads (i.e. 0.2 Famax),
up to 46% at high levels of axial load (i.e. 0.7 F,mau). For type D connection, the

reduction in average varied from 38% to 62% for the low and high levels of axial load.

4.2.3.3 Effect of Gond Detailing on Load Carrying Capacity

Comparing the P-I diagrams generated for type D and type N connections, it can noticed
that providing good Jetailing at supports can significantly enhance the column capacity in
terms of increase in deflection, pressure asymptote and impulse asymptote. In average,
for all levels of axial load, the good connection detailing (type D) can increase the
deflection up to about 3.8 times greater for the 3.0 m high column and up to 3.4 times for
the 6.0 m column. In addition, the pressure asymptote is amplified by a factor of 1.5 for
the both column. The impulse asymptote is also enhanced by a factor of about 2.6 for 3.0

m column and 2.2 for the 6.0 m column.
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4.2.3.4 Rotational Capacity at the Fully Damaged State

The RC section rotation at the fully damaged state (type D connection) is approximately
obtained by dividing the deflection by half of the column height. This angle of rotation
were calculated and reported in Fig. 4.14 for different levels of axial load. As can be
seen, with increasing the axial load from zero to 0.7 Fjma, the rotational capacity
decreased from 0.82° to 0.29° for the 3.0 m column and decreased from 1.53° to 0.64° for

the 6.0 m column.

It can be noted that the angle of rotation is not constant and it can be much lower than the
typical values assumazd (e.g. 2 © suggested by the TM5-1300, 1990). In addition, the angle
of rotation is the function of axial load and it decreases with increasing the level of axial
load. Furthermore, the angles are also dependant on the stiffness of the column. As noted
earlier, the 6.0 m co umn had the higher rotation compared to the 3.0 m column which is

significantly stiffer than the 6.0 m column.

4.2.3.5 Damage Screening

Considering the P-I curves shown in Fig. 4.11 and Fig. 4.12, the P-I bands shown in Fig.
4.15 can be generated for rapid damage screening of RC columns. Depending on the level
of axial load, which may change during blast as a result of partial progressive or collapse
of certain columns, the P-I bands can be used as a quick analysis tool for column with
different connectior. details. If the pairs of pressure and impulse falls out of these regions,

the state of damag: can be identified easily while if pressure and impulse pairs falls
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inside these shaded regions dynamic analysis is required to perform in order to assess on
the damage state. This kinds of information and graphs can be helpful for the emergency
response team for rasid assessment of the column damage after blast and by considering
the distribution of cclumns and their damage extents, they can facilitate the estimation of
the overall damage of the building in order to decide whether it is safe to approach the

damaged building or not.

4.3 Conclusions

Using the moment curvature diagrams, nonlinear dynamic analysis of RC columns under
blast load was investigated through a simplified MDOF model. The strain rate effects on
the material properties and the level of axial load effects were implemented in the MDOF

model.

Moment-curvature diagrams were presented for the column cross section considered in
this study. Results showed that the ultimate curvature is reduced significantly with
increasing axial load. Axial force-bending moment interaction diagrams were generated
for different levels of strain rates and it was shown that the interaction diagrams were
amplified significantly as the strain rate increases. In addition, it was observed that
simply amplifying naterial properties by a factor of 1.25 (which is the current practice)
cannot capture material enhancement at the very high strain rates such as 100 s™ and 500

-1
s .
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Two different connection details at supports were used for the RC columns considered in
this study. Considering the P-I diagram as an important tool for assessing structural
damage under blast load and using the MDOF model, P-I curves were developed for
different levels of axial load at the two connection details. The difference between P-I
curves drawn for different levels of axial load and the curves constructed for the column
with no axial load tecame more significant for high values of axial load particularly in
the impulsive regimz. The maximum difference of 40% was observed by increasing the

axial load level to 70% of column axial load capacity.

Deflections for the columns with both connection details decreased significantly by
increasing the level of axial load. By evaluating the column rotation at the fully damaged
state, it was found out that the angle of rotation is not constant and it can be much lower
than the values recommended by current design codes. In addition to the cross section
properties, both the levels of axial load and the column stiffness were found to affect the
column rotation at the fully damage states. It was also shown that the higher the level of
axial load and stiffiiess were, the lower the column rotation at the fully damaged state

was.
Comparing the P-I curves for the two different connection types, it indicated that the

column blast load carrying capacity can be enhanced significantly by providing good

detailing at supports. Ultimate deflection can also be amplified by a factor about 3.6 and

216



M.A.Sc. Thesis-S. H. Changiz Rezaei McMaster University-Civil Engineering

both the pressure and impulse asymptotes can be amplified by factors of 1.5 and about

2.4, respectively, for ductile connections compared to non-ductile connections.
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Notation

The following symbcls are used in this paper:

C, = damping coefficient for i node
G = parameter that defines the curvature of the strain hardening curve in reinforcing
steel
DIF = dynamic increase factor
E = elastic moclulus of reinforcing steel

Ely = effective flexural rigidity

F = total applied load
F _, = axial force capacity at the balanced point
F,_ .. =maximum axial load carrying capacity
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F, =lumped load at i node

f! = concrete r aximum compressive stress

f 'CC = Maximum compressive stress for confined concrete
foa = concrete dynamic compressive strength

f.,  =parameter of Malvar’s equation for concrete

f, = concrete static compressive strength

f = concrete maximum tensile stress

fa = concrete dynamic tensile strength

I = concrete static tensile strength

f = reinforced bar stress

= column section height

h, = compression depth

h, = tension dejpth

K = curve parameter for confined concrete model
L = column length

LM, =lumped mass at i node

M, = pure bending moment capacity

M, =balanced bending moment

M,, =momentat (i-1)"

M,  =moment at i* node
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i+l

Py
Do

q
R(O)
1}

Via,

Vi
Yi
Y

b7

= moment at (i+1)" node
= yield moment

= number of nodes

= blast load per unit length

= peak pressire

= peak blast load per unit length

= curve fitting parameter in concrete model

= resistance ~orce as a function of time

= loading du-ation

= shear betwzen (i-1)" and i" node

= shear betwzen i” and (i+1)" node

= " node displacement

= i" node velocity

= " node acceleration

= parameter of Malvar’s equation for reinforcing steel DIF
= parameter of Malvar’s equation for concrete DIF

= parameter of Malvar’s equation for concrete DIF
= segment length
= strain

= concrete strain at maximum confined compressive stress
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g, = concrete dynamic strain at peak compressive stress

g, = concrete static strain at peak compressive stress

£, = strain at the onset of strain hardening in reinforcing steel

g,  =tensile strain

£, = strain at steel yield point

£, = ultimate (peik) strain in reinforcing steel

& = Strain corresponding to 0.85f ' on the descending branch of stress-strain
curve

£ = strain rate

£, = concrete static strain rate

¢ = curvature

2, = yield curvature

#(x) = assumed mcde shape

o = stress in the reinforcing steel

o, = compressive stress in concrete

o, = stress at the onset of strain hardening in reinforcing steel
o, = tensile stress in concrete

o, = ultimate (peak) stress in reinforcing steel

o,  =stress at steel yield point
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Pm = mass per unit length
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Figure Captions

Fig. 4.1: Actual and idealized side-on blast pressure time histories: (a) Actual blast load
time history, (b) Triangular load approximation, (c) Using tangent line in approximating
blast load

Fig. 4.2: Schematic view of MDOF model based on lumped mass approach for a column
Fig. 4.3: Strain rate effects: (a) DIF for concrete under tension, (b) DIF for concrete
under compression, (c) Scaled stress-strain curve for reinforcing steel, (d) Scaled stress-
strain curve for concrete

Fig. 4.4: Strain rate istribution at the midspan of a simply supported column

Fig. 4.5: Cross section of the RC column considered in this study

Fig. 4.6: Flow chart of the MDOF analysis procedure

Fig. 4.7: Moment curvature for different level of axial load:(a) zero axial load, (b)0.2F,. |
maxs (€) 0.35F 4 max, (€) 0.5F g max, () 0.7F 4max

Fig. 4.8: Variation in ultimate curvature: (a) Strain distribution without axial load, (b)
Strain distribution with axial load, (¢) Reduction in ultimate curvature with increasing
axial load compared to the case with no axial load

Fig. 4.9: Variation of section properties with strain rate: (a) Axial force-bending moment
interaction diagrams, (b) Variation of pure bending moment, balanced moment, balanced
axial force, and maximum axial force

Fig. 4.10: General form of the pressure-impulse diagrams

Fig. 4.11: P-I diagrams for different levels of axial load (3.0 m column): (a) Type N

connection, (b) Typ: D connection
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Fig. 4.12: P-I diagrams for different levels of axial load (6.0 m column): (a) Type N
connection, (b) Type D connection

Fig. 4.13: Reduction: in deflections compared to the case with no axial load: (a) 3.0 m
column, (b) 6.0 m cclumn

Fig. 4.14: Column scction rotation at the fully damaged state

Fig. 4.15: P-1 diagrams for damage screening: (a) 3.0 m column, (b) 6.0 m column
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Fig. 4.2: Schematic view of MDOF model based on lumped mass approach for a column
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Fig. 4.12: P-I diagrams for different levels of axial load (6.0 m column): (a) Type N

connection, (b) Type D connection
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Fig. 4.15: P-I diagrams for damage screening: (a) 3.0 m column, (b) 6.0 m column
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