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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

150759 ZI30eq)) ‘[ 'S-SoUL IS VI

TSTOATU[) I9ISEIAOIN



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

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

157



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

(@ (b)

'y
AW K, xm
= <

AAAAAALALRZ

(©

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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Fig. 3.7: The coefficierits for finding moment and deflection at the certain points of a
panel
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Fig. 3.8: Determining the deflection at the end of flexural action

164



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

N 1
_.l__l___»_.;_'_ﬂ__]._
o TT X 1 > X
iy a’I%(
[l ly
(i |
Yy

(a) Tensile membrane

]}/dX Y}dX
f f

T, 3
_>
xdve| |—=>T,dy 1_»/
~ Y
dx

(b) Forces acting on an element

Fig 3.9: Determining the tensile membrane resistance
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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. 3.11: FE models geometry: (a) Simply supported panel, (b) Clamped panel
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(a)
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(b)
A |+ A
Top rigid plate Reinforcement  Top rigid plate
Lateral Lateral
rigid plate rigid plate

Bottom rigid plate Congrete Bottom rigid plate

Section A-A

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. 3.14: The general form of pressure-impulse diagram
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Fig. 3.15: P-I diagrams for the simply supported panels using SDOF(El,ye)
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Fig. 3.16: P-I diagrams for the simply supported panels using SDOF(EI;,)
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Fig. 3.17: P-I diagrams for the simply supported panels using SDOF(Elwcighted)
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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. 3.19: /-1 diagrams for the clamped panels using SDOF(El,y.)
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Fig. 3.20: P-I diagrams for the clamped panels using SDOF(EI,)
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Fig. 3.21: Modified resistance function for the SDOF model
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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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Fig. 3.23: Deflection of reinforcement in panel C-1 (Py=2000 kPa , 7;=5.92 ms): (a)
Deflection contours at # = 14.00 ms, (b) Displacement-time history for a reinforcement

node near 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:

197



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

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.

210



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

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
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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. 4.3: 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
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Fig. 4.6: Flow chart of the MDOF analysis procedure
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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. 4.13: Reducticn in deflections compared to the case with no axial load: (a) 3.0 m
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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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