Numerical Simulation of Blast Effects on Fibre Grout Strengthened RC
Panels

Corneliu Cismasiu’#, H. B. Rebelo'?**, V. J. G. Licio'c, M. T. M. S. Gonalves®*?,
G. J. Gomes?© and J. P. F. Basto?f

ICERIS, ICIST and Departamento de Engenharia Civil, Faculdade de Ciéncias e Tecnologia,
Universidade NOVA de Lisboa, Portugal

2 CINAMIL, Academia Militar, Lisboa, Portugal

3Departamento de Engenharia Civil, Faculdade de Ciéncias e Tecnologia, Universidade NOVA de
Lisboa, Portugal
acornel@fct.unl.pt, Ph.rebelo@campus.fct.unl.pt, cvigl@fct.unl.pt, {manel_goncalves@hotmail.com,
egomes.gj@mail.exercito.pt, fbasto.jppof@mail.exercito.pt

Keywords: Non-linear dynamic analysis; Applied Element Method; Blast effects; Fibre reinforced
grout

Abstract. The present paper aims to examine the potential of the Applied Element Method (AEM)
in simulating the blast effects in RC panels. The numerical estimates are compared with the results
obtained in an experimental campaign designed to investigate the effectiveness of fibre grout for
strengthening full scale RC panels by comparing the effects that a similar blast load produces in a
reference and the strengthened panel. First, a numerical model of the reference specimen was cre-
ated in the software Extreme Loading for Structures and calibrated to match the experimental results.
With no further calibration, the fibre reinforced grout strengthening was added and the resulting nu-
merical model subjected to the same blast load. The experimental blast effects on both reference and
strengthened panels, despite the lack of high speed measurement equipment (pressure, strains and dis-
placements sensors), compare well with the numerical estimates in terms of residual and maximum
displacements, showing that, once calibrated, the AEM numerical models can be successfully used to
simulate blast effects in RC panels.

Introduction

Ever since Humankind began to build structures, they were always designed to withstand a broad set
of loads, e.g. gravity, wind, temperature changes and earthquakes. However, over the last few decades,
wars, terrorist attacks and accidental explosions, established the need to consider blast loads in the
design of important structures [1]. Research on the effects of blast loads is essential for the success-
ful design of blast resistant structures. Nevertheless, experimental testing is expensive, as can only
be conducted in a highly controlled and safe environment. Alternatively, one might resort to compu-
tational models based on simplified or complex numerical formulations, able to simulate the highly
non-linear dynamic response, typical to blast scenarios. To be reliable, these numerical simulations
must be validated through experimental field tests, as illustrated in recent publications, e.g. [2-5].
Results from field blast tests are used in the present paper to inquire the potential of a numerical
model based on the AEM to simulate the dynamic non-linear response of RC panels to overpressures
produced by unconfined free-air explosions.

Full scale experimental blast tests

A full scale experimental campaign, part of the “Strategic building structural security and integrity,
against accidental or deliberate explosions” (SI4E) research project [6], designed to analyse the ef-
fectiveness of fibre reinforced grout strengthening in RC panels, was conducted in Santa Margarida
military camp according to the rules and safety procedures approved by the Portuguese Army.



RC panels. Blast tests were performed on two RC panels, having the same dimensions of 2.60 X
2.17 x 0.12 m. The panels were obtained from a unique, larger, fagade element and therefore were
characterized by the same reinforcement detailing, which consists on one NC50 steel mesh in each
face (¢5S@100 mm in the longitudinal direction and 5@ 150 mm in the transversal direction) and
2¢12 rebars on three of the edges. While one of the panels was kept as reference, the other one was
strengthened using a layer of 20 mm thick unidirectional fibre reinforced grout (UFRG), having a
content of 1% longitudinal continuous steel fibres. Both the reference and the strengthened panels are
illustrated in Figure 1.
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Fig. 1: Detailing of the experimental panels

As collected in Table 1, concrete with an average compression strength at 28 days of 46 MPa
in 150 mm cube specimens was used for the two panels. A f,;, = 500 MPa steel was used for the
rebars and the reinforced meshes. According to [7], the matrix composition of the UFRG used in
the strengthened panel (75% Portland cement type I class 42.5R, 2% Silica fume, 0.5% Sika Vis-
coCrete 3005, 22.5% water), presents a high mechanical resistance and controlled shrinkage. Its fail-
ure stresses in tension and compression were identified to 5.8 and 78.8 MPa, respectively.

Table 1: Experimental model material properties

Material Properties
Concrete  f.,, = 46.0 MPa n/a
Steel n/a fyr = 500.0 MPa

UFRG  f,, =788 MPa f,,, = 5.8 MPa

During the blast tests, the RC panels were supported on concrete beams with 0.3 m width, result-
ing in simply supported slab configurations with a theoretical span of 2.45 m. The strengthened model
was positioned with the UFRG layer on the opposite side with respect to the blast load, in order to
improve the model resistant and ductility due to the presence of fibres on the UFRG. The explosive
charge, 8 kg of TNT, was suspended 3 m above the model, aligned with its centre, as illustrated in
Figures 2(a) and 2(b).

Preliminary estimation of the mid-span maximum deflection. A preliminary prediction of the
maximum displacements at mid-span is essential in the planning phase of the experimental tests, as it
allows to choose an explosive charge sufficiently high to generate visible damage in the panels but, at
the same time, small enough to avoid their total collapse.
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Fig. 2: Blast test setup and simplified failure mechanism

The shock wave resulting from the free-air burst of the considered explosive charge, yields a
scaled distance (2 = R/ W%ﬁ’T) at the mid-span of the panel of 1.5 m/kg'/3. The corresponding
reflected specific impulse (¢,), needed in the computation of the total impulsive load on the panel, can
be estimated [8] as a function of the specific impulse (i) and the peak of the incident and reflected
overpressures (FPs, and F,),

P,
PSO .
The necessarily free-field parameters can be readily obtained using the empirical formulation pre-

sented by Kinney and Graham. According to [9], the specific impulse can be estimated as a function
of the scaled distance as,
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and the peak incident overpressure is defined as a function of the atmospheric pressure (F,) and
the scaled distance,
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The peak reflected overpressure can be computed as a function of the peak of the incident over-
pressure and the atmospheric pressures using the Rankine-Hugoniot relation given in [10],

= 0.406 MPa. 3)

TP, + 4P,
TP, + Py,

Introducing the numerical values computed in Egs. (2) to (4) in definition (1), the reflected specific
impulse can readily be obtained as 0.428 MPa-m:s.

Next, the load on the exposed surface of the reference panel (/,) can be estimated considering the
blast load at the mid-span of the panel as an equivalent uniform load over the whole panel [11],

P. = 2P, ( ) = 1.699 MPa. “4)

I, =1, x panel surface = 0.428 x 2.45 x 2.17 = 2.275 kNs. (&)

Considering a failure mechanism with a plastic hinge at mid-span, see Figure 2(c), and assuming
an equivalent SDOF dynamic system to represent the response of the blast-loaded panel, its equivalent
mass (M., = K1.p Mpaner) can be estimated using the load-mass factor (K,p; = 0.66) defined in [11]



and the mass of the blast-loaded panel (M,,; = 1.595 ton). The resulting kinetic energy induced by
the blast can be estimated as,

T =1%/(2M,,) = 2.460 kJ. (6)

Assuming a perfectly plastic behavior of the panel under blast loading (yield displacement at mid-
span considered to be small when compared to its maximum value), the energy dissipated by the
plastic deformation of the panel can be computed as,

W =M, Hmaz =4 M, amax/L' (7

where M., 0,02, Gmae and L represent the bending moment capacity of the section, mid-span ro-
tation discontinuity, mid-span displacement and panel span, respectively, as illustrated in Figure 2(c).
Assuming a plastic behavior of the reinforcement after yielding, a rectangular stress distribution for
concrete in the compression zone and neglecting the compression in the rebars, the moment capacity
of the section can be computes as,

C2f.

For the reference panel, based on the material properties and the reinforcement detailing, the
following numerical values were considered: 0.0022 for the reinforcement ratio (p), 500 MPa (char-
acteristic value for the steel resistance class) for yield strength of reinforcement ( f,), 0.0875 m for the
effective depth (d) and 36.8 MPa for the mean compressive strength of concrete in cylinder specimens,
yielding a moment capacity of 18.3 kNm. One mention that the strain rate effects were not considered
on this preliminary estimation in order to keep these computations as simple and straightforward as
possible.

Considering that the kinetic energy induced by the blast load (6) is dissipated by the plastic de-
formation of the panel (7), one can readily compute the maximum mid-span displacement, a,,,, =
82 mm. Note that, due to energy dissipation in the supports, related to the damping capacity of the
soil, a slightly smaller value is expected in the experimental blast test.

My = p f, d? (1 Pfy). ®)

Maximum and residual mid-span displacements. The maximum and the relative residual dis-
placements in the mid-span of the RC panels are used as a measure of the blast effects. While the
relative residual displacements can be readily obtained using a 2 m ruler and a tape measurer, see
Figure 3(a), recording of the absolute maximum displacements is much more challenging.

(a) Residual displacement (b) Maximum displacement

Fig. 3: Recording of the mid-span displacements of the RC panel



A polystyrene plate was fixed under the RC panel and several metallic rods, 200 mm long, were
pinned into it, in close contact with the panel, see Figure 3(b). During the blast, the maximum deflec-
tion of the panel drove the rods deeper into the polystyrene. The difference between the initial and
final rod depth, see top right image in Figure 3(b), is directly associated to the maximum deflection
of the panel.

Experimental results. The effects of the blast detonation in the RC panels were analyzed in
terms of residual and maximum mid-span displacements. As expected, both the maximum 65 mm
and residual 20 mm mid-span displacements for the reference panel were larger than their counter-
parts measured for the strengthened panel, measuring 33.5 and 10 mm, respectively. Note that, as
expected, the initial estimate for the maximum mid-span displacement of the reference panel previ-
ously computed overestimates the experimental value. The 26% difference is considered acceptable,
taking into account the simplicity of the analytical model.

Numerical simulation of the blast effects

To examine the potential of the AEM in simulating the blast effects in RC panels, the experimen-
tal tests are simulated numerically in the software Extreme Loading for Structures (ELS) [12]. The
program, providing a full non-linear dynamic analysis based on the AEM [13-16], have been al-
ready used successfully to simulate the response of structures subjected to severe loading related to
earthquakes, progressive collapse or blast [17-21], among others.

Introduction to the AEM. In the AEM [13, 14] the structural elements are virtually divided into
an assembly of small rigid elements, connected to each other by pairs of normal and shear springs
distributed along the common interface. Considering the applied loading, the stresses and the corre-
sponding strains can be readily computed in all springs. Adopting fully non-linear constitutive models
to simulate the behavior of the structural materials, the maximum forces that the springs can resist can
be determined. Once these force levels are reached, anywhere within the model, the corresponding
springs are cut, simulating a crack initiation or propagation, with no need of an a priori knowledge
of the crack location. If all springs connecting an element are cut, separation occurs and eventual
sub-sequential collisions, contact and re-contact between elements are automatically considered.

Numerical models. Numerical models for both the reference and the UFRG strengthened RC
panel were developed in ELS. First, the non-linear constitutive models must be calibrated to match
the properties of the materials used in the experimental tests. Next, the geometry of the panels must
be accurately modelled, with special care to reinforcement detailing, mesh sensitivity and boundary
conditions.

Material calibration. The constitutive model implemented in ELS to simulate concrete under com-
pression stresses is the Maekawa’s elasto-plastic and fracture model [22], characterized by the initial
Young’s modulus, the fracture parameter and the compressive plastic strain. Additionally, in order
to consider the confinement effects in compression zones, Kupfer’s [23] biaxial failure function is
considered. Alternatively, linear stress-strain relations are adopted for concrete subjected to tension
and shear stresses, until the ultimate tension is reached. To calibrate relevant parameters for the con-
crete, compression tests conducted on 150 mm size cubes samples, were numerically simulated and
the resulting compressive strength was compared with the 46 MPa experimental mean compressive
strength (fem, cube)- Additional parameters used in the constitutive model, were a Poisson’s ratio of 0.2
and values given in the EC2 [24] for the mean secant modulus of elasticity (£,,,) 33 GPa, the mean
tensile strength (fe:,,) 2.90 MPa, the strain at maximum compression stress (¢.;) and the ultimate
compression strain (€.,1), 2.2 and 3.5%o, respectively. The plot presented in Figure 4(a) represents the
numerical simulation of the compression tests in the cubic samples using the calibrated constitutive
model for concrete.
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Fig. 4: Calibration of the material constitutive models

The same constitutive model was used to simulate the structural behaviour of the grout matrix
used in the UFRG. Results of experimental compression and three point flexural tests were used
to identify the relevant parameters, namely the mean secant modulus of elasticity (F,,,) 2279 MPa,
the mean compressive strength (f.,,) 78.8 MPa and the mean tensile strength (f.;,) 5.8 MPa. The
force-displacement diagram, obtained in a numerical simulation of three point bending tests using the
calibrated constitutive model for the grout matrix, is plotted in Figure 4(b) against the experimental
values.

The Ristic constitutive model [25] is implemented in ELS in order to characterize the behavior
of the reinforcement bars. Using this model, the tangent stiffness in a rebar spring depends on the
current strain, the loading status (loading or unloading) and the previous loading history which con-
trols the Bauschinger’s effect. One must note however, that the ELS does not consider the buckling
of the reinforcement bars [15]. The results of tensile tests performed experimentally on 96 AS00ER
reinforcement bars, were used to calibrate the model parameters. A sensitivity analysis yield values
of 200 and 76.9 GPa for the elastic (F,) and shear (G,) modulus, 600 MPa for the tensile yield stress
(f,), 1.19 for the ratio between the ultimate strength and the tensile yield stress (f,,/ f,), 13.5% for the
ultimate strain (¢,,) and 0.011 for the post yield stiffness ratio (£, /E,). The corresponding numerical
and experimental stress-strain curves are plotted in Figure 4(c).

The structural behaviour of the ¢3.1 mm steel wires, from which the steel fibremat used in the
UFRG was produced, is simulated using the same Ristic constitutive model. Tensile experimental
tests reported in [7] are used to calibrate its relevant parameters, yielding values of 160 and 61.5 GPa
for the elastic (£,) and shear (G,) modulus, 675 MPa for the tensile yield stress (f,), 1.275 for the
ratio between the ultimate strength and the tensile yields stress (f,,/ f,), 2.75% for the ultimate strain
(¢,,) and 0.05 for the post yield stiffness ratio (E, / E,). The corresponding numerical and experimental
stress-strain curves are plotted in Figure 4(d).



Geometry and element mesh. The reference panel used in the experimental blast tests was a 2.60 x
2.17 x 0.12 m rectangular element. As illustrated in Figure 5(a), the panel was modelled using a
regular mesh consisting of 15480 (86 x 45 x 4) 8 nodes elements, connected to each other by 5 x 5
pairs of normal and shear springs distributed along each common interface. The reinforcement bars
were defined according to the panels’ detailing, see Figure 5(b). A mesh sensitivity analysis was
performed in order to guarantee the convergence of the numerical solution for the adopted mesh.

(a) Element mesh

(b) Detailing of the rebars modeling

Fig. 5: Numerical model of the RC reference panel

The reinforced panel had an identical geometry as the reference one, except for the 20 mm thick
layer of UFRG. This layer was modeled using 3870 (86 x 45 x 1) additional 8 node elements. The
steel fibres embedded into the cement-based grout were simulated using uniformly distributed (5 X 5)
¢0.7 mm reinforcement bars oriented along the fibres direction, see Figure 6, ensuring the 1% content
of longitudinal steel fibres [7].

Concrete panel
UFRG

Support

Fig. 6: Steel fibres in the UFRG reinforcement layer

Preliminary boundary conditions. It is well known that enforcing the correct boundary con-
ditions is extremely important in order to get accurate solutions in dynamic analysis. In the exper-
imental blast tests, the panels were simply supported on concrete beams, firmly seated on the soil
surface. While simply supported conditions between the panels and the beams can readily be ensured,
the boundary conditions to be enforced at the base of the beams are not evident, due to uncertain-
ties regarding the soil properties. Therefore, a preliminary analysis was performed assuming clamped
conditions between at the base of the beams.

Selected time step. Due to the almost instantaneous rise of pressures as a result of the detona-
tion, the numerical simulation of the blast tests requires very small time steps to ensure an accurate
representation of the loading pressure and a stable numerical integration. After a sensitivity analysis,



the first 0.05 s of the analysis, roughly the duration of the positive phase of the blast wave, was com-
puted using a time step of 10~ s. To reduce to total time required by a 2 s analysis of the structural
response of the panels, the next 1.95 s were computed using a time step of 1072 s. On an Intel Xeon
CPU 5670 at 2.93 GHz with 16 GB of RAM, the 2450 time steps corresponding to a 2 s time history
of the structural response, required between 8 to 10 hours to complete.

Simulation of the blast effects on the reference panel

In order to compare the numerical estimates with the experimental results, the numerical model of
the reference panel was subjected to a 8 kg TNT explosive charge at 3 m of distance. The pressure
time history, applied to the elements facing the explosive charge, is determined through empirical
correlations based on CONWERP, as presented in [12]. The resulting mid-span relative displacement
(measured as illustrated in Figure 3(a)) time history, is illustrated as curve (i) in Figure 7, together
with the value of the residual displacement (9,..s) measured experimentally in the field test. This plot
indicates that the numerical mid-span residual displacement is still far from the experimental value.
To improve the simulation, three important aspects must be included in the numerical model. They
are related to (a) size of the contact surface between the panel and concrete beams, (b) elasticity and
damping of the boundary conditions due to the presence of the soil and (c) strain rate effects affecting
the material properties for dynamic loading.

Size of the contact surface. To control the contact area during collisions, a so called normal con-
tact stiffness factor (/Vy) is defined in ELS. According to the ELS manual [12], its value is directly
proportional with the average contact area between the elements. A relatively small value is recom-
mended for stiff materials such as concrete, leading to relatively small contact areas and therefore,
high associated stresses. However, in the performed blast simulation, the high stresses associated to
the default value suggested for concrete elements, Np = (.01, led to failure of the panels near to
supports, phenomenon that was not observed during the experimental tests. To improve the results, a
unitary normal contact stiffness factor was assumed.

Elasticity and damping of the boundary conditions. One recall that in this preliminary numer-
ical simulation, clamped conditions were assumed to the base of the concrete beams. However, the
curve (1) in Figure 7 suggest that, part of the blast energy was dissipated by the damping properties of
the soil. Therefore, to improve the numerical estimates, the boundary conditions must include the soil
effects. As an explicit modelling of the soil would considerably increase the computational effort, its
influence was incorporated in the numerical model using a virtual equivalent material for the clamped
supporting beams, calibrated to incorporate the elasticity of the soil and its damping properties.

To find the elastic modulus of this equivalent material, the response of the supports to vertical
loads was assumed to be identical to the one simulated in a numerical model that includes the concrete
beams and the surrounding soil. Considering a type D soft-to-firm cohesive soil [26], with an elastic
modulus estimated based on the results of a standard penetration test (Ngpr = 15) [27],

Esoil = NSPT (084 + 0.036 NSPT) = 20.7 MPa. (9)

the elastic modulus of the equivalent material to be used in the supports yields 9 MPa.

In ELS, the capacity of the elastic supports to dissipate energy is defined through a so called
damping factor (1), which can be computed as a function of the natural frequency of the supports (w)
and the desired damping ratio (¢),

r=2wc(. (10)

Assuming, for the support beams, an elastic material having the equivalent elastic modulus and a
critical damping, the corresponding damping factor yields r = 9071 s~ L.



The improvements in the numerical estimates for the time-history of the mid-span displacements
are clearly illustrated in Figure 7 where, besides the original numerical estimates obtained using
clamped concrete beam supports, curve (i), one can observe the influence of taking into account the
size of the contact surface and the equivalent elastic material to include soil elasticity, curve (ii) and,
finally, damping effects, curve (iii). Recall that ¢,.., in Figure 7 represents the value of the mid-span
residual displacement measured experimentally in the field test.
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Fig. 7: Relative mid-span displacement time history

Strain rate effects. When subjected to high speed dynamic loads, the apparent strength of materi-
als can increase significantly. The dynamic increase factor (DIF), i.e. the ratio of the dynamic to static
strength, is normally given as function of strain rate [28-30]. To incorporate the strain rate effects in
the analysis, the DIFs are estimated iteratively: first, assuming unitary DIFs, the dynamic analysis is
performed in order to obtain an estimate for the strain rates and the DIFs are updated accordingly;
with the updated DIFs, the analysis is performed again, yielding new strain rates and, consequently,
new DIFs. This procedure is repeated until no significant changes are recorded between two analyses.

The expressions given in [30] and [29] were used in the present paper to express the strain rate
dependency of the relevant material parameters for concrete, Figure 8(a), 8(b) and 8(c) and steel,
Figure 8(d), respectively. Note that, according to Malvar and Crawford [29], the elastic modulus of
steel remains constant regardless of the strain rate.

The resulting DIFs used in the numerical simulations to take into account the strain rate effects
are given in Table 2 for the reference and strengthened panels.

Table 2: Computed DIFs

Material Property Reference panel Strengthened
panel
fem 1.40 1.35
Concrete fetm 1.59 1.53
E.. 1.35 1.32
f 1.32 1.31
Steel I 1.09 1.09

Final estimates for the mid-span maximum and residual displacements. The resulting esti-
mates for the absolute and relative residual mid-span displacements time history are plotted in Fig-
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ure 9(a) and 9(b), together with the values measured experimentally in the field tests for the maximum
(0ymaz) and residual (0,.) mid-span displacements.
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Fig. 9: Numerical and experimental mid-span absolute and relative displacements

Analysing the plots in Figure 9 one can conclude that the numerical estimates for both the ref-
erence and the strengthened panel produce accurate results. The mid-span displacement time history
for the reference panel given in Figure 9(a) exhibits a relative error of 4% for the maximum value,
while the residual displacement is recover exactly. One note that, as the numerical model was cali-
brated using the experimental value of the residual displacement of the reference panel, this result was
expected. However, one must note also that the numerical model is able to recover the value of the
mid-span absolute maximum displacement as well, although the corresponding experimental value
was not used during the calibration of the numerical model. Moreover, the reliability of the numerical



model is confirmed when analysing the estimates for the strengthened panel, Figure 9(b). Note that,
to model the strengthened panel, the UFRG layer was simply added to the reference model and the
DIFs actualized to match the corresponding strain rates. In this case, the relative error is 10% in the
maximum displacements and 4% in the residual mid-span displacements. These slightly larger errors
in the numerical estimates were expected, and may be a consequence of (i) inaccurate modelling of
the fibremat inside the grout (considered as regular rebars with perfect adherence) and (ii) uncertain-
ties related to the blast waves (no experimental measurements available) and soil conditions between
the two blast events (first blast might have mildly change the soil conditions).

Conclusions

The objective of the present paper was to examine the reliability of numerical models based on the
AEM, when used to simulate the structural response of RC panels subjected to the blast effects of
unconfined detonations. The simulations, once the corresponding numerical models calibrated, yield
accurate solutions when compared with the results of full scale experimental tests.

Based on the results reported in this paper, one can conclude that, in order to obtain trustworthy
numerical models for blast simulations, it is extremely important to perform experimental measure-
ments that can be used to define reliable boundary conditions, both in what respect their elasticity and
damping properties. Moreover, the lack of high speed measurement equipment (pressure, strains and
displacements sensors) might hinder the comparison between experimental and simulated estimates.

Despite the mentioned limitations, one can conclude that numerical models based on the AEM
can accurately predict and simulate the structural response of fibre reinforced grout strengthened RC
panels when subjected to blast effects.
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