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Blast Blind Simulation Contest

UMKC Planned and Executed a
Testing Program for NSCNR and
HSCVR Specimens at the Blast
Loading Simulator (BLS), ERDC,
Vicksburg, MS

« On 2013, NSF/ ACI 447 Organized
Blast Blind Simulation Contest
based on Available Test Information.
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* Objective was to Understand
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Blast Blind Simulation Contest \

T —

NSC/NR
* 5400 psi Concrete

e 72000 psi Rebar

« 52” Span, 34” Wide, 4” Thick

« 9#3 Bars @ 1.0” from Unloaded Face
e Simply Supported Ends

Blast Load
* P =50 psi

ot = 1020 psi.msec

@mn,xmwm-m‘
LOUiS Berger TheConcrete(a:'%r:E\%E%'ﬁE%E
3/28/2018 Advanced Modeling of Blast Response of Reinforced Concrete Walls 5

AS"—i.-" with and without FRP Retrofit




Blast Blind Simulation Contest

What is the Maximum
Displacement and At What Time ?

N Displacement Time History What is the Residual
Displacement ?
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Current Research Work
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% Investigate the Effectiveness of Different FRP Retrofit

Schemes to Improve the Blast Resistance of One-way RC Slabs.

*» Evaluate the Adequacy of Various Simulation Approaches to
Predict the Blast Response of Both Unretrofitted and FRP-
Retrofitted RC Slabs with Sufficient Accuracy.

 Ildentify the Primary Factors Affecting the Blast Response
Predictions of FRP-Retrofitted RC Slabs.

Louis Berger
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A\
Methodology

< Utilize and Compare Different Simulation Techniques and Tools
Including SDOF (RCBlast and SBEDS) and AEM (ELS Software).

“ Utilize the ACI contest’s Testing Setup and Measurement for the
NSC/NR RC Slab Specimen to Validate the Adequacy of
Selected Simulation Tools.

% Consider Different FRP Configurations to Cover a Wide Range
of Retrofit Schemes and to Provide a Useful Evaluation of

Possible Retrofit Options.

Louis Berger
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Investigated Cases

Case | Case 2 Case 3 Case 4 Case 5
Unretrofitted Retrofitted Retrofitted Retrofitted Retrofitted
(Control) CFRP / 1 Layer CFRP /1 Layer CFRP /2 Layers GFRP / 1 Layer
@ Back Face @ Both Front & @ Back Face @ Back Face
Back Faces

Louis Berger
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Investigated Cases

Symbol | Unit | Case |
Conc. Comp. Strength f! Ksi 5.4
Rebar Yield Strength i Ksi 60 60 60 60 60
FRP Type N/A CFRP CFRP CFRP GFRP
FRP Location N/A Back Back & Back Back
Only Front Only Only
No of Layers (Back) Npack N/A 1 1 2 1
No of Layers (Front) Neace N/A 0 1 0 0
Layer Thickness t; N/A 0.04 0.04 0.04 0.04
FRP Tensile Strength fe,* Ksi N/A 143 143 143 83.4
FRP Rupture Strain Esy in/in N/A 0.010 0.010 0.010 0.022
FRP Elastic Modulus E, Ksi N/A 13900 13900 13900 3790
Louis Berger acly srme22e ey
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RC Slab Configuration
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Material Properties

Uniaxial Compressive Stress-Strain Curve (NSC- 5400 psi) Reinforcement Tensile Engineering Strerss Strain Curve
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Blast Load

Set-1a Blast

P = 50 psi

50 max

ot = 1020 psi.msec

Pressure (psi)
-2

a WVA\/V\,.

0

0 10 20 30 40 50 60 70 80
Time (msec)
. Reflected Pressure-Time Record - |
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Applied Element Method (AEM)
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Applied Element Method (AEM) in \

olume represented by
springs
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Normal Springs Shear Springs x-z Shear Springs y-z

The continuum is discretized into Elements connected together with Nonlinear Springs.

. The springs represent Material behavior, Axial and Shear Deformations.
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Applied Element Method (AEM) in \

Extreme Loading for Structures (ELS
Extreme Loading Software (ELS) - Reinforcing bars springs

Reinforcing bar
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Applied Element Method (AEM) vs
Finite Element Method (FEM

FEM ' Full nodal

~ e compatibility

AEM

Deformations inside elements Deformations outside elements

-

Deformations in surface springs

8 nodes x 3
DOF = 24
DOF/

Louis Berger Etement




Applied Element Method (AEM:

Constitutive Material Models
AEM - Nonlinear Material Models

1 st

l Tension V"Gr t

Tension Fully path-dependent model for concrete Compression
(Okamura and Maekawa, 1991)

Louis Berger
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Applied Element Method (AEM:

Constitutive Material Models
AEM - Nonlinear Material Models

‘EA

. B e ]
FEEETSS Rough crack
2 - =54 surface
——————— h

ccmsccisamnneneafoecass i

é
______ m}i?” =% Smooth crack
______ e surface
—————— h
AP PP

»
»

O (-ve)

O (+ve)

Residual shear strength
=O=T1T0)7;

Sheart model for concrete
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AEM/ ELS Validated Case:

Testing of FRP Retrofitted Concrete Beam

. 70 mm 208 mm
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AEM/ ELS Validated Case:

100

Load (KN.)
| {
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AEM/ ELS Model
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Single Degree Of Freedom (SDOF)
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Prptection
m Single degree of freedom Blast Effects Design Spreadsheet Englneerlng
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RCBlast
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.
PS (s New GIopen P save B save As.. |l Launch structural analysis module |Fwl SDOF Analysis - BB PI Diagram - | ## Report - | @ Help -
‘ EV‘ 9 O p‘ e y r I C aC q u ‘ E General « Load-Deformation Characteristics. Applied Pressure
Analyst Information A Resistsnce === Transformation Factor
[-®— vield points —O— Hysteratic Loop 250
Analysis Title: ase-01_NSCNSR_S-8_BL1 300 0.82
By: TarekKewaisy 200 T 0.80 200
[ J = o078 § =
Date:  Thursday . Oclober ~ £ 10 2 g
I3 07 § =150
Comments:  Doubly Reinforced & £ §
Concrete Slab _ Nomal g 0 @ 5 H
Strength Concrete - Normal 3 - & g
Strength Rebar_ Simple 2 100 5 [
Supports _ Low Pressure- 3 oro &
[ ) ShortDuration 0 = 50
\\_ 068
300 066 0 t t t t 1

-400 300 200 100 0 100 200 300 400 10 20 30 40 50 60

Components
 Hysteretic Response e
 Plastic-Hinge Length
« Time History Loading
 P-I1 Option _5 } } } } }
* Experimentally Verified = I} " - :

RCBlast - © Eric Jacques 2014 The Honor System Analysis successfully completed (duration 0.09 seconds) [EEG—_———

o
I
+

I

Displacement, d (mm)
(4]
,
.

General

mo—— \_/

Applied Pressure

o

& B0

Pasce R“unmo‘ A @ About RCBlast & Xl

| () RCBlast

RCBlast
Mass Version 05.1
Copynight © 2014

.
hux 7 Enc Jacques

Displacement Force. Soware fornelasic dynamic analysis o reorced concrete +
Resistance stuctures subjectto biast andimpact I
This SOFTWARE PRODUCT is provided by Eric Jacques | =
‘as 18" 30 "with allfaults* Eric Jacques makes no
representations or warranies of any kind conceming the
safety, sutabity, lack of viruses. maceuracies, typographical
emors, or other hamiul components of his SOF TWARE
PRODUCT. There are inherent dangers in the use of any >
software. and you are solely responsible for determining QG B sroms s zmimacy
whether tis SOFTWARE PRODUCT is compatible with your o
- equpment and other sofware installed on your equpment | The Concrete Convention

»

> e

Time L _and Exposition
= - - - March 25-29, 2018

Louis Berger
Advanced Modeling of Blast Response of Reinforced Concrete Walls
b 3/28/2018 : . :
As-i..—- with and without FRP Retrofit




SDOF Parameters- RCBlast

with and without FRP Retrofit

® — Parameter Case-1 Case-2 Case-3 Case-4 Case-5
Ax M . Unretrofitted CFRP 0.04” CFRP 0.04” CFRP 0.08” GFRP 0.04”
- e Back Face Back & Front Back Face Back Face
N _:": : - M 869 869 869 869 869
g psi.ms?/in
E _:": Ke. 47.0 65.5 65.3 133.0 54.5
) S psi/in
§ _I": L Ke. 4.0 5.3 5.3 5.9 4.3
£ 2 : clastic beam psi/in
= _:’: Non linear rotational (" 20.80 36.84 36.83 60.94 30.10
= 1t T psi
- Y Fe. 5.84 7.14 7.12 7.10 6.44
Lumped inelasticity analogy pSl
Fu+ 25.43 63.33 64.09 76.12 40.55
psi
Fu / r. 5.99 10.58 10.70 10.64 8.94
. - 0.443 0.562 0.564 0.458 0.552
§ in
§ XE- 1.462 1.352 1.352 1.211 1.496
rrrrrrrrr : in
T e 23.87 20.21 20.24 14.19 22.15
| | ms
Xe Xm Ty 81.87 71.21 71.26 67.56 78.87
Displacement ms
® @M,“mw.m {
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Damage Levels / Response Limits (RC Only)

USACE/ PDC-TR 06-08: Single-Degree-of-Freedom Structural Response Limits for Anti-terrorism Design

Maximum Rotations Limits

Pressure - Impulse (Fi) Diagram for Blast Load
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Damage Levels / Response Limits (RC W/ FRP§
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Case-1:. Peak Displacement Response

Displacement (in)
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CASE-1: AEM/ ELS Simulation

Principal Normal Strain in 1-Dir 1
Tensile Strain

Back Face

Principal Normal Strain in 3-Dir 1

Front Face
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CASE-1: AEM/ ELS Simulation
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Case-1: AEM/ ELS Simulation
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Case-2:. Peak Displacement Response

Case-2_ RC Slab Retrofitted with CFRP (0.04 in) Back Face
Mid-Span Displacement
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Case-2: AEM/ ELS Simulation
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Case-3:. Peak Displacement Response

Case-3_RC Slab Retrofitted with CFRP (0.04 in) Back & Front Faces
Mid-Span Displacement
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Case-4. Peak Displacement Response

Displacement (in)
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Case-5: ELS , SBEDS & RCBIlast Simulations

Case-5S_ RC Slab Retrofitted with GFRP (0.04 in) Back Face
Mid-Span Displacement

4.0
I == = RCBlast = SBEDS- Flexure — SBEDS-Shear ~ { seeees ELS
30 .’,’. :"\"' —t I . T — P T ey e T S ||
% /,4 i e ""-..____..--._._________-_
: P GFRP
§ 2.0 I / R AL Retroﬁtted RC
s /. Slab
= - [ -
10 fo TN o o (Single Layer-
L / ‘o ! SN~ .- =~ .. TS 0.04in . BaCk
ol | Face Only)
0 10 20 30 40 50 60 70 80 90 100
-1.0 _

Time (msec)

LOU is Berger (aci/‘g' %pring T2ht;1cs°|r1 fr:::e %:;3;':%
Advanced Modeling of Blast Response of Reinforced Concrete Walls e NSRRI s SR
AS? with and without FRP Retrofit

g




Case-5: AEM/ ELS Simulation
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All Cases: SDOF- SBEDS- Flexure

RC Slab Mid-Span Displacement- All Cases- SBEDS- Flexure
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All Cases: SDOF- SBEDS- Shear

Displacement (in)
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RC Slab Mid-Span Displacement- All Cases- SBEDS- Shear
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All Cases: SDOF- RCBlast

RC Slab Mid-Span Displacement- All Cases- RCBlast
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All Cases: AEM- ELS

RC Slab Mid-Span Displacement- All Cases- AEM / ELS
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Concluding Remarks- General

« The Use of FRP Blast Retrofits, When Designed Properly, Can Improve the
Blast Performance of RC Elements Through Increased Blast Resistance,
Limited Damage and Reduced Structural Response.

« Major Drawbacks of FRP Retrofits For Blast Applications:

1- Reduced Ductility Due to the FRP Material Behavior,
2- Increased Shear Demand Due to Increased Flexural Resistance.

« The Design of FRP Blast Retrofits is Not a Straightforward Task and Requires
Specialized Expertise and Considerable Engineering Judgement Considering
The Current Lack of Clear Guidance.
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Concluding Remarks- General

« The Effectiveness of FRP Blast Retrofit of a RC Element is Limited by the
Available Shear Strength of the Retrofitted Element. Therefore, Increasing the
Flexural Capacity of a RC Element Will Most Likely Require a Corresponding
Retrofit to Increase the Shear Strength of the Element and to Increase the
Load-Carrying Capacity of Its End Connections.

« The Use of FRP Retrofit on Both Faces (Loaded and Unloaded) Proved to Be
Unnecessary Considering the Minor Reduction In Blast Response.

« The Use of Thicker-Than-Necessary FRP Laminates for Blast Retrofit Does

Not Provide Any Practical Advantage As the FRP Effectiveness Is Limited By The
Element Shear Strength.

(QC] & swos o animnciy
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Concluding Remarks- General

Louis Berger

ASi

The Use of the Stronger CFRP Laminates Provided Higher Blast Resistance
and Hence Lower Response Compared to the Weaker GFRP Laminates.

For FRP Retrofitted RC Slabs, Different SDOF Tools Produce Significantly
Different Blast Response Estimates Due to the Inherent Variability in Their

Analysis Assumptions and Technical Basis for Estimating FRP-RC Slab
Resistance and Stiffness.

(QC] & swos o animnciy
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Concluding Remarks- SDOF Analysis

Louis Berger

ASi

Due to Their Modeling Limitations, It is Expected that the Investigated SDOF Tools
May Provide Both an Upper-Bound and a Lower-Bound Blast Responses.
These Reponses Bounds Can Still Be Used by the Experienced Blast Specialist to
Properly Design a FRP Retrofit System that Meets The Protection Requirements.
For All Investigated FRP-Retrofitted Cases, SBEDS Detected Inadequate Shear
Resistance of All Retrofitted RC Slabs. SBEDS with Shear Flag Allows the
Designer to Limit the Blast Resistance to That Associated with Shear Capacity
which Leads to Increased Blast Responses.

Using SBEDS with Full Blast Resistance Results in Lower Bound Response
Predictions for FRP Retrofitted Slabs Provided They Possess Adequate Shear
Strength.

(QC] & swos o animnciy
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Concluding Remarks- SDOF Analysis

Louis Berger
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Using SBEDS with Limited Blast Resistance Results in Upper Bound Response
Predictions for FRP Retrofitted Slabs Considering Their Limited Shear Strength.

It is Not Clear if RCBlast Has Accounted for the Deficient Shear Capacities of All
Investigated FRP-Retrofitted Cases. However, with the Exception of Case-4 (0.08
Thick CFRP), RCBlast Predicted Reduced Flexural Resistances Similar to
Those Computed by SBEDS with Shear Flag.

Generally Speaking, RCBIlast Response Predictions Fit Between the Upper and
Lower Bounds of SBEDS Predicted Reponses. This Can Be Explained
Considering the Lower Structural Stiffness Predicted by RCBlast Compared to
SBEDS.
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Concluding Remarks- AEM- ELS

« AEM is able to simulate dynamic behavior observed in tests and mode of failure
(concentrated cracking distributed cracking)

« De-bonding strain for FRP can be specified as input value based on experimental
results. Failure of FRP with thin layer of concrete is observed in some of the
Investigated cases.

« The AEM MDOF analysis removes the need to figure out the length of the
plastic hinge and the “responding” mass.

« AEM can be used to compare performance for multiple design options.

* Prediction of shear failure mode requires correct parameters for post cracking
residual strength; further comparison to experimental results is planned.
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Future Research Work

 Perform Additional Validation of Utilized Tools (ELS, RCBlast and SBEDS) to
Better Understand Their Range of Applicability and Modeling Limitations of
FRP Retrofitted RC Elements.

« Identify the Proper Technique(s) to Account for the Potential Reduction in Blast
Resistance of FRP Retrofitted RC Elements Due to The Increased Demand of
Shear Strength.

* Investigate Additional Cases that Include Various:
« Structural Components (2-Way Slabs, Beams)
« Boundary Conditions (F-S, F-F, Elastic-Elastic),
« Levels of Blast Loading (Low, Medium, High)
 Levels of Materials Strengths (Concrete, Steel)
« Reinforcement Arrangements (Flexural, Shear) and
« FRP Anchorage Conditions

Louis Berger
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FRP
sheets are
modeled
as
extending
behind the
HSS top
and
bottom
beams.
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FRP sheets are
modeled as extending
behind the HSS top
and bottom beams
(Anchored) in all
studied cases.

Initial analysis showed
that in the studied
case, anchorage has
no significant effect on
the behavior.

Anchored Sheets

Louis Berger




Debonding of FRP

This failure mode was observed for the
glass fiber retrofit at high strain rate
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Failure near support
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