
ABSTRACT

PATEL, PARTH AJAYKUMAR. Simulating Damage and Degradation in Concrete
Structures. (Under the direction of Dr. Abhinav Gupta and Dr. Xu Wu.)

Integrity assessment under extreme loading conditions and maintenance of aging

infrastructure requires appropriate characterization of concrete’s nonlinear behavior,

degradation, and damage. Characterizing concrete behavior is a challenging problem due

to its quasi-brittle characteristic. For example, concrete exhibits brittle fracture under

tension. In contrast, under compression, it exhibits strain hardening, softening, and

ultimately crushing. Concrete behaves differently under different loading conditions and

exhibits multiple damage states, including compressive crushing, tensile cracking,

reduction of stiffness, and stiffness recovery due to the closing of cracks. This research

attempts to understand and appropriately utilize the damage plasticity model to

characterize complex concrete behavior for various damage and degradation scenarios. In

recent years, the safety of nuclear power plants against external missile impacts (for

example, due to tornadoes) has gained significant attention. Simulation of damage due

to impact requires an appropriate calibration and quantification of concrete’s damage

plasticity model parameters. The dissertation proposes a novel framework for modeling

the behavior of reinforced concrete slabs subjected to missile impact. Data from two

independent laboratory-based experimental studies are used to develop and validate the

proposed approach. In contrast to the high strain rate generated by the impact, concrete

structures gradually degrade over time under low strain rate conditions due to chemical

degradation agents such as chloride ions. It is necessary to detect concrete degradation

at an early stage to maintain the safe functioning of critical structures throughout their

projected lifespan. Therefore, this research also presents an integrated structural health

monitoring framework by propagating various uncertainties through a multi-step

chloride degradation simulation. The proposed framework detects non-uniform chloride

degradation using a physics-trained deep learning algorithm.
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Introduction
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I.1 Introduction

The inelastic nature of concrete behavior is complex to characterize due to the quasi-brittle

nature of concrete. Under uniaxial tension, concrete displays brittle fracture, and under

compression, it displays strain hardening, softening, and eventually crushing of concrete

[1� 3]. Concrete encounters several damage states such as compressive crushing, tensile

cracking, degradation of sti�ness, and sti�ness recovery due to the closing of cracks. A

number of material models have been developed over the years to de�ne non-linear concrete

behavior for Finite Element (FE) analysis [4, 5]. The concrete damage plasticity (CDP)

model is one such concrete material model. It is widely used because of its capability

to represent both modes of failure in concrete, i.e., tensile cracking and compressive

crushing with damage [1� 3]. However, the same model behaves di�erently under di�erent

types of loading conditions. Modeling concrete structures impacted by tornado-generated

structural debris involves high strain rate conditions. In such applications, failure criteria

for concrete and for reinforcement elements play a crucial role in simulating the erosion

of concrete elements due to impact [6�9].

In a round-robin study named �Improving Robustness Assessment Methodologies

for Structures Impacted by Missiles� (IRIS) organized by IRSN France and CNSC Canada,

a series of impact tests of a rigid missile on a Reinforced Concrete (RC) slab were conducted

by VTT Technical Research Center of Finland [10, 11]. The aim was to investigate

the capability of current analytical and computational methods for simulating concrete

structures subjected to missile impact. Twenty-eight teams around the world participated

in simulating the impact tests using various FE software. However, only eight teams got

results within the range of± 40% error [10, 11]. The problem of predicting damage caused

by impact in RC structures is highly sensitive even with the most advanced analysis and

modeling tools. Therefore the numerical parameters in the material constitutive models

and element failure criteria need to be calibrated [8, 9, 12]. Few teams calibrated the FE
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models and predicted responses that are close to the experimental response in the IRIS

2012 study [11]. However, none of these teams have proposed a framework to calibrate

the sensitive parameters that are applicable to a wide range of test setups. These studies

were focused on simulating the behavior of IRIS tests and did not assess the applicability

of calibrated FE model for a di�erent experimental setup.

In contrast to the high strain rate caused by impact, the gradual degradation of

concrete structures over the years due to chemical degradation agents involves low strain

rate conditions [13, 14]. Understanding gradual degradation in structural properties over

the years is more important in these types of simulations instead of focusing on just the

�nal damages and element erosion in cases like the impact analysis. One such primary

and often the most important chemical degradation agent is chloride ion. The chloride

ion causes corrosion in reinforcement by di�using inside the concrete and eventually

leads to its cracking. However, the chloride degradation mechanism is only noticeable

when concrete spalling and cracking occur. Therefore, the early detection of degradation

is essential to maintain the safety of critical infrastructures. It can be achieved by

developing a structural health monitoring (SHM) framework using non-destructive

testing (NDT) techniques on the structure with chloride degradation. However, the data

obtained from NDT techniques are often complex and di�cult to interpret. Recent

studies [15� 21] uses arti�cial intelligence (AI) to comprehend these complex data

through pattern recognition. However, due to a lack of experimental data for NDT

results at the various stages of the chloride degradation process, a multi-step simulation

process can be employed to generate data at numerous stages of degradation. The

multi-step simulation involves the integration of various concrete analyses such as 1)

chloride di�usion, 2) reinforcement corrosion, 3) concrete damage, and 4) NDT

simulation. Due to the diverse nature of the available information on the chloride

degradation process, it is crucial to account for various uncertainties. It can be

accomplished using forward uncertainty quanti�cation (UQ) approaches to propagate
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individual uncertainty through various phases of the concrete degradation process.

This dissertation aims to characterize the CDP model for various damage and

degradation scenarios. It is focused on developing a simulation-based framework for

predicting the damage in concrete caused by tornado missile impacts and on developing

a physics-trained AI framework for detecting concrete degradation caused by long-term

exposure to chloride.

I.2 Background

Concrete exhibits highly non-linear behavior due to its heterogeneous nature along with

the development and propagation of various cracks and micro-cracks [2]. Various concrete

constitutive models use the theory of plasticity or elastic damage to de�ne concrete

behavior. CDP model couples both the theories of multi-hardening plasticity and damaged

elasticity to describe irreversible damage [1� 3, 22]. The CDP model is a widely used

material model to de�ne the plastic behavior of concrete in nuclear structures because

of its capability to represent both the compressive crushing and tensile cracking mode of

failure [11, 22]. It is designed for both monotonic and cyclic loading for static and dynamic

analysis and is compatible with reinforcement. The stress-strain response in the CDP

model follows linear elastic behavior till the stress reaches yield stress in compression

and failure stress in tension. Thereafter, the failure surface progression is governed by

equivalent plastic strains in compression and tension. As shown in Figure I.1, if the

concrete is unloaded from the inelastic part of the stress-strain curve, the elastic sti�ness

of the material degrades, and it is speci�ed by the damage parameters in tension (dt ) and

compression (dc). CDP uses these degradation parameters and calculates degraded elastic

modulus (Edegraded) from the original elastic modulus (E0) using the relation shown as

Eq. (I.1) [11, 22]. The compressive and tensile load reversals are controlled using sti�ness

recovery parameterswc and wt , representing the opening and closing of cracks. Along

with that, the CDP model also incorporates plastic �ow from Drucker-Prager hyperbolic

4



function, yield function, and visco-plastic regularization.

Figure I.1: Tension-Compression-Tension load cycle of CDP model [22]

Edegraded = (1 � dt )E0 (I.1)

The CDP model can be used to simulate the e�ect of various loading conditions and

corresponding damages. It appears appropriate for simulating impact on concrete because

of its capability to de�ne the failure strains in both cracking and crushing. The concrete

failure criteria help in simulating the erosion of concrete elements during the impact

simulation. Additionally, de�ning the damage behavior along with the plastic behavior

in both tensile and compressive sides is vital for simulating the long-term degradation in

concrete over the service life of the structure.

There has been an increase in the number of studies on simulating concrete

damage and degradation in the last 20 years, as computational power increased over
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time and advanced software and tools have been developed. Prior to that, there have

been several experimental studies on understanding the damage in concrete using missile

impact [23� 25]. These experiments were used to develop empirical formulae to predict

the concrete damage in terms of penetration depth, and minimum thickness required to

prevent perforation [23� 25]. The empirical formulae provide a relatively more

straightforward approach for damage prediction. However, they are tied to speci�c

experimental conditions and provide a limited capability for an extension to other

conditions [24, 25]. A FE simulation can consider multiple di�erent aspects of a real

structure and the loading conditions. Hence it can provide wider applicability for

simulating impact behavior. Yet, IRIS 2012 impact experimental study showed that only

eight teams out of 28 teams were able to get results within the range of± 40% error in

simulating the missile impact on reinforced concrete slab [11]. Some of the studies

showed that the parameters in FE models are very sensitive and need to be calibrated to

achieve better results [8, 9, 12]. Few of the successful studies in the IRIS 2012 have used

the CDP model to de�ne the concrete material behavior during the FE analysis [8, 11].

Concrete structures often deteriorate over time if they come in contact with

chemical or physical degradation agents. One of the primary chemical agents to cause

long-term degradation in reinforced concrete structures is chloride ion [13, 14, 26].

Chloride ions present around the structure di�uses in the concrete over the years. Once

the chloride concentration exceeds a threshold at the reinforcement bar location, the

reinforcement starts to corrode and create corrosion products. These corrosion products

expand in volume and put pressure on the concrete, which leads to the cracking of

concrete. This process generally degrades concrete properties near the damaged zone,

such as elastic modulus, stress-strain behavior, reinforcement bar diameter, and

concrete-reinforcement bond strength [14, 27]. Studies have shown that chloride

degradation can be modeled in three phases and a few studies even provide a framework

for modeling it [14, 27, 28]. However, most of these studies are conducted at a very small
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scale and do not consider large-scale structure or variability in chloride concentration at

di�erent parts of the structure [14, 27, 28]. Additionally, these studies provide a way to

simulate the degradation process to predict the degradation if all the information on the

structure and chloride concentration is available. Consideration of uncertainty or

variability in chloride concentration is important, especially for developing a robust

framework for detecting chloride degradation.

In recent years, arti�cial intelligence has been applied to various �elds of science

and engineering. Machine learning (ML) within the AI tools comprises a large variety

of modeling tools and algorithms [29]. The prime objective of these algorithms is to

recognize patterns in the provided dataset of a complex problem and use them to perform

classi�cation or regression tasks. One such popular machine learning model is Arti�cial

Neural Networks (ANN). It is inspired by the biological nervous system and contains

arti�cial layers of neurons [30]. These arti�cial neurons are connected with weights and

biases at each layer, and it keeps on updating as it learns from the training dataset.

Various neural network models have been developed in recent years, and each model

can be used for di�erent applications [31]. Even after selecting the appropriate neural

network model for a problem, there are a number of complexities involved in developing

the framework that can produce high-accuracy results. Some of these complexities involve

selecting appropriate input variables, learning methods, appropriate architecture, the

right amount of training data and the number of epochs, tuning hyper-parameters, and

eliminating over�tting [ 30, 31]. The choice of the combinations of these complexities and

parameters a�ects the performance of ANN in a signi�cant manner.

Previous studies in the �eld of structural health monitoring using AI approaches

use damage indexes and train the AI framework to predict the locations of damage [32� 34].

However, the majority of these studies are performed on steel structures and piping systems.

Some studies on concrete use pictures of actual structures to train AI framework to detect
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concrete cracks, reinforcement corrosion, and chemical degradations like Alkali-Silica

Reaction (ASR) using computer vision and convolution neural networks [35� 37]. Without

relying on FE analysis or empirical models, a study in 2002 utilized neural networks to

evaluate the di�usion of chloride ions in concrete specimens [38]. The neural network

model is trained using an e�cient constructive algorithm named the cascade-correlation

algorithm. Their results show that the chloride di�usion pro�le predicted by the cascade-

correlation algorithm shows a reasonable comparison with experimental results. This

algorithm can be used to predict the di�used chloride pro�les, but it does not provide any

guidance on detecting the actual degradation in the structure. Therefore, this dissertation

aims to develop a physics-trained AI framework for detecting chloride degradation in

concrete using the multi-step simulation of the chloride degradation process.

I.3 Research Objectives

This research aims to utilize the continuum CDP model to simulate damage and

degradation in reinforced concrete structures and develop frameworks to predict and

detect it for various damage scenarios. The key objectives of this research are as follows:

ˆ Characterize the CDP model and calibrate the model parameters relevant to the

plastic behavior and damage by simulating an experiment on a missile impacting

concrete slab.

ˆ Propose a simulation-based damage prediction framework by utilizing the learnings

from the calibrated parameters of FE simulations.

ˆ Investigate the predictive capability of the developed framework by implementing

it to other experiments involving impact on concrete with various levels of damage

ranging from minor to major damage state.

ˆ Simulate the multi-step chloride degradation process and use the results to develop

a methodology to model the degraded condition of the structure for conducting

NDT simulations.
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ˆ Develop a physics-trained AI-based framework to learn from NDT of degraded

structure and predict the severity and locations of concrete damage.

ˆ Employ forward UQ to propagate various uncertainties through the multi-step

chloride degradation process and develop a more realistic methodology to model

the degraded condition of the structure.

ˆ Upgrade the physics-trained AI-based framework to learn from redesigned NDT

simulation strategy and physics-based feature extraction techniques to predict the

locations and severities of multiple damage zones.

I.4 Proposed Research

The following tasks are needed to accomplish the objectives of this research:

I.4.1 Simulation-based framework to predict the damage of concrete

structures under tornado generated missile impact

In response to the accidents at the Fukushima Daiichi nuclear power plants following

the 2011 Great Tohoku Earthquake and subsequent tsunami, the US Nuclear Regulatory

Commission (USNRC) issued a regulatory issue summary (RIS) �2015-06 Tornado Missile

Protection� [39]. Acting on the recommendations by RIS, USNRC requested the licensees

and holders of construction permits to reevaluate the plant's current, site-speci�c licensing

basis for tornado-generated missile protection. In this part of the research, a novel approach

is developed for modeling the behavior of reinforced concrete slabs subjected to missile

impact. First, data from one experimental study is used to develop and calibrate various

models needed to conduct the FE analysis. Then, the calibrated models are used to conduct

a blind predictive analysis for a di�erent experimental setup. This research involves the

following tasks:

ˆ Simulate IRIS 2012 impact experiments using FE analysis and calibrate various

parameters used in the material models.
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ˆ Develop a methodology to select various parameters for the CDP model, such as

dilation angle, a ratio of stresses, and the failure criteria.

ˆ Replicate the tri-axial tests conducted on concrete cylinders using FE simulations

to understand more about the parameters of the CDP model.

ˆ Observe the strain rates during the simulations to calculate the dilation angle of

concrete using empirical formulations based on experimental data.

ˆ Conduct sensitivity analysis and parametric studies on various parameters of the

CDP model, steel model, and mesh sizes.

ˆ Model contact interaction between missile-concrete and missile-reinforcement in a

manner that every surface of these elements can transfer loads.

ˆ Finalize the framework using IRIS 2012 experiments and use the developed

framework to do predictive analysis for a di�erent experimental setup containing

experiments ranging from minor damage state to major damage state.

ˆ Compare the experimental and predicted results for three di�erent damage states

and validate the developed framework.

I.4.2 Physics-trained Arti�cial Intelligence framework to detect chloride

degradation based on Simulation of chloride-induced concrete damage

One of the primary chemical agents that causes corrosion in reinforced concrete structures

is chloride ions. It signi�cantly alters the properties of concrete, such as its durability

and load-bearing capacity. For critical infrastructures, it is essential to detect concrete

degradation at an early stage to maintain safe functioning throughout the planned service

life. This can be achieved by developing a structural health monitoring (SHM) framework

for detecting chloride-induced degradation. This part of the research focuses on developing

an integrated approach for modeling di�erent stages of the chloride degradation process

and using it to develop a physics-driven AI framework to detect chloride degradation.

First, the multi-step chloride degradation process is simulated to understand the behavior
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of concrete at various time periods in the degradation process. Then, FE models are

created to represent the degraded condition of the structure to conduct NDT simulations.

Finally, an AI framework is created to detect the degradation severity and pro�le. The

tasks required to conduct this research are:

ˆ Simulate chloride di�usion on a reinforced concrete hollow cylindrical structure

(containing hoop and vertical reinforcement) using Fick's law of di�usion in a �nite

element analysis.

ˆ Use empirical models to calculate the pressure exerted by reinforcement corrosion

products on the concrete throughout the service life of the structure.

ˆ Characterize the non-linear concrete behavior using the CDP model to simulate the

damages in concrete caused by the expansion of corrosion products throughout the

service life of the structure.

ˆ Conduct concrete expansion analysis to evaluate the quantity of degradation at

various stages in the degradation process.

ˆ Use the assessment of degradation quantities to create multiple models representing

di�erent stages of chloride degradation.

ˆ Consider height-dependent variability in degradation quantities.

ˆ Carry out harmonic load-based NDT simulations using the degraded concrete models

and collect sensor responses as acceleration time series.

ˆ Identify damage-sensitive features using feature extraction by transforming time

series data to the frequency domain with Fast Fourier Transform (FFT).

ˆ Use the damage-sensitive features to train the Arti�cial Neural Network (ANN)

architecture.

ˆ Develop an AI framework to predict the severity level and pro�le of the degradation.
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I.4.3 Modi�ed Physics-trained Arti�cial Intelligence framework by

Integrating Uncertainty Quanti�cation in the simulation of chloride

degradation

As with any other engineering system, the simulation of the chloride degradation process

is susceptible to numerous sources of uncertainty. A 2014 study [40] mentions that four

components, such as damage modeling, structural monitoring, data analytics, and

uncertainty quanti�cation, should be integrated to build a capable Prognostics and

Health Management (PHM) framework for aging structures. However, past studies

[14, 27, 41] lack the focus on quantifying the uncertainty in the chloride degradation

process. Since information is gathered from a number of sources and presented in

numerous formats, the information available for simulating the chloride degradation

process is diverse. Therefore, this part of the research focuses on developing an

integrated SHM framework for propagating various uncertainties through multi-step

chloride di�usion simulation and detecting non-uniform chloride degradation using a

physics-trained AI algorithm. The tasks required to carry out this research are:

ˆ Propagate the uncertainties in concrete properties and chloride concentration

through the multi-step simulations of the chloride degradation process. It involves

the simulations of chloride di�usion, reinforcement corrosion, and

corrosion-induced concrete damage.

ˆ Extract the quantity of degradation at various locations on the concrete and used

it to identify patterns in the damage behavior.

ˆ Develop a new methodology to create FE models that can represent the degraded

condition of the concrete structure considering non-uniform degradation in concrete.

ˆ Carry out multiple NDT simulations employing degraded FE models representing

various phases of degradation.

ˆ Develop a redesigned NDT simulation strategy and physics-based feature extraction
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techniques to discover damage-sensitive features.

ˆ Create an AI model to learn from a data repository of damage-sensitive features to

predict the severity of degradation in multiple damaged zones.

I.5 Organization

This dissertation consists of a total of �ve parts. The �rst part provides an introduction

to the problem being studied and a discussion of the objectives of this research. Part two

proposes a simulation-based framework to predict concrete damage under

tornado-generated missile impact. The third part of this dissertation focuses on

developing a physics-trained AI framework for detecting chloride degradation based on a

multi-step simulation of the chloride degradation process. The fourth part builds on part

three and integrates uncertainty quanti�cation in the simulation of chloride degradation

and develops a modi�ed physics-trained AI framework. Finally, part �ve presents a

summary and conclusions of the research discussed in parts II to IV. It also proposes

recommendations for future work.
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PART II

Simulation-Based Framework to Predict the Damage of

Concrete Structures Under Tornado Generated Missile

Impact
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II.1 Introduction

In response to the accidents at the Fukushima Daiichi nuclear power plant (NPP) following

the 2011 Great Tohoku Earthquake and subsequent tsunami, the US Nuclear Regulatory

Commission (NRC) released a regulatory issue summary (RIS) �2015-06 Tornado Missile

Protection� [42]. Acting on the recommendations in RIS, USNRC requested the licensees

and holders of construction permits to reevaluate the plant's current, site-speci�c licensing

basis for tornado-generated missile protection. The safety of structures, systems, and

components (SSCs) should be ensured against major damage following external events

including tornadoes among others. The prediction of local damage behavior, such as

penetration and perforation due to impact is important as it can lead to secondary

damage to critical components in NPP [43, 44]. Many experimental studies [45� 55] have

been conducted in the past to study the local damage behavior of missile impact on

reinforced concrete (RC) slabs. These experimental studies have been used to develop

empirical formulas for evaluating the penetration depths and the minimum thickness

required to prevent perforation [45, 50, 56, 57]. The empirical formulae provide simple and

reasonable approach to impact assessment. However, the empirical formulae are derived

based on the experimental test data rather than the underlying mechanics/physics-based

phenomenon. Moreover, actual conditions in the assessment of an impact behavior in

a real structure often vary signi�cantly from those used in the experimental studies.

Some of these conditions relate to the type of concrete, reinforcement ratio, boundary

conditions, presence of additional structural members such as supporting beams, type of

missile/impacting object, velocity of impact, etc. Some experimental studies [43, 46, 49, 58]

have also been used to develop and calibrate �nite element (FE) models. Modeling the

impact behavior in RC slabs using sophisticated FE studies has gained wider attention

only in the past decade or so, as the advanced models for material characterization and

conducting large deformation nonlinear analysis have become readily available.
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In 2010 and 2012, a series of bending and punching tests on impact of a rigid

missile on a RC slab were conducted by VTT Technical Research Center of Finland

[46, 49]. In a round-robin study named �Improving Robustness Assessment

Methodologies for Structures Impacted by Missiles� (IRIS) organized by IRSN France

and CNSC Canada, 28 teams around the world participated in simulating the bending

and punching tests using various FE software [46, 49]. The objective of IRIS study was

to investigate the e�ectiveness of current analytical and computational methods for

modeling RC structures being impacted by missiles. Out of 28 teams only 8 teams have

results within the range of � 40% error. IRIS study made benchmarks regarding the

simulation process and the expected results for RC structures subjected to missile

impact. The benchmark recommends 6 steps: (i) identify the phenomena to be simulated

and most relevant results to be obtained, (ii) choose an appropriate �nite element (FE)

code to model RC structure and missile, (iii) validate the material constitutive models

used in FE analysis using representative test results, (iv) conduct sensitivity studies on

physical and numerical parameters, (v) verify the results from complex FE models with

alternative simpli�ed methods, and (vi) conduct an independent review of the analysis

and obtained results. These steps are general guidelines for simulating the structural

behavior under missile impact. Even with the most advanced analysis and modeling

tools, the problem of evaluating penetration and perforations in RC structures is highly

sensitive and the numerical parameters in the material constitutive models and element

failure criteria needs to be calibrated [59� 63]. Few teams in IRIS_2012 study [49]

calibrated the FE models and predicted responses that are close to the experimental

response. However, none of these teams have proposed a methodology to calibrate the

sensitive parameters that is applicable to a wide range of test setups nor assessed the

applicability of calibrated FE model for a di�erent experimental setup.

In this research, a novel approach is proposed for modeling the behavior of RC slabs

subjected to missile impact. First, the data from IRIS study is used to develop and calibrate
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various models needed to conduct the FE analysis in ABAQUS [22]. Then, the calibrated

models are used to conduct a predictive analysis of the experimental setup used by

Kojima [50]. The purpose of this approach is to establish and provide additional evidence

so that models calibrated using IRIS test are able to produce acceptable results for another

independent experimental test which in this case is taken as the tests conducted by Kojima

[50]. After establishing this additional con�dence, the calibrated models can be used to

model the behavior of RC slab when impacted by a rigid object. This chapter is organized

as follows: Section II.2 describes the IRIS experimental study. Section II.3 presents the

FE analysis of IRIS experiment and calibration of various parameters. The summary of

proposed approach for parameter selection is presented in Section II.4. Section II.5 presents

the predictive analysis for the experimental study by Kojima [50]. Finally, summary and

conclusions of this research are presented in Section II.6.

II.2 Description of IRIS experimental study

In 2010 and 2012, VTT Technical Research Center of Finland conducted three impact

tests in which high velocity rigid missiles impacted RC slabs with an impact velocity of 135

m/s (Figure II.1). The square shaped RC slab has a width of 2100 mm and a thickness of

250 mm. The bending reinforcement consists of A500HW steel bars with 10 mm diameter

spacing at 90 mm in both the vertical and horizontal directions on each front and back

face of the panel with a cover of 20 mm. For the RC slab, a very high strength concrete

with characteristic strength of 67 MPa with no shear reinforcement is used. The rigid

missile consists of a cylindrical steel shell with concrete �lled inside the shell. The missile

has a length of 640 mm and a diameter of 168 mm with a dome shaped front. The front

and the back face of the damaged slab after the impact is shown in Figure II.2. In these

three impact tests, the residual velocity of the missile after perforation, broken rebars,

mass of the ejected concrete, scabbing, and spalling areas are measured and the results

are tabulated in Table II.1.
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Figure II.1: Test setup and missile at the moment of impact from IRIS study [64]

(a) Front face (b) Back face

Figure II.2: Reinforced concrete slab after impact [64]

Table II.1: Experimental results for IRIS test [65]

Test No.
Residual

velocity after
perforation

Broken rebars in
horizontal and

vertical
directions

Mass of
ejected

concrete

Scabbing
area

Spalling
area

IRIS P1 33.8 m/s Front: 2H 2 V
Back: 1H 1V

30�60 kg 1.01 m2 0.107 m2

IRIS P2 45.8 m/s Front: 2H 2 V
Back: 1H 2V

116 kg 1.00 m2 0.103 m2

IRIS P3 35.8 m/s Front: 2H 2 V
Back: 2H 1V

121 kg 1.12 m2 0.095 m2
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IRSN France and CNSC Canada conducted a round-robin study named IRIS in

which 28 teams around the world participated in simulating and predicting the response

of RC slabs subjected to missile impact [46, 49]. The main focus of the IRIS study is to

investigate the e�ectiveness of current FE software in modeling the missile impacts on

RC structures. The residual velocities from the three similar punching tests are in the

range of 33 m/s to 45 m/s. In the �rst phase of IRIS study, the residual velocities from

all the FE simulations are in the range of -42 m/s to 92 m/s with a mean of 13 m/s.

A negative velocity indicates that the missile rebounded. As many participants did not

achieve good accuracy of simulation results compared to experimental results, a second

phase of IRIS study was started in 2012 to get a better accuracy of simulation results.

In the second phase, additional tri-axial tests with di�erent con�ning pressures were

conducted to calibrate concrete properties. The residual velocities from the simulation

studies in the second phase are in the range of -5.6 m/s to 54 m/s with a mean of 32 m/s.

Out of 28 teams, only 8 teams achieved residual velocities within a range of� 40% error.

Few participants of IRIS study performed sensitivity studies and found out that the results

are sensitive to compressive/tensile strength and element failure (erosion) criteria. In this

research, in addition to the compressive/tensile strength and element failure criteria, the

e�ect of parameters in the concrete damage plasticity (CDP) model that represents the

plastic behavior of concrete are explored, which can in�uence the results in an FE based

impact analysis.

II.3 Finite element analysis of IRIS experiment

In this study, FE software ABAQUS [22] is used for simulating the IRIS experiment

because it has material models that can represent cracks, damage, and element erosion. In

this study, concrete slab, reinforcement bars, and the missile (containing steel and concrete)

are modeled separately, as shown in Figure II.3. The concrete slab and reinforcement bar

are meshed using 8-noded linear 3D brick elements (C3D8R) with an element size of 15
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mm and 10 mm, respectively. The steel and concrete part of the missile are meshed using

10-noded modi�ed quadratic tetrahedron elements (C3D10M) with an element size of

25 mm. Steel and concrete parts of the missile are later assembled to work as a single

component during the impact. The reinforcement bars are constrained to concrete slabs

in translation degrees of freedom using embedded region.

(a) Concrete Slab (b) Reinforcement (c) Missile-Concrete (d) Missile-Steel

Figure II.3: FE model of IRIS experiment

The experimental test setup is replicated using the FE model by applying a �xed

boundary condition at all four sides of the slab and the missile is imparted an initial

striking velocity of 135 m/s. The FE analysis is carried out using dynamic explicit method

which considers an explicit central-di�erence time integration rule. The mass of eroded

concrete from the FE analysis is calculated by subtracting the mass of concrete slab after

the impact (damaged slab) from the mass of concrete slab before the impact (undamaged

slab). To compare this quantity with test results, we have assumed the mass of eroded
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concrete to be same as the mass of ejected concrete. The number of broken rebars are

counted by visual inspection of the damaged slab. As seen in Figure II.4, 2 rebars in the

horizontal direction and 2 in the vertical direction break in both the front and the back

face of the RC slab. This exit velocity of the missile is determined from the velocity time

history of the missile.

Figure II.4: Back face of the RC slab during impact

II.3.1 Modeling the material behavior of concrete and steel

ABAQUS provides several material models to represent the plastic behavior of concrete

and steel, such as cap plasticity, Drucker-Prager, Concrete Damage Plasticity, concrete

smeared cracking, Moher-Coulomb plasticity, and simple elastoplastic model. The concrete

damage plasticity (CDP) model is the most commonly used material model because of

its capability to represent both modes of failure in concrete, i.e., tensile cracking and

compressive crushing [3, 22]. For the reinforcement bar, a simple elastoplastic material

model is used [46, 49, 66]. The material properties of slab and missile used in the FE

model are tabulated in Table II.2.
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Table II.2: Material properties of slab and missile used in FE model

Parameter
Concrete

slab
Reinforcement Missile: Steel

Missile:
Concrete

Density (kg/m 3) 2.10 � 103 7.12 � 103 6.98 � 103 1.42 � 103

Young's modulus (MPa) 27850 2� 105 2 � 105 3 � 104

Poisson's ratio 0.15 0.3 0.3 0.2

Maximum
compressive strength
(MPa)

70 - - -

Maximum tensile
strength (MPa) 4.04 605 - -

Yield stress in tension
(MPa) - 540 510 -

The material properties for the reinforcement steel are de�ned based on the

available data for elastic and plastic behavior from IRIS study. For elastic behavior, the

modulus of elasticity and Poisson's ratio are taken as 200000 MPa and 0.3, respectively

[46]. The plastic behavior is de�ned using a simple bilinear plastic curve with a yield and

ultimate stress of 540 MPa and 605 MPa, respectively [51]. The material properties for

the missile are characterized same as the reinforcement steel. The steel part of the

missile is considered to have a bilinear plastic curve and the material properties

correspond to the FE50 steel. The elastic properties for both steel and concrete part of

the missile are taken from IRIS study [46].

The elastic behavior of concrete slab are: Density = 2.10� 103 kg/m 3, Young's

modulus = 27850 MPa, Poisson's ratio = 0.15. The plastic behavior of concrete is de�ned

using the CDP model. The CDP model can exhibit element erosion which is essential

to model perforation or penetration. To de�ne CDP model in FE analysis, stress-strain
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curves are required in tension and compression. The stress-strain curves for the tensile

and compressive side are generated using closed-form equations [67, 68]. Based on the

maximum tensile and compressive strength, the following equations are used to generate

stress-strain curves shown in Figure III.8.
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where, � c is the compressive stress of concrete corresponding to the total strain" ,

"max;peak is the strain corresponding to the maximum compressive stress of concrete,"p is

the plastic strain of concrete, andf
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is the strength of concrete in tension," cr is the

cracking strain of concrete,� t ; " t are the stresses and total strains in tension.
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(a) Compressive behavior (b) Tensile behavior

Figure II.5: Compressive and tensile stress-strain plots from closed form equations

In the FE model, the data is input in terms of stress and inelastic strain. So,

the stress-strain curves that are generated using Eq. (II.1) and Eq. (II.2) are converted

to stress vs inelastic strain curves. Figure II.6 shows a general stress-strain curve in

compression. As seen in Figure II.6 and in Eq. (II.3), the inelastic strain is the total strain

minus the elastic part of strain when there is no damage. If there is any damage, the

strain is considered to be as plastic strain, which depends on the value of the damage

parameterdc. The value of the damage parameter at each data point on the Figure II.6

is generated using Eq. (II.4) [69].

~" in
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� c
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~"pl
c = ~" in

c �
dc

1 � dc

� c

E0

(II.3)

dc = 1 �
� c

� c;max

dt = 1 �
� t

� t;max

(II.4)

where,dc; dt are damage parameters in compression and tension,~" in
c ; ~"pl

c are inelastic
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and plastic strain of concrete in compression,� c;max ; � t;max are maximum or ultimate stress

of concrete in compression and tension. The damage parameters (dc; dt ) in this study are

used in accordance with the above equation. The values of these quantities are calculated

at di�erent points on the stress-strain curve for use in the �nite element analysis. The

values ofdc; dt ranges between zero and one, wheredc = dt = 0 signi�es no damage and

dc = dt = 1 signi�es full damage. Therefore, the damage parameters at the failure strain

is considered close to one to represent full damage at failure.

Figure II.6: General strain-strain curve for concrete in compression

In addition to the stress-strain curves, there are �ve other essential parameters to

de�ne the CDP model [22].

ˆ Dilation angle  : controls an amount of plastic volumetric strain developed during

plastic shearing, and it is assumed constant during plastic yielding.

ˆ Eccentricity � : a small positive number that de�nes the rate at which the hyperbolic

�ow potential approaches its asymptote (default value is equal to 0.1).

ˆ � b0=� c0: ratio of initial equibiaxial compressive yield stress to initial uniaxial
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compressive yield stress (the default value is equal to 1.16).

ˆ K c: ratio of the second stress invariant on the tensile meridian to that on a

compressive meridian.K c varies between 0.5 and 1.

ˆ Viscosity Parameter � : used for the visco-plastic regularization of the concrete

constitutive equations. Since the material is concrete, we can consider the viscosity

parameter to be zero.

The parameters�; � b0=� c0; � are taken as the default values since the analysis

output results are not sensitive to these three parameters. However, parametersK c and

 are found to in�uence the results signi�cantly. The value for parameterK c is selected

based on tri-axial test validation, and the dilation angle is calibrated using a parametric

study.

Calibration of CDP parameter K c

In the second phase of IRIS study, tri-axial tests were conducted on concrete cylindrical

specimens with material properties same as the concrete slab [49]. The stress-strain curves

from the tri-axial tests are provided for con�ning pressures of 15.5, 26, 47, 100 MPa. To

understand the behavior of concrete, a FE model is created to replicate the tri-axial

tests (Figure II.7). The concrete is characterized using the CDP model and the stress-

strain curves are generated for di�erent con�nement pressures. A parametric study is

conducted by varying the values ofK c and it is found out that the stress-strain curve

shifts upwards or downwards based on di�erent values ofK c. As seen in Figure II.8,

the stress-strain curve depends onK c and for di�erent con�nement pressures, di�erent

value of K c must be chosen to achieve good reconciliation between the experimental and

stress-strain curves from the FE analysis. As high strains are observed during the missile

impact, it is important that the analysis stresses and the experimental stresses match at

high strain values where the failure occurs as shown in Figure II.8.
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(a) Test cylinder (b) FE model

Figure II.7: Test cylinder and FE model for tri-axial test

(a) 15.5 MPa Con�nement Pressure (b) 26 MPa Con�nement Pressure

Figure II.8: Comparison of test and FE axial stress-strain curves for Tri-axial test

In order to generalize the relationship betweenK c and con�nement pressure for

other strengths of concrete, tri-axial test data available in the published literature is

studied. Imran and Pantazopoulou [70] conducted tri-axial tests on concrete cylinders and
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generated stress-strain curves for di�erent strengths of concrete and di�erent con�nement

pressures. The various test cases available in Imran and Pantazopoulou [70] are simulated

in this study by creating FE models. A parametric study is conducted by varying the

values ofK c to achieve a good match. Each case of con�nement pressure and maximum

concrete strength in compression (f
0

c) correspond to a unique value ofK c. The results from

the parametric study are shown in Figure II.9. As illustrated in Figure II.9,K c increases as

the con�nement pressure increases and the curve shifts towards the right as the maximum

concrete strength increases. These curves also reinforce the observations made in the case

of the curve generated using IRIS study tri-axial test data. Figure II.9 can be used as a

basis for selectingK c through interpolation for the given range of con�nement pressures

and f
0

c.

Figure II.9: Plot used to estimate the value ofK c for di�erent con�nement pressures
and maximum concrete strength in compression (f

0

c)

Next, K c should be chosen for the CDP model representing the RC slab in IRIS

study. However, the con�nement pressure is not known to selectK c. Therefore, to get an

insight into the amount of con�nement pressure in the concrete, �rst the impact analysis

is carried out and the normal stresses (S11&S22) in the plane of concrete slab are evaluated

at the impact zone around the missile. The normal stresses are observed at elements near
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the impact zone as shown in contour plots in Figure II.10. The observed stresses are

in the range of 0 to 30 MPa with the majority of values in the range of 10 to 15 MPa

which is representative of average con�ning pressure in the impact zone. Based on this

observation,K c is chosen as 0.64 that corresponds to a con�nement pressure of 15.5 MPa

and the maximum concrete strength of 70 MPa from Figure II.9.

(a) Normal stress contour for Stress S11 (positive direction of axis 1 can be

represented by axis coming out of paper)

(b) Normal stress contour for stressS22

Figure II.10: Estimation of normal stresses near impact zone (values in contour are in
MPa, and negative sign signi�es compression)
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