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Abstract 

The static and dynamic analysis of rein forced-concrete (RC) structures is a most 
difficult and complex problem since the nonlinear behaviour of both concrete and steel 
(reinforcement), as well as their interaction must be taken into consideration. A finite-element 

(FE) model which allows for the nonlinear behaviour of both concrete and steel has already 
been developed and found to be capable of yielding realistic predictions of the response of RC 

structures under static monotonic loading conditions. The present thesis concentrated on 

complementing the solution procedure of this FE model in order to extend its use for the 

solution of nonlinear dynamic problems. The resulting package was used to investigate the 

behaviour of various RC structural elements (such as RC walls and columns) and simple 

structures (such as frames) under static cyclic and earthquake loading. The behaviour of plain 

concrete specimens under impulsive or impact loading was also investigated. 

In all cases, the solution procedure proved to be numerically stable and robust and 

yielded realistic predictions of structural-concrete behaviour. The predictions were validated by 

comparing them with either closed-forin analytical solutions or published experimental data 

and, in all cases, the comparative studies always yielded good correlations. Both the constitutive 

models (for concrete and steel, and their interaction) adopted and the numerical procedure 
developed remained unchanged regardless of the case study considered. This is important to 

note because in most FE packages the material models used are case-study sensitive and the 

solutions obtained are realistic only for particular problems; therefore, in order to extend the 

applicability of such packages to a wider range of problems requires modification, sometimes 

significant, of the constitutive relations. 

At the level of material modelling, the results obtained from the various case studies 

investigated provided evidence which validates the concepts upon which the concrete-material 

model adopted in the present work is based. The behaviour of concrete during failure is 

described as brittle (with the experimental ly-recorded strain-softening considered to describe the 

interaction between testing technique and concrete specimen). The material properties of 

concrete are considered to be independent of the rate of the applied loading, whereas stress-path 

dependency is not accounted for since its effects disappear within the scatter of the experimental 

data-used to calibrate the constitutive model. Despite its simple form (when compared with the 

vast majority of concrete-material models published to date), the material model proved to be 

the key factor that rendered the FE package developed capable of providing realistic solutions 
for a wide range of different problems. 
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Chapter I Introduction 

Chapter 1 

Introduction 

The static and dynamic analysis of reinforccd-concrcte (RC) structures is a most 
difficult and complex problem since the nonlinear behaviour of both concrete and steel 
(reinforcement) must be taken into consideration. A finite-element (FE) model which 

allows for the analysis of the nonlinear behaviour of both concrete and steel has already 
been developed and is capable of yielding realistic predictions of the response of RC 

structures under static monotonic loading conditions. The aim of the present research is 

to expand this model so as to cater for the analysis of RC structural elements in 

a) static problems involving cyclic actions; 
b) dynamic problems (based on the implicit approach) involving rates of 

loading ranging from those typical of earthquake excitations to those 

characterizing hard impact and blast loads. 

In order to achieve this, the FE model was extended so as to cater for load 

reversals and dynamic loads, and then the behaviour of various RC structural forms, 

subjected to loading conditions such as those described above, were analysed 

numerically. The comparison of the numerical predictions with the corresponding 

experimental data forms the basis of the investigation of the validity and effectiveness 

of the proposed FE program. It is important to stress that both the constitutive models 
(for concrete and steel) and the numerical procedure used by the program remain 

unchanged regardless of the case study considered. This is mentioned because, in many 
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Chapter I Introduction 

existing programs, the models used are case-study sensitive and yield realistic solutions 

only for particular problems so that extending their applicability to a wider range of 

problems requires modification, sometimes significant, of the constitutive relations. 

Chapter 2 introduces briefly the dynamic problem and presents a literature 

review on a number of dynamic case studies carried out in the past, as well as on the 

various material models that have been used to describe the nonlinear behaviour of 

concrete. In Chapter 3 the material model and the FE solution procedure adopted in the 

present research are presented, followed by a number of case studies investigating the 

accuracy and efficiency of the FE model when dealing with linear elastic dynamic 

problems. 

The behaviour of a series of RC structural forms under static cyclic loading are 
investigated in Chapter 4 in order to establish the cfficiency of the FE solution 

procedure and its ability to accurately predict the behaviour of RC structures under such 
loading conditions. These case studies are based on the analysis of structural walls, the 

behaviour of which under cyclic loading had already been established experimentally. 
The purpose of this work is to investigate the validity and effectiveness of the modelling 

of the cracking processes of concrete (both crack formation and closure) as slow load 

reversals provide the ideal conditions for such an investigation. 

Chapter 5 focuses on investigating the ability of the proposed program to predict 

the behaviour of RC structures subjected to earthquake loading. A number of RC 

structures, such as frames and structural walls, subjected to earthquake loading are 

investigated numerically. These numerical results are then compared with experimental 

data in an effort to determine the capabilities and limitations of the software developed 

for solving nonlinear dynamic problems with relative low loading rates, such as those 

encountered in seismic conditions. 

An interesting aspect of the above investigations is that the constitutive model of 

concrete behaviour adopted is independent of the rate of loading, and that it describes 

brittle material behaviour. Adopting such a constitutive model contrasts with similar 
investigations carried out to date by other researchers who used models describing 
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ductile behaviour and, in many cases, made their models dependent on the rate of 
loading. The latter aspect became a central issue in the last topic investigated, namely 
the structural response of concrete under high loading rates which is described below. 

The ability of the FE model to yield realistic predictions for the behaviour of 
plain concrete specimens under uniaxial compressive and tensile impulsive loading is 
investigated in Chapter 6. Again, the numerical predictions are compared with available 
experimental data in order to validate the ability of the FE model to yield realistic 
predictions. Subjecting a concrete specimen to high rates of loading is known to lead to 

a substantial increase of the load carrying-capacity of the specimen when compared 

with its static ultimate strength. This increase varies, depending on the rate at which the 

external load is imposed. The higher the rate, the larger the increase of the specimen's 
load-carrying capacity. In the past, such a finding was widely considered as proof 
that the properties of concrete under dynamic loading differ from those exhibited in 

static tests. In fact, there has already been a number of constitutive models proposed to 
describe concrete behaviour under dynamic loading. These assume that the behaviour of 
concrete is ductile and dependent on the rate of loading. Such models are in direct 

conflict with the model adopted in the present work, which considers that concrete 
behaviour is brittle and, more relevantly for the present argument, independent of the 

rate of loading. The primary objective of this work is to verify the validity of the 

constitutive model of concrete behaviour adopted in the present research for both static 

and dynamic conditions, and then to find the key reasons that trigger the change in the 
behaviour of the concrete specimen at high rates of loadings in comparison to its 

behaviour under static loadings despite the fact that the numerical model is load-rate 

independent. 

Finally, a parametric investigation is carried out in Chapter 7 which investigates 

the cffccts of various factors (such as the uniaxial compressive strength of concretef, 
the shape and size of the specimen and the loading technique used) on the behaviour of 
concrete specimens under high rates of uniaxial compressive loading. The aim of this 
investigation is to determine the magnitude of the effect of each one of these parameters 
on the specimen behaviour at high rates of loading, in an attempt to explain the scatter 
that characterizes the experimental data. 
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Chapter 8 briefly summarizes the findings of this thesis. It also points to related 

areas where further research is needed. 

15 



Chapter 2 Literature review 

Chapter 2 

Literature review 

2.1. Introduction 

The static and dynamic analysis of reinforccd-concrcte (RC) structural elements 

is a most difficult and complex problem since the nonlinear behaviour of both concrete 

and steel reinforcement, as well as their interaction, must be taken into consideration. 

The present chapter will mainly focus on reviewing the work that has already been 

carried out to date on the numerical investigation of RC structures under dynamic 

loading. 

2.2. Nonlinear behaviour of concrete and steel 

Concrete is a heterogeneous material since its basic components (aggregate, 

cement paste and free water) have different material properties (Ncville 1973). Apart 

from this, concrete, even in an unloaded state, is a material containing voids and 

discontinuities in the form of microcracks (Kotsovos 1979a, Kotsovos and Newman 

1981). As external loading is applied onto a concrete specimen, a complex internal 

stress field is developed. The complexity of the stress field, due partly to the 
heterogeneous nature of the material, is further complicated by the presence of high 

concentrations of tensile stresses which develop at the tips of the microcracks (Griffith 
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192 1, Kotsovos 1979a, Kotsovos and Newman 198 1). Once the local tensile strength of 

concrete is overcome, the microcracks extend in the direction of the maximum principal 

compressive stress. Microcrack extension offers relief to concrete since it reduces the 

tensile stress concentrations acting at the tips of the microcracks. This microcracking 

process repeats itself as the external load increases. 

As microcracking progresses, at some stage, the edges of the microcracks 
interconnect and larger cracks begin to form. While the microcracking procedure is 

responsible for the nonlinear behaviour of concrete (Kotsovos 1979a), the larger cracks 

that forrn later as the microcracks interconnect represent localized failure of the material 
(Kotsovos and Newman 1981). The extension of these cracks, usually referred to as 

macrocracking, will ultimately lead to the failure of the specimen. 

The behaviour of the steel reinforcement appears to be less complicated than that 

of concrete. Steel is assumed to be a material without discontinuities, the behaviour of 

which under tension or compression is assumed to be linear-elastic up to a certain level 

of stress, the yield stress. After yielding, the material behaviour becomes elastoplastic 

and can be described by using a simple strain-bardening law. When its ultimate 

strength/strain is reached, steel is unable to withstand a further increase of the external 

load, thus suffering a complete loss of load-carrying capacity. 

2.3. The use of the finite-element method in nonlinear dynamic analysis - the 

equation of motion 

Because of the nonlinear nature of concrete, steel and their interaction the most 

common approach for predicting the nonlinear behaviour of a reinforced concrete 

structural clement or structure is numerical analysis and, in particular, the well- 

established finite-element (FE) method (Zienkiewicz 1977, Hinton and Owen 1980, 

Cook et al 1989, Bathe 1996). This method is based on a discretisation of the RC 

structural element or structure in small but finite components called FE's. With such 
finite elements a mathematical representation of the structure can be achieved, in which 

all its essential characteristics, i. e. geometric data, material properties, boundary 

conditions, etc are defined. This mathematical representation of the structure is 
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expressed in a matrix form, the stiffness matrix K defining the relationship between 

nodal actions and the nodal displacements they produce. 

The exact form of the stiffness matrix also depends on the types of the finite 

elements used as well as on the choice of constitutive laws adopted for describing the 

nonlinear material behaviour. It is, therefore, evident that the ability of the FE method to 

provide a realistic description of the structural behaviour is limited by the ability of the 

stiffness matrix to create a reliable model of the structure. 

When subjected to an external force, an RC structural element is set into motion. 
This causes the element to deform and an internal force (Fi,,, ) field to develop resisting 
the clement deformation (u). This force is given by the product of the clement stiffness 
(K) and the imposed deformation (u), i. e. Fi,, =K-u. Because of the clement motion, 
forces due to inertia and damping also develop. Inertia forces (FI) oppose the change of 

velocity (acceleration) and their value is defined as the product of mass (M) and 

acceleration (i; ), i. e. F 
,, =M- fi. Damping forces (Fd), on the other hand, oppose the 

change of displacement with time (velocity) and their value is given as the product of 

the damping constant (C) and velocity (ti ), i. e. Fd =C- zý. The work of the damping 

forces Fd represents a percentage of the energy of motion that is lost. The damping 

constant C is difficult to quantify. It is usually assessed experimentally but a high 

factor of uncertainty remains since the value of C depends on multiple parameters, the 

effect of which is not clear. 

Depending on the rate of loading applied to an RC structural element or structure, 

static or dynamic analysis may be used. Static analysis is used when the external force is 

imposed at such a low rate that the acceleration and the velocity of the structure are 
insignificant and can be ignored. Therefore, the forces due to inertia and damping are 
disregarded as they, too, are insignificant. The only internal forces that develop within 

the structural element are those resisting the deformation of the structure. 

In contrast with static analysis, dynamic analysis is used when the external force 

is imposed at such a rate that the acceleration and velocity of the structure cannot be 

considered negligible. Therefore, when forming the equation of equilibrium, the forces 
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due to inertia ( F, =M-i; ) and damping ( Fd =C- ti ) cannot be overlooked. The 

equation of equilibrium is no longer a simple algebraic equation but a second-order 
differential equation of motion: 

A1. ü(t)+C. z(t)+K(t). u(t) = F, (i) (2.1) 

2.4. Numerical solution of the equation of motion 

Because of the nonlinear material behaviour present in the problem under 

consideration, equation (2.1) is solved numerically (Ilinton and Owen 1980, Karabalis 

and Beskos 1990, Bathe 1996). This can be achieved by using a number of methods. All 

of these methods are based on the notion that, for each time step At, a solution may be 

achieved by transforming the second-order differential equation of motion into a 

simpler algebraic equation that can be easily solved. In order to accomplish this, the 

acceleration U and the velocity fi of the structure are expressed as functions of the 

change in displacement Au. Some of the most common methods used to accomplish 

this are the Hournbolt method, the Newmark method, the Wilson method and the a- 

method. Full description of these numerical methods is given elsewhere (Ilinton and 
Owen 1980, Cook et al 1989, Karabalis and Bcskos 1990, Bathe 1996). 

By using the above methods the equation of motion within a given time step can 

be transformed into an equivalent static problem, which can be expressed by the 

following simple algebric equation: 

K* -Au = AP* (2.2) 

wberc 

K* the effective stiffness matrix 

Ap* the effective load vector 

The cffective stiffness matrix K* and the effective loading vector AP* are functions of 
the structures stiffness matrix K and loading vector AP respectively, as well as the 

structure's mass M and damping C matrices and the time step used in order to solve the 
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equation of motion numerically. These expressions depend on the particular method 

used for the numerical solution of the equation of motion (in this case the Newmark 

family of methods) and will be fully described in Chapter 3 (section 3.2.1. ). Finally, the 

numerical solution of the equation of motion (2.2) can be accomplished by using either 

explicit or implicit methods. 

2.4.1. Explicit metbod 

When using the explicit method (Ilinton and Owen 1980), for each time step the 

evaluation of the acceleration and velocity is carried out only once followed by the 

construction of the effective stiffness and the load vectors. Then, equation (2.2) is 

solved to evaluate the displacement increment. The timc-step used in this method must 
be extremely small for the error to remain small and for the accuracy of the method to 

be maximized. The advantage of this method is that the formation of the effective 

stiffness and loading matrices is carried out only once during each time step. The same 

applies for the solution of equation (2.2). As a result, the computational cost of the 

numerical procedure per time step is low. However, the use of a small time step may 
increase the overall computational cost of the whole problem especially if the problem 

has a long duration. Moreover, the error at every time step is accumulated and is added 

to the next time step, thus resulting in a continuous increase of the divergence between 

the numerical predictions and the actual behaviour of the structural element or structure 

analysed. A possible formulation of the explicit method could be: 

1. At the beginning of each time step (i = 0) initial values for the velocity 1ý and the 

acceleration U are assessed. 
2. Because of the approximate values selected in step 1, the value of the left side of the 

equation of equilibrium (2.1) differs from that of the right side. The difference 

between these two values represents the residual forces V/ . Thus, neglecting 

damping, equation (2.1) can be written as: 

I+Af 
V'+' 

3. The effective stiffness matrix K0 is assessed. 
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4. Having assessed the stiffness matrix in step 3 and the value of the residual forces 

in step 2 the algebraic equation K*-'+AAu'+'='+Atvi+l can be solved. The solution 

yields the incremental change of displacement '+'Au'+' corresponding to iteration 

i+1 . From the values of "'Au"' the values of the strain '*"Ac'+' and stress 
'+&Au'+' are determined. 

5. After evaluating the stress, the internal loads arc obtained by integration of the stress 

vector: 
'+A'F '+' 

= 
fB-'+A'a'+'. dV 

int 
v 

The new internal force vector will be used to define the residual forces of the next 
iteration. 

6. Using the values of the incremental change of displacement determined in step 4 it 

is easy to determine new approximate values of the velocity and the acceleration of 
the structural element by using one of the approximation methods referred to in 

section 2.4. 

7. The values of displacement u, velocity zý and acceleration U represent the final 

values for the timc-step t+ At and they are stored: 
I+Al U= I+At u 

1+1 

t+At ii=t+Al ý 1+1 

I+Al i; = 
t+Al a 1+1 

8. Continue on to the next time-step. 

2.4.2. Implicit Method 

In the implicit method (Ilinton and Owen 1980), the solution process used in the 

explicit method described above is repeated until convergence is accomplished, i. e. until 

the difference between calculated and true values is small. For each iteration, the values 

of velocity and acceleration are assessed, the effective stiffness and loading matrices are 

constructed, and equation (2.2) is solved in order to evaluate the displacement 

increment. If the difference between internal and external forces (residual force) is too 

high, then, the residual force is reapplied to the system as an external load and the whole 

procedure is repeated. If the difference is smaller than a predefined value (convergence 
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criteria) the solution procedure moves on to the next time step. A possible formulation 

for the implicit method is described below: 

1. At the beginning of each time step (i = 0) initial values for the velocity ti and the 

acceleration ii are assessed. 
2. Because of the approximate values selected in step 1, the value of the lcft side of 

the equation of equilibrium (2.1) differs from that of the right side. The difference 

between these two values represents the residual forces V/ . Thus, neglecting 

damping, equation (2.1) can be written as: 

t+At V/ 
i+l o+At ii'+'+'+AF'+int-'+"F'+le.,, 

3. The effective stiffness matrix K *is assessed. 
4. Having assessed the stiffness matrix in step 3 and the value of the residual forces V/ 

in step 2 the algebraie equation K*. '+"'Aui+l= $+At v 
41 

ean be solved. The solution 

yields the incremental change of displacement ""Au"' corresponding to iteration 

j+1 . From the values of '*'Au'*' the values of the strain and stress 

t+AtAcr'+' are determincd. 

5. After evaluating the stress, the internal loads are obtained by integration of the stress 

vector 
fB. '+A'al+'. dV 
ol 

The new internal force vector will be used to define the residual forces of the next 

itcration. 
6. Using the values of the incremental change of displacement determined in step 4 it 

is easy to determine new approximate values of the velocity and the acceleration of 

the structural element by using one of the approximation methods referred to in 

section 2.4. 

7. Check for convergence. Convergence is accomplished when the maximum absolute 

value of the residual forces is less than a small predefined positive value e. 
if 

I I+At 
y/'+'l 5e convergence has been accomplished and therefore one continues to 

step 
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Ifl I+Af 
V/'+'l >e convergence has not been accomplished and one must return to step 

2. 
8. If convergence has been accomplished, the values of displacement u, velocity Zý 

and acceleration ii are considered as final for the time-step t +At and they are 
stored: 

$+At U= I+Al W 

t+At ý= t+Atii+l 

t+At fi= I+Atiii+l 

9. Continue on to the next time-stcp. 

In contrast with the explicit method, the computational cost of the implicit method 
during each time step is much higher since the solution process is repeated as many 
times as necessary to satisfy the convergence criteria. However, because of the iterative 

procedure used, the time step may be much larger than that used in the explicit method 

which results in a reduction of the computational cost otherwise incurred. 

2.5. Review of work concerning the numerical investigation of concrete 
structures under dynamic loading 

Over the years the finite-element method (FEM) has been used for tile analysis of 
a large number of RC structures under dynamic loads. The current review wil I focus on 

work mainly concerning the numerical investigation of the nonlinear behaviour of RC 

structures under (a) earthquake loads and (b) loads imposed at high rates (impact loads). 

This review will focus on the basic characteristics of each case study. The FE modelling 
of the specimen, the techniques adopted in the numerical investigation, the constitutive 
laws used to describe the nonlinear behaviour of concrete are some of the areas on 

which the present review will concentrate. Although, clearly, not all existing case 

studies can be covered in the present review, those that are considered provide a good 

picture concerning the different approaches, techniques and numerical models used for 

the nonlinear dynamic analysis of RC structures. 
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2.5.1. Earthquake case studies 

Agrawal et al (1981) investigated numerically the nonlinear behaviour of an RC 

wall under earthquake loading. The Newmark method was used for the numerical 

solution of the equation of motion. The nonlinear behaviour of concrete was described 

by a simple biaxial model based on the theory of plasticity. Concrete was modelled by 

using a rectangular plane-stress element with three degrees of freedom at each node (2 

translational and I rotational) whereas steel was modelled by truss elements. The 

smcarcd-crack approach was used to model cracking, whereas for the modelling of the 

mass a lumped mass matrix was adopted. The above numerical models were 
incorporated into an FE analysis program and the resulting scheme was used to 

investigate the behaviour of RC structural walls subjected to earthquake loading. The 

numerical results obtained were compared with available experimental data in order to 

verify the validity of the proposed scheme. The comparative study revealed good 

agreement between numerical and experimental results. 

Mochida et al (1987) studied experimentally and numerically the nonlinear 
behaviour of RC frames under earthquake loading. Frame specimens were subjected to 

earthquake loads through the use of both a shake-table facility and a pseudo-dynamic 

test arrangement. The FEM was then used to investigate numerically the behaviour of 

the frames. The RC structural clement of each frame was modelled by using bcarn 

elements, the behaviour of which was expressed in the form of load-deflection 

1 clatibn'ships initially derived by Takcda (1970) and capable of describing the hysteretic 

behaviour of RC structural elements. The comparative study between experimental and 

numerical results showed good agreement between them. 

Mao and Taylor (1997) used the nonlinear FEM to investigate the behaviour of a 

medium-height concrete gravity dam (20m in height, base width 27.8m and width on 

the top 2.4m) under earthquake loading. The nonlinear behaviour of concrete is 

analytically described by a hypoelastic material model based on a uniaxial stress-strain 

relationship which was generalized to take multiaxial stress conditions into account. The 

material model was able to consider both strain hardening and strain softening. A fixed 

orthogonal smeared-crack model was adopted to describe the cracking. An implicit 

Newmark time-integration method was used for the numerical solution of the equation 
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of motion. The discretisation of the concrete dam under investigation was accomplished 
by using 2D 4-node isoparametric elements, thus resulting in a 2D FE model of the 

whole structure and the problem was treated as a plane-strain problem. A dense FE 

element mesh was used for the discretisation of the dam (248 FE's). However, the 

numerical predictions were not compared with experimental data and therefore their 

accuracy remains unknown. 

Ile and Reynouard (2000) considered the nonlinear behaviour of an RC wall 
(2020m in height and 1000m in width) subjected to earthquake loading. The nonlinear 
behaviour of concrete was analytically expressed through the use of a biaxial plasticity 

model capable of predicting the hysteretic behaviour of concrete when subjected to load 

cycles. An unconditionally stable implicit Newmark integration method was adopted for 

the numerical solution of the equation of motion. The resulting FE model was initially 

tested by using it to investigate the behaviour of an RC wall under monotonic and cyclic 

static loading. For the discretisation of the specimen, concrete was modelled by 

employing 4-node elements whereas steel-reinforcement bars were modelled with 2- 

node truss-bar elements. The problem was solved as a plane-strcss system; nevertheless, 

the comparison between numerical and experimental data showed good agreement. The 

second case study investigated was that of an RC wall subjected to earthquake loading. 

Two different types of FE models were adopted: a 2-dimensional and a 3-dimensional 

model. For the discrctisation of the 2D model, 4-nodcd membrane elements were used, 

whereas for the 3D model use was made of layered Kirchhoff triangular elements. in 

both cases dense FE meshes were adopted for the modelling of the RC wall. For the 2D 

model a total of 774 membrane elements were used, whereas in the case of the 3D 

model a total of 520 FE's were employed. The comparative study between the 

numerical results and available experiment data showed a good correlation. 

Manjuprasad el al (2001) modelled numerically the nonlinear dynamic response 

of an RC containment shell under seismic loading. A 20-node 3D solid isoparametric 

finite element was used for the discrctisation of the concrete specimen. The nonlinear 

behaviour of concrete was analytically expressed by a strain-rate dependant clasto- 

viscoplastic constitutive law which could account for strain-rate sensitivity, progressive 

strength degradation of concrete in compression, strain hardening and strain softening. 
Cracking was modelled by using a smeared-crack approach, whereas for the modelling 
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of mass the lumped mass matrix was used. For the numerical solution of the equation of 

motion the unconditionally stable Newmark integration method was adopted. The 

predictions obtained from this study were not compared with experimental data. 

Faria el al (2002) investigated the nonlinear behaviour of an RC wall under 

earthquake loading. The nonlinear behaviour of concrete was analytically described by a 

model based on the coupling of plasticity theory with continuum damage mechanics 
intended initially for the analysis of massive concrete structures. The model accounted 
for strain-rate sensitivity, strain hardening and strain softening and the hysteric 

behaviour of concrete under cyclic loading. Two-dimensional 8-node serendipity FE's 

were used to model concrete and 2-node truss elements were used for modelling the 

stecl-reinforcement. A dense FE mesh was adopted to model the RC wall (in all 154 

FE's were used). For the numerical solution of the equation of motion the a-method was 

used. The numerical predictions were compared with experimental data stemming from 

shakc-table experiments. The comparative study revealed good agreement between 

experimental and numerioal results. The same FE package was used earlier by Faria el 

al (1998) in order to investigate the behaviour of concrete gravity dams. 

Lee and Woo (2002) conducted both experimental and numerical studies on the 

nonlinear behaviour of a 3-story RC frame. The discretisation of the frame was 

accomplished by using beam elements. The model employed to analytically describe the 

nonlinear behaviour of the RC members was similar to that of Takeda (1970), and 

accounted for stiffness degradation, strength deterioration, and the hysteretic response 

under cyclic loading. The numerical predictions were compared with experimental data 

obtained from shake-table experiments. The comparative study between experimental 

and numerical results showed a good correlation between the two sets of values. 

Espandar and Lofti (2003) studied the behaviour of a concrete arch dam when 

subjected to earthquake loading. The nonlinear behaviour of concrete was analytically 

defined by an elasto-plastic model. Cracking was modelled by a non-orthogonal 

smeared-crack model. The Newmark method was used for the numerical solution of the 

equation of motion. For the discrctisation of the concrete structures investigated, 20- 

node isoparametric solid elements were used with a 3x3x3 integration rule. Initially, the 

behaviour of an RC beam under dynamic loading was investigated numerically. The 
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comparative study between numerical predictions and available experimental data 

showed good agreement between the two. The second case study investigated was that 

of the concrete dam subjected to earthquake loading. Ilowevcr, the validity of the 

numerical results in this case remains unknown because of the lack of relevant 
experimental data. 

2.5.2. High loading-rate case studies 

Dube et al (1996) investigated numerically the behaviour of concrete subjected to 
high loading rates as well as the behaviour of an RC beam subjected to impact loading. 

For the modelling of the latter specimen, 48 elements divided into 10 layers of constant 
thickness were adopted. The nonlinear behaviour of concrete was analytically described 

by a rate-dependent material model, the formulation of which was based on the 

viscoplasticity theory combined with continuum damage mechanics. The material 

model used allowed for both strain hardening and strain softening in concrete. Cracking 

was modelled by using the smeared-crack approach. The numerical predictions obtained 

were compared with available experimental data and showed good agreement. 

The behaviour of RC walls under explosive loading was investigated by Malvar el 

al (1997). The Lagrangian FE model used for the numerical investigation included a 

plasticity material model capable of analytically describing the nonlinear behaviour of 

concrete. The latter allowed for strain-rate dependency, strain hardening, strain 

soficning and for hysteretic behaviour of concrete under cyclic loading. Brick elements 

were used for the discretisation of concrete and truss elements were used to model the 

steel reinforcement. However, the numerical predictions were not. compared to any 

experimental data and so their accuracy remains questionable. 

Ccla (1998) undertook the numerical modelling of RC slabs and a cooling tower 

under impact loading, as well as the problem of a reactor containment vessel subjected 

to gas explosion. Transient nonlinear FE analysis based on an explicit central-difference 

method was used for the numerical investigation. For the case study of the concrete 

slab, shell elements were used for the discretisation of concrete and bcarn elements for 

the discretisation of the steel-rcinforcement bars. For the case of the cooling tower and 

reactor containment vessel, a 2D layered finite element was used. Both concrete and 

27 



Chapter 2 Literature review 

steel were modelled within the layered finite element as separate layers. For the 
discretisation of the cooling tower, a 3D FE mesh was formed using 800 3-node 

triangular plate elements. Finally, for the case of the gas-cxplosion problem, the walls of 

the reactor containment were modelled by 2-node conical layered shell elements and the 

problem was treated as axisymmetric. The nonlinear behaviour of concrete was 

analytically described by an elasto-viscoplastic material model throughout. In all cases, 

the FE meshes used for the modelling of the structures under investigation were dense. 

However, the numerical predictions obtained from the three case studies where not 

compared to experimental data and so the accuracy of these predictions remains 

questionable. 

Szivcri et al (1999) investigated numerically the nonlinear behaviour of RC plates 

under high rates of loading. To accomplish this, transient nonlinear analysis was carried 

out. A layered triangular FE plate element with 12 degrees of freedom was used for 

modelling the RC plates. Both concrete and steel were modellcd within the layered 

finite element as separate layers. The elasto-viscoplastic material model used to 

analytically describe the nonlinear behaviour of concrete accounted for the strain-rate 

sensitivity of the material properties as well as for strain hardening and softening. For 

the numerical solution of the equation of motion an explicit Newmark integration 

method was adopted. As for the case studies dealt with above, a dense FE mcsh was 

employed. Finally, a lumped mass matrix was used to model the mass of the structure. 

Another numerical study of the ix. -hirviour of concrete under high strain rate was 

undertaken by Georgin and Reynouard (2001). A viscoplastic material model able to 

take into account the strain-ratc effect was used to analytically describe the nonlinear 

behaviour of concrete. The material model was also able to account for the strain 
hardening and the strain softening behaviour of concrete. Three-dimensional brick 

elements were used for modelling concrete and dense FE meshes resulted. Initially, the 

behaviour of concrete cylinder specimens subjected to high rates of uniaxial 

compressive and tensile loading were investigated numerically. The numerical 

predictions were compared with experimental data and the agreement was found to be 

good. A second case study involved the numerical investigation of the behaviour of an 

RC beam under dynamic loading applied at high rates. Here, also, the comparison of 

numerical and experimental data showed good agreement. 
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The FE method was also used by Koh et al (2001) to investigate numerically the 

nonlinear behaviour of concrete cylinder specimens (200mm in height and 100mm in 

diameter) under impact loading. The 2D material model adopted to analytically describe 

the nonlinear behaviour of concrete was based on the continuum damage mechanics 
theory. This material model was able to account for strain-rate effects on mechanical 

properties (i. e. tensile and compressive strength, elastic modulus of concrete). Four- 

node axi-symmetric elements were used for the discretisation of the concrete specimens. 
A dense FE mesh was employed in the modelling of the concrete specimen (32 FE's). 

The numerical predictions were compared with experimental data, with very 

satisfactory agreement. 

Thabet and Haldane (2001) also considered the behaviour of concrete specimens 

when subjected to impact loading. The material model used for the analytical 
description of the behaviour of concrete was based on the theory of plasticity. The 

smeared-crack approach was adopted for the modelling of cracking. 3D brick elements 

were used for the discretisation of the concrete specimen. The modelling of each 

specimen required dense FE meshes (40 and 280 FE's). The numerical predictions were 

compared with available experimental data and good correlation was attained. 

The work of Gomes and Awruch (2001) represents yet another study of various 

concrete specimens under dynamic loading. Initially, the behaviour of concrete was 

numerically investigated in uniaxial compression, uniaxial tension, and by splitting of 

cylinders (Brazilian test), and this was followed by an investigation of the behaviour of 

a number of RC beams subjected to impact loading. The nonlinear behaviour of 

concrete was analytically described by a viscoplastic model which was able to account 
for strain-rate dependency, strain hardening, strain softening and the hysteric behaviour 

of concrete during loading cycles. 20-node hexahedral elements with a 3x3x3 

integration rule were used for the discrctisation of concrete. The steel-reinforcement 
bars were modelled by truss elements. In all the cases investigated, the numerical 

predictions were compared with available experimental data, good correlation being 

observed. 
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2.5.3. Case studies examining both earthquake and high loading-rate problems 

Hatzigeorgiou el al (2001) conducted a numerical study of the behaviour of 

concrete under dynamic compression, dynamic tcnsion and cyclic loading. The 

behaviour of a mortar beam was also investigated under similar conditions. 3D brick 

finite elements were used for the discretisation of the specimens. In all cases, the 

numerical predictions were compared with available experimental data and the 

correlation was found to be acceptable. Finally, the FE package was used for the 

numerical investigation of a concrete dam subjected to earthquake loading. For the 

solution of this problem, plane-strain conditions were assumed. The nonlinear behaviour 

of concrete was described by a simple damage model which is a combination of the 

elastic-damage part of the model of Faria and Oliver (1993) and the damage theory of 
Mazars (1986). The material model allowed for strain-rate dependency, strain 
hardening, strain soficning and for the hysteretic behaviour of concrete during cyclic 
loading. The implicit Newmark integration method was adopted for the numerical 

solution of the equation of motion. 

2.5.4. General remarks 

The majority of case studies presented above share a number of common features. 

On a material level, all constitutive models used for the investigation of RC structural 

clenteras tuider dynamic loads rely on the use of strain softening in order to describe the 

behaviour of concrete beyond the peak-strcss value, assuming a gradual loss of load- 

carrying capacity with increasing deformation. The analytical formulation of the 

concrete models used in nonlinear dynamic analysis is based on various theories such as 

plasticity, viscoplasticity and continuum damage mechanics or on a combination of 

these theories. Theses models arc usually referred to as phenomenological since they arc 
based on theories capable of providing a close fit to experimental information without 

taking into consideration the causes of the observed material behaviour. Moreover, 

strain-rate dependency of the mechanical properties of concrete is considered to be an 
important feature of material behaviour assumed in most case studies dealing with 

earthquake problems and in all case studies dealing with problems of high loading rates. 
Finally, the smeared-crack approach, rather than the discrete-crack approach is usually 
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adopted for the modelling of the macrocracking in order to avoid complexities linked to 

the re-meshing required by the discrete-crack approach. 

The Newmark family of approximations is most commonly used for the numerical 

solution of the equation of motion. An explicit method is usually adopted when dealing 

with problems with high rate of loading which occur in a small period of time and the 

numcrical solution involves the use of a very small time step (Belytschko, 1976). For 

the numerical investigation of problems with a longer duration, such as earthquake 

problems, the use of a very small time step would result in a large increase of the 

computational cost and therefore the use of an implicit scheme is more preferable 
(Belytschko, 1976). 

Depending on the type of structures analysed, different types of finite elements 

may be used. Frame structures are usually analysed using beam elements; however the 

constitutive relations adopted in these cases do not describe the behaviour of concrete 

and steel separately but the behaviour of the actual structural elements (bcams- 

columns). When investigating numerically the behaviour of RC walls, RC slabs or 

concrete dams, concrete and steel are modelled separately by using material constitutive 

models. It is common for dense FE meshes to result in the modelling of RC structures 

since it is widely believed that a dense mesh will provide a more realistic description of 

the structure and hence more accurate results. In case studies concerned with the 

behaviour of concrete cylindrical specimens under high loading rates, the adoption of 
dense FE meshes results in FE's with die. lensiohs as small as 2-3mm (Tedesco et al 
1989,1991 and 1997, Thabet and Ilaldane 2001, Koh el a12001, Li & Meng 2003). 

The nonlinear FE solution schemes developed in the majority of the case studies 

reviewed are used for the analysis of particular structural forms. No FE solution scheme 
has been produced as yet which is capable of predicting the behaviour of a wide range 

of RC structures under static and dynamic loading. At the same time, there have been 

attempts to expand the applicability of certain FE schcmes to a wider range of problems 
for which experimental data is not available (e. g. analysis of concrete dams). Because of 

the lack of experimental data and the fact that the FE solution procedure is used only in 

a small number of specialist case studies, either the validity of the numerical predictions 
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obtained in these cases cannot be ascertained or an extension to other structural systems 

may well require changes to the FE model. 

2.6. Review of constitutive models describing the behaviour of concrete under 

dynamic loading 

In the past, a large number of constitutive models have been developed aiming 

to describe with accuracy the nonlinear behaviour of concrete. As already discussed in 

section 2.5.4, these models arc based on many different theories and, in combination 

with the FEM, provide a powerful tool for the numerical investigation of RC structures 

when subjected to various loading conditions, static or dynamic. In the following, a 

brief review of these models will be presented. The constitutive models are initially 

divided into categories depending on the theory upon which their derivation is based 

and the presentation of each model focuses on (a) the main features of the method 

underlining the development of the constitutive model, (b) the type and validity of the 

experimental data used to calibrate or validate the model and (c) the case studies in 

which the model has been used. 

2.6.1. Models derived purely from experimental data 

A large number of constitutive models - referred to broadly as empirical models 

- are based on the analysis of experimental data gathered from experiments in -vvliich - 

concrete specimens (cylinders or cubes) were subjected to uniaxial, biaxial or triaxial 

loading conditions. Many of these models are based on uniaxial strcss-strain laws. In 

order for these laws to be used for describing the nonlinear behaviour of concrete under 

biaxial or triaxial loading conditions they need to be generalized by assuming that 

concrete is either an orthotropic or an isotropic material. In these models four 

parameters need to be fully defined namely, the Young modulus in the three principal 

axis (Ei where i--1,2,3) and the Poisson ratio v. The values of & and v are expressed 

through analytical expressions derived from experimental data. 

Liu el al (1972a) proposed a biaxial material model (based on a hyperelastic 

approach). The nonlinear behaviour of concrete under monotonic loading was described 

32 



Chapter 2 Literature review 

by an equivalent uniaxial stress-strain relation derived from an analysis of experimental 
data obtained by Pauw (1960). The value of the Poisson ratio v also resulted from the 

analysis of this data which showed that the value of v was constant and approximately 
equal to 0.2. By assuming that concrete is an orthotropic material, the uniaxial law was 
applied to each principal-stress axis and, in doing so, a more general constitutive model 
was formulated capable of describing the behaviour of concrete under biaxial loading 

conditions. The analytical formulation of the failure criterion used was based on the 

experimental data of Liu (197 1). The verification of the model is based on experimental 
data obtained from Kupfer el al (1969) and Liu et al (I 972b) obtained from uniaxial and 
biaxial tests. 

Elwi and Murray (1979) proposed a triaxial material model also based on a 
hyperelastic approach. The nonlinear behaviour of concrete under monotonic loading 

was again described by a uniaxial stress-strain relation. This was originally proposed by 

Saenz (1964) and consisted of an ascending (strain-hardening) and a descending (strain- 

softening) branch in order to describe the behaviour of concrete before and after the 

peak-stress value. The value of the Poisson ratio v was defmcd by an analytical 

expression derived from the experimental data of Kupfer et al (1969). By assuming that 

concrete is an orthotropic material, the uniaxial law was applied to each principal-stress 

axis which led to the formulation of a more general constitutive model capable of 
describing the behaviour of concrete under triaxial loading conditions. The constitutive 

model was combined with the use of the failure criterion proposed by Argyris (1978). 

The veiffication of the model was based on the experimental data of Kupfer et al (1969) 

and Schickert and Winkler (1977) obtained from uniaxial, biaxial and triaxial tests. 

A similar approach was also proposed by Darwin and Pccknold (1977a, b). The 

nonlinear behaviour of concrete under biaxial loading was described by the uniaxial 

stress-strain law proposed by Saenz (1964). The value of Poisson ratio v was defmcd by 

an analytical expression derived from experimental data by Kupfer et al (1969). In the 

case of tension-tcnsion and compression-compression, the value of v was assumed to be 

constant and approximately equal to 0.2. In uniaxial compression and in tension- 

compression the value of v is given as a function of stress. By assuming that concrete is 

an orthotropic material, the uniaxial stress-strain law was applied to each principal- 

stress axis and a more general constitutive model was formulated, which was able to 
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describe the behaviour of concrete under biaxial-loading conditions. The verification of 
the model was based on the experimental data of Nelisscn (1972) and Kupfer et al 
(1969) (uniaxial and biaxial tests). Furthermore, the model was extended to take into 

account the strength and stiffness degradation that concrete suffered during imposed 

loading cycles and, therefore, was able to predict the material's hysteretic behaviour and 
to simulate cyclic response. The extension of the model was based on the experimental 
data of Karsan and Jirsa (1969) (compressive cyclic loading tests). The failure criterion 

adopted had as basis the experimental data of Kupfer el al (1969). After being 

formulated, the above constitutive model was incorporated into an FE program. For the 

modelling of cracking, the smeared-crack approach was adopted. Cracks were assumed 

to form perpendicular to the principal tensile stress. The formation of a crack was 
followed by the reduction of the tangent modulus to zero in the direction of the principal 

tensile stress, and the tensile stress being carried in that direction was released. The 

validity of the resulting nonlinear solution scheme was tested by investigating the 

behaviour of a number of RC walls subjected to static monotonic and cyclic loading, in 

which the numerical predictions were compared with available experimental data. 

Buyukozturk and Sareef (1985) proposed a 3D material model based on a 
hypoelastic approach. The nonlinear behaviour of concrete was described by the 

uniaxial stress-strain relation proposed by Popovics (1973) which consisted of an 

ascending (strain hardening) and a descending (strain softening) branch which 

encompassed the behaviour of concrete before and after the peak stress value. The 

Poisson ratio v was assumed to remain consiaia foir stress levels up to 75%-85% of the 

static ultimate strength of concretef, after which it increases rapidly. By assuming that 

concrete is an orthotropic material, the uniaxial law was applied to each principal axis 
leading to the formulation of a more general constitutive model able to describe the 

behaviour of concrete under triaxial loading conditions. Moreover, the constitutive 

model was extended in order to describe the behaviour of concrete subjected to cyclic 

loading conditions. This was achieved by incorporating further stress-strain relations 

able to describe the behaviour of concrete during loading cycles. During unloading the 

stress-strain curve is defined by a parabola with infinite slope at the point where 

unloading commences. Reloading is treated in the same way but with the initial slope 
defined as a function of stress and strain. In order to verify the validity of the proposed 

model, numerical results were compared with experimental data from Kupfer el al 
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(1969) (uniaxial and biaxial compression tests), Gardner (1969) (triaxial compression 
tests) and Buyukozturk and Tseng (1984) (biaxial cyclic tests). After being formulated, 

the above constitutive model was incorporated in an FE program (in a way similar to 
that described in the previous case) and the validity of the resulting scheme was tested 
by investigating a number of case studies of RC structural elements such as spheres 
(Haynes and Kahn, 1973), deep beams (Ramakrishnan and Anathanatyana, 1968), 

columns (Pfiefer, 1969), slabs (Jofreit and McNicce, 1971), deep cantilevers (Browzin 

et al, 1984) and coal gasification linings (Anderson, 198 1). 

Balan el al (1997) presented a 3D hypoplastic material model for concrete. The 

nonlinear behaviour of concrete was described by the uniaxial stress-strain relation 

originally proposed by Saenz (1964). The value of Poisson's ratio v was defined by an 

analytical expression originally proposed by Balan (1986) who suggested that its value 
is dependant on the value of strain and the value of the elastic modulus in the three 

principal axes. The maximum value of v is 0.5. The original constitutive model was 

extended in order to describe the behaviour of concrete subjected to cyclic loading 

conditions. By assuming that concrete is an orthotropic material, the uniaxial stress- 

strain law can be applied to each principal axis leading to the formulation of a more 

general constitutive model able to describe the behaviour of concrete under triaxial 

loading conditions. The ultimatc-strcngth criterion was based on the analytical 
description of the failure surface derived by Willarn and Wranke (1975). In order to 

verify the validity of the proposed model, numerical results were compared with 

experimental data from Scavuzzo el al (1983) obtained from triaxial tests. 

The above model was later modified by Balan et al (2000) so as to account for 

proportional and non-proportional loading. In this extended version of the model, the 

nonlinear behaviour of concrete was derived from two uniaxial stress-strain relations: 
the curve proposed by Popovics (1973) was used to describe the behaviour of concrete 

under stress before its peak value, whereas the post-peak behaviour was described by 

using the curve proposed by Sacnz (1964). The model also takes into account the effect 

of confinement by specifying an increase in strength and ductility as the confining stress 
increases up to a value beyond which concrete is considered to loose its load-carrying 

capacity. This is achieved by using a failure-surfacc criterion which describes a closed- 
form failure surface in stress space. The verification of the model was based on 
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experimental data by Smith et al (1989) (obtained from triaxial compression tests), 

Hulbert (1985) (obtained from triaxial cyclic tests), and Van Micr (1984) and Scavuzzo 

et al (1983) (who carried out triaxial tests). 

Finally, Kwon and Spacone (2002) also proposed the use of a hypoelastic 

concrete constitutive model to describe the nonlinear behaviour of concrete (based on 
the constitutive model proposed by Balan et al (2000)). The model allowed for coupling 
between the deviatoric and volumetric stresses. In order to test the validity of the 

proposed model, numerical results were compared with experimental data presented by 

Hulbert (1985) and Kwon (2000). The model was incorporated in an FE program and 

the resulting scheme formed the basis for a number of case studies. Furthermore, in 

order to test the FE nonlinear solution process, a number of RC columns were 

numerically investigated and the results obtained were compared with available 

experimental data from Xiao et al (1993). 

Instead of developing models through the use of uniaxial stress-strain curves 

coupled with triaxial data, it is possible to develop constitutive models by directly 

analysing experimental data obtained from triaxial tests. These constitutive models are 

expressed in the form of relationships between hydrostatic and deviatoric components 

of stress and strain as shown by the following expressions: 

Ac. l= 31K ý7 
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[Aa. ] 

Ay. j 
-I 

Ar. 

-Y 
2-G- 

Where Au., Ar. arc the hydrostatic stress and strain increments and A r., Ay. are the 

deviatoric stress and strain increments. K, G, Y and H are moduli, the values of which 

are assessed by using analytical expressions based on the experimental data. K is the 

bulk modulus and links the hydrostatic stresses and strains, G is the shear modulus 

which links the deviatoric stresses and strains. 11 and Y are the two coupling moduli 

which link deviatoric stresses to hydrostatic strain increments and hydrostatic stresses to 

the deviatoric strain increments respectively. 
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Such a model was presented by Gerstle (1981 a) for biaxial concrete behaviour. 

Based on isotropy, the behaviour of concrete was described analytically in the form of 

octahedral stress-strain relations. The analytical expressions of K and G were derived by 

analysing experimental data published by Gcrstle el al (1980). The analytical 

predictions of the model were compared with those of a similar model proposed by 

Cedolin ef al (1977). The predictions of the model were also compared with the 

experimental results of an international cooperative research project on the behaviour of 

concrete under triaxial loading conditions (Gerstle et al 1978, Gcrstle et al 1980). The 

model was later extended so as to be capable of describing the triaxial behaviour of 

concrete (Gerstle 1981b). The new feature introduced by the extended model was the 

coupling relation assumed between hydrostatic strain and deviatoric stress. This 

coupling effect was modelled by introducing a coupling modulus H that linked 

hydrostatic strain to deviatoric stress. The analytical expression of H was derived by 

analysing the experimental data obtained from the international cooperative research 

project on the behaviour of concrete under triaxial loading conditions mentioned above. 

The model was further extended by Stakowski and Gerstle (1985). The 

formulation of this model accounts for path dependency and for full coupling between 

hydrostatic and deviatoric effects resulting in the use of a second coupling modulus Y 

that links deviatoric strain to hydrostatic stress. The validation of the model was based 

on the comparison of the analytical predictions with experimental data obtained by 

Scavuzzo el al (1983) derived from triaxial tests. 

A constitutive model also developed by analysing triaxial experimental data is 

presented by Kotsovos (1980). This model is used in the current investigation and will 
be described in detail later. 

2.6.2. Models based on the plasticity approach 

Many constitutive models arc based on the theory of plasticity. In these models 

the strain increment is divided into two components: an elastic and a plastic component. 
The elastic component is fully recoverable and is governed by an elastic constitutive 
law, whereas the plastic component is not recoverable and is controlled by a flow rule. 
The latter component comes into existence when the stress state corresponds to a point 
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in the stress space which lies on a yield surface. The yield surface is analytically 

expressed as a function of stress and it can either remain constant (perfect plasticity) or 

it can evolve depending on the hardening or softening law used (isotropic hardening, 

kinematic hardening or a combined isotropic and kinematic hardening law). 

Murray el al (1979) and Chen and Chen (1975) presented biaxial constitutive 

models for concrete based on the plasticity theory. The models used an associated flow 

rule to control plastic deformation. The yield function, the flow rule, and the hardening 

and softening rules are all expressed analytically as functions of stress. The predictions 

of the constitutive model presented by Murray et al were compared with experimental 
data obtained from biaxial tests (by Kupfer et al (1969)) whereas the predictions of the 

model of Chen and Chen were compared with experimental data obtained from a 

number of triaxial tests. The model proposed by Murray et al was incorporated into an 
FE package and the resulting scheme was used to investigate the behaviour of concrete 

walls. The resulting FE model was able to account for tension stiffening. Numerical 

predictions were compared to experimental data and showed good agreement. 

Yasuhiro and Chen (1987) proposed a triaxial constitutive model for concrete 
based on the plasticity theory. The model used an associated flow rule to control plastic 

strain, which means that the plastic potential surface was presumed to be identical to the 

yield surface. The yield function, the flow rule, and the hardening and softening laws 

were all expressed analytically as a function of stress. During unloading and reloading, 

the behaviour of concrete was presumed to be governed by an elastic law with material 

properties equal to the initial material properties (uncracked stage). The results obtained 
by the constitutive model were compared with the experimental data obtained by Kupfer 

el al (1969) from biaxial tests and by Schickcrt and Winkler (1977) from triaxial tests. 

A similar model was developed and used by Kang el al (2000), but the plastic 

component of strain was controlled by a non-associatcd flow rule, which means that the 

plastic potential surface did not coincide with the yield surface. The yield surface was 

analytically expressed as a function of strcss which, in this case, evolves according to an 
isotropic hardening or softening law. The model was calibrated using data obtained 
from triaxial compression tests carried out by Ifulbert (1985). The constitutive model 
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was incorporated into an FE package and, in order to prove the validity of the resulting 
FE scheme, the behaviour of RC columns was investigated numerically subjected to 

monotonic static loading conditions. The numerical predictions were compared with 

available experimental data. 

Grassl et al (2001) suggested the use of a model based on the theory of plasticity 
in order to model concrete under triaxial loading. A non-associated flow rule was used. 
The yield surface was expressed analytically as a function of stress and evolved as 
dictated by a hardening and softening law. The predictions of the model were compared 

with experimental results obtained by Kupfer et al (1969), Mills and Zimmerman 

(1970), Linse and Aschl (1976), Smith (1985), Imran (1994) and Scholz et al (1995). 

2.6.3. Models based on the viscoplasticity approach 

In order to be able to take into account the effect of the rate of loading, many 

researchers developed models based on the theory of viscoplasticity. In these models, 
there is a link between the strain rate and the material properties of concrete. The aim 

was to develop constitutive laws that would allow for the effect of creep at low loading 

rates and the increase of strength at high rates of loading. As in plasticity, strain is 

assumed to be the sum of an elastic and a viscoplastic component. By differentiating 

with respect to time, the same applies for the strain rate. Stress is expressed as a 
function of-tim, clastic component of strain and, similarly, the stress rate is expressed as 

a function of the elastic component of strain rate. Elastic strain is given as the difference 

between the total strain and the viscoplastic component of strain; as a result, the elastic 

component of strain rate is expressed as the difference between the total strain rate and 
its viscoplastic component. The viscoplastic component of the strain rate is defined by a 

specified law which, in its simplest form, is dependent on the current stress state. This 

law can be generalized to include strain hardening or sofIcning, temperature dependence 

and the influence of parameters related to the physical state of the material (damage 

parameters). By integrating the viscoplastic component of strain rate, it is possible to 

evaluate the viscoplastic component of strain. 
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Cela (1998) used an elasto-viscoplastic law based on the Drucker-Prager 

clastoplastic model in order to describe analytically the nonlinear behaviour of concrete. 
Hardening and softening laws were used to model the behaviour of concrete before and 

aficr the peak stress level. The material model was incorporated into an FE package and 
the resulting nonlinear FE solution procedure was applied to a number of case studies; 

these encompassed concrete slabs and a cooling tower under impact loading, as well as 

a reactor containment vessel subjected to gas explosion. 

Winnicki el al (2001) employed a model initially presented by Wang (1997). 

The model made use of the Hoffman yield function in its isotropic form. Hardening and 

softening laws were used to model the behaviour of concrete before and after the peak- 

stress level. The formulation of the model was based on the experimental data obtained 
by Kupfer (1973) and Suaris and Shah (1985). The results obtained from the model 

were compared with experimental data obtained by Kupfer (1973), Reinhardt (1984) 

and Suaris and Shah (1985). The model was then incorporated into an FE program and 

the resulting nonlinear FE solution procedure was used to investigate numerically 

transient dynamic problems in concrete cylinders which were subjected to impact loads. 

Gomes and Awruch (2001) made use of a viscoplastic model to describe 

analytically the nonlinear behaviour of concrete. The model was a slight variation of 

that developed by Chen (1988). Hardening and softening laws were used to model the 

response of concrete before and after the peak-stress level. The material model was then 

incorporated into an FE package and the resulting nonlinear FE solution procedure was 

used in several case studies. Initially, the behaviour of concrete was modelled 

numerically during splitting tests, and this was followed by the investigation of the 

behaviour of a number of RC beams subjected to impact loading. 

2.6.4. Models based on continuum damage mechanics 

A large number of constitutive models describing the nonlinear behaviour of 

concrete are based purely on continuum damage mechanics (CDM). The basic 

characteristic of these models is that the plastic component of strain is ignored. Stress is 

expressed analytically as a function of strain and of a number of internal damage-state 

variables which arc dependent on the loading history and express the gradual 
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degradation of concrete with loading. The damage-state variables are used to model the 

cracking procedure that concrete undergoes and the softening behaviour that concrete is 

presumed to exhibit after the peak-stress value. In order to develop the model and 

enable it to account for damage growth, concepts are borrowed from the incremental 

theory of plasticity. The formulation of the model includes the definition of a bounding 

surface (instead of the yield surface used in the plasticity theory), a loading surface and 

an initial fracture surface. The bounding and the loading surfaces evolve in a manner 
depending on the damage already suffered by concrete and their definition is based on 

experimental data. The bounding surface links the stress to the damage variables. The 

damage variables allow the bounding surface to take into account the previous state of 

the material and the damage already suffered. The loading surface controls the evolution 

of the damage variables through a rule similar to the flow rule used in the plasticity 

theory. Finally, the initial fracture surface defines the boundary after which there is an 

onset of damage. 

Papa and Taliercio (1996) proposed a theoretical model for the description of the 

behaviour of concrete under uniaxial and triaxial loading. The assumption is made that 

tensile and compressive damage are independent of each other. The model is able to 

describe the behaviour of concrete under monotonic and cyclic loading. Strain and 

stress are decomposed into hydrostatic and dcviatoric components. The accumulated 
damage is allowed for through a scalar damage variable which represents the volumctric 
damage due to the hydrostatic component of stress and a sccond-order damage tensor 

that represents the damage due to the deviatoric component of stress. Finally, an 

additional damage variable is used for the case of cyclic loading; this variable controls 

the damage suffered during each load cycle. The calibration of the model is based on 

experimental data that describe the behaviour of the concrete specimen under 

monotonic and cyclic compressive loading. 

Hatzigeorgiou el al (2001) presented a simple damage model which is a 

combination of the elastic-damage part of the model by Faria and Oliver (1993) and the 

damage theory of Mazars (1986). As in the case of the model of Papa and Taliercio 

(1996), discussed above, the assumption is made that tensile and compressive damage 
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are independent of each other. The model is able to predict the stiffness reduction in 

concrete with the increase of the external load and also strain-softening behaviour that 

concrete is assumed to exhibit after the peak-stress level. Furthermore, the model is 

enhanced with sensitivity to the rate of loading and the ability to simulate cyclic 
behaviour. The advantages of this model are the employment of only one damage 

parameter and the model's ability to describe the damage state in concrete under static 

or dynamic loading. The model was incorporated into an FE package and the resulting 

nonlinear solution procedure was used for the investigation of a number of problems 
involving static and dynamic loading. In each case the numerical predictions obtained 

were compared with available experimental data. Initially, the response of concrete 

specimens subjected to static biaxial loading and dynamic compression was investigated 

and the results were compared with the experimental data obtained by Kupfer el al 
(1969) and Suaris and Shah (1985). This was followed by an investigation of concrete 

specimens in tension and cyclic loading, in which the numerical results were compared 

with the numerical results of Ccrvcra el al (1996) and the experimental data of 
Suhawardy and Pccknold (1978). The behaviour of a mortar beam was also investigated 

numerically and the predictions were compared with the numerical and experimental 
data obtained and presented by Du el al (1989). Finally, the program was used for the 

numerical investigation of a concrete dam subjected to earthquake loading. 

Baluch et al (2003) developed their own constitutive model for concrete based 

on CDM. The model was an extension of. that. presented initially by Al-Gadhib et al 

(1998,2000), which predicted the response of concrete under monotonic loading. The 

damage-state variables are used to model the cracking procedure that concrete 

undergoes and the softening behaviour that concrete is assumed to exhibit after the 

peak-stress value. The purpose of the extension was to enable the model to describe the 

behaviour of concrete under both monotonic and cyclic loadings. The accumulated 

damage is allowed for through a number of damage variables. The initial fracture 

surface remains constant for the case of monotonic loading but, for the case of cyclic 
loading, it evolves in a manner depending on the level of damage. The calibration of the 

analytical expressions for the bounding, loading and initial fracture surfaces of the 

model was based on data obtained from an experimental investigation carried out by the 
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authors with their model in mind. During this investigation, concrete cylinder specimens 
(75mm in diameter x 150mm in length) were subjected to uniaxial cyclic loading tests. 

A similar model was developed by Li et al (2002) for describing the behaviour 

of high-strength concrete under monotonic and cyclic loadings. As for the previous 

case, the formulation of the model included the definition of a bounding surface, a 
loading surface and an initial fracture surface. The analytical formulations of the 
bounding surface and of the loading surface were based on a number of experimental 
investigations such as the experimental work of Karsan and Jirsa (1969), Cedolin el al 
(1977), Buyukozturk and Tseng (1984), Kotsovos and Newman (1977), and Kupfer et 

al (1969). The verification of the model was based on data from an experimental 
investigation carried out by the authors during which high-strength concrete specimens 
(/ý=70MJ? a) were subjected to monotonic and cyclic compressive states of stress. 

2.6.5. Models based on a combination of plasticity (or viscoplasticity) theory and 
damage mechanics 

In an attempt to widen the applicability of the plasticity and viscoplasticity 

models, the bounding-surface concept was used resulting in hybrid models based on the 

coupling of the plasticity (or viscoplasticity) theory and CDM. Such a triaxial 

constitutive model was presented by Fardis el al (1983). The model was time- 

independent and described the behaviour of concrtte under monotonic and cyclic 
loading and was the result of coupling between the plasticity theory and CDM. An 

essential feature of the model is the bounding surface expressed analytically as a 
function of stress and the maximum strain experienced by the material to the present 

time. Its analytical formulation is based on the experimental data obtained by Richart el 

al (1929), Kupfer el al (1969), Mills and Zimmerman (1970), Tasuji el al(1978), Liu et 

al (1972), Nelissen (1972), Ottosen (1977), and Kotsovos and Newman (1979). The 

model's ability to predict the behaviour of concrete under cyclic loading was established 

by comparing the analytical prediction with the experimental data of Karsan and Jirsa 

(1969). 
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Chen and Buyukozturk (1985) proposed a rate-independent constitutive model 
based on the plasticity theory and CDM to describe the behaviour of concrete. A 

damage-dependent bounding surface was adopted and expressed analytically as a 
function of stress and a number of damage-state variables. The damage-state variables 

are dependent on the loading history and express the gradual degradation of concrete. 
Through the damage variables, the boundary surface takes into account the previous 

state of the material and the damage it has already sustained. The damage-state variables 

are used to model the cracking procedure that concrete undergoes as well as the 

softening behaviour that concrete is presumed to exhibit beyond the pcak-strcss value. 
The results obtained from the model were compared with experimental data obtained by 

Green and Swanson (1973), Karsan and Jirsa (1969) (from cyclic uniaxial tests), Kupfer 

et al (1969), Beams el al (1982) (from biaxial tests), Buyukozturk and Tseng (1984) 

(from biaxial cyclic compression tests), and Ccdolin et al (1977), Kotsovos and 
Newman (1979,1980), Scavuzzo el al (1979), Schickcrt and Winkler (1977) (from 

triaxial tests). 

A similar model to that of Chen and Buyukozturk (1985) was also presented by 

Yang et al (1985), again based on plasticity theory and employing a bounding surface in 

order to describe the nonlinear behaviour of concrete. The results obtained from the 

model were compared with experimental data obtained by Karsan and Jirsa (1969) 

(from cyclic uniaxial tests), Kotsovos and Newman (1979,1980) (from triaxial tests) 

and Kupfer el al (1969) (from biaxial tests). 

Dube et al (1996) reported a rate-dependent model for concrete based on the 

combination of the viscoplasticity theory and CDM. As in the previous models, a 
bounding surface was used which was able to account for the cracking procedure that 

concrete undergoes and also for strain hardening and softening. The model was 
incorporated into an FE program and the resulting nonlinear FE package was used in 

order to investigate numerically the behaviour of concrete when subjected to high 

loading rates. A second case study involved the behaviour of an RC beam subjected to 

impact loading. In all cases, the numerical predictions obtained were compared with 

available experimental data. 
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Winnicki and Cichon (I 998a, b) proposed a loading rate-independent model for 

plain concrete, the formulation of which was based on the coupling of plasticity theory 

with the bounding-surface technique. Stresses and strains were expressed in octahedral 

and deviatoric components. Furthermore, a coupling effect between deviatoric stress 

and octahedral strain was assumed to exist. The post peak-stress behaviour of concrete 
is modelled by making use of strain-soflening laws in both tension and compression. 
Experimental data by Sinha et al (1964), Karsan and Jirsa (1969), Shah and Sankar 

(1987) (uniaxial compression tests), Gopalaratnarn and Shah (1985), Petcrsson (1981), 

Reinhardt (1984) (from uniaxial tests in tension) and Kupfer ef al (1973) (from uniaxial 

and biaxial compression tests) were used for the verification study. Furthermore, the 

model was also able to describe the behaviour of concrete under cyclic loading. The 

analytical results were compared to the experimental data from the cyclic loading tests 

obtained by Beams el al (1982), Stevens et al (1987), llordijk (1991), Sinha et al (1964) 

and Karsan and Jirsa (1969). The model was incorporated into an FE program and the 

resulting scheme was put to the test. The first example investigated numerically was the 

behaviour of a deep beam subjected to monotonic loading (Leonhardt and Walther, 

1966). The second example was the numerical investigation of a deep beam subjected to 

cyclic loading (Cervenka and Gerstle 1972) 

Faria el al (1998) discuss a model based on the coupling of plasticity theory with 

CDM, intended initially for the analysis of massive concrete structures. Based on the 

theory of viscoplasticity, the above model was later extended so as to account for strain- 

rate dependency, of concrete behaviour as well as to be suitable for application to 

dynamic problems. In order to describe the behaviour of concrete beyond the peak- 

stress level in both compression and tension, strain-sofIcning laws were implemented. 

The verification of the initial plasticity model was based on the comparison of the 

numerical results with experimental data obtained by Sinha el al (1964) (from uniaxial 

cyclic compression cyclic tests), Kupfer el al (1969) (from biaxial compression tests), 

Vecchio and Collins (1982) (from biaxial tests under combined tension and 

compression), and Green and Swanson (1973) (from triaxial compression tests). In 

order to test the strain-rate dependency of the extended model, the numerical predictions 

were compared with experimental data from dynamic tests performed by Suaris and 

Shah (1983,1984,1985), and Suaris el al (1990). The model was incorporated into an 
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FE package and the resulting scheme was then used for a numerical investigation of RC 

walls under earthquake loads. 

2.7. Validity of experimental data used for the derivation and verification of the 

constitutive models 

For a constitutive model to describe realistically the behaviour of concrete, its 
formulation should be based on valid experimental data. For the experimental data to be 

valid, the testing techniques used should ensure that a specimen is subjected to the 
boundary conditions (static or kinematic) which were actually intended and which can 
be unambiguously said to be fully definable. In fact, however, the analytical 
formulations of most constitutive models listed in the present chapter are based on a 
limited amount of experimental data, obtained from isolated investigations, without any 

reported attempt to verify the validity of that data. As a result, the validity of the models 
developed is open to question. 

The vast majority of the constitutive models presented, regardless of the theory 

upon which their formulation is based, share a number of fundamental assumptions the 

validity of which is also questionable. Strain softening, loading-rate dependency and 

stress-path dependency are the most common among such assumptions. In what 
follows, the validity of these assumptions will be examined by reference to 

experimental data found in the literature which appears to be based on more carefully 

conducted laboratory tests. 

2.7.1. Strain soflening 

Every experimental stress-strain curve consists of an ascending and a descending 

branch. Most constitutive models which describe the nonlinear behaviour of concrete 

account for both branches of the stress-strain curves. Based on experimental data 

initially presented by Kotsovos (1983) and later by Van Mier (1984) and Zissopoulos et 

al (2000), the descending branch has been shown to be the result of interaction between 

specimen and testing device. This interaction, which occurs at the interface between the 

specimen and the steel platens usually used to apply the load, is due to the different 
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material properties of concrete and steel, and is caused by the development of frictional 

forces. The effect of these frictional forces on the stress-strain curves has been 

investigated experimentally by using different techniques in an attempt to minimize 

such friction (Kotsovos 1983, Zissopoulos el al 2000). The results of these experiments 

are summarized in Fig. 2.1, where it is shown that, the more effective the testing 

technique is in eliminating the friction forces, the steeper the descending branch 

becomes. Such behaviour indicates that, if the friction forces are eliminated, the 

descending branch vanishes and the specimen would then suffer a total loss of its load- 

carrying capacity after its ultimate strength (corresponding to the peak stress) had been 

reached. This characteristic of concrete has recently gained wide acceptance among 

material specialists - as evidenced in the findings of the report by the RILEM technical 

committee (Van Mier et al 1997) - but has failed to be implemented by the majority of 

FE analysts working in the nonlinear modelling of concrete. 
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Figure 2.1 The effect on "strain softening" of various methods of reducing friction 

between specimen and loading platens. 

2.7.2. Loading-rate dependency of concrete properties 

The vast majority of constitutive models describing the behaviour of concrete 

under dynamic loading assume that there is a link between the material properties of 
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concrete (such as, for example, the Young's modulus) and the rate at which the loading 

is imposed. Although this seems to be the case for low loading rates where creep plays a 

significant role in material behaviour, it will be shown in Chapter 6 of this thesis that, at 
high rates of loading, there is no need to change the static value of Young's modulus. 
And yet, subjecting a concrete specimen to high rates of loading has proven to lead to a 

substantial increase of the load-carrying capacity of the specimen when compared with 
its static ultimate strength. This increase mainly depends on the rate at which the load is 

imposed. In fact, the higher the loading rate, the larger the increase of the specimen's 
load-carrying capacity. This behaviour has been established from a large number of 

experimental investigations carried out over the past century, such as those by Abrams 

(1917), Jones and Richart (1936), Evans (1942), Katsuta (1943,1944), Thalow (1953), 

Watstein (1953,1955), Tekada (1959), Tekada and Tachikawa (1962,1972), Ban and 
Muguruma (1960), Hatano and Tsutsumi (1960), Lundeen (1963), Horibe and 
Kobayashi (1965), Cowel (1966), Atchley and Furr (1967), Hughes and Gregory 

(1972), Mahin and Bertero (1972), Wesche and Krause (1972), Sparks and Menzies 

(1973), Bresler and Bertero (1975), 11jorth (1977), Kvirikadze (1977), Popp (1977), 

Hughes and Watson (1978), Fagerlund and Larsson (1979), Paulman and Steinert 

(1982), Fcritto (1982), Krawinkler and Moncarz (1982), Millstein and Sabanis (1982), 

Dilgeretal(1984), Rostayetal(1984), Ahmad and Shah (1985), Malvern etal(1985), 

Oh and Shin (1987), Jawed et al (1987), Yamaguchi el al (1989), Ross et al (1989), 

Gran et al (1989), Bischoff el al (1990), Ross et al (1995,1996), Bischoff and Perry 

(1995), Gary and Bailly (1998), Grote el al (200 1). Most of these works (prior to 199 1) 

are summarized -and presented by Bischoff and Perry (1991). The majority of the 

investigations point out that the high rate of loading causes the material properties of 

concrete to change by showing an increase in the specimen's stiffness. I lowcvcr, such a 

conclusion does not consider the fact that an important factor which plays a significant 

role in the specimen's behaviour under high loading rates is inertia. Inertia resists any 
kind of change to the specimen's initial conditions and, therefore, when a sudden 

increase in deformation occurs due to a loading which is being imposed at a high rate, 
inertia reacts trying to preserve the specimen in its original state. It is intended to 

investigate this phenomenon in the present work (Chapter 6). 
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2.7.3. Stress-path dependency 

Many constitutive models account for the effect of stress-path dependency on 
the behaviour of concrete. However, the experimental data upon which the analytical 
formulation of all concrete constitutive models (published to date) is based is 

characterized by a significant scatter. Even when using valid experimental data, the 

scatter is still substantial. Kotsovos (1979b) showed experimentally that any stress-path 
dependency in concrete behaviour disappears within the scatter of the experimental 
results. Hence, any effect attributed to stress-path dependency cannot be quantificd and 
it is both realistic and, for practical purposes, accurate to consider that concrete 
behaviour is stress-path independent. 

2.8. Choice of the material model adopted for the present work 

It appears from the previous critical discussion that concrete is brittle in nature, 

and essentially independent of stress-path cffccts. A constitutive model of concrete 
behaviour with the above features has been derived by Kotsovos (1980). The derivation 

of the model has been based on an analysis of experimental data, the validity of which 

was verified during an international cooperative project investigating the effect of 
testing techniques on concrete behaviour under triaxial stress conditions (Gerstle et al 
1978,1980). The participants in this cooperative project were all leading research 
institutes, highly active in research concerned with thc behaviour of concrete under 

multiaxial stress conditions. 

The above constitutive model has already been incorporated into an FE analysis 

program that has been found to yield realistic predictions of structural concrete 
behaviour under static loading conditions in all the numerous cases that it has been used 
(Kotsovos and Pavlovic 1995). This FE analysis program has been selected to form the 
basis of the present work. A detailed description of the program will be given in the 
following chapter where the constitutive model adopted is also presented. 

By adopting such a model for dynamic loading, a significant simplification is 

achieved over most of the research carried out to date by various workers. The brittle 
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nature of the model bypasses the need to introduce extra material parameters associated 

with the strain-softening assumption. Self-evidently, strcss-path independency also 

results in a radical simplification to many of the material models used hithcrto. Thus, 

the proposed concrete model offers considerable advantages in dynamic analysis, and 

these would be further enhanced if the current notions of loading-rate dependency could 

also be replaced by simpler ideas provided, of course, the requisite accuracy of the 

numerical predictions were to be achieved. 
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Chapter 3 

Finite-element analysis of structural concrete under dynamic loading 

3.1. Introduction 

As mentioned in Chapter 2, dynamic problems arc governed by the equation of 

motion (2.1). When imposing a truly dynamic load on a structure, the rate of loading 

becomes so substantial that the acceleration and velocity response of the structure can 

no longer be considered negligible. Therefore, when forming the equation of 

equilibrium one must consider forces due to incrtia ( F, =M-U) and damping 

(Fd =C- ii ). The equation of equilibrium is not a simple algebraic equation, as in the 

case of static problems, but the sccond-ordcr differential equation of motion (2.1) 

which, for convenience, is presently rc-stated: 

M . ü(t) +C . ü(t) +KQ) . u(t) = F(t) (3.1) 

The existing FE package for the nonlinear analysis of concrete structures deals 

exclusively with static problems. One of the aims of the present thesis is to develop this 

software so as to also encompass dynamic loading. 
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3.2. Numerical solution of the equation of motion 

Because of the complexity of the nonlinear behaviour of concrete and steel, the 

equation of motion is solved by using numerical techniques implemented in matrix- 

analysis methods such as the finitc-clemcnt method (FEM). The most widely employed 

of such techniques used for the solution of nonlinear dynamic problems is the Newmark 

family of approximations which are presented in detail below. Agrawal el al (1981), 

Sziveri el al (1999), Ile and Reynouard (2000), Manjuprasad et al (200 1), 1 latzigcorgiou 

et al (2001), and Espandar and Lofti (2003) are just some investigations in which the 

Newmark family of approximations has been used in the numerical investigation of the 

nonlinear behaviour of RC structures under dynamic loading. 

3.2.1. The Newmark family of approximations 

In these approximations, the acceleration ii and the velocity zi of the structure 

are represented as functions of the change of the displacement Au . This is done by using 

the following expressions: 

'+Alzý'+' =tzi + At[(I - yý' U+ Y-t+Ali; l 
j (3.2) 

I+AIWA =-I . 

[. 
I+At U I_tU_, &j. 11ý_At2. 

j_, 
6 Iii (3.3) 

j6 

(2 

where 

the number of the iteration 

constants of the particular Newmark method used (their values 

depend on the Newmark method adopted and are always less than 

1) 

I+At U 
1+1 

the value of displacement at t+ At at iteration i +1 

I+AI i, the value of velocity at I+ At at iteration i +1 

I+AI ii 41 
the value of acceleration at I+ At at iteration i +1 
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lu the final value of displacement at t 

lzý the final value of velocity at t 

Iii the final value of acceleration at t 

Using equation 3.1 for two sequential iterations i and i+I, we have: 

$+At ii'+'+ ='+&F,, t 

I+Al W+ C. "" jV+'+F'i. t ="""F,,,, 

(3.4) 

(3.5) 

Replacing velocity and acceleration in the above equations with relations (3.2) 

and (3.3) respectively, and then by subtracting equation (3.5) from equation (3.4), the 

equation of motion for iteration i+I becomes: 

K*-Au=AF* (3.6) 

where 

Au="' u'*-'u : the incremental change of displacement at t+ At at iteration 

i+1 

K*: the effective stiffness given by 

K*=M- 
I 

+C. 
r +K (3.7) 

,8- 
At' P At 

AF*: the cffective load vector expressed as a function of the values of the 

displacement ('u), velocity ('ý) and acceleration ('ii) predicted in the previous time 

steps 

AF* =. &F +I -M-(, U+Al-l, ý+At 2 . (0.5-, 6)-'ii)+ 

, 
8-All 

+C. Y 
., u+ 

L-1 ti+At- 
Y (, 

6 At 

(fl )-, (2,8 

or as a function of the values of the displacement ('u and "'u), velocity ('tý and "ti) 

and acceleration (i; and '-'i; ) predicted in two previous time steps (Bathe 1996) 
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(3.8) 

Relation (3.6), although an algebraic equation that can be easily solved, is 

equivalent to the second-order differential equation of relation (3.1). From equation 
(3.6), the change in displacement that occurs during iteration i+1 is readily defined, 

and from this the values of stresses and strains also follow. 

The work of the forces due to damping represents a percentage of energy that is 

lost during the motion of the structural element. In RC structures the energy loss during 

motion and deformation is primarily caused by the nonlinear. behaviour of the materials 
involved. As the computer program used for the numerical analysis of the RC structural 

elements incorporates constitutive models describing the nonlinear behaviour of steel 

and concrete, it is considered that the action of the damping forces (Fd = C-ti) is taken 

into consideration by these constitutive models. Consequently, the damping forces Fd 

will not be explicitly used, and so the second-order differential cquation of motion (3.1) 

and its equivalent algebraic equation (3.6) are simplified as follows: 

M. ü(t)+K(t). u(t) = F��(t) (3.6a) 

K* -Au = AP* (3.6b) 

where equations (3.7) and (3.8) become: 

K*=M- 
I 

+K (3.7a) 
fl-All 

,V -&u) (3.8a) 
6., 6t 
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However, as it will be seen later on in Chapter 5, there arc cases in which the cffcct of 
damping cannot be overlooked. In these cases the damping forces are not caused 
directly by the actual RC structure's response but are mainly attributed to the sct-up 

used to investigate its behaviour experimentally. Under these circumstances the cffcct of 
damping is not neglected. At this point it should be stressed that the use of damping is 

not linked in any way to the properties of the concrete material but accounts for the 

energy-loss caused due to other factors. 

3.2.2. Stability Conditions 

The values of 8 and v in the Newmark's approximations are summarized in 

Table 3.1. For each pair of values, there is a suitable time step that must be selected in 

order to obtain a stable solution for the dynamic problem. The critical time step At, 

(stability condition) is chosen by using the largest (frequency) cigenvalue w,, of an n- 

degree-of freedom system which is linked to the corresponding period through equation 

T= 21r I w. The values of the critical time step are also shown in Table 3.1. The use of a 

time step larger than the critical time step may result in instability of the numerical 

procedure, whereas the use of a much smaller time step may provide a more accurate 

and detailed solution but at a higher computational cost. 

Method 8 Y Stability condition 

Average acceleration X Y2 Unconditionally Stable 

Linear acceleration Y6 Y2 Atý, = 2.. %(3/ /W. 

Fox - Goodwin V 
/, 

Y2 

Central difference 0 )/2 At,, 

Table 3.1 Newmark family of approximations. 

All approximations presented in Table 3.1 are linked to a stability condition, 

with the exception of the average acceleration approximation. This last method is 
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unconditionally stable, which means that, by using any time step, the method remains 

stable and always provides a solution. However, when using a large time step the 

solution provided by this method may prove to be misleading and inaccurate (Karabalis 

and Beskos 1990, Bathe 1996). In such cases, the use of a smaller time step may give a 
different result from that obtained for a larger time step. Therefore, it is evident that, 

although the stability of this particular approximation is independent from the time step 

used, the accuracy of the solution obtained is not. In order to ensure the accuracy of the 

solution, a number of test runs must be made, each time using a smaller time step, until 
the solutions obtained converge. An initial time step that can be used in the average- 

acceleration approximation is onc-tenth of the period that corresponds to the largest 

eigcnvalue (frequency) of the structure investigated. 

3.3. Detailed description of the material model 

Concrete is a beterogcneous material since its basic components (aggregate, 

cement paste and water) bavc different material Properties. Apart from tbis, concrete, 

even in an unloaded state, is a material full of voids and discontinuities in the form of 

microcracks. As a result, when an external load is applied onto a concrete specimen, a 

complex internal stress field develops. The complexity is intensified due to the presence 

of microcracks. At the tips of the microcracks high concentrations of tensile stresses 
develop and, once the ultimate tensile strength of concrete is overcome, the cracks 

extend in the direction of the maximum principal compressive stress. The crack 

extension relieves the high tensile stress concentration and this procedure repeats itself 

as the external loading increases. As microcracking progresses, at some stage, the edges 

of the microcracks meet and larger cracks begin to form. The microcracking procedure 
is the cause of the nonlinear behaviour of concrete whereas the larger cracks, that 

eventually form, correspond to localized failure of the material. The extension of these 

larger cracks (henceforth termed macrocracks) will ultimately lead to the complete loss 

of load-carrying capacity of the specimen. 
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3.3.1. Analytical description of the nonlinear behaviour of concrete 

The constitutive model used in the present work in order to describe the 

nonlinear behaviour of concrete is fully described elsewhere (Kotsovos and Pavlovic 

1995) and, hence, only a concise description is provided in the following. Its derivation 

has been based on an analysis of valid experimental data. Concrete specimens, under 
definable boundary conditions, were subjected to various types of triaxial loading states. 
The experimental data obtained were analysed in the forin of octahedral, rather than 

principal, stresses and strains. 

The relations that link the principal stresses and corresponding strains to the 

octahedral stresses and strains are presented below: 

I 
070 3 

(61 + t72 + t73 
1 

a2 Y+ (a2 - a' Y+ (a' - a' 
3 

(3.9 a, b) 

co ý 
(-rl + -02 + C3 9 3 

wbere 

Yo --ý ,i 
V(Cl 

- 62 
)2 + (62 

- 63 
Y+ (63 )2 

3 

al v a2 9 CF3 the principal stresses 

(3.9 c, d) 

CI v C2 9 C3 the strains in the directions of the principal stresses a,, a2, a3 

lcl"., r. the octahedral stresses 

cr. is the normal octahedral (or hydrostatic) stress 

r. is the shear octahedral (or deviatoric) stress 

-e. , the octahedral strains that correspond to a., r. 

c. is the normal octahedral (or volumetric) strain 

is the shear octahedral (or deviatoric) strain 
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When subjecting concrete specimens to hydrostatic pressure ( cr. ), the tests 

showed that the deformation consisted mainly of a nominal octahedral (volumetric) 

strain ( e,, h ) since the deviatoric strain was found to be insignificantly small and, 

therefore, could be ignored. However, when the concrete specimens were subjected to a 
deviatoric stress (r,, ) (after previously subjecting them to a certain level of hydrostatic 

stress) the experimental results revealed that both dcviatoric (7. ) and volumetric (-Od) 

components of strain were produced, thus suggesting a coupling between dcviatoric 

stress ( rJ and volumetric strain (--. d ). 

From an analysis of the experimental data obtained from the triaxial 

experiments, the analytical expressions of the a,, - e,,, and r,, - 7. relations are as 

follows: 

+3-K,, - aý b 
if cr; ýf 

: -! ý2 (3.10a) 
3-K, 

or. +3-a-h-K, -(2 -a. +3-a-(I-b)-K, -(2-f,, )"-a.. if Crxfl/, >2 (3.1 Ob) 
'ok = 3-K, 

Y. 
r. +2-c-G, r. 

2-G, 
(3.1 Oc) 

In the above expressions K. and G, are the elastic volumetric and shear moduli of 

concrete respectively. For different types of concrete, the values of K, and G, (in 

MPa) are given by the following equations: 

Ke =11000+3.2-f, 
2 (3.11 

f 8.273 
Gý = 9224 +l36 - f, + 3296 - 10-'5 c 

(3.11 b) 

where f, (also expressed in MPa) is the ultimate strength of concrete (as represented by 

a cylinder specimen) when subjected to uniaxial compression. The constants a, b, c and 
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d are parameters which only depend on the type of concrete used and hence can be 

expressed as ftinctions off, 

Equations (3.11 a) and (3.11 b) are valid in the range of 15 < f, < 65. When f, 

is greater than 65MPa or smaller than 15MPa the values, of K, and G, are constant and 

equal to those values corresponding to concrete with 65 MPa and 15 MPa 

respectively. 

By using equations (3.10) it is possible to produce analytical expressions of the 

material properties in the form of the volumctric (K) and shear (G) moduli. The secant 

values of K and G are given by 

G, =I 
r" (3.12a, b) 

3 c,, 2 y. 

whereas the tangent values are obtained as 

I daý G, =I 
dr. (3.12c, d) 

3 de. 2 dy. 

Replacing, in the above relations, the strainse. and y. with equations (3.10) 

yielded the following expressions for K and G: 

(a) Secant material properties K, and G, : 

K, 
b-I if o; / 2 (3.13a) 

K, 
I+ A( 

K, 
if >2 (3.13b) 

K, 
1+2b-'-A-b-2-(b-l)-A, 
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G, 

G, = 

l+C-(4) 
d-I (3.13c) 

(b) Tangent material properties K, and G, 

K, I 
K, 

I+b-A 
b-I if Ollf, 52 (3.14a) 

K, 
K, 1+ 2 b-I 

-A-b 
if 171f, >2 (3.14b) 

G, I 
d-I (3.14c) 

f 
C) 

G, 
I+d. C. ro 

where 

A=0.516 

A=0.516 2.397 
1+ 0.0027(fý - 31.7) 

C=3.573 

C=3.573 1.414 1+0.0 1 34(fý - 31.7) 

f4.461 b=2.0+1.81-10-8- 
c 

d=2.12 + 0.0183 - 

d=2.12 

for f, :5 31.7 MPa (3.15a) 

for f, > 31.7 MPa (3.15b) 

for :5 31.7 MPa (3.15c) 

for > 31.7 MPa (3.15d) 

(3.15e) 

for 31.7 MPa (3.15f) 

for > 31.7 MPa (3.15g) 

As previously mentioned, when imposing a deviatoric stress state onto a 

concrete specimen, the strain produced consists of two components, a hydrostatic strain 

c. d and a deviatoric strain y,, d. The hydrostatic component has been attributed to the 

hydrostatic component of an internal stress field dcveloping during the microcracking 

process that the concrete under load undergocs. By making use of the a. - e. h and r. - 
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c. relations, it is possible to evaluate this internal hydrostatic stress component by 

using the procedure presented in Fig. 3.1. This procedure is used to transform the 

internal hydrostatic stress component ai,,, into an equivalent external stress that is added 

to the extemally applied stress state as described later. 

a3 0 a3 

(10 - a2 ty, - a2 

---------- 

Figure 3.1 Procedure for the transformation of the internal hydrostatic stress 

component into an equivalent external stress. 

By using this procedure, the following relation is derived which links the internal 

hydrostatic and the imposed state of stresses: 

D (3.16) 

where Dk (3.17) 

I+/. r. ( 'fI,, Y 

k, l, m, n are parameters which depend on the uniaxial compressive strength (f, ) of 

the concrete used and can be expressed through the following expressions: 

k=4.0 0.23 1+1.087 
- (f, - 15.0) 

(3.18a) 
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2 
c I=0.222 + 0.01086 - 0.000 122 (3.18b) 

m= -2.415 for :5 31.7 (3.18c) 

m= -3.531 + 0.03 52 - for > 31.7 (3.18d) 

*=1.0 for :5 31.7 (3.18c) 

*=0.3124 + 0.0217 - for > 31.7 (3.18f) 

For concrete with f. > 65 MPa and f, < 15 MPa the values of the above 

parameters are considered to no longer depend on the value of f,, and they are taken as 

equal to the values that correspond to concrete with f, = 65 MPa and f, = 15 MPa 

respectively. 

3.3.2. Stress-strain relations 

The procedure used in order to obtain the strains that occur when the specimen is 

subjected to external loading conditions that can be expressed in the form of the 

principal stresses 17, P 072 1 C3 is now outlined. From the principal stresses a, 0 a2 0 a3 the 

hydrostatic ( a. ) and deviatoric ( r. ) stress components are evaluated. By using 

relations (3.13), (3.14) and (3.16) the values of the material properties K,, G, and ai., 

are obtained. K, and G, are employed in order to evaluate the values for Young's 

modulus E, and Poisson's ratio v, as defined by the generic formulae 

E= 9KG (3.19) 
3K+2G 

3K-2G 
v= 3K+2G 

(3.20) 

while the internal hydrostatic component is added to the principal stresses or 10 CF2 9 (73 * 
Finally, the strains in the direction of the principal stresses are given by the following 

expressions: 
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el = 
Cri + Crint 

v 
ar2 + ar3 + 20rint 

(3.2 1 a) EE 

'62 = 
(T2 + Cint 

v 
al + a3 + 2aint 

(3.21 b) 
EE 

"63 = 
a3 + Orint 

V. 
a2 +a, + 2ai,,, 

(3.2 1 c) EE 

3.3.3. Behaviour of concrete during unloading 

For a constitutive model to be used in dynamic analysis, it should account for the 
hysteretic behaviour exhibited by concrete under cyclic loading. During unloading the 

assumption can be made that the behaviour of concrete resembles that of a linear 

material. In Fig. 3.2 the stress-strain curve presented describes the behaviour of a 

concrete specimen subjected to an external load. At some point in the loading 

procedure, the load is gradually decreased to a certain level and then it is gradually 
increased again (loading - unloading - reloading), thus causing the strcss-strain curve to 

form a hysteretic loop. It is interesting to note in Fig. 3.2 that the area enclosed by the 
loop is small. Based on this observation, it can be assumed that the behaviour of 

concrete during unloading/reloading may be realistically described by a simple linear 

model based on Hooke's law using elastic material properties. Clearly, such linear 

behaviour implies the absence of cracking and, therefore, ai,,, may be assumed to be 

negligible during this procedure since its existence is linked to the microcracking 

process that concrete undergoes. 
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Figurc 3.2 Bchaviour of concrcte during loading-unloading-rcloading. 

3.3.4. Failure criterion 

The failure criterion is described by a surface in the principal strcss-space 
(a,, a2, a3). Within it the constitutive model is valid, while on it the failure criterion 

indicates the formation of cracks which increase the discontinuities within concrete. The 

cracks form on the plane defined by the maximum and intermediate principal stresses, 

while they extend in the direction of the maximum principal strcss and open at right 

angles to the crack plane. How the macrocracking procedure is numerically described in 

the program will be discussed later on. 

In the principal-stress space ( a, or2,63) every plane perpendicular to the space 

diagonal a, = a2 = a3 = a. is called a deviatoric plane and is defined by its distance 

z= . 
r3-. a. from the origin of the coordinate system a, = cr2 = a3 = 0. The projection 

of the axes of the principal stresses on the deviatoric plane divides the plane into six 
areas as shown in Fig. 3.3 (it should be noted that compression is always taken to be 

positive). 
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Area I al C2 a3 

Area 2 al a3 a2 
a, =a2 

Area 3 a2 tTl a3 a, =-- a, 

Area 4 a2 a3 al 

Area 5 a3 al ý-a2 z 
a2 

a2 a3 
Area 6 a3 a2 ý: al 

Figure 3.3 Principal stress space. 

Every point of the stress space is located on a deviatoric plane. In order to define 

a point on the deviatoric plane two coordinate parameters are needed (see Figs 3.4 and 
3.5): 

The vector r= , 
f3-. r. defining the distance between the point and the space 

diagonal on the deviatoric plane 
The angle 0 between the above vector and one of the axes 

Ul 

1(3)oo 
'2 -Q 

= U3 

(a) 

Figure 3.4 3D view of deviatoric plane. 
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(71 

> 01 > 03 > 02 

0m 6(r 

ý o'. ', cr2 > 0, > 03 
;= (r, ý1 03 > UI > U2 

02 t73 

02 > 03 > 01 1 03 > 172 > UI 
1 

Deviatorie plane 

Figure 3.5 2D view of dcviatoric plane. 

On making the assumption that concrete is an isotropic material, a failure 

surface can be more easily defmcd. The shape obtained by the intersection of the failure 

surface with a deviatoric plane possesses a six-fold symmetry about the space diagonal 

as shown in Figs 3.4 and 3.5, i. e. the envelope is divided into six areas which have 

exactly the same shape. Each one of these areas corresponds to one of the areas into 

which the stress space was divided earlier (see Fig. 3.3). Clearly, it is sufficient to 
define analytically only one of the six areas because of symmetry. The part of the failure 

surface chosen to be defined a. =Iy6cally is the one that corresponds to the area of the 

stress space for which or, > q2 > q3. This is defined by its two components of stress r,, 

and r., (Fig. 3.5), where r,,. and r., arc the values of dcviatoric stresses which cause 

failure of the material when subjected to the axisymctric stress conditions aI= Cr 2> a3 

and a, > q2 = q3 respectively. The values of these components depend on the level of 

hydrostatic pressure imposed and arc given by the following equations: 

0.724 

0.944 -+0.05 
(4 

(3.22) 
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+ 0.05)0.857 
f 

0.633. 
fc 

c 
(3.23) 

These equations have been derived by analysing experimental data such as those shown 
in Fig. 3.6. Finally, the values of the deviatoric stress r. that defincs failure for the case 

a, > cr2 > q3 are given by the following (empirical) relation which is a function of r., 

and r,, : 

r . 
(r 2_r 2)_ (r 2 

_r 
2). 

C 
9-r2 

-4. r., - r,,, ] r.. = 
2. 

ýc -cosg+. r.. 
(2. r,. -r,,, 

)-. cosO. 4[4. sO+5 (3.24) (r 2_r 2). 
-r 4- 

. '. cdsO+(2 ,. +r,, c) 

60' ý: 0 ý! 0' 

Based on the analytical expressions thus obtained, it is possible to define a surface 

suitable for use as the failure criterion of concrete under any state of stress. A three- 

dimensional representation of this surface is presented in Fig. 3.7. 

i 
(Nimm) 

15-3 
07 0 31-7 le =0-994(29- 4-005)07", 0' 

0 46-9 fl f. 
)r 0 62-1 7 

mýý 
A 

0, 
ruf -0 633 («0 

+ 0.05 )", ' 
ff, (C 

0 0 0.5 1 1.5 2 25 3 35 4 45 
'on I f, 

Figure 3.6 Deviatoric stress at failure under axisymmctric states of stress. 
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iti re 3.7 Fallure surflice. 

3.4. Implementation ol'the concrete 1110(jel if] Ille filli(C-clenlent Inethod 

The I. T., Illodel that 1,01-Ills tile suh. 1cct Of the I)ICSCII( chapter has beer) fully 

described e1scwhcrc (Kotsovos and Pavlovic 1995, Kotsovos and Splhopotdos 1998) 

and hence it will only be concisely presented ill what follows. Concrete is modelled by 

1-ing 20-node isoparainctric or 27-nodc Lagranglan brick c1cincrits whereas, Ior steel 

reiril'o rcerrient, a 3-node Isoparallictric truss clement Is adopted. Will) the Ilse of' these 

elenicnits a mathematical rcprcscI1t. It loll Of dic structill-C Can he achlcvcd III Which all Its, 

essciitial characteristics, such as gcoIllclllc; ll data, material propcrtics and botlildaly 

conditions, arc defined. This matilcill'ItIcal I-cprescillation 01, dic s'll-ticlurc is Contained III 

niatrix lbrin. Thus, the stli'lliess Inatrix K Connects (11C cxtcl-lial loads F 1111poscd with 111C 

deformations i1produced through the 1,0110wing system 01'equatiOlls. 

F= K -d (3.26) 

13csldcs the characteristics of the structurc, the stiffncss matrix dclicnds also on 

the finite elcmcnts used (cspeclally dicir shapc functions), it is, thcrck)rc, cvidcnt that 
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the ability of' the stiffiness matrix to i-cf-iresent the structure in detail is limited by (lie 

ability ol'tlic niesh ol'the FE's adopted to create a reliable niodcl ol'the structure. Once 

the stit'lliess matrix and load matrix are flormcd, a prediction of' the dclorinalion of' the 

structure can be made by solving the matrix system (3.26). Knowing Ilic deformation, it 

is easy to evaluate the strain and stress at every point ol'the structiffe. 

Bccatise of' the nonlinear bchaviour of' concrctc and stecl, Ificir matcrial 

propertics cannot he regarded as constants since their valucs change (IcImiding on the 

levcl of' the extcrnal load imposcd. The nonlincar hchaviour of' tlicsc materials is 

described by two constitutivc modcls. Thc Constitutive model lor Concrete has already 

becii oullincd in the previous chapter, whereas the constiltilive model I'or stecl will be 

describcd latcr on in this chapter. 

The existing program used to perl'orin the nonlIncar static analysis of' RU 

structures is based on a linear FF' program, FINFI. (Ifitchings, 1972 and 1980), which 

has been employed in art iterative procedure, essciinally it variation of' the Newton- 

Raplison method. The finitc elements used to model icinforced concrete are the brick 

clements lIX20 and lIX27 (for concrete) and the truss element I. MO3 (lot- tile steel 

rcinf'orcenicrit) presented in Fig. 3.8 (the edges are drawn straight but curved boundaries 

are possible as the elements are isoparainctric). Element IIX20 is it 20-nodc 

isoparanictric brick clement with tile choice of' using it 2x2x2 or a 3x3x3 integration 

rule. I-Acnicrit I IX27 is it 27-node iso, 
... --ciric Lagrangian brick clement which always 

uses a 3x3x3 integration rule. Finally, LM03 is a 3-node isoparainctric truss elcment 

capablc of' using 2 or 3 intcgrallon points depending oil the Integration points uscd by 

the corrcsponding brick clemcnts. 

2ý 

lIX27 

«, 
ll, , ", , 

Figure 3.8 Type of' 1-1111te elciliclits (Iscd I, ()[- the jillilysis ()l'icint'Orccd concroc. 
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In the present work, only element lIX27 will be used. Previous work (Kotsovos 

and Pavlovic 1995) has shown that both element types yield similar accuracy while 
HX27 - as well as being more formal - provides more flexibility since reinforcement 

can be placed on both its edges and interior (whereas lIX20 only permits the placement 
of reinforcement at its edges) 

As regards the mesh size used, the finite elements used are kept to size which arc 

at least 2-3 times the size of the aggregate. This is compatible with the investigation 

stemming from cylinder samples tested for material properties so that the assumption of 
isotropy is acceptable from an engineering view point (Kotsovos and Pavlovid 1995). 

3.4.1. Nonlinear procedure 

The nonlinear analysis is based on an iterative procedure, known as the modified 
Newton-Raphson method. The total load is imposed incrementally, with each load 

increment being approximately between 5% and 10% of the estimated ultimate load of 
the structure. Once the load increment is imposed, the iterative procedure commences. 
At first, every Gauss point is checked in order to determine whether loading or 

unloading is taking place. Then, a number of checks are carried out to determine if any 

cracks close or open, or if any steel members yield or even fail. Depending on the 

results of the previous checks, changes are introduced to the stress-strain matrices D of 
the individual FE's and, consequently, to the stiffness matrix K of the structure. Based 

on these modified matrices, deformation, strain and stress corrections aic evaluated. 
Convergence is accomplished once the above corrections become very small. The 

scheme used to carry out the above tasks is formulated in such a way so as to avoid 

numerical instabilities and will be described in detail below. The procedure used by the 

program to take into consideration the nonlinear behaviour of the materials involved is 

summarized in Fig. 3.9. 
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I Set initial material properties I 

Evaluation of strains and stresses using the I 
initial material properties 

I 

I Check for loading or unloading I 

I Check for crack closure I 

NO 

I Check for the opening of new crack I 

j Impose new load increment I 

Recalculation of stress, strain and 
residual forces using the Newton- 

I 

Raphson method 

I 

YES 

I Recalculation of stress, strain and 
residual forces using the Newton- 

Raphson method 

I 

I- YES 
NO 

Convergenýýýý 
NO 

I 

YES 

Evaluation of stresses and strains 

Figure 3.9 Scheme of the original static nonlinear program. 

After imposing the incremental load AF, the program uses the initial clastic 

-; --thAterial- properties of both concrete and steel to make a first assessment of the 
behaviour of the structure. The use of the elastic material properties enables the program 
to form the initial stress-strain matrices D (for each FE) and the stiffness matrix of the 

whole structure K, allowing a first estimate of deformation, strains and stresses (which 

correspond to the currently imposed load increment) using the following expressions: 

K= fBT 
-D-B-dV (3.27) 

v 

Ad= K-1 - Af (3.28) 

Ac=B. Ad (3.29) 

Aa=D. Ac (3.30) 
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a=crp,,, jý., +Aa 

where dp,,,,,,, , and are the total displacement, strain and stress, 

respectively, which corresponded to the previous load step, whereas Ad, Ae and Aa 

are the increments of displacement, strain and stress corresponding to the current load 

increment. 

Based on the previous estimates for the stress, an investigation follows in order 
to define in which part of the structure loading or unloading takes place. This is done at 

every Gauss point of the FE mesh representing the structure, and it is carried out by 

comparing the stress evaluated after the convergence of the previous load step with the 

estimates made by using the initial material properties at the beginning of the current 
load step. If the value of the stress evaluated in the previous load step is greater than that 

currently evaluated, unloading is relevant and a linear model is adopted to model the 

concrete behaviour. On the other hand, when the currently evaluated stress is greater 

than that evaluated in the previous load step, loading has occurred and the model 

adopted to model the concrete is nonlinear. 

3.4.1.1. Crack-closurc procedurc 

The next step is to identify which of the cracks, formed in previous load steps, 

close. During this procedure only Gauss points with cracks formed in previous load 

steps are checked. For a crack to close, the criterion that has to be satisfied is that the 

strains normal to the plane of the crack are compressive. The program singles out the 

crack with the largest compressive strain and closes it. Because of the closure of a 

crack, changes have to be made to the clement stress-strain matrix D, and consequently, 

to the stiffness matrix of the structure K, leading to redistribution of the stresses inside 

the structure. 

By forming the new D and K matrices, an estimate of the stresses can be made 
by using the constitutive models of the materials involved (concrete and steel). The 

procedure used in order to estimate the stresses acting in the structure is presented in 

Fig. 3.10. Initially, by using the initial material properties (equations 3.11 a and b) of 
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concrete and the value of strain (e'), a first estimate of the stress (a') is made (path 

AB). Next, by making use of the constitutive model of concrete, it is possible to 

evaluate the secant values of the volumetric (Q and shear (G, ) moduli which 

correspond to the value of the stress (a') (equations 3.13 a, b and c). Based on these 

moduli we evaluate the value of the strain (e') that corresponds to stress a' (path BC) 

(equations 1.12 a and b). Finally, by again making use of the constitutive model of 

concrete we evaluate the tangent values of the volumctric (K, ) and shear (G, ) moduli 

which correspond to the value of the stress (or') (equations 3.14 a, b and c). By using 
the tangent values we are able to make a correction Aa to the previously evaluated 

stress cr' finding the stress that corresponds to the strain c' (path CD) (see equations 
3.12 c and d). 

The corrected value of stress (CF2 ) is different from the original estimate (a'). 

Hence, the difference between these values, Aa =a2_ Cr I, represents a stress which is 

not balanced by the external forces. This difference in stress Aa is called a residual 

stress which is removed from the structure by applying an external force equal to: 

Af =-fB'-Aa. dV 
v 

(3.32) 

It should be pointed out that, during the crack-closing procedure, convergence is 

not checked (convergences are checked later on during the crack-opcning procedure 

presented in section 3.4.1.2). This means that the residual stresses are not eliminated 
during this stage of the iterative procedure. Nevertheless, each iteration leads to a 
drastic decrease of the residual stresses. Convergence is checked at the next stage of the 
iterative procedure, which is the crack-opening stage. 

The crack-closing procedure is repeated until all cracks that fulfill the crack. 

closure criterion close. During each iteration, only one crack may close (the crack with 

the largest value of compressive strain normal to its plane). It has been observed that, 

after the closure of one crack, there is a drastic drop in the number of cracks that need to 

close next. The residual forces evaluated during each iteration are addcd to those 

obtained at the previous iteration and are carried to the next. It should be also 
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mentioned that, during the iterations of the crack-closure procedure, the failure criterion 
is not checked and, therefore, no new cracks open. In doing so, the crack-opening and 

the crack-closure procedures remain separate. The reason for separating the cracking 

procedures and allowing the closure of only one crack per iteration is to minimize the 

likelihood of numerical instabilities during the solution of the nonlinear problem. 

Stress C 

(T I 

C2 

cro 

5 

Figure3.10 Modified Newton-Raphson method. 

3.4.1.2. Crack-opening procedure 

Next, the crack-formation procedure commences. In each iteration of this 

proczdure all Gauss points are checked in order to determine if any new cracks form. 

This is achieved by using the failure criterion since the opening of a crack corresponds 

to localized failure of the material. The formation of a crack leads to the modification of 

the element stress-strain matrix D and the stiffness matrix of the structure K, thus 

causing redistribution of the internal stresses. The procedure for the evaluation of the 

stresses and the residual forces is similar to the one followed during the crack-closure 

procedure. In order to avoid numerical instabilities during the solution of the problem, 

only a limited number (no more than three) of cracks are allowed to form per iteration. 

Should the number of cracks that need to open exceed this predef mcd number, then only 

the most critical cracks will be allowed to form. The most critical cracks are those 

which correspond to the Gauss points with the largest values of tensile stress and strain 

acting normal to the plane of the crack. Usually, after the formation of the most critical 
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cracks, the number of cracks that need to form in the next iteration reduces rapidly due 

to the redistribution of stress achieved during this process. 

Unlike the crack-closure procedure, convergence of the residual forces is now 

checked after all cracks have opened. If the maximum value of the residual forces 

evaluated is greater than a certain predefined value, then they are re-imposed to the 

structure in the form of an external loading. Throughout the present procedure, crack- 

closure is bypassed and only the crack-opening procedure is repeated. The whole 

procedure is repeated as many times as necessary in order to accomplish the 

convergence to the correct solution as shown in Fig. 3.11. 

a 

r 

Figure 3.11 Iterative Newton-Raphson procedure. 

3.4.2. Modelling of cracking (localized failure) 

When the stress developing in a given part of the structure corresponds to a point 

in the principal stress space (tT, 9472 9 a3 ) that lies outside the surface defining the failure 

criterion for concrete, the material suffers localized failure. This failure takes the form 

of a crack. The plane of the crack is normal to the direction in which the smallest 

principal stress acts (largest tensile stress). Failure is followed by immediate loss of 

load-canying capacity in the direction normal to the plane of the crack. Concurrently, 

the shear stiffness is also considered to reduce drastically to a small percentage of its 

previous value. However, it is not set to zero in order to minimize the risk of numerical 
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instabilities during the execution of the solution procedure. The stresses which acted in 

this region prior to the formation of the crack become residual stresses and need to be 

re-applied in the form of external loads in order to be redistributed within the structure 

and for the equilibrium between internal and external loads to be satisfied. If 

redistribution of the residual forces is not possible, then it is considered that the 

structure is unable to withstand the applied load. 

Crack formation is modelled by using the smeared-crack approach. The cracks 
form at the Gauss points of the FE mesh since it is there that the evaluation of the 

stresses takes place. Because of this, although each crack that forms corresponds to an 

actual crack in the structure, its effect is spread throughout the area that is associated 

with that Gauss point. Such an area is presented in Fig. 3.12 where the acting stresses 
have caused localized failure. The plane (OAB) of failure (crack) is normal to the z t-axis 

and the crack that has formed does not allow the material to undertake (a) tensile 

stresses in the direction of the zý-axis and (b) full shear stresses that act parallel to the 

plane OAB. Because of the failure in this region, instead of triaxial stress conditions, 

only the plane-stress conditions indicated by the D-matrix below are possible: 

2-G+p 9 0 0 0 0 

P 2-G+p 0 0 0 0 
0 0 0 0 0 0 

D 
0 0 0 G 0 0 
0 0 0 0 

.8-G 
0 

0 0 0 0 0 6-G 

where fl is a reduction constant which minimizes the shear stiffness on the plane of the 

crack. Zero values of 6 are not permitted in order to minimize the risk of numerical 

instabilities. 

As the external load continues to increase, the stresses and strains acting in the 

part of the structure represented in Fig. 3.12 may lead to the formation of a new crack. 
The plane (ABC) of the newly-formcd crack is again normal to the direction of the 

largest tensile stress (or smallest principal stress) which is parallel to the local axis x". 
With the formation of the new crack, the problem is reduced from a two-dimensional to 

a one-dimensional problem, since the only remaining stiffness is that in the direction of 
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the intersection of the planes of the two cracks. Consequently, the remaining stresses are 

the nominal stresses acting in the direction of the intersection (local axisy"). These 

changes are reflected in the stress-strain matrix D by the following new modifications: 

0 0 0 0 0 0 
0 2. G+p 0 0 0 0 
0 0 0 0 0 0 

[D] 
0 0 0 fl-G 0 0 
0 0 0 0 fl-G 0 
0 0 0 0 0 fl-Gý 

y. 

x, 

Finally, it is possible for a third crack to form with its plane normal to axisy. In this 

case the corresponding Gauss point is no longer able to undertake any load since it has 

practically suffered a total loss of stiffness (apart from shear stiffness the value of which 

can not become zero due to the existence of, 8). These changes are reflected in the 

stress-strain matrix D by the following new modifications: 
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0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 ß-G 0 0 
0 0 0 0 ß-G 0 

-0 
0 0 0 0 ß-G- 

3.4.3. Constitutive model for steel 

Steel, unlike concrete, is a homogeneous and isotropic material, and hence its 

constitutive model uses the simple form indicated in Fig. 3.13. The stress-strain curve 

presented in Fig. 3.13 describes the behaviour of a steel bar under uniaxial compression 

or tension. It is divided into three linear sections. In each one of these sections, the 

material properties remain constant. However, when moving from one section onto 

another (with increasing stress) the material properties change resulting in an abrupt 

reduction of the stiffness. The first and second sections of the stress-strain diagram are 
defined by the yield stress. The third section starts from the point where the stress is 

equal to the yield stress fY and has a very small inclination, usually 1% of the slope of 

the first elastic section. As a result, small increases in stress cause large increases in 

strain. The steel-reinforcement fails when the strain attains its ultimate value 

e. (--. = 0.12). 

io E ý= 2100V NlmM2 

fy[ 

E= 200 fy 
Tension 

2+0-0011 

0-8 fy I 

I 

Compression 

E 200 000 N/mM2 

0-002 iU = 0.12 

Figure 3.13 Constitutive model for the steel reinforcement. 
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3.4.4. Concrete-steel interaction 

One of the most important features of the program is the assumption of perfect 
bond between concrete and reinforcement, despite the fact that there is a wide range of 
experimentally derived bond-slip laws describing the interaction between steel and 
concrete. These laws become active once the stress levels exceed a certain limit. A 

sample of such bond-slip relationships is shown in Fig. 3.14. 

It is apparent from Fig. 3.14 that there are large discrepancies in the behaviour 

predicted by these laws. As a result, the choice of the most realistic bond-slip law is 

difficult. However, the key argument for using perfect bond is that failure at the 
interface between concrete and steel appears to occur when the shear stresses acting in 

that area become greater than 5MPa (see Fig. 3.14). Such values of the shear stress 

correspond to a tensile stress of the same magnitude in the concrete. These tensile 

stresses are much larger than the ultimate strength of concrete in tension predicted by 

the failure criterion (unless unrealistically high values of concrete strengthf, are used) 

and, therefore, the formation of a crack due to tensile failure of concrete will occur 
before the maximum shear stress predicted by the bond-slip law is attained. Because of 

this fact, none of the bond-slip laws presented in Fig. 3.14 has been used in the program. 

E 
25 

t 

Houde, Mirza Marlin 

Nilson 
Ddrr 

; hla 
(internal zones) Tanner 

Wahla 
(external 2 nes) 

0.005 0-01 
A: cm 

Figure 3.14 Experimental stress-slip curves describing bond between concrete 

and steel. 
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3.5. Implementation of the dynamic scheme 

The scheme to be used in the present work to solve numerically the dynamic 

problem is based on the Newmark method, using the approximation functions of 

velocity and acceleration that were introduced previously (section 3.2.1. ). This scheme 
has formed the basis of the modifications implemented to the original FE model in order 
to extend its use to the solution of nonlinear dynamic problems. The main steps of the 

proposed scheme are listed below. 

Based on the values of the displacement ('u and "u), velocity ('tý and 

and acceleration ('ii and `5) predicted in previous time steps the effective 

load matrix 
('+AfA. F*) is assessed from: 

I+& AF*="AAF+C- 
; Av I U_ I-At u+ . 

(I ii- I-At 
(2,6 

+M. I U_ t-AIU)+ 

At 
(Zý_ t-Alf, + 

(2 1 

'8 

2. The effective stiffness matrix is assessed from 

K*=C- 
I 

+M- 
I 

+K 
fl-At 8- At' 

3. Having assessed the effective load and stiffness matrix in step I and 2, the 

algebraic equation K*-'+"'Aul =AF* can be solved. The solution yields the 

incremental change of displacement '+'Au' corresponding to the initial iteration 

(i = 0). From the values of ""Au' the incremental values of the strain '*'A-, ' and 

stress ""Ac' are determined. 

4. Using the values of the incremental change of displacement determined in 

the previous step, it is easy to determine new approximate values of the velocity 

and the acceleration of the structural element from the Newmark relations as 

follows: 
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t+AI, V+l=tZý +At 
[(I 

_y)ti; +Y. t+Ati; i] 

I+Atiii+l . 

[. 
I+Al u i_IU_At. 1, ý_At2. 

I_fl 
Iii 

5. After evaluating the stress, the internal loads are obtained by integration of 
the stress vector: 

t+A'Fint'+' 

The new internal force vector will be used to define the residual forces of the next 
iteration. 

6. Because of the approximate values selected in step 4, the value of the left 

side of the equation of equilibrium (3.1 a) may differ from that of the right side. The 

difference between these two values represents the residual forces V/ . Thus, 

equation (3.1 a) can be written as: 

$+At V/ 
i+l 

= c. I+At Zý 
1+1 + m. I+At ii'+'+'+AF'+li,, t-'+AF'+,,, 

7. Check for convergence. Convergence is accomplished when the maximum 

absolute value of the residual forces is less than a small predefined positive value e. 

If lt+At V/+'1: 5 e convergence has been accomplished and therefore one continues to 

step 9. 

if 1'+'v/'+'l >e convergence has not been accomplished and one must return to step 

8. 

8. Having assessed the values of the residual forces V/ in step 6 and by 

reassembling the effective stiffness matrix (as in step 2), the algebraic equation 

K* . '*"'Au "" ='*"' V/ " can be solved. As in step 3, the solution yields the incremental 

change of displacement "'Au"" corresponding to iteration i+1. From the values 

of "'Au"' the incremental values of the strain "Ac"' and stress ""'Aa"" arc 
detennined. Then go back to step 4. 
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9. If convergence has been accomplished, the values of displacement u, 

velocity zý and acceleration 6 are considered as final for the time step I+Atand 

they are stored: 
t+Al U= t+Al u 

41 

I+At, ý=I+Afi, l+l 

I+Al ji= I+Atiii+l 

10. Continue on to the next time step. 

The procedure used to solve the dynamic problem numerically is called an 
implicit method. This method is an iterative procedure, the convergence of which is 

checked at the end of each iteration. During each iteration, the evaluation of the stiffness 

matrices (K and K*) and the solution of the equation V/ = K* - Au by inverting the 

effective stiffness matrix K* are carried out at least once. In order to accomplish 

convergence within any one given time step, several iterations must be executed and it 

is, therefore, obvious that the computation time for this method is very high. However, 

because of the repeated check for convergence, the time step does not need to be 

extremely small in order to avoid numerical problems. This fact moderates the 

computational cost of the implicit method. The length of the time step used can be 

defined as a percentage of the period that corresponds to the largest cigcnvalue of the 

structure, 'as mentioned in section 3.2.2. 

By comparing the flowchart of the original (static) program (Fig. 3.9) with that of 
the modified (dynamic) program (Fig. 3.15) it can be seen that the original static 

program is the basic unit of the dynamic program. The cffectivc stiffness matrix K* is 

used within the equation F= K* - Au which yields the incremental change of the 

displacements Au , the strains Ac and the stresses Au during each iteration. 
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3.6. Changes made to the original nonlinear static program 

The most important modifications made to the original FE program in order to 

enable it to perform nonlinear dynamic analyses are briefly outlined below. 

1. Evaluation of internal forces 

r+A'F '+' 
-- 

fB-'+cr'+' 
-dV int 

v 

2. Evaluation of the cffectivc load matrix AF* 

I+Al AF* ='+AAF +C- 
[ý 

-r U- I-At U)+ 
Y 

-Al 

(2,6 

+M. tu-t-Atu) + __L_j). 
(qi_l-Arii 

'8 - At 

(2-fl )l 

3. Evaluation of the effective stiffness matrix K* 

K*=C- 
I 

+M. 
I 

+K 
fl-At fl-At' 

4. Evaluation of the residual forces 

t+At v1=M. (+Ar üi+l +I+ät F,., W-f+At FW ei 

5. Evaluation of velocity and acceleration 
I+Aflýi+l 

=tý -y)tii+y-#+Atiil] 

1+&iii+l 
=I. - 

I+Al uI _r U_ A1.1 Zý _ At 2 ii] 

'fl. 
At 21 

V. - 

6. Convergence check. Convergence is accomplished when the maximum absolute 

value of the residual forces is less than a small prcdefined positive value e. 

if e convergence has been accomplished and therefore one continues to 

the next time step. 

if lt+&Vl'+'l >e convergence has not been accomplished and therefore the residual 

forces must be re-imposed on the structure in a new iteration. 
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Calculate the effective stiffness vector based on 
the values of the displacement velocity and 
acceleration obtained from previous load steps 

'&Fo=! ', 8F+C- Impose new . 
(L 

increment of the 

+Mb7-1 external load (new 
timc-stcp At) 

..................... I ........................................................ L 
Set initial material 

Evaluation of strain and stresses 
using the initial material properties 

Check for loading or unloading Recalculation of stress, strain 
and residual forces using the 

Newton-Raphson method 

eck for crack closure Ch 
YES 0 

NO Recalculation of stress, strain 
and residual forces using the 
Newton-Raphson method 

Check for the opening of 
new crack 

i YES 

NO 

Convergence check 
NO -44 

YES 

.................... * ............................................. ....... 

Evaluate approximate values of velocity and acceleration: 
I. 

. $. Wu'-'u - AI! 4 - At' - 
±- 6 Li 

-At' 

(2 

Calculate residual forces 
t+At vI=M. I+Afiif+I +'+A'Fj,, '+'-'+AF,, '+' 

V/ 

Figure 3.15 

Convergence check 1 V/: 5 e 

Proposed scheme for the dynamic nonlinear program. 

The stiffness matrix 
used is the effective 

stiffness matrix: 
K'. C. +M2+K 

.8 
At 16 
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3.7. Verification studies for the dynamic schente 

The %crificatioll ofthe proposed dynamic scheme is based oil týko 1111carly-clastic 

case studics. The first case study is shown In Fig 3.16. It is ;I column fixed at Its lower 

end, with a mass attached at its tipper free end (vertical cantilc%cr). I he colunin is 3000 

nim long with a rectangular cross-scctlon 400 nim high x 300 inin wide. A linic- 

dependcnt extunal forcc F(I) acts at the mass centre as a Iso shown In Fig. 3.16. 

F(O 

; 0(10 

Figure 3.16 Casc study 1. 

foil nill) 

'rhc second case suldy, shown in Fig 3.17, diff'crs from the first one in that the 

tipper end oftlic column is no longer frec, it is allowed to translate freely only oil [lie Y 

-Z plane (i. e. rotation about the X, Y and Z axes all(] translation along the X axis are 

constrained). 

; 000 mill 

) tý 

Figurc 3.17 Casc sludy 2. 

; 00 num 

Both the above case studics involve simple structures I'm which analytical 

solutions describing their motion under various loading conditions are rcadily available. 

Such solutions will be used to verify the validity of' the dyllaillic sclicille lilt roduced III 

401) insn 

400 min 
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this chapter by reference, for now, to linear elastic problems only. Thus, the solutions 

obtained from the proposed FE program are compared with their analytical counterparts 

and the corresponding deviations are considered to provide an indication of the validity 

of the dynamic scheme developed. 

Two different FE meshes, shown in Figs 3.18a and 3.18b, were used to represent 

the column in each of the case studies considered. For both FE meshes 27-nodc brick 

Lagrangian elements with a 3x3x3 integration rule were used. 

The analytical solutions obtained are based on the use of the expressions, shown 
in Table 3.2, which describe the stiffness of the structure for the two case studies 

considered. Such analytical solutions, for the idealized single-degree-of-frccdom 

systems, are based on the simplified beam theory using the Bernoulli assumption that 

states that plane cross-sections remain plane after bending. Table 3.3 shows elastic 

characteristics such as the Young Modulus E, the stiffness K, the mass M, the 

eigenvalue co and the period T of the structures. 

Case study Stiffness K 

L K=3-E-Y L3 

2 
Lv K= 12 -E -Y 

Table 3.2 Column stillness. 

Case 

study E (MPa) I (m) 

(Stiffness) 

K (N/m) 

(Mass) 

M (Kg) 

(Eigcnvaluc) 

co 

(Period) 

T (see) 

1 56808 0.0016 10099200 203874 7.038 0.892 

2 56808 0.0016 1 40396800 I 203874 1 14.076 0.446 
- Table 3.3 kunclamental structural cnaractcristics oi columns. 
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; 00 Inz 

3000inir 

400 min 

)00111111 

I -Z * 

00111111 

(a ) 

1ý0 I) I/ 

3000 

MO 

.... ... ... 300 11111) '100111111 

400 (b) 

Figure 3.18 Finitc-clemcnt mesh 1()r the two study cases. (a) Mesh I, (b) Mesh 2. 

Moreover, the numerical analysis also depends on the selection of an appnqwRac 

time step. In general, numerical instabilities ass( -avu wilh the linear-accelciation 

method adopted for the analysis are avAdul by twbg a Orne step mnallcr Man a 

"critical" value. I lowcvcr, in order to obtain as acumme a AM% as pwjhk, We We 

step must be much smaller, usually less that) a tclith of' the period of the structure, and 

this was ensured as shown in Table 3.4. 

Case study Critical tillic SICI) I I'llue Step uscd 

1 0.492 scc 0.02 scc 

2 0.248 sec 0.02 sec 

Tabic 3.4 Time stcps uscd in thc nunicrical analyscs. 
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For each case study, two different loading histories are considered. The results 

obtained include the values of the displacement, the velocity and the acceleration of the 

mass, in the direction of the imposed external force. The loading histories, the analytical 
(closed-form) solution and the numerical (proposed dynamic scheme) results of the 

above case studies are shown in graphical form in Figs 3.19 to 3.22. 
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Figure 3.19 Case study 1, loading history 1. (a) External force loading history; (b) 

Displacement response of mass; (c) Velocity response of mass; (d) Acceleration 

response of mass. 
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Figure 3.22 Case study 2, loading history 2. (a) External force loading history; (b) 

Displacement response of mass; (c) Velocity response of mass; (d) Acceleration 

response of mass. 

3.8. General remarks 

By comparing the numerical and the analytical results obtained, it can be seen 

that the divergence is small for both case studies. The main sources of divergence are 

the concentrated lumping of both stiffness and mass in the single degree-of freedom 

analytical solution, whereas the FE mesh distributes both these characteristics 

throughout the structure. In addition, the analytical solution relies on the Bernoulli 

assumption of (one dimensional) beam behaviour while the FE modeling is based on the 

more formal 3D elasticity approach. Within these discrepancies (in the fundamental 

sense but, clearly, minor for practical purposes as the beam theory is, for the problems 

presently considered, quite accurate), the results of both case studies suggest that the 

dynamic scheme developed in this chapter within the modified FE package appears to 

be adequate and robust, leading to accurate and reliable results. 

Admittedly, the dynamic scheme incorporated into the nonlinear FE static 

program has been tested for linear elastic cases only. Next, it is to be tested for the more 

general problems for which it was intended, namely for the cases where the nonlinear 
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material properties of concrete and steel are taken into consideration. It is necessary to 

investigate how the newly-incorporated dynamic scheme interacts with the existing 

nonlinear static FE program and to ensure that the various software components are 

completely compatible, thus yielding a numerically stable scheme. The most serious 

source of numerical instability is the cracking procedure that concrete undergoes when 

subjected to external loading. In order to estimate the efficiency and cffectivcness of the 

dynamic program in this nonlinear range, a number of nonlinear case studies are 

analysed numerically in the chapters to follow, and their results will be compared with 

available experimental data. This will enable assessment of the capabilities and 
limitations of the proposed scheme, and will point to any necessary corrections needed 

to increase its effectiveness and robustness. 
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Chapter 4 

Numerical investigation of RC walls subjected to cyclic loading 

4.1. Introduction 

The effectiveness of the nonlinear strategy adopted by the FE model described in 
Chapter 3 and the accuracy of the numerical results obtaincd when investigating the 
behaviour of RC structural elements under monotonically-applicd static loading has 

already been vcrified for a wide range of structural forms (Kotsovos and Pavlovic, 

1995). Before using the program for the numcrical investigation of RC structures under 
dynamic loading, the nonlinear strategy is first used for the investigation of RC 

structural elements under cyclic static loading conditions. This will allow a thorough 

assessment of the program's ability to rcalistically predict the hysteretic behaviour of 
RC structural elements under cyclic loading. 

Imposing a cyclic load to an RC structure causes the formation and closure of 

cracks during the load reversals. Such crack fon-nation and closure may also occur under 

monotonic loading conditions - but at a much smaller scale, and hcncc crack reversal 

under such circumstances can usually be ignored for purposes of estimating the collapse 
load. Therefore, the case of cyclic loading offers a more strenuous test of the validity of 
the proposed program. Such a test is considered to be essential before attempting to use 
the program for the analysis of RC structures under seismic excitation. The work 

presented in this chapter is based on the comparison of the numerical predictions 

obtained from the program with experimental information found in the literature. 
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4.2. Experimental set-up for structural walls 

The structures investigated were three RC structural walls (specimens SW31, 

SW32 and SW33), their experimental set-up being shown in Fig. 4.1 (Lefas 1988). All 

walls were 650mm wide, 1300mm high and 70mm thick. The values of the uniaxial 

cylinder compressive strength (Q of the concrete used for the walls are given in Table 

4.1, whereas the yield stress (fy) and ultimate strength (Q of the reinforcement are given 
in Table 4.2. An identical arrangement of reinforcement was used for all three 

specimens and this is shown in Fig. 4.2. 

Each wall was monolithically connected to a rigid RC prism at both top and 
bottom (Fig. 4.1). The bottom prism was firmly bolted to the laboratory strong floor in 

order to resemble a rigid type of foundation, while at the end faces of the top prism the 

external loading was imposed through two 50 ton jacks (shown in Fig. 4.1). The prisms 

were designed so as to remain undamaged throughout the course of the experiment. 
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:: 31 

-- --------- 

X1 

501 Jack 50 t lack 

Steel C-te reaction 
reaction Specimen blocks 0 
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:0 ý5 El s0 
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I if 11 

rII r"I 

Lr-U B 

Figure 4.1 Experimental Arrangement. 
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4.3. Loading histories 

Each wall was subjected to different cyclic loading conditions. After a 

prescribed number of load cycles, the load increased monotonically up to the full loss of 
load-carrying capacity. The loading histories used for the tests are presented in Fig. 4.3. 

On the right-hand side, the loading history is presented in the form of imposed 

displacements, whereas, on the left-hand side, it is presented in the form of imposed 

forces. 
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Figure 4.3 Load history imposed on specimens (a) SW3 1, (b) SW32 and (c) SW33. 
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Figure 4.4 Response of specimen (a) SW3 1, (b) SW32 and (c) SW33. 
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4.4. Experimental results 

The results obtained from the experiments are presented in Figs 4.4a, 4.4b and 
4.4c in the form of load-displacement curves. The right-hand side figures represent the 

relations between external load and vertical displacement at the top of the wall, whereas 
the left-hand side figures represent the relations between external load and horizontal 

displacements at the top edges of the walls. 

By inspection of the experimental results presented in Fig. 4.4, it can be seen 
that the maximum value of the cyclic load differs from experiment to experiment. For 

the case of specimen SW31 (subjected to four load cycles, followed by monotonic 
loading to failure), the maximum value of cyclic load was 60 percent of the load- 

carrying capacity of the specimen when the load eventually increased to failure, 

whereas in the case of specimen SW32 (subjected to the same loading pattern as SW3 1) 

it was 90 percent. On the other hand, for specimen SW33 the cyclic loading had a 

maximum value of 60 percent of the specimen's load-carrying capacity for the first two 
loading cycles, which was then increased to 90 percent for the next two cycles, and 
finally to (by definition) 100 percent for the final loading cycle (i. e. fifth cycle) after 

which SW33 was subjected to a further (but monotonic) loading to failure. 

4.5. FE modeling of the walls 

Concrete was modelled by using 27-node Lagrangian brick elements whereas 3- 

node isoparametric truss elements were used for modelling of the reinforcement (see 

Fig. 3.8). The structural walls discussed above were discrctizied as shown in Fig. 4.5. 

The steel elements were placed along successive rows and columns of nodes in both the 

longitudinal and transverse directions in a manner that matched, as closely as possible, 

the amount and location of the actual reinforcement. On the top, a layer of rigid brick 

elements was added to represent the rigid RC prism monolithically connected to the top 

of each wall. Because of the symmetry of the specimen's cross-section about the 
longitudinal axes, only half of the actual specimen was modelled. As a result, a smaller 

number of finite elements were used and, thus, the computational cost was reduced. The 

above symmetry in the FE model was effected by restraining the displacements normal 
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to the plane of symmetry. The bottom face of the FE mesh was fixed in order to 

represent the rigid type of foundation imposed in the experiment. Fixity is imposed by 

imposing zero displacements in all coordinate directions for all the nodes which make 

up the base of the RC wall. Finally, the external load was applied in the form of force 

increments at nodcs 300 or 348 depending on the direction of the applied load. 

r ------------------------------ ; 
-5 

S! 
---- FI- -1- 

10. 

Figure 4.5 Structural wall and its FE model. 

It should also be noted that, although the experimental load was applied in the 

form of imposed displacements, in the actual analysis the loads were applied in the form 

of imposed forces (due to the capabilities of the existing software). This may lead to a 
deviation of the numerical results from their experimental counterparts at load levels 

near the wall's load-carrying capacity; however, this deviation will be minimized by 

using the smallest possible load increments when applying the external load. 
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4.6. Numerical results 

4.6.1. Monotonic loading conditions 

Initially, the specimens were subjected to monotonic loading conditions in order 

to determine numerically their load-carrying capacity and to investigate their nonlinear 
behaviour. The load step used in order to avoid instabilities of the numerical procedure 

was between approximately 1/10 and 1/20 of the experimental value of the specimen's 

load-carrying capacity. 

The results obtained are presented in Figs 4.6 to 4.8 in the form of external load- 

displacement curves. The curves in Figs 4.6a, 4.7a and 4.8a represent the relation 
between external load and horizontal displacements at nodes 300,324 and 348 (see Fig. 

4.5) located at the top element row of the FE mesh, whereas the curves in Figs 4.6b, 

4.7b and 4.8b represent the relation between external load and vertical displacements at 

the same nodes. In Fig. 4.9 typical results describing the cracking procedure that 

specimen SW33 undergoes when subjected to monotonic loading are presented. The 

cracks begin to appear when the external load becomes lOkN, and they occur at the 

bottom left area of the specimen where the tensile stresses are more critical. Gradually, 

as the imposed load increases, the cracks begin to expand and finally lead to the failure 

of the specimen. Because all specimens investigated (SW31, SW32 and SW33) are 

similar (they are not identical sincef, is not the same for all specimens as shown in 

Table 4.1) and the loads to which they are subjected arc identical, the cracking pattern 

that develops during loading is the same in all three cases. 
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Figure 4.9 The development of cracking in specimen SW33 under monotonic 
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4.6.2. Cyclic loading conditions 

Following the monotonic-loading case studies, the specimens were analysed 
under cyclic loading equivalent to that imposed in the experimental investigation. As 

already mentioned, the use of imposed load increments instead of the imposed 
displacement increments used in the experimental investigation is anticipated to cause a 
deviation of the numerical results from their experimental counterparts. The use of 
displacement-based loads for applying cyclic loading is considered to be a better option 
since this method provides better control over the loading process. I lowevcr, this option 
is not available in the program and, therefore, the external load will be applied in very 
small force-based load increments in order to avoid numerical instabilities. 

In the present case studies, a load increment smaller than that used in the 

monotonic examples is adopted in order to reduce the number of cracks forming and 

closing during each load step. It is considered that, by reducing the number of cracks 
forming or closing in each load step, the numerical stability of the solution process is 
improved. The load increment adopted is thus set to approximately 1150 to 1/60 of the 

structure's load-carrying capacity under monotonic loading. Though smaller load 

increments were tried, the results obtained remained practically unchanged, 

nevertheless, the computational cost increased significantly. Thus it was found that the 

use of load increments approximately 1150 to 1/60 of the structure's load-carrying 

capacity under monotonic loading is the optimum choice in respect to numerical 

stability, accuracy and computational cost. 

The results obtained are presented in Figs 4.10 through 4.16 in the form of 

external load-displacement curves and crack patterns. The curves in Figs 4.10a, 4.13a 

and 4.15a represent the relation between external load and horizontal displacement at 

nodes 300,324 and 348 (see Fig. 4.5) located at the top element row of the FE model, 

whereas the curves in Figs 4.10b, 4.13b and 4.15b represent the relation between 

external load and vertical displacements at the same nodes. In Figs 4.11,4.14 and 4.16 

the external load-horizontal displacement curve of each load cycle is presented 

separately in order to better access the ability of the program to predict the hysteretic 

behaviour of the RC walls under different levels of loading. 
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Typical results describing the cracking process that specimen SW31 undergoes 

during the first loading cycle are presented in Fig. 4.12. The cracks begin to appear in 

the bottom left area of the specimen (where the tensile stresses are more critical) at the 

value of the external load of 10 kN. Gradually, as the imposed load increases (from 0 to 

64 kN) new cracks begin to form. During unloading (from 64kN to OkN) many cracks 
begin to gradually close. When the external load is imposed in the opposite direction 

(from 0 to -64kN) the crack-closure procedure continues (although the number of cracks 
that need to close now are significantly less), but at the same time is followed by the 

opening of new cracks due to the change in direction of the imposed load. 
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Figure 4.14 Load-displacement curves for specimen SW32 for: (a) Load cycle 1; (b) 

Load cycle 2; (c) Load cycle 3; (d) Load cycle 4; (c) Final monotonic loading to failure. 
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completed as failure occurred before load reversal). 
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4.7. Discussion of numerical results and comparison with experimental data 

4.7.1. Specimen SW31 

A comparison between the numerical predictions (cyclic and monotonic case 

studies) and experimental data concerning the behaviour of specimen SW31 is 

presented in Figs 4.17 and 4.18. As indicated in these figures, under monotonic loading 

specimen SW31 had a load-carrying capacity of 130 kN, whereas under cyclic-loading 
its residual load-carrying capacity was found to be 104 kN. It is also evident that the 

ductility attained under monotonic loading was twice that reached under cyclic loading 

conditions. This should mainly be attributed to the fact that the specimen suffered 

excessive cracking under successive load cycles, thus lowering its ultimate strength and 
ductility (although the fact that the external load was applied in the form of an imposed 

force rather than as an imposed displacement might have also had a minor influence on 

this). 

The maximum load applied to specimen SW31 at each loading cycle was 64kN, 

which is approximately 50% of the (numerically predicted) ultimate strength under 

monotonic loading and 62% of the (numerically predicted) residual load-carrying 

capacity when it was loaded to failure after it had been subjected to the prescribed 

number of loading cycles. At these levels of loading the program did not show any signs 

of numerical instability during the solution process. 

Numerical results obtained from the cyclic-loading case study are similar to the 

experimental results (this can be seen more clearly in the magnified Fig 4.18), proving 
that the program used was able to realistically predict the behaviour of RC structures 

when subjected to this medium level of cyclic loading. The maximum deflection at each 
load cycle and the corresponding applied load are nearly identical for both experimental 
data and numerical predictions, the deviation increasing mainly when the load was 

eventually increased monotonically to failure. The experimental results show that 

specimen SW31 had a load-carrying capacity of 115kN whereas the numerically 

predicted load-carrying capacity of the same specimen subjected to the same loading 

conditions was IORN, i. e. 91.3% of the value of the ultimate strength established 

experimentally. Similarly good agreement was found for the values of deflections at 
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failure established by experiment (24mm) and analysis (30mm). Furthermore, the area 

enclosed by the hysteretic loops formed by the external load-displaccment curves 

predicted by both experiment and analysis are similar. This area expresses the energy 

absorbed by the RC wall due to the nonlinear behaviour of concrete due to cracking. 
The fact that in both cases - experiment and analysis this area is approximately the 

same shows that the proposed FE model is able to accurately model the crack opening 

and closure procedures that the RC wall undergoes during each load cycle. 

z x 
a, a 

U, 

450- - 

2424; 0 4; 6 5; 66; 4 

i-I rin 

-- -------------- - 

s experimental 

-node 324 monotonic 

-node 324 cyclic 

Z-disp (mm) 

Figure 4.17 Comparison between numerical predictions obtained for the monotonic 

and cyclic case studies with experimental data for specimen SW3 1. 
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4.7.2. Specimen SW32 

For the case of specimen SW32 the (numerically) predicted ultimate strength 

was 145 kN under monotonic loading and 96 kN under cyclic loading (see Fig. 4.19). 

As for the case of specimen SW31, specimen SW32 under cyclic loading failed at a 
lower load and exhibited smaller maximum deflection when compared to its 

monotonically-loaded counterpart. The maximum load applied to specimen SW32 at 

each loading cycle was 84kN, which is approximately 57% of the specimen's 
(numerically predicted) ultimate strength when subjected to monotonic loading and 90% 

of the specimen's (numerically predicted) residual load-carrying capacity when loaded 

to failure after it had been subjected to the prescribed number of loading cycles. Even at 

these high levels of loading the program was found to be numerically stable: however, a 

sign of numerical instability is considered to be a sudden increase of the specimen's 
deflection during the P and 4'h loading cycle indicated in Figs 4.14c and 4.14d. 

By comparing successive cyclic loops of the horizontal load-displacemcnt 

curve, it appears that the size of these cyclic loops increases with the number of cycles. 
The area of the cyclic loop corresponds to the amount of energy lost due to the 

nonlinear behaviour of concrete caused by the cracking of concrete and the yielding of 

steel. The higher cyclic-load level (84kN) imposed on specimen SW32 appears to have 

caused more significant cracking and hence a loss of energy larger than that suffered by 

specimen SW31 which was subjected to a lower level of cyclic load (64kN). 

As for the case of specimen SW3 1, the numerical results obtained for specimen 
SW32 under cyclic loading are similar to the experimental results (see Figs 4.19 and 
4.20) indicating again that the program used is capable of realistically predicting the 
behaviour of RC structures when subjected to successive levels of loading close to the 

ultimate strength of the specimen. The maximum deflection at each load cycle and the 

corresponding load are similar for both experiment and analysis. Furthermore, as in 

the case of SW31, the area enclosed by the hysteretic loops formed by the 

external load-displacement curves predicted by both experiment and analysis are 

similar thus validating the modelling of the cracking procedure that concrete 

undergoes under cyclic loading. 
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Nevertheless, in spite of the similarities between numerical and experimental 

results, there are some differences, mainly at the stage when the load increased 

monotonically to failure. The experimental results indicate that specimen SW32 had a 
load-carrying capacity of IlOkN, whereas the numerically predicted load-carrying 

capacity of the specimen under the same loading conditions was 96kN or approximately 
86% of the ultimate strength established experimentally. Furthermore, a discrepancy in 

the maximum attained deflection is noticeable in the last stage when the load increased 

monotonically to failure. Experimentally, this maximum deflection was recorded to be 

around 20 to 25 mm, whereas the numerical prediction is 9mm. 

The main reason for such differences is the fact that in the numerical 
investigation failure is considered to occur when the structure's stiffness matrix 
becomes non-positive definite whereas in the actual experiment failure occurs when the 

RC structural form under investigation suffers total loss of its load-carrying capacity. In 

the present case, this occurred due to the disruption of the continuity of concrete caused 
by excessive crack formation in the lower area of the RC wall. After the degradation of 
the concrete within the lower regions of the wall, the actual structure used in the test 

may still have been capable of maintaining its load-carrying capacity through alternative 

resistance mechanisms such as, for example, dowel action. However, this type of 
behaviour cannot be described analytically, as the development of such alternative 

resistance mechanisms arc not allowed for by the analysis procedure developed and 

used in the present work. It is significant that, when observing the experimental results, 
it is clear that in the final stages of the loading procedure the external load-displacement 

curve becomes practically horizontal beyond a displacement of about 13mm 

(comparable with the numerical prediction of 9mm) which means that, at this point, the 

RC wall has suffered extended cracking (especially in its lower area) which has led its 

stiffness to dramatically drop and that the RC wall is resorting to alternative resistance 

mechanisms. Evidently, such alternative mechanisms (not catered for by the numerical 

model) are highly unstable, of short duration and cannot be relied upon in safe design: 

they are really manifestations of post-failure phenomena and, as such, are of no 

relevance to designers. 
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Figure 4.19 Comparison between numerical predictions obtained for the monotonic 

and cyclic case studies with experimental data for specimen SW32. 

Figure 4.20 Comparison between numerical and experimental data for specimen 
SW32 with the area of the cyclic loops magnified. 

4.7.3. Specimen SW33 

In the last case study, the ultimate strength of specimen SW33 predicted by the 

program was 120 kN when subjected to monotonic loading but, under cyclic loading, 

the program was unable to complete all the prescribed loading cycles (i. e. in the 

experiment, there had been 5 cycles followed by monotonic loading to failure, while in 

the FE analysis failure occurred during the fifth load cycle) due to premature failure of 
the specimen during the 5b load cycle (see Figs 4.21 and 4.22). The maximum load 

applied to specimen SW33 at the two initial loading cycles was 64kN whereas for the 
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next two it was 90kN. After concluding these loading cycles the specimen failed at the 
last prescribed loading cycle at a load level of I ORN which is close to the specimen's 
(experimentally determined) load-carrying capacity (I 12kN). 

The experimental maximum deflection at each load cycle and the corresponding 

applied load are similar to their numerical counterparts (see Figs 4.21 and 4.22). The 

maximum load applied to specimen SW33 during the first two loading cycles was 
70kN, which is approximately 52% of the (numerically predicted) ultimate strength 

under monotonic loading and 70% of the (numerically predicted) residual load-carrying 

capacity when it was loaded to failure after it had been subjected to the prescribed 

number of loading cycles. Then, the maximum load applied to specimen SW33 during 

loading cycles 3 and 4 was increased to 90kN, which is approximately 67% of the 

(numerically predicted) ultimate strength under monotonic loading and 90% of the 

(numerically predicted) residual load-carrying capacity in the cyclic-case study. At 

these levels of loading the FE scheme did not show signs of numerical instability during 

the solution process, proving again that the program used is capable of realistically 

predicting the behaviour of RC structures when subjected to levels of loading close to 

the ultimate strength of the specimen. Furthermore, as in the case of SW31 and SW32, 

the area enclosed by the hysteretic loops formed by the external load-displacement 

curves predicted by both experiment and analysis are similar, thus confirming earlier 

observations that the FE model adopted in the current investigation is efficient in 

modelling the cracking procedure that concrete undergoes, and that this extends even 
during load cycles in which the level of cxteinal loading reaches the load-carrying 

capacity of the specimen. 

The experimental results indicate that specimen SW33 bad a load-carrying 

capacity of 112kN, whereas the numerically predicted load-carrying capacity of the 

specimen under the same loading conditions was I ORN, or approximately 89% of the 

ultimate strength established experimentally. Furthermore, the maximum deflection 

established experimentally was found to be about 25mm whereas in the numerical 
investigation it was found to be l7mm. The premature failure (in terms of the number of 

cycles attained namely four and a half instead of six and six and a half) of the specimen 
in the last load cycle and the small deviation between experimental and numerical 

predictions could be attributed to the fact that, as in case of RC wall SW32, failure, 
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during the numerical investigation, is considered to occur when the structure's stiffness 

matrix becomes non-positive definite and that at this stage the RC structure is resorting 

to alternative resistance mechanisms such as, for example, dowel action, in order to 

maintain its load-carrying capacity. In spite of these differences the numerical 

predictions obtained by the program and the experimental data show good agreement. 
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Figure 4.21 Comparison between numerical predictions obtained for the monotonic 

and cyclic case studies with experimental data for specimen SW33. 
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4.8. Conclusions 

The aim of the numerical investigation presented in this chapter consisted in 
determining whether or not the nonlinear strategy adopted is able to describe 

realistically the behaviour of concrete structures under severe cyclic loading. Through 

the comparative study between the numerical predictions and the experimental data, it 

was established that the nonlinear strategy adopted is able to describe the hysteretic 

behaviour of concrete even when the RC specimens were subjected to high levels of 
loading, i. e. close to their load-carrying capacity. However, because loading is applied 

as a force (force control), rather than a displacement (displacement control), it appears 
that some instability occurs after a number of load-cycles have been carried out at 
loading levels close to a specimen's load-carrying capacity. 

Another reason for the deviation between experimental results and numerical 

predictions is the fact that, in the numerical analysis, failure is considered to occur when 
the structure's stiffness matrix becomes non-positive definite. In the experimental 
investigation, failure occurs when the specimen is unable to withstand a further increase 

in its load-carrying capacity. ' As the loading procedure commences, cracks begin to 
form which gradually extend as the level of loading increases. During the loading 

cycles, because of the reversal of the external load, the cracking procedure may, at some 

point, cause a part of the structure to fail. At this point the stiffness matrix of the 

structure's FE model becomes non-positive definite and the numerical analysis is 

discontjnd6d. - unable to further predict the-specimcn behaviour. Thus, numerical failure 

terminates the numerical procedure but this need not be the case in an actual structure. 

In static cyclic tests the external load is imposed at low rates and the behaviour of 
the RC specimens under investigation is affected by time-dependent effects (Lcfas, 

1988). These effects occur due to the fact that cracking in concrete is a dynamic, rather 

than a static, phenomenon. This means that cracking in the concrete medium continues 

to evolve even when the external load remains constant. The effects of these time- 
dependent phenomena become more apparent as the value of the applied load increases 

and approaches the load-carrying capacity of the specimen. In contrast to static analysis, 
in dynamic analysis (such as the one to be considered in subsequent chapters) the 
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external load is applied at much higher rates and, because of this, time-dependent 

effects are likely to have a much smaller effect on the specimen behaviour. 

To this end, in spite of the small divergence between experimental and numerical 

results, the nonlinear procedure adopted in the FE model used in the present work was 
found to perform successfully, providing a realistic description of the hysteretic 

behaviour of RC structural elements under cyclic loading even when this was of a 

severe and static (and hence subject to time-dependent effects) nature. It is, therefore, 

even more appropriate to use this model to describe the behaviour of RC structures 

under dynamic cyclic loading. Such case studies are presented in the following chapter. 
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Chapter 5 

Numerical investigation of RC structures under earthquake loading 

5.1 Introduction 

As already pointed out, the proposed FE model has already been successfully 

used in the past to predict the nonlinear behaviour of a wide range of RC structural 
forms under static monotonic loading (Kotsovos and Pavlovic 1995). In addition, its 

ability to yield realistic predictions under static cyclic loading has been demonstrated in 

the preceding chapter. Thus, the next logical step is the evaluation of its performance 

under dynamic loading conditions. In the present chapter, the behaviour of a number of 
RC structural forms (such as RC columns, frames and walls) is investigated numerically 

under eartbouake loading. The numerical predictions obtained from each case study are 

compared with available experimental data from shake-table tests. These comparative 

studies comprise the backbone of the work presented in the current chapter and aims at 

providing the necessary evidence in order to prove that the nonlinear FE procedure 

adopted is numerically stable and able to yield realistic predictions regarding the 

nonlinear behaviour of RC structures under earthquake loading. 

5.2 Structural Forms Investigated 

The different types of RC structural forms investigated in the current chapter are 

an RC column (Tckada ef al 1970), four onc-bay RC space frames (Minowa et al 1995) 
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and an RC structural wall (Lestuzzi el al 1999). The behaviour of all these RC structural 
forms has been investigated experimentally in the past under earthquake loading. In all 

cases, each RC structural form was fixed at the bottom to a shake table which was used 
to impose earthquake excitations. The details regarding the experimental methods 

adopted in each case study and the design details of RC specimens used are presented in 

the following sections. 

5.2.1 RC column 

The first RC structural form that is investigated is an RC column initially 

investigated experimentally by Takeda el al (1970). During the experimental 
investigation, the column was fixed at the bottom to a shake table which was used to 

impose the earthquake excitation. At the top, the column was subjected to no restraints 

and it was able to move freely. The set-up used in the experimental investigation is 

presented in Fig. 5.1, whereas the specimen's dimensions and the arrangement of the 

reinforcement are shown in Fig. 5.2. The yield stress of the longitudinal reinforcement 

was 350 MPa whereas the yield stress of the transverse reinforcement was 276 MPa. 

The uniaxial cylinder compressive strength of the concrete (fi') used was 30 MPa. On the 

top of the column, two steel masses of 914 kg were bung on each side on a1 -inch steel 

shaft resting on ball bearings. In order to restrain the large rotations of the steel masses, 

two 0.25-inch round pre-stressed rods tied the mass to the platform as shown in Fig. 5.1. 
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Figure 5.1 Experimental set-up used to test the RC column. 
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Figure 5.2 Arrangement of transverse reinforcement for the RC column. 

5.2.2 RC Frames 

Each one of the four RC space frames investigated in the current chapter 

consists of four RC columns with their lower end fixed on a shake table and their upper 

end monolithically connected to a thick rigid steel slab (see Figs 5.3 and 5.4). The 

frames were subjected to one-dimensional excitations along the longitudinal axis of 

symmetry of the rectangle formed by the intcrsection of the base of the columns with 
the upper horizontal face of the shake table (see Fig. 5.3). 

The columns had a height of 850mm and a square cross-scction with a side of 
130mm as shown in Fig. 5.5. A dead weight of 300 kN was uniformly distributed on the 

steel slab. The slab itself had a span of 2000mm and was 450mm thick. The uniaxial 

cylinder compressive-strcngth of concrete (fi) used was 26 MPa for all frames. The 

column's longitudinal reinforcement consisted of four 16mm diameter bars placed at the 
four comers of the cross-section with a yield stress (fy) of 380 MPa and an ultimate 

strength (f,, ) of 544 MPa. The transverse reinforcement consisted of 6mm diameter 

stirrups with a yield stress (fy) of 392 MPa and a strength (Q of 490 MPa. The stirrup 

spacing used for each of the four framcs was 50mm, 105mm, 170mm and 285mm and 

corresponded to specimens W050, W 105, W 170 and W285 respectively, as presented in 

Fig. 5.6. 
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5.2.3 RC Wall 

Apart from the previous RC forms presented in sections 5.2.1 and 5.2.2, the 
behaviour of an RC wall is also investigated numerically. As in the previous cases, the 
behaviour of this wall has been investigated in the past experimentally by means of a 

shake-table test, during which the lower end of the wall was fixed to a shake table 

which was used to apply the seismic excitation. The wall had a cross-section of 900mm 

xI 00mm and a height of 3 m. The wall corresponds to a three-storey building and along 
its height three 12 ton masses were attached to it at I rn intervals as shown in Fig. 5.7. 

Each mass corresponds to the mass of a floor in the equivalent thrce-storcy building, 

was supported by a separate rigid steel three-storey frame (see Fig. 5.7) and was able to 

move only in the horizontal direction. Therefore, it can be assumed that the inertia of 

the masses affect only the horizontal motion of the wall. The wall was also subjected to 

uniaxial compressive loading, at approximately 30% of the axial compressive strength. 
A schematic representation of the RC walls tested and their design details are given in 

Figs 5.7 to 5.10. 

Thef, of the concrete was approximately 35 MPa. The values of the yield stress 

and ultimate strength of the various reinforcement bars used are listed in Table 5.1 

while the stress-strain diagrams they exhibit in tension tests are presented in Fig. 5.9. 

Finally, the arrangement of the reinforcement is depicted in Fig. 5.10. 
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by using the 27-node Lagrangian brick elements, whereas the steel reinforcement bars 

are modelled by 3-nodel truss elements. 

The size of the FEs used are dictated by the philosophy upon which the FE 

model adopted in the present work is based, which does not employ small FE's 

(Kotsovos and Pavlovic 1995). Because the material model adopted is based on data 

obtained from experiments in which concrete cylindrical specimens were subjected to 

various triaxial loading conditions, these cylinders may be assumed to constitute a 
"material unit" for which average material properties are obtained and hence the volume 

of these specimens provides a guideline to the order-of-magnitude of the size of the FE 

which should be used for the modelling of concrete structures. Furthermore, each Gauss 

point of an FE must correspond to a volume having a size which must be at least three 

times the size of the largest aggregate used in the concrete mix in order to provide a 

realistic representation of concrete rather than a description of its constituent materials. 
Finally, the use of a dense FE mesh with a large number of FE's would create 

complications in the crack-opening and crack-closure procedure adopted by the present 
FE model, since the number of potential cracks that need to form or close during each 
iteration increases significantly with the increase of the Gauss points used in the FE 

mesh. This, in turn, increases the danger of numerical instability in the solution process. 

5.3.1 RC column 

The FE mode4 adopted in the case of the RC column is shown in Fig. 5.11. A 

2x6 mesh of 27-node Lagrangian brick elements is used to model the RC column. The 

area on the top of the column, where the mass is attached, is also modelled by using a 
2xI mesh of 27-node Lagranian brick elements (see Fig. 5.11), but these elements arc 
forced to behave as rigid bodies by assigning to them a large modulus of elasticity (that 

of steel). The mass situated on the top of the RC column was modelled as a 

concentrated mass and was assigned to the middle node of the rigid FE mesh. As the 

seismic excitation was induced along the longitudinal axis of symmetry, as shown in 

Figs 5.11 and 5.12, and by making use of the symmetry of the column's cross-section, it 

is possible to reduce by half the volume of the concrete modelled by the FE mcsh, by 

employing only half the cross-section of the column (see Fig 5.12). By doing so, it is 

possible to use a smaller number of FE's to model the RC column, thus reducing the 
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size of the numerical problem and minimizing the computational Mort needed for its 

SOILItIOTI. 

'2S 6111,11 'b 

49, '3111111 

Fixed boundary 

A xis aI ong NN I uch Ili c , wisi n ic exci I ol I's m(h Iccd 

FligUre 5.11 Finite-elcinciit model for the RC colunin specimen. 

152.4mm I 101.6timil - 

Axis of'symmelry along which the scismic eNcita(ion is 11](111ccd 

P 

43mm 

.4 I S2 4mmim 

Figure 5.12 Modelling ofcolunin cross-scclion for the RC column. 

- IN. 

As already mentioned, the rclill'Orccincrit bars are modclIcd by 3-nodc truss 

elements. The cross-sectional area of' the longitudinal hars is distributed to the nodes of' 

the column cross-section so as to be c(linvalcrit, in terms of' both cross-sectional area 

and location, to the fotir longitudinal bars ol'the real colunin (see FW. 5.12). The hars of 

tile transverse reinforccinent are also modelled it] a similar Way since Illcir cross- 

sectional area is distributed to ccrtain nodes of' the colunin's FE' model so its to be 
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equivalent, in terms of both cross-sectional area and location, to the actual transverse 

reinforcement bars of the real columns. 

5.3.2 RC frame 

Because the RC frames were subjected to one-dimcnsional excitations along the 
longitudinal axis of symmetry of the rectangle formed by the intersection of the base of 
the columns with the upper horizontal face of the shake table, only one half of each 
frame, namely the equivalent 2-D frame shown in Fig. 5.13, needs to be modelled. The 

FE model adopted for the 2-D frames is presented in Fig. 5.13. Each column of the 
frame is modelled by a 2x6 mesh of 27-node Lagrangian brick elements. The 

intersections of the horizontal and vertical members and the horizontal member itself 

(rigid slab) of the frame are also modelled by using 27-node Lagrangian elements (see 

Fig. 5.13), but they were forced to behave as rigid bodies by assigning to them a very 
large modulus of elasticity (that of steel). The mass attached to the frame was modelled 

as a concentrated mass assigned to the middle node of the elemcnt used to model the 
horizontal member of the structure. 

Once again, the symmetry of the column's cross-scction, enables only half of the 

cross-section to be considered (see Fig 5.14). Thus, it is possible to use a smaller 

number of FE's to model the specimen, so reducing the size of the numerical problem 

and minimizing the computational cffort needed for its solution. 

As in the previous case, the reinforcement bars are modelled by 3-node truss 

elements. The cross-sectional area of the longitudinal bars was distributed to all the 

nodes of the column cross-section so as to be equivalent, in terms of both cross- 

sectional area and location, to the four longitudinal bars of the real columns (see Fig. 

5.14). The transverse reinforcement bars are also modelled in the same way since their 

cross-sectional areas are distributed to the nodes of the column's FE model so as to be 

equivalent, in terms of both cross-sectional area and location, to the actual transverse 

reinforcement bars of the real columns. 
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Figure 5.13 Finitc-clonent model flor the RC fraille specillicils. 
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Figure 5.14 Modelling ofcolunin cross-scolon in the RC franic spccimens. 

5.3.3 RC wall 

The FE model adoptcd I'Or the RC structural wall is presented in Fig. 5.15 and it 

consist of a 3x]5 mesh of 27-nodc Lagranglan brick elements. As in all previous cases, 

the scisinic excitation Was induced along Ilic longitudinal axis ot'symnictry oftlic wall's 

cross-scctional arca (Fig. 5.16) and, by making use ofthe symmetry ofthc wall cross- 

section, only hall'ofthe wall needed to be analysed (see Fig 5.16). '1 lie clements oftlic 

FF inesh used to model the RC wall which correspond to the arca of' tile actual 

spccuncn where the additional masses are attached are assigncd material properties 

sunflar to those ofconcrctc but MV not allowed to exhibit any cracking (an assumption 

which best resembles the actual properties that the wall has In this area). I'liesc clements 

141 



Chaptcr 5 Numerical invcstigation ol'RC , itructurcs undcr carthquakc loading 

4080 

are highlighted in Fig. 5.15 with a lighter type of'shadow Crom the rest ol'the elements. 

The mass of the struCtUrc is modelled as a number of' concentrated masses and are 

assigned to certain nodes oftlic FF model as shown in Fig 5.15. 

As in the previous cases of structural forms, both the transverse and longitudinal 

reinforcement bars are modeled by 3-node truss elements. The area of each 

reinforcement bar is distributed to a number of nodes of' the FF model adopted so as to 

be equivalent in terms of both cross-sectional area and location with the reinforcement 

bars of the actual specimen. 

1360 

.............. 
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cmicenlraied mass 
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colicclitraled Illass 
12 loll, ý 

A 
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Figure 5.15 Finite-clement model ofthe RC wall specimcn. 
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Axis of'symmetry along which the scisjliic cxcitýlti()II is ill(IlIcccl 

loollill, 

900111111 

------------------------------------- --- ------------ 

Figure 5.16 Modelling OF M, wall's cross-sectiOll. 

5.4 Assessment of time-step used in the dynamic analysis 

An important fiactor that riceds to be considered bcf'()rc carrying out the dynarilic 

analysis is the assessment of an appropriate time step, since this has to be sufficicritly 

small in order to avoid the formation and closure of' a large number of cracks during 

each iteration, as the latter may lead to numerical instability ofthe solutloy, process. III 

order to assess an appropriate value for the time step, a representative simplified model 

of each RC form undcr investigation is considcrcd. 

III the case of the RC COIIIIIIII tile S1111plified I'lodel used in ordcr to describe tile 

response of the spwilicii is that shown in Fig. 5.17. The mass attached to the top ol'tile 

colunin is assurned to move only horizontally without cxhlbiting large rolatiolls or 

vertical motion. The structure model, flict-C1,01-C, may Consist ofa onc-degree-of-fi-cedoill 

system as shown in Fig 5.17. The stiffness K of the system is assumed to be: 

K=3-E-JIL flils analytical cxprcssion is base(] oil the beam theory and the assliMpIl'oll 

made by Bernoulli that states that plane sections through a hcam taken normal to its axis 

remain plaile after the beam is sub jected to bending. 13Y lis"19 this sn"Ifle model and 

various structural characteristics (such as the Young's modulus E, tile stiffiless 

K-3-E-11L ? and the mass M) given in Table 5.2, it is possible to assess tile (frequency) 

eigenvalue (t) - 
ýKIM and the period Tý (2 - Ir)1(0 of' tile structure. Based Oil these 
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values, one can estimate an appropriate value of' tile tinic step for use In tile dynamic 

analysis. The time step used is approximately one thirticth offlic pcriod oftlic struclure 

as lildicatcd in Tablc 5.3. 

Mass 

....... .............. 

--------------- 

--------------- 

-------------- 

--------------- 

FigUre 5.17 Representativc model oftlic RC column specimen. 

--------------------------- - (Stit'llicss) (Mass) (Figcnvaluc) (11criod) 

:F (MPa) :I( 1114 ): K (N/in) :M (kg) : (f) (cycles/scc) :T (see) : 

---------- ----------------------------------------------- - --------- 32000 0.000045 : 35516067 : 914 197 0.03 

---------- ---------- 
I ------------- I ---------- -------- -- Table 5.2 Structural characteristics tor the RC column model. 

T (Sec) Uscd ti me slcp AI (sec) Ay 
1, 

0.03 0.00 11 /30 

Table Assessniciit oftinic s(cp for the R('column model. 

Similarly to the case of the RC colmun, tile RC Frames may also he nlodcllcd by 

the simple siiitýIc-(Icgi-ce-of-t'rcc(loiiI system shown in Fig. 5.18 because all the mass of 

the structure can be assumed to be concentrated oil the hori/onial rigid incinher of' the 

frame and to exhibit only horizontal motion. By using this simple inodcl and varlous 

structural characteristics (SLICh as tile Young's Illodultis /,. *, tile stiff, 11css 

K=2 -(12 -E- I)IL" and the niass M) given in Table 5.4, It is possible to assess tile 

(frequency) cigcnvaltic (t) - 
VK-171v and tile period T- (2 

- Based oil thesc 

values, ail estimate for ail appropriate valtic oftlic time step to be used for the dynaillic 
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analysis follows. The time step used was approximately one hundredth of the period 
corresponding to the largest eigenvalue of the structure as indicated in Table 5.5. 

'F'(I) _N 

Figure 5.18 Representative one-degree-of-freedom system used to model the RC 
frame specimens. 

E (MPa) I (rn4) K(Nlm) M(kg) w (Cycles/sec) T (sec) 

31000 0.00283 28834228 15000 43.84 0.14 see 
Table 5.4 Structural characteristics for the RC frame wall. 

T (see) Used time step At (see) Atl 
IT 

0.14 0.00125 1/108 

Table 5.5 Assessment of time step for the RC frame wall. 

In the case of the structural wall the masscs are concentrated in three different 

areas of the structure and, hence, the model used to describe the behaviour of the wall is 

a three-degree-of-freedom system (in contrast with the one-degree-of-frecdom systems 
adopted for the previous structural forms). This is shown in Fig. 5.19. Each mass is 

assumed to exhibit only horizontal motion, and thus the RC wall has three (frequency or 
period) eigenvalues (instead of having just one as for the previous cases) (Table 5.6). 
Each of the eigenvalues corresponds to an eigenvector which can be looked upon as a 
component of the overall structural response. The most critical eigcnvector is that with 
the largest frequency or the smallest period. By adopting this smallest period, it is, 

therefore, possible to evaluate a suitable time step (see Table 5.7) for use in the dynamic 

analysis and ensure that the solution procedure will remain numerically stable and the 

predictions obtained will realistically describe the behaviour of the RC wall under 

earthquake loading. 
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4080 

Figure 5.19 Representative model of the RC wall specimen. 

Eigenvalue Frequency Period 

co (cycles/sec) T (sec 
I st 9.97 0.63 

2 nd 52.77' 0,119 

3 rd 110.175 0.057 

Table 5.6 Eigenvalues for the RC wall model. 

T (sec) Used time step At (see) Atl 
ZT 

0.057 0.000625 1/90 

Table 5.7 Assessment of time step for the RC wall model. 

The method used to carry out the numerical investigation (in all the case studies 

investigated in the current chapter) is the average acceleration method (y = 1/2 

and, 8 = 1/4 as shown in Table 3.1). This is an unconditionally stable method since the 

time step used does not affect the stability of the numerical procedure. Nevertheless, as 
discussed in section 3.2.2, the time step affects the accuracy of the results obtained. 
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5.5 Application of the earthquake load 

In the numerical investigations presented in this chapter, the earthquake load is 

applied incrementally as a force load rather than as a displacement load. Because the 

RC structural forms analysed are simple and can be modeled by systems with a small 

number of degrees of freedoms, the application of the external load in the form of force 

increments instead of displacement increments does not affect the accuracy of the 

predictions obtained. This can be shown by examining a simple 1-degree-of-freedom 

system, as in the case of the system adopted in order to model the RC frames. In Fig. 

5.20 the frame specimen is depicted at two different moments in time. Initially, for t= 

0, no load is applied to the frame specimen. For t= -r the specimen is subjected to 

earthquake loading in the form of the displacement ug of its foundation, with u, being 

the displacement (due to the deformation of the frame) of the concentrated mass 

considered to be situated at the geometric centre of the rigid beam connecting the two 

RC columns. Based on the above, the total displacement of the mass is equal to the sum 

of ug and u, i. e. 

U=U 
9 

+Ul (5.1) 

min 
WE m. m 

t--o t= z. 
FigUre 5.20. Frame specimen at time t=O and t=r. 

and, by differentiating equation 5.1 twice, a similar equation is obtained for the 

acceleration: 
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ii = ii + 51 (5.2) 

The current problem is a 1-degree-of-frcedom problem, since the mass of the 
frame has been assumed to be concentrated at the geometric centre of the rig . id beam 

connecting the two columns. Furthermore, the concentrated mass is assumed to be able 
to move only horizontally since the vertical component of motion may be assumed to be 

insignificant. Based on these assumptions, the equation of motion may be written as: 

m-ü+k-u, =O (5.3) 

where 
k is the sum of the stiffness of the two columns; and 

m is the concentrated mass situated at the geometric centre of the rigid beam. 

Depending on the selection of the method for applying the earthquake load to 

the frame, equation 5.3 may take the two forms described in the following: 

Form I- By using 5.2, equation 5.3 may be transformed as shown below: 

m-(üg +ü, )+k. 
u, =O => m. üg +m. ü, +k-u, =O => m. ü, +k-u, =-m-ü, (5.4) 

The resulting equation of motion takes into account the earthquake loading as a force, 

the value of which, at each time step, is equal with the of the value of the 

acceleration (provided by an accelcrogram) and the mass. The force is then applied 

incrementally at the node at which the concentrated mass is situated. 

Form 2- By using 5.1, equation 5.3 may be transformed as shown below: 

m. ü+k-(u-u, )=o => m-ü+k-u-k-u� =O =: > m-ü+k. u=k-u. (5.5) 

-In this case the equation of motion takes into account the earthquake loading as a 
displacement which is transformed into an equivalent load by multiplying its value by 

the stiffness of the frame. It can therefore be concluded that, for the case study currently 

examined, the application of the external load in the form of force increments (instead 
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of displacement) has no significant effect on the predictions obtained because, as 

already demonstrated, both options (when used for the analysis of systems with a small 

number of degrees of freedom) are equivalent and yield practically the same results. The 

same set of equations and the resulting conclusion can be extended to the rest of the RC 

structural forms investigated. However, it should be pointed out that this conclusion is 

not valid in the case of structural systems with multiple degrees of freedom. Such 

structural systems have a more complex response and the application of the seismic 

excitation either as a displacement load at the bottom of the structure or as a force load 

on the masses may give results with significant differences. 

5.6 RC column 

The RC column is initially analysed under static loading which is increased 

monotonically to failure in order to assess its load-carrying capacity, nonlinear response 

and mode of failure. Then, the behaviour of the RC column is investigated when 

subjected to a seismic loading similar to that to which its experimental counterpart had 

been subjected (Tekada ct al 1970). 

5.6.1 Static monotonic case study 

In the static monotonic case study, the RC column is initially subjected to an 

axial load (N) equivalent to the weight of the mass attached to the upper area of the 

specimen. This is followed by the application of a horizontal load (P). This load is 

applied incrementally on the level where the concentrated mass is attached, as shown in 

Fig 5.21. The base shear (P) is equal to the horizontal loads imposed on the column 

whereas the bending moment (M at the base of the wall is given by the product 
between the horizontal load (P) and distance of the point at which the horizontal load is 

imposed from the base of the column. An estimate of the specimen load-carrying 

capacity in the form of the maximum sustained bending moment at the base of the 

column and the maximum sustained horizontal load can be also obtained analytically. 

These estimates are presented in Table 5.8. 
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mollicill kN-m II 

609.6111111 1 forizontal lo, ad kN 26 

Table 5.8 F'StIlliatcs of' 111,1XIIIIIIIII 
sustaincd momcnt and horizontal Iorcc l'or 
Ilic RCcoltimn undcr mono(onic loading 

I. ' -IN i ý4urc 5.2 1 Fxlcrnal loading and rcactions 

l'or the RC column undcr monotonic loading. 

The numerical results obtained from the static case study are prescritcd in Fig. 

5.22 ill the form ol' a base shear ( V)-displaccment curve and a hending inollicill (AI)- 

displacenicrit curve, with the displacement bcing that of the node of' tile FF Illodcl to 

which the concentrated mass is attached. Based oil the data prescritcd ill these figurcs, 

the maximum values of base shear and bcriding nionicn( that the specimen is able to 

witlistand arc 26KN and 16KNm respectively, and agrcc, well with tile prcdlctiolis 

obtained from the design codes. 

The cracking patterns which l'Orm during the loading procedure are presented in 

Fig. 5.23. Cracks initially begin to appear in the bottom area of' the spccIIncII and 

gradually begin to ext,,, Li .,:, he applied load starts to increase. At some point during the 

loading procedure, the reinflorcernew bars in the bottorn area of' the colunin bcgin to 

yield, thus resulting In the formation ol'a plastic hinge which enables the specimen to 

exhibit ductile behaviour. Failure is firially caused due to the cxIcnsion ol'cracking in 

the lower part of the specimen. 
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Figurc 5.22 (a) Basc shear displaccinent curve I'Or the RU colunin specimen undcr 

static monotonic loading; (b) Basc moment displacenicnt curve I'Or dic RU column 

under static monotonic loading. 
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load step I load step 4 load step 5 load sicp6 load Icp 7 load step X load step 9 

(OkN) (6kN) (8kN) (lOkN) 12kN) 14kN) 16kN) 

T 

loadslcp 10 load step II load step 12 load step II 

( IXkN) (2OkN) (22kN) (24kN) 

Figure 5.23 Cracking pattcrns at various lcvcls ofex(crilal loading I'or Ific RC colujill, 

Under monotonic loading. 

5.6.2 Dynamic loading 

The acceleration record to which the RC colunin was subjected during the shake 

table test is similar to the El Centro 1940 acceleration record (Fig. 5.24), except that the 

tinic-1crigth was compressed by a sixth (nicaning that, although the original acceleration 

record lasted Ior 30 see, the one used in the experimental investigation and la(cr on in 
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the numerical investigation lasted for 5 see) and the values of the acceleration record 

were multiplied by a factor of 4.3 in order to achieve a maximum acceleration of 1.28g 

(instead of 0.3g of the original record), as presented in Fig. 5.25a. The experimental 

results are presented in Fig. 5.25 in the form to graphs in which the imposed base 

acceleration and the recorded displacement response of the mass are presented with 

respect to time. 

0.4- 

-- ------------ 
0.2--- -------------------------- 
0.1 ------ 0 

0 

---- 
ZO 5 

-0.1 - -- ---- 

------------ ----- r ------ 

-0.3 - -------- ------ -------------------- L 

-0.4 

t 

time (sec) 

Figure 5.24 Original El-Centro, acceleration record. 

Log 

-Log 

0.40in 

a) 

12345 Time (see) 
Figure 5.25 (a) Acceleration input used in shakc-table test and (b) resulting 

displacement response of the RC column. 

Approximately, the same acceleration record as that used in the shake-table 

experiment is adopted in the case of the numerical investigation (Fig 5.26). The 

response of the specimen predicted by the numerical investigation is presented in Figs 

5.27 and 5.28 in the form of displaccment-timc, and base shear-time curves. 
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Figure 5.26 Acceleration record input in the numerical investigation of the RC 

column. 
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Figure 5.27 Numerical predictions of the displacement response of RC column (a) in 

mm and (b) in inches compared with the maximum displacement predicted by the static 

monotonic case study. 

154 



Chapter 5 Numerical investigation of RC structures under earthguake loading 

40000 

30000 

20000 

I uuuu m 
0 

-10000 cc J2 
-20000 

-30000 

-40000 

---------- 

----------- -------- w 

time (sec) 

Figure 5.28 Numerical predictions of the base shear of the RC column compared 

with the maximum base shear predicted by the static monotonic case study. 

5.6.3 Discussion of the numerical results 

When comparing the experimental data of Takeda et al (1970) and the numerical 

predictions obtained from the FE analysis for the present case study, one would expect 

that some differences exist between the two. These differences might be due to the fact 

that the steel masses attached to the top end of the column have a large volume that may 

result in large rotations which probably cannot be prevented by the use of the steel rods 

used to tie the mass to the platform (shown in Fig. 5.1). Such large rotations could affect 

the measurements taken during the seismic excitation, resulting in the measurement of 
larger displacements than those actually exhibited by the specimen. During the shake- 
table test the displacements were measured by using an LVDT which was attached on 
the mass as shown in Fig. 5.1 and the rotation of the latter could have affected the 

measurements obtained. However, a first comparison between the experimental results 

presented in Fig. 5.25 with the numerical predictions presented in Fig. 5.27 show a good 

agreement in overall magnitude. 

Based on the experimental data presented in Fig. 5.25, the maximum 
displacement exhibited during the shake-table test was just over 0.4 in (or 10.1 6mm). 

This level of displacement in the static monotonic case study corresponds to an external 
load close to the load-carrying capacity of the specimen. This suggests that the lower 

part of the column suffirs from extensive cracking and at some point a plastic hinge 

forms due to the yielding of the longitudinal reinforcement in this area of the RC 
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structural form. As in the case of the experimental results, the numerical results 

obtained from the dynamic case study (which are presented in Fig. 5.27) also predict the 

same ductile type of behaviour since the maximum value of displacement stemming 
from the computations is approximately the same as that predicted by the shake-table 
test and the static monotonic case 6ust over 0.4 in or 10 mm). Therefore, all three 

sources of results predict the same type of behaviour and, in particular, the formation of 

a plastic hinge in the bottom area of the column that allows for ductile behaviour. 

Furthermore, this conclusion is further supported by the data presented in Fig 5.28 in 

which the maximum value of the base shear surpasses narrowly the maximum load- 

carrying capacity of the specimen under static loading. However, due to the formation 

of a plastic hinge in the bottom area of the specimen, it is impossible for the base shear 

to become much greater than the value of the maximum load-carrying capacity of the 

specimen. 

The numerical results predict failure of the RC structural form investigated afler 

exhibiting large deformations and the formation of the plastic hinge in the lower part of 

the specimen. Failure, during the numerical investigation, is considered to occur when 

the structure's stiffness matrix becomes non-positive definite. In the present case, this 

occurred due to the disruption of the continuity of concrete caused by excessive crack 

formation in the lower area of the column. AfIcr the severe destruction of concrete 

within the lower regions of the column, the actual structure used in the shake-table test 

may still have been capable of sustaining the induced excitation, as indicated in Fig. 

5.25, by resorting to alternative rLsistance mechanisms and also relying on the two 

prestressed rods used to tie the additional mass to the platform. However, this stage of 
behaviour - which, clearly, is neither stable nor sustainable - cannot be described 

analytically, as the development of such alternative resistance mechanisms are not 

allowed for by the analysis procedure developed and used in the present work. 
Nevertheless, the numerical model clearly serves the purpose of predicting, with 

sufficient accuracy, the maximum load and the maximum displacement of the specimen. 

The approximate time of failure of the spccimcn - an arguably less important parameter 

- is predicted at around I sec: it is interesting that it is around this time (i. e. between I 

and 2 seconds) that the experimental displacement of the column seems to experience a 

change in behaviour (see Fig. 5.25b) which might signal structural failure in a classic 
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sense, followed by some further response under more unstable conditions stemming 
from other more complex post-failure mechanisms. 

5.7 RC frame specimen W050 

The RC frame is initially analysed under static loading wbich is increased 

monotonically to failure in order to assess its load-carrying capacity, nonlinear response 

and mode of failure. Then, the behaviour of the RC frame is investigated under seismic 
loading which is practically identical to that to which its experimental counterpart had 

been subjected (Minowa el al 1995). 

5.7.1 Monotonic loading 

Frame W050 was initially subjected to a vertical load equal to the weight of the 

mass attached to the horizontal member of the frame. Then, a horizontal load was 

statically applied. Both these loads were imposed on the rigid horizontal element used 
to model the steel slab, at the location of the concentrated mass as shown Fig 5.29. The 

vertical load was imposed as a point load in one load increment, since it is only a small 
fraction of the axial load-can-ying capacity of the columns and does not lead to the 

formation of any cracks. The horizontal load was gradually imposed in 23 load 

increments in order to obtain as accurate a prediction of the nonlinear behaviour of the 

specimen as possible. Its value was increased until the specimen's- luad-carrying 

capacity was reached and failure occurred. 

The numerical results obtained from this run are presented in Fig. 5.30 in the 
form of a load-displacement curve, with the displacement being that of the loaded point. 
It should be pointed out that the analysis carried out does not allow for geometric 

nonlincaritics. As a result, the load-displacement curve of Fig. 5.30 (curve 1) does not 

take into account the P-A effect, which appears to be significant due to the large 

deflections occurring for load levels beyond 50kN. In order to estimate at which point 

of the loading procedure the geometrical nonlinearity (P-A effect) begins to have a 

significant effect on the numerical results, the additional moment (MP-A) due to the 
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horizontal displacement (A) of the vertical load is evaluated as MP-A =P -A and, from 

it, the equivalent correction for the horizontal load (V) is obtained as Mp-,, 1h (of 

course, this is done incrementally for every load step) (see Fig. 5.3 1). Then, by 

subtracting this load correction from the applied load and plotting it against the 

corresponding horizontal deflection, enabled the second horizontal load-displacement 

curve (curve 2 in Fig. 5.30) to be obtained. From curve 2, the load-carrying capacity 

was found to be 54.7 kN. 

I 

)mm 

Figure 5.29 External loading on the frame specimen W050 (refers to all frame 

specimens). 
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Figure5.30 External horizontal load -displacement curve for specimen W050 under 

static monotonic loading. 
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V 

Figure 5.31 Actions acting on a frame. 

5.7.2 Dynamic loading 

The dynamic load applied is in the form of an acceleration record, which is 

presented in Fig 5.32. It should be noted that the acceleration record used in the 

numerical investigation was only a part of the acceleration record (corresponding, 

roughly, to the last part of the excitation) actually used for the shake-table experiment 
(see Fig. 5.33). By inspecting the displacement and acceleration response of the mass of 
the specimen recorded during the shake-table experiments (see Figs 5.34 and 5.35), it is 

apparent that only small deflections and accelerations were recorded up to 

approximately the 18 th second of the seismic excitation. During this time, the behaviour 

of the structure was essentially elastic and, therefore, there was nothing of particular 

significance to monitor. Thus, the acceleration record used in the numerical 
investigation corresponds to that part of the original record that produced significant 

values of acceleration and deformation during the experiment. Within this stage of the 

experiment, the nonlinear response of concrete progressively becomes more and more 

pronounced, with crack formation and extension, eventually leading to failure. 

Obviously, the main reason for using only the latter part of the original 

acceleration record was the reduction of the computing cost, since the dynamic analysis 
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is an extremely time-consuming process. The adoption of only that part of the 

acceleration record after the 18 Ih second resulted in a more efficient use of the available 

computer resources, without compromising the aims of the numerical investigation. The 

response of the specimen predicted by the numerical investigation is presented in Figs 

5.36 to 5.39 in the form of displacement-time, vclocity-time, acceleration-time and base 

shear-time curves. 
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Figure 5.32 Acceleration record used in the numerical investigation of specimen 
W050. 
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Figure 5.33 Acceleration record used in the experimental programme for specimen 
W050. 
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Figure 5.34 Horizontal displacement response recorded during the shake-table 

experiment for specimen W050. 

Figure 5.35 Acceleration response recorded during the shake-table experiment for 

specimen W050. 
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Figure 5.36 Numerical horizontal-displacement response of specimen W050. 
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Figure 5.37 Numerical velocity response of specimen W050. 
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Figure 5.38 Numerical acceleration response of specimen W050. 
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5.7.3 Discussion of results 

In both the static and dynamic load cases the specimen's behaviour was ductile. 

Cracks formed within the top and bottom regions of each column since the bending 

moment was higher in these areas. As the external load increased, the cracks began to 

gradually spread throughout the whole column. Before failure, the longitudinal 

reinforcement yielded in tension in the upper and lower regions of the columns, thus 

enabling the specimen to exhibit large displacements. 

For the static-load case study, the ductile behaviour is indicated by the large 

displacements under small load increments characterizing the load-displacement curves 

of Fig 5.30 for load levels close to the load-carrying capacity. In the dynamic load case 

study, the ductile behaviour of the specimen is indicated in Figs 5.36 and 5.39 by the 

fact that, after the 21" second, the maximum deformation gradually increased with time 

(Fig. 5.36), whereas the maximum value of the base shear remained essentially constant 

(Fig. 5.39). Such behaviour is considered to indicate that the specimen had formed 

plastic hinges in the areas of maximum bending moment. Failure occurred at the 23 rd 

second soon after the load reached the specimen load-carrying capacity under static 

monotonic loading (see Fig. 5.40). The horizontal line in Fig. 5.40 represents the 

ultimate load-carrying capacity of the specimen when subjected to static monotonic 

loading (see Fig 5.30), whereas the curve is reproduced from Fig. 5.39 which shows the 

variation of the base shear with time obtained from the dynamic analysis. 
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Figure 5.40 Comparison of base shear under dynamic loading with the load-carrying 

capacity under static monotonic loading for specimen W050. 
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During the earthquake excitation in the course of the numerical investigation, 

the horizontal movement of the mass affected the magnitude of the axial load acting on 
each one of the columns of the frame (Fig 5.41). The initial axial load to which each 

column of the specimen was subjected was 7500ON and represented 17% of the axial 
load-carrying capacity of each column. The numerical results revealed that the axial 
load varied between two extreme values, approximately equal to 5500ON and 9500ON 
(respectively 11% to 21% of the axial load-carrying capacity of each column). 
However, as shown in Fig. 5.42, the above range of values of axial load does not seem 
to have a significant effect on the flexural capacity of the columns. 

Figure 5.43 presents the variation of the base shear of each column with time 

according to the analysis. In this graphical presentation, it is clearly shown that each 

column takes nearly half of the external loading throughout the whole loading 

procedure. Furthermore, it reveals that failure occurs almost simultaneously in both 

columns. These facts provide even further proof that both columns exhibited similar 
behavour regardless of the variation of the axial load. 
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Figure 5.41 Predicted variation of axial loading of the framc columns under 

earthquake excitation for specimen W050. 
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Figure 5.42 Variation of flexural capacity of frame column with axial load varying 
between 55 kN and 95 kN. 
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Figure 5.43 Predicted variation with time of base shear of framc under seismic 

excitation for,, -, r, -,, c-rncn W050. 

The numerical results are compared with their experimental counterparts in Figs 

5.44 to 5.47. Although the maximum values of the horizontal deflection assessed were 

slightly larger than those measured in the experiment up to the 23d second (Fig. 5.44), 

the maximum values of the acceleration (Fig. 5.45), the velocity (Fig. 5.46) and the base 

shear (Fig. 5.47) were practically the same up to the 23d second, when the analysis 

predicted failure. It should be noted that only displacement - and acceleration - response 

values were directly measured during the experiments, with the corresponding values of 

velocity and base shear shown in the figures being obtained indirectly. The velocity was 

obtained by differentiating the displacement record, whereas the calculation of the base 

shear was based on the use of the equation of motion. 
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It appears from Figs 5.44 to 5.47 that the numerical analysis predicted failure to 
have occurred at the 23d rather than at the 27 th second established experimentally. 
Although this discrepancy between the predicted and the measured values is not 

excessive, it may be interesting to draw a distinction between the definitions of the 

numerical failure and its experimental counterpart. During the shake-tabic experiments 
the loading procedure ended after the specimen had suffered severe destruction as 

concrete within the lower and upper regions of the columns had disintegrated. In fact, 

concrete disintegration may have been the cause of the abrupt increase of the vertical 
displacement of the frame slab which started just before the 24h second and increased 

rapidly thereafter as indicated in Figs 5.48 and 5.49. 

On the other hand, numerical failure is considered to occur when the structure's 

stiffness matrix becomes non-positive definite. In the present case, this occurred when 
the geometry of the columns changed dramatically due to the disruption of the 

continuity of concrete caused by excessive crack formation. 

It would appear from above that, after the severe destruction of concrete within 
the upper and lower regions of the columns, the real structure may have still been 

capable of sustaining, for a few seconds, the induced excitation, as indicated in Figs 

5.44 to 5.47, by resorting briefly to alternative resistance mechanisms. However, this 

stage of behaviour - which, clearly, is neither stable nor sustainable - cannot be 

described analytically, as the development of alternative resistance mechanisms such as 
the above are not allowed for by the analysis procedure, as explained earlier lur the- 

column study. Nevertheless, the numerical model clearly serves the purpose of 

predicting, with sufficient accuracy, the maximum load and displacement values 

attained, and the approximate time of failure of the specimen. The extent of the damage 

caused to the four columns of the RC frame in the shakc-table test after inducing the 

seismic excitation can be seen in Fig. 5.50. From these figurcs, it is evident that the 

concrete in the upper and lower areas has suffered extensive disintegration and that the 

specimen prior to failure has resorted to alternative resistance mechanisms in what 

could be considered as post-failure (in a classic structural sense). 
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Figurc 5.44 Numerical and cxpo-imental displacement response ofthe sliccinicil 

W050 under scismic cxcitation. 
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Figure 5.50 Failure of1he I'our columns of fi-Mlle sPecillic" W050. 
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5.8 Specimen W105 

As in the casc of' speciincii W050, the bchaviour of' spccimen W105 is 

investigated numerically, first under slatic monotonic loading in order to estimate its 
load-carrying capacity, and tlicii undcr carthquakc loading. Thc numerical results are 

compared with experinicntal data in order to verily the results obtained ll'oni the 

nuincrical investigation. 

5.8.1 Monotonic loading 

The predictions 66r the behaviour ol'speclivien W 105 are presented in Fig. 5.51 

ill the florin ol'a load-displaccinent curve, with the displaccinciit hcIng that ol'the loaded 

point (see fig. 5.29). As ill the previous case Study, the numerical analysis (foes [lot 

allow f'or geometric nonlinearitles. Thus, file original load-displaccillent curve (curve 

ill Fig. 5.5 1) (foes not take into account the P- A cf*fccl, which appears to be sipm I- ,, icant 
due to the large dc1lections occurring for load levels beyond 50kN. I lowcvcr, curve 2 

corrects this by taking under consideration the cf'IccI 01, the large displacement (III the 

approximate manner described ill section 5.7.1 ) ; ill(], Ill doing so, predicts that the load- 

carrying capacity ol'the specimen is approximately 50 kN. 
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Figure 5.5 1 I-xiernal load displaccinent curve for spccimen W105 under static 

111ollotollic loading. 
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5.8.2 Dynamic loading 

The acceleration record applied to specimen W105 appears in Fig 5.52. For the 

same reasons stated for the case of specimen W050 in section 5.7.2, the acceleration 

record adopted in the numerical investigation was only a part of the acceleration record 

actually used for the shake-table experiment (see Fig. 5.53). The experimentally 

recorded horizontal displacement and acceleration responses are depicted in Figs 5.54 

and 5.55 respectively. The response of the specimen predicted by the numerical 
investigation is presented in Figs 5.56 to 5.59 in the form of displacement-time, 

velocity-time, acceleration-time and base shear-time curves. 
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Figure 5.52 Acceleration record used in the numerical investigation for specimen 
W105. 
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Figure 5.53 Acceleration record used in the experimental program for specimen 
W105. 
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Figure 5.54 Horizontal displacement response recorded during the shake-table 

experiment for specimen W 105. 
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specimen W 105. 
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Figure5.57 Numerical velocity response of specimen W105. 
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5.8.3 Discussion of results 

As in the case of specimen W050, the behaviour of specimen W105 in both the 

static and dynamic load cases was ductile. The cracking procedure predicted is similar 

to that exhibited by specimen W050. Cracks formed within the top and bottom region of 

each column since the bending moment was higher in these areas. As the external load 

increased, the cracks began to gradually spread throughout the whole column. Before 

failure, the longitudinal reinforcement yielded in tension in the upper and lower region 

of the columns, thus allowing the specimen to produce large displacements. 

For the static-load case study, the ductile behaviour is indicated by the large 

displacements under small load increments characterizing the load-displacement curves 

of Fig 5.51 for load levels close to the load-carrying capacity. In the dynamic-load case 

study, the ductile behaviour of the specimen is indicated by the fact that, after the 20'h 

second, the maximum deformation gradually increased with time (see Fig 5.56), 

whereas the maximum value of the base shear increased at a much lower rate (see Fig. 

5.59). Such behaviour is considered to indicate that the specimen had formed plastic 
hinges in the areas of maximum bending moment. Failure occurs near the 24, h second 

when the load reached the specimen load-carrying capacity under static monotonic 

loading (see Fig. 5.60). The horizontal line in Fig. 5.60 represents the ultimate load- 

carrying capacity of the specimen when subjected to static monotonic loading (see Fig 

5.51), whereas the curve is reproduced from Fig. 5.59 which shows the variation of the 

base shear with time obtained from the dynamid anaiyýis. 

The numerical results are compared with their experimental counterparts in Figs 

5.61 to 5.64. Although the maximum values of the horizontal deflection assessed were 

slightly larger than those measured in the experiment (see Fig. 5.61), the maximum 

values of the acceleration (see Fig. 5.62), the velocity (see Fig. 5.63) and the base shear 

(see Fig. 5.64) were practically the same up to the 24th second, when the analysis 

predicted failure. It should be noted that only displacement - and acceleration - response 

values were directly measured during the experiments, with the corresponding values of 

velocity and base shear shown in the figures being obtained indirectly. The velocity was 

obtained by integrating the acceleration record or by differentiating the displacement 
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record, whereas the calculation ol'the base shear was based on the use ol'the equation of' 

Illotioll. 

80000 

60000 

40000 

20000 

.C0 

-20000 
AOOOO 

-60000 

-80000 

time (sec) 

............... 

Figure 5.60 Comparison ol'basc shear under dynamic loading willi load-carrying 

capacity under static monotonic loading I'or specinicii W105. 

It appears from Figs 5.61 to 5.64 that the nuillcrical analysis prCdlctcd 1,1111111-C to 

have occurred near the 24'li sccond rallicr than at the 27' 11 sccolld cstahlisllcd 

experiniciltally. Although this discrepancy boween the predictcd and the incasured 

valucs is not excessive, the reasons I'M this difTcrence have been stated in scction 5.7.3 

during the discussion of' the results of' specimen W050. As in the case of' W050, tile 

experimental data show that allcr the 24"' second concrete disintegration may have been 

the cause of' the abrupt increase of' the vertical displacement of' the Franic slah which 

started bel'ore the 24"' second and Increased rapidly HICI-callcr as indicated ill Fi 

5.65 and 5.66. The extent ol'the damage caused to the lour columns ol'the RC 1ranic in 

the shakc-tabic test aficr inducing the scismic excliallon is seen in Fig. 5.67. From these 

figUrcs it is evident that the concrete in We "pKr and lower area Ims sunbred cxWnjvc 

disintegration and that the specimen prior to I'ailurc has resorted to allcrumlivc resistance 

mechanisms which cannot be modelled by the existing software (hut, which, arguably, 

are beyond the iiitcrcst of' structural (Icsig"C"s as they are associate(] will) post- Ca If tire 

responsc). 
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5.9 Specimen W 170 

Similarly to the previous case studies, the behaviour of' specinicil W 170 is 

investigated initially under static monotonic loading in order to obtain an eslimate ofits 
load-carrying capacity. This is 1'()Ilowcd by a comparative study between flic numcrical 

in order to vci-ily the validity and and experimental results under cartliquakc loading 

accuracy ofthe results obtaincd from Ilic numerical investigation. 

5.9.1 Monotonic loading 

The predictions for the behaviour of specimen W 170 are presented In Fig. 5.68 

in the I'Orm ot'a load-displaccrimit curve, with the displacenicrit being thal ot'llic loaded 

point (see fig. 5.29). As in the previous case Studies, the analysis Carried Out does not 

allow I*or geometric nonlinearities and Ilici-cl'Ore Ific load-displaccivicrit curve of' Fig. 

5.68 (curve I) (foes not take into account the P- A cl'l'cct, which appears to he signi 1-icant 

clue to the large dellections occurring I'Or load levels beyond 50kN. Nevertheless, curve 

2, takcs into account the clTect of' the large displacement (in the approximate wly 

dcscribcd carlier) and, in doing so, predicts Ilial the load-carrying capacity of' the 

spccimcn is approxmiatcly 52.5 kN. 
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FigUre 5.68 Fxternal load displaccincnt curve Ior spcclinen W 170 undcr static 

1110110follic loading. 
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5.9.2 Dynamic loading 

The acceleration record applied to the numerical study of the frame specimen 
W170 is presented in Fig. 5.69. As in the previous study cases, the acceleration record 

used in this numerical investigation was only a part of the actual acceleration record 

used for the shake-table experiment (shown in Fig. 5.70). The displacement and 

acceleration response recorded during the shake-table test are presented in Figs 5.71 and 
5.72, whereas the response of the specimen predicted by the numerical investigation is 

presented in Figs 5.73 to 5.76 in the form of displacement-time, velocity-time, 

acceleration-time and base shear-time curves. 
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Figure 5.69 Acceleration record used in the numerical investigation of specimen 
W170. 
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Figure 5.70 Acceleration record used in the experimental programme for specimen 
W170. 
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Figure 5.71 Ilorizontal-displacement response recorded during the shake-table 

experiment of specimen W 170. 
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Figure 5.73 Numerical horizontal-displacement response of specimen W 170. 
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Figure5.74 Numerical velocity response of specimen W170. 
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Figure5.75 Numerical acceleration response of specimen W170. 
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5.9.3 Discussion of results 

Although the behaviour exhibited by the RC frame specimen W170 under static 

monotonically applied loading is ductile, when subjected to earthquake loading the 
behaviour of this frame does not exhibit the same level of ductility. During the static 

monotonic case study cracks form within the top and bottom regions of each column 

since the bending moment was higher in these areas. Ilowcver, as the level of external 
loading increases, due to the lack of sufficicnt transverse reinforcement, cracks began to 

gradually spread throughout the whole column at a rate much higher than that exhibited 
during the previous RC frame investigations. 

For the static monotonic case study, the ductile behaviour is indicated by the 

large displacements under small load increments characterizing the load-displaccment 

curves of Fig. 5.68 for load levels close to the load-carrying capacity. When subjected 

to earthquake loading, both experimental and numerical results (presented respectively 
in Figs 5.71 and 5.73) predict that the horizontal deflections exhibited by the RC frame 

until the 16th second (which coincides with the time at which failure is predicted in the 

numerical investigation) are approximately the same as those exhibited under 

monotonic static loading (see Fig. 5.68). The base shear, however, as calculated in the 

dynamic case study, never exceeds the maximum value of base shear established under 

static monotonic loading at any time up to and including the predicted failure (in the 

16th see - see Fig. 5.77). This behaviour can be explained by the fact that, when the RC 

frame specimen W170 is subjected to high load reveisais during the application of the 

earthquake excitation, the lack of sufficient transverse reinforcement leads to a gradual 
decline of the specimen's load-carrying capacity due to the extensive crack formation 

along the whole height of the columns of this frame specimen. 

A comparison of the experimental data with the results obtained from the 

numerical investigation is presented in Figs 5.78 to 5.81. It can be seen that the 

maximum values of horizontal deflection (Fig. 5.78), acceleration (Fig. 5.79), velocity 
(Fig. 5.80) and base shear (Fig. 5.8 1) are approximately the same for both experimental 

and calculated values up to the 16'h second, when the analysis predicted failure. At this 

point it should be noted that, as in the case of frame specimens WOSO and W105, only 
displacement - and acceleration - response values were directly measured during the 
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cxpcriments, with the comsponding values of' vclocity and hasc slicar shown in the 

figurcs being obtained indirectly as explained in scclions 5.73 and 5.83. 
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Figure 5.77 Comparison ol'basc slicar undcr dynamic loading Willi load-carrying 

capacity undcr static monotonic loading Ior specinicii W 170. 

It appears from Figs 5.78 to 5,81 that the numerical arialysis predicted Iallure to 

have occurred near the 16"' second rather than the 21" second established 

experimentally. The likely reasons 1,61- this dif], crence are the same as those stated In the 

previous case studies, ill which the behaviour offrame specimens W050 and W 105 was 

Investigated. During these Investigations, it was pointed out that lallure ill file numerical 

analysis (11011-positive definite SlIfTness matrix ol'thc FF model ofthe RC 1'ranic) has I 

different meaning Crom the failure ill the sliakc-table experiment (total collapse of' the 

RC 1rarric specimen allcr exhausting all alternative resistance Iliccliall [sills). The Im-pc 

spacing oftlic transverse reirif'Orcernent (I 70inin, when flic side dimensions ol'thc cross- 

section ofeach column are 130min) causes exlensivc cracking to rapidly l'orm ill cach 

column of' the 1rame, which then extends I'l-olil top to 110110111 When sublected to load 

revcrsals during the seismic excitation. At some point, this cracking causes file 

spcClIllell's stiffness Illatrix to become 11011-positivc (ICI-11111C and the analysis to 

terminate. As in the two prcvlotis specimens, the cxpaimcnial data reveal that concrete 
disintegration may havc hccn dic Cause of' 111 abrupt Increase of' the Vertical 
displacement of' the 1ranic which slaricd just bclorc Ilic 19"' second and incrcased 

rapidly therealtcr (we Figs 5A2 and 523) Inding lo the collapse ol'thc RU Frame, I& 

darnage caused to the Rvur columns of the RU bune ancr Wkwe is shown in fig. 5AT 

'rhcsc Figures inthcale that fbihme was caused hy extensive cracking which characleri/es 
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the whole height ofthe columns and is it direct conscquoice offlic absence of'sul'ficient 

transversc rcinf'orcenicnt. 
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Figure 5.78 Numerical and experiniciltal displaccinent response ot'llic specillicil 

W170 under scismic cxcitation. 
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If:. (, :ýH 

Figure 5.84 Fallure mode oftlic I'Mir columns offranic specimen W 170. 
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5.10 Specimen W280 

As in the casc studics invcstigating the bchaviour of Ilic previous thr-cc fratile- 

specimcns (W050, W105 and W170), the bdiaviour of specimen W280 is also 

investigatcd undcr both static monotonically applicd loading and under cartlicluakc 

loading. The numerical rcsults obtaincd arc then compared willi Ilic cxpcrinlcntal dala. 

5.10.1 Monotonic loading 

The predictions f'or the bchavlour of' Specimen W280 undcl- Static monotonically 

applied loading are presented in Fig. 5.85 in the form of' a load-displacement curve 

(aiýaln, the displaccirient is Ihat of' the loadcd point shown in fitý. 5.29). As in the 

prcv['OLIS Case StUdics, the analysis carried out (foes not allow Im geometric 

nonlincaritics (CLII-VC I in Fig. 5.85), but stich P-A effects sccin to be insignificant in the 

case ol'spccimcn W280 duc to the I'act that this li-ame does not exhibit large deflections 

prior to Imilurc. This is confinned by rel'crericc 10 CUrve 2, which takes into account the 

clTect of any large displacements, and which is practically identical to curve 1. The 

numerical investigation predicts a sudden I'ailure when the external load reaches 42 kN. 
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Figurc 5.85 Fxtcrnal load (lisl)lilcclllcllt cill-vc I'(), - spcclincii W280 undcr slatIc 

11101101ollic loading. 
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5.10.2 Dynamic loading 

The acceleration record applied to specimen W280 is depicted in Fig 5.86. For 

the reasons stated in the investigation of the previous frame specimens, the acceleration 

record used in the numerical investigation was only a part of the acceleration record 

actually used for the shake-table experiment (see Fig. 5.87). The displacement and 

acceleration response measured during the shake-table test are presented in Figs 5.88 

and 5.89, whereas the response of the specimen predicted by the numerical investigation 

is presented in Figs 5.90 to 5.93 in the form of displacement-timc, velocity-time, 

acceleration-time and base shear-time curves. 
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Figure 5.86 Acceleration record used in the numerical investigation of specimen 
W280. 
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Figure 5.88 Horizontal displacement response recorded during the shake-table 

experiment for specimen W280. 
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Figure 5.89 Acceleration response recorded during the shake-table experiment for 

specimen W280. 
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Figure 5.91 Numerical velocity response of specimen W280. 
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Figure 5.92 Numerical acceleration response of specimen W280. 

Figure 5.93 Numerical base shear-time curve of specimen W280. 
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5.10.3 Discussion of results 

In contrast with previous case studies, in which the behaviour of the RC frames 

under static monotonically applied loading was found to be ductile, specimen W280 

exhibits a brittle type of behaviour prior to failure. Cracks form within the top and 
bottom regions of each column since the bending moment is higher in these areas. 
However, as the external load increases, the cracks began to rapidly spread throughout 

the whole length of the columns due to the absence of transverse reinforcement. This 
leads to a sudden, brittle type of failure after the frame undergoes only a small fraction 

of the deformation exhibited by frame specimens W050, W105 and W170. 

In the dynamic case study, the horizontal deflections exhibited by the RC frame 

during the shake-table experiment (Fig. 5.88) and those predicted by the numerical 
investigation (Fig. 5.90) are approximately the same as those that exhibited under static 

monotonic loading at failure (Fig. 5.85). However, the base shear calculated in the 
dynamic case study never exceeds the maximum value of base shear established under 

static monotonic loading at any time up to and including the moment when failure is 

predicted (after the 9'h see - see Fig. 5.94). The explanation for this kind of behaviour is 

the same as that stated in the previous case study since the present specimen has even 
less transverse reinforcement than frame specimen W 170. Thus, the observed behaviour 

can be explained by the fact that, when the RC frame specimen W280 is subjected to 
high load reversals during the application of the earthquake excitation, the lack of 

sufficient transverse reinforcement leads to a gradual decline oi the specimen's shear 

capacity due to the extensive formation of cracks along its height. 

The numerical results are compared with their experimental counterparts in Figs 

5.95 to 5.98. Good agreement between experimental and calculated quantities can be 

seen for the maximum values of horizontal deflection (Fig. 5.95), acceleration (Fig. 

5.96), velocity (Fig. 5.97) and base shear (Fig. 5.98) up to just after the 7th second, 

when the analysis predicted failure. As in the previous case studies, only displacement 

and acceleration response values were directly measured during the experiments, with 
the corresponding values of velocity and base shear shown in the figures being obtained 
indirectly as already explained. 
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Figurc 5.94 Comparison of hasc Shear undcr dynamic loading with load-carrying 

capacity under static monotonic loading I'Or spcclnicn W280. 

It is evident firom Figs 5.95 to 5.98 that the numerical analysis predicted failure 

to have occurred just aficr tile 9' 11 second radier than the 14" second cstahlished 

experimentally. The reasons I'm this difTel-ClIcc are tile saille as those stated III file 

previous case studics which pointed to the dit'lel-cill nicalling ol, 1,1111tire III tile 1111111crical 

analysis (non-posItIvc definite stilllicss Illatrix of' file 11" Illodel of' tile RC fi-aille) and 

the experiment (total collapse ol'the IW Cranic specimen aller exhausting, all alternative 

resistancc mechanisms). The large spacing of' file transverse reinl'Orccinciit (280min, 

whereas the side dimensions of' the cross-sccilon of' each colunin are I 30nim) causes 

extensive cracking to rapidly f'OrIll III each Column of' file I'l-allic which extends 11,0111 top 

to bottom as load reversals occur during file selsillic cXCI1,111011, Causing at sonle Point 

the specimen's stifTncss inatrix to beconic non-posiliNc dchnite and tile analysis to 

terminate. The experimental data reveals that concrete disinicgralion may havc caused 

the abrupt increase of We vwOwd dkphccmcni of ! he Name which startaljnw aRc"hc 

IT)i second and increased rapidly thereafter leading to collapse of' the RC frame as 

indicated in Figs 519 and 5A ME Ile dainage causal to the lour colunins of' the RU 

frame a Iler I'm I Lire is shown in I ̀ig. 5.101. The se figures indicate that Im It jrc was i ii(Iced 

caused duc to cxtensivc cracking which characicrizes the whole licight oftlic colunills 

and is related to the absencc ol'sull'icient transverse rcinforcement. 
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5.11 RCivall 

5.1 1.1 Monotonic loading 

As in the previous case mudW the hchaviour ofthe wall specimen is initially 

investtgalcd under static monotonically applied loading. Ali axial load (N) is applied oil 

the top face of the RC wall approximately equal to 25 kN and three equal horizonlal 

bads (P) are applied incrementally oil the level of each floor as shown in Fig 5.102. 

, rhe base shear (1) is equal to We stun of' [he horizontal loads acting oil tile wall, 

whereas the hendirig nmnwm (An at Te Nise of We %vall (We nmmcm) is gkTn hy tile 

surn of the pnQucls of each horkontal bad P and the distance ofthe point at which the 

holi/ontal load acts From tile hasc of' tile \\A]. 

N 25 kN 

360nim 

100011111) 
10SO1111)) 

300111111 

1000111111 

1720min 

360mm 

1000111111 

Figuic 5.102 

ýT-jm 
I-Aternal loading and rcactions on RC wall. 

Tile numerical results ohtaincd fi-0111 III's 1-111, are presented III Figs 5.103 and 

5.104 in the form of' base shear (V) - d1SI)I, 1CC111C11t Mid hending moment (Af) - 
displacement Curves, will) Ille displacements being those ofeach Iloor. In contrast with 

the previous spccimens investigated, the gConictrical nonlillearitics have little effect oil 
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the behaviour of the wall and therefore can be ignored without any loss of accuracy. 
From these figures, the maximum values of base shear and bending moment that the 

specimen is able to withstand are 64kN and l60kNm respectively. 
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Figure 5.103 Base shear - displacement curve for the wall specimen under static 

monotonic loading. 
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Figure5.104 Base moment- displacement curve for the wall specimen under static 

monotonic loading. 

198 



Chaptcr 5 Numerical invcstigation of'R(' structurcs undcr cartliquakc loading 
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Figurc 5.105 Cracking paticnis for the wall spccimen at v, 11iolls lcvcls ()t, cxlcrnal 

loading. 
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The cracking patterns which form during the loading procedure (up to failure) 

are presented in Fig. 5.105. Cracks initially begin to appear in the bottom area of the 

specimen and gradually extend as the applied loads increase. During the loading 

procedure, cracking progresses to the lower area of the second level of the wall. At a 
level of external load close to the wall's load-carrying capacity, the longitudinal 

reinforcement bars situated in the lower area of the wall begin to yield, thus resulting in 

the formation of a plastic hinge which allows the wall to exhibit ductile behaviour prior 
to failure. However, failure is caused due to the extension of cracking in the 

compressive zone in the lower part of the specimen. 

5.11.2 Dynamic loading 

As in previous case studies, the dynamic load is applied in the form of an 

acceleration record (as described in page 143 by equation 5.4) and applied to each one 

of the three concentrated masses attached to the FE mesh modeling the RC wall. The 

acceleration record used is presented in Fig 5.106. The response of the specimen during 

the experimental investigation is presented in Figs 5.107 to 5.110 in the form of 
displacement-time, acceleration-time, base shear-time and base moment-time curves. 

Despite the fact that, in the previous case studies, it was assumed that the energy 

lost during the motion exhibited by the RC frames under earthquake loading was 

primarily due to nonlinear behaviour of the materials involved (concrete and steel), in 

the p; ýzciit case study this assumption is modified. The reason for this modification is 

the existence of a secondary structure (steel frame) which interacts with the RC wall 
during the shake-table test. As shown in Fig. 5.7, the steel frame is used in order to 

support the weight of the additional masses attached to the RC wall. During the shake- 

table test as the wall begins to move in response to the earthquake loading, so do the 

additional masses. The motion exhibited by each mass, results in the development of 
frictional forces acting between each mass and the corresponding floor of the frame. 

Therefore, it can be argued that a percentage of the total energy of the RC wall is lost 

due to the work of the frictional forces and the overall interaction between the RC wall 

and the steel frame. This additional loss of energy is accounted for in the numerical 
investigation by using a suitable damping matrix C. However, because it is difficult to 
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accurately quantify the percentage of energy lost due to the interaction, three different 

values of Care considered 0,5, and 10 (in units of kN-nVscc). 

The response of the RC wall predicted by the numerical investigation for these 

three values of C is presented in Figs 5.111 to 5.113 in the form of displacement-time, 

base shear-time and base moment-time curves. In each of these a comparison between 

the experimental (obtained from the shake-table test) and the numerical results in an 

effort to define which of the three previous values of C allows the numerical 
investigation to yield the results closest to those obtained from the actual shake-table 

test. By observing the results presented in these figures, it can be concluded that it is for 

C=5 (kN-m/sec) that the numerical and experimental data agree most closely. 
Furthermore, typical results describing the response of the RC wall predicted from the 

numerical investigation for C equal to 5 kN-m/sec in the form of velocity-time and 

acceleration-time are presented in Figs 5.114 to 5.115. 
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5.11.3 Discussion of results 

Comparing the maximum values of response displacements (of each floor) base 

shear and base moment recorded during the shake-tablc test (Figs 5.107,5.109 and 
5.110) with their counterparts calculated by the FE package in the monotonic static case 
study (Figs 5.103 and 5.104) and the earthquake loading case studies (Figs 5.111 a and 
5.113b), one can conclude that they show good correlation (see also Table 5.9). In all 
cases, cracks form within the bottom region of the wall since the bending moment is 

highest in this area. As the level of external loading increased, the cracks began to 

gradually spread to the bottom area of the second level of the RC wall. Before failure, 

the longitudinal reinforcement yielded in tension in the lower region of the wall, thus 

resulting in the formation of a plastic hinge which allowed the specimen to produce 
large displacements and to exhibit ductile behaviour. 

Maximum value Shake- 

table test 

Static 

monotonic 

case study 

Earthquake 

case study 
C=O 

Earthquake 

case study 
C=5 

Earthquake 

case study 
C=10 

Base shear (kN) 60 63 80 68 62 

Base moment (kNm) 160 160 200 150 160 

1" floor response (mm) 8 7 7.5 8.5 9.5 

2 nd floor response (mm) 29 17 22 25 30 

3 rd floor response (mm) 47 29 40 40 50 

Table 5.9 Comparison between experimental and numerical results. 

For the static monotonic case study, the ductile behaviour is indicated by the 
large displacements under small load increments characterizing the load-displaccmcnt 

curves of Fig 5.103 for load levels close to the load-carrying capacity. In the 

experimental results, the ductile behaviour of the specimen is indicated in Fig 5.107 by 

the fact that, practically from the beginning of the shakc-table test, the maximum 
deformation gradually increased with time, whereas the maximum values of the base 

shear (see Fig 5.109) and of the base moment (see Fig. 5.110) increased up to a certain 
level and from there onwards remained practically constant. Such behaviour is 

considered to indicate that the specimen forms a plastic hinge in the areas of maximum 
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bending moment (the base area of the RC wall) that is the key factor which allows the 

wall to exhibit ductile behaviour. 

According to the experimental results, the specimen is able to withstand the 

whole of the seismic excitation without collapsing. Ilowevcr, when observing the base- 

shear curve with time (see Fig 5.116) and the base-moment curve with time (see Fig 

5.117), and by comparing them to the maximum value of base shear and base moment 
in the static monotonic test, it can be seen that during the seismic excitation the wall is 

subjected to large load cycles close to its load-carrying capacity even at very early 

stages of the shake-table test. This conclusion is further supported by the fact that the 

maximum values of displacement exhibited by the wall during the shakc-table test are 

also close to those predicted by the static monotonic case study prior to failure. This 

results in the formation of extensive cracking near the base of the column. As already 

mentioned in previous case studies, failure (during the numerical investigation) is 

considered to occur when the structure's stiffness matrix becomes non-positive definite. 

In the present case, this occurred due to the disruption of the continuity of concrete 

caused by excessive crack formation in the lower area of the RC wall. After the severe 
destruction of concrete within the lower regions of the column, the actual structure used 
in the shake-tabic test was still capable of sustaining the induced excitation, as indicated 

in Fig. 5.107, by resorting to alternative resistance mechanisms. Ilowevcr, this stage of 
behaviour - which, clearly, is neither stable nor sustainable - cannot be described 

analytically, as the development of such alternative resistance mechanisms arc not 

allowed for by the analysis procedure developed hrid used in the present work. 
Nevertheless, the numerical model clearly serves the purpose of predicting, with 

sufficient accuracy, the maximum load and the maximum displacement of the specimen. 

The comparison of the numerical results from the dynamic analysis with their 

experimental counterparts are presented in Figs 5.11 la to 5.113b. This comparison 

reveals that both experimental and numerical results show good agreement until the 

point at which failure is predicted by the numerical investigation. Though failure is 

predicted prematurely in the numerical investigation (in the 2"d second of the seismic 

excitation when C=0 kN. m/scc, in the Oh see when C=5 kN-m/scc and just after the 

I Oth see when C= 10 kN-m/sec), in comparison with the shake tablc-test which lasts the 

full length of the seismic excitation, the numerical results are able to predict the 
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maximum values of displacement and base shear exhibited during the shake table-test. 

As already mentioned, the maximum values of deformation and base shear calculated 
during the dynamic analysis and measured during the shake-table test practically reach 

the level of their counterparts predicted in the static monotonic case study very early 
during the application of the seismic excitation. This behaviour leads to an early 
formation of cracking in the lower area of the specimen extending from the one side of 

the wall to the other, eventually resulting in the stiffness matrix of the structure 
becoming non-positive definite and the analysis terminating. 
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By comparing the numerical results obtained from the analysis for the three 

values of C, one can conclude that for C=0, (Figs 5.111 a and 5.111 b) the specimen is 

predicted to fail during the 2 nd see of the seismic excitation; however, when C is equal 
to 5 or 10 kN-m/scc (Figs 5.112a, 5.112b, 5.113a and 5.113b), failure is predicted 
during the 6h and I Oth second respectively. The reason for this difference in the time at 

which failure is predicted is that, in the first case (C = 0), energy is assumed to be 

absorbed only due to the nonlinear behaviour of the materials involved (concrete and 

steel), thus resulting in a more rapid disintegration of the concrete medium of the 

structure, especially in the bottom area of the RC wall (where the bending moment is 

greatest) which leads to premature failure of the RC wall. When taking into account 
damping by assuming that C is equal to 5 or 10 kN-m/scc, energy is now also absorbed 
due to the work of the damping forces acting on the structure. This results in a reduction 

of the energy absorbed due the material nonlincaritics, thus allowing the structure to fail 

later in the loading procedure. The use of damping in the present case study provides a 

more realistic approach in investigating the behaviour of the RC wall under earthquake 
loading because it is able to account for the loss of energy due to the interaction 

between the RC wall and the steel frame (and, also, due to the motion of the additional 

masses resting on each floor of the frame). Ilowevcr, it should be pointed out that the 

energy lost due to damping is relatively small when compared to the energy lost due to 

the nonlinear behaviour of the materials involved. 

5.12 Conclusions. 

Based on the case studies investigated in the present chapter, it can be concluded 

that the nonlinear FE solution procedure is numerically stable and able to yield realistic 

predictions for the behaviour of RC concrete structures under earthquake loading. The 

application of the earthquake load incrementally, as force loads on the masscs of the 

structures (rather than as displacements on the base of the structures) have a small cffcct 

on the predicted response since the structural forms investigated can be modelled as 

systems with a small number of degrees of freedom. 

In contrast with the majority of FE models, the one adopted in the present work 
is able to predict when failure occurs during the loading procedure and at which point 
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does the RC structural form have to resort to alternative resistance mechanism due to 

the gradual disintegration of the concrete. Failure in the numerical investigation usually 

precedes that of the experimental investigation. The reason for this is that failure in the 

shakc-tabic test is equivalent to partial or total collapse of the structure under 
investigation, whereas in the numerical investigation failure corresponds to extensive 
damage (disintegration) of concrete to such levels that the structure has to turn to 

alternative resistance mechanisms such. This type of behaviour cannot be described by 

the FE model since the extensive cracking results in the formation of a non-positive 

stiffness matrix and the termination of the solution procedure. 

The proposed FE model is able to realistically predict the maximum values of 

the displacement exhibited by the RC structural forms investigated and its load-carrying 

capacity under earthquake loading. Furthermore, it is able to accurately identify the 

causes and mechanisms of failure in each case study investigated. 
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Chapter 6 

Numerical investigation of concrete under impact loading 

6.1 Introduction 

Subjecting a concrete specimen to high rates of loading has proven to lead to a 

substantial increase of the load-carrying capacity of the specimen when compared with 
its static ultimate strength. This increase mainly depends on the rate at which the load is 

imposed; in fact, the higher the loading rate is, the larger the increase of the specimen's 
load-carrying capacity becomes. This dependence has been established from a large 

number of experimental investigations carried out over the past century (Abrams 1917, 

Jones and Richart 1936, Evans 1942, Katsuta 1943,1944, Thalow 1953, Watstcin 1953, 

1955, Tekada 1959, Tekada and Tachikawa 1962,1972, Ban and Muguruma 1960, 

Ilatano and Tsutsumi- Lundeen 1963, Iloribe and Kobayashi 1965, Cowcl 1966, 

Atchley and Furr 1967, Hughes and Gregory 1972, Mahin and Bertero 1972, Wcsche 

and Krause 1972, Sparks and Menzies 1973, Bresler and Bcrtcro 1975,11jorth 1977, 

Kvirikadze 1977, Popp 1977, llughcs and Watson 1978, Fagcrlund and Larsson 1979, 

Paulman and Steinert 1982, Fcritto 1982, Krawinklcr and Moncarz 1982, Millstcin and 
Sabanis 1982, Dilger el al 1984, Rostay el al 1984, Ahmad and Shah 1985, Malvcm el 

al 1985, Oh and Shin 1987, Jawed et al 1987, Yamaguchi el al 1989, Ross et al 1989, 

Gran el al 1989, Bischoff et al 1990, Ross et al 1995,1996, Bischoff and Perry 1995, 

Gary and Bailly 1998, Grote et al 2001), most of which are summarized by Bischoff 

and Perry (1991). All these experimental investigations arrive at the conclusion that 

there is a definite link between the loading rate and the specimen's load-carrying 

capacity. This relationship, however, depends on a number of parameters which vary in 
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all experimental investigations carried out to date. The most important of these 

parameters are the uniaxial static strength of concrctefi, the size and shape of the 

specimen, the moisture content and the loading technique used. The variation of these 

parameters is the main source of scatter that characterises the experimental data. 

The work presented in this chapter is intended to demonstrate that the use of a 

constitutive model capable of realistically describing the nonlinear behaviour of 

concrete under static loading (such as the model used in the present work) is also 

capable of predicting the behaviour of concrete specimens under high loading rates. As 

already discussed in Chapter 2, all material models used to date for describing the 

nonlinear behaviour of concrete under high loading rates account for strain-ratc 

sensitivity and strain softening. In contrast to these models, the material model used in 

the present work not only does not account for strain softening (since, as described in 

Chapters 2 and 3, it describes a brittle type of failure once the peak strcss level is 

reached) but, also, it assumes that the mechanical properties of concrete are not linked 

to the rate of loading. 

To this end, the aim of the numerical investigation presented in this chapter is, 

on the one hand, to demonstrate the reliability of the FE model used even in this 

complex area and, on the other hand, to investigate the cffects of the rate of loading on 

the specimen's behaviour and, in doing so, to explain the causes of these cffccts. 

6.2 Experimental results 

Over the past century, a number of experiments have been carried out in order to 

investigate the behaviour of unconfined concrete specimens when subjected to high 

rates of uniaxial compressive and tensile loading. The results arc summarized in Figs 

6.1 for the case of uniaxial compressive loading (Bischoff el al 1990, Bischoff and 

Perry 1991, Ross et al 1995 and 1996, Bischoff and Perry 1995, Gary and Bailly 1998, 

Grote et al 2001) and 6.2 for the case of uniaxial tensile loading (Cowell 1966, Reinhart 

1982, McVay 1986, Ross et al 1989, Brara et al 2000 and Cadoni ct al 2001). Based on 

the available experimental data and the use of various rcgrcssion-analysis techniques, a 

number of curves have been proposed which describe the increase of concrete's strength 
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under high rates of uniaxial compressive or tensile loading. Typical such curves arc 

presented in graphical form in Figs 6.3 and 6.4. 
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From Figs 6.1 to 6.4 it is evident that the increase of the loading rate beyond 

certain levels leads to a substantial increase of the specimen strength. I lowcvcr, because 

the experimental data are charactcriscd by considerable scatter, especially for the case 

of compressive loading, it is extremely difficult to derive a law able to accurately 
describe the increase of the strength of concrete with the loading rate. As a result, it is 

also very difficult to define with accuracy the level of loading rate at which this increase 

of strength commences. In compression, many researchers reported an increase in their 

specimens' strength at strain rates as low as 10-' see-', while others recorded an 
increase of their specimens' strength at much higher rates, between 10 see-' and 

100sec-'. There are also differences regarding the magnitude of the strength increase 

under certain levels of strain rate reported by different researchers. Many parameters 

such as, for example, the experimental techniques used for the tests, the shape, size and 

moisture content of the specimens, the different types of concrete used, ctc, vary from 

experiment to experiment. This variety of characteristics contributes to the scatter which 

characterises the experimental data, and adds to the difficulty in interpreting these data 

in order to understand the behaviour of concrete at high rates of loading. 

6.3 Selection of structural forms investigated 

As an alternative to an experimental investigation, the behaviour of a concrete 

specimen under high rates of compressive or tensile loading may be investigated 

numerically by nonlinear dynamic analysis based on the FEM. Such an investigation 

forms the subject of the work described in the present chapter. The structural form used 
for this purpose is a concrete prism, similar to the concrete specimens used in the 

various experimental investigations carried out to date on this subject. The specimens 

are assumed to be fixed at their bottom face and they arc subjected to an axial load 

applied at their upper face, through a rigid steel platcn with the same cross-scction (see 

Fig. 6.5); fixity is achieved by imposing zero displacements in all three coordinate 

directions for all the nodes which make up the face of the element. It is assumed that 

concrete and steel arc fully bonded at their interface. The prism height is 253mm and its 

cross-section has a side of 100mm. The platen's height is 200mm. The strength of 

concrete is assumed to be 30 MPa. 
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In order to cxplain Ilic lichavlour exillhilcd Ily the Concrete spcCillicil dic 

dynamic problem must bc vicwcd its a wavc-propilgill loll prohIcIll. BY Imposing the 

cxternal load in the uppcr arca of the spccilncli, it Suess wave is cl-catcd which is 

transferred initially If-om the arcil whCre dic extcl-11,11 load is 1111poscd towards the 10\\Cl 

part of' tile specimen. Because tile specillicil is I-Ixc(I at (lie bo(toln, the S11C. "s wavc 

bounces off the hottom surflicc of' Hic specimen and, theref'Mc, mo\cs back tilmards. 

Once file stress wave reaches the top of'(Iic specimen, it bomiccs back down again. The 

wavc is therefore trapped by the boundary coliditiolls Imposed Oil the specillicl) and 

Illoves 1,1,0111 top to bottom and vice versa. 

The velocity ofthe stress wave is given by 

where 

GE is the shear modulus ol"conci-cic 
2- (I + v) 

p is tile density of' tile Concrete ", I)CCIII)CII 

By assuming that Ilic Poissoll ratio ", 111c slic, " 1110(itilLIS (i and IIIC dCnSilY /I of 

concrete Liscd it re 0.2,13.3 ( PPa an (1 2-100 Kg/m' reslicc I iý cIy, iI ic ve I ocity of iI ic strcss 

wavc is found to bc v, 2354 in/sec. Bascd on the facl that the height of' the concrcte 
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specimen used in the present numerical investigation is 253 mm, the time needed for the 

stress wave to move from top to bottom is approximately 0.000 1 sec. 

6.4 FE modelling 

Both the concrete prism and the steel platen (shown in Fig 6.5) arc modelled by 

using the 27-node Lagrangian element. A 3xlxl mesh is used for the concrete prism 

and a lxlxI for the steel platen (see Figs 6.6 and 6.7). The use of a sparse FE mesh 

contrasts with what other investigators have used previously. Usually, a dense FE mesh 
is preferred in order to model the concrete specimen with finite elements as small as 2- 

3mm (Thabet and Haldane 2001, Koh et al 2001, Li and Meng 2003). However, the 

philosophy upon which the FE model used in the present work is based is different and 
does not employ small finite elements (Kotsovos and Pavlovic 1995). The material 

model adopted is based on data obtained from experiments in which concrete cylindrical 

specimens were subjected to various triaxial loading conditions. Thus, these cylinders 

constitute a "material unit" for which average material properties are obtained and 
hence the volume of these specimens provides a guideline to the order-of-magnitude of 

the size of the FE which should be used for the modelling of concrete structures (in the 

present instance the structure is a prism specimen). Furthermore, each Gauss point of 

the FE must correspond to a volume having a size which must be at least three times the 

size of the largest aggregate used in the concrete mix in order to provide a realistic 

representation of concrete rather than a description of its constituent materials. Finally, 

the use of a dense FE mesh with a large number FE's would create complications in the 

crack-opening and crack-closure procedure adopted by the present FE model, since the 

number of potential cracks that need to form or close during each iteration increases 

significantly with the increase of the Gauss points used in the FE mesh. This increases 

the danger of numerical instability in the solution process. 

The mass of the specimen is divided into equal parts considered to be 

concentrated either on the FE element nodes located on the longitudinal axis of 

symmetry of the specimen (model A) or on all FE nodes (model B). In the case of 

model A, only mass displacement in the direction of the applied load (i. e. along the axis 

of symmetry) is allowed and hcnce it is sufficient to analysc only one quarter of the 
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6.5 Application of Loading 

In the present work the effect of the rate of loading is allowed for by controlling 
the imposed load. The load is imposed incrementally at the beginning of each time step. 
In order to vary the rate of loading, the load increments are kept constant and the time 

step is varied. For the case of model A, because of the four-fold symmetry, only one 

quarter of the element is modelled and a load increment equal to 0.4 kN is used for each 
time step. For the case of model B, however, the four-fold symmetry does not hold as 
the masses have three degrees of freedom, and hence the whole specimen must be 

modelled, thus making it necessary to impose four times the load used in the previous 

case (i. e. 1.6kN). In Chapter 7 other ways of imposing the external load will be adopted 

and their effect on the specimen behaviour under impact loading will be investigated. 

In the literature there is considerable confusion regarding the way the loading is 

applied and described, and also how this is measured. For this rcason several 

possibilities are investigated later on in the present chapter. To remove any uncertainty, 
their definitions are as follows: 

1. Applied strain rate: calculated as the average rate of displacement exhibited by 

the very top of the specimen divided by the length of the whole specimen. 
2. Maximum value of average strain rate: calculated by dividing the specimen 

into zones by using the nodes along the axis of symmetry and by evaluating 
. 4- - which one of these zones exhibits the largest average strain rate. 

3. Average strain rate: evaluated at the mid-height region of the specimen. 
4. Applied stress rate: defined as the load increment applied in each time step 

divided by the cross-sectional area of the specimen and the length of the time 

step used. 

6.6 Case studies investigated 

The main characteristics of the cases studies of the present FE investigation are 

summarised in Table 6.1. These characteristics arc the type of the FE model, the method 

of control of the rate of loading, and the type of loading. 
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Case study FE model Control Loading 

I A Force Compressive 

2 B Force Compressive 

4 A Force Tensile 

5 B Force Tensile 

Table 6.1 Main characteristics of case studies. 

6.7 Compressive-loading case studies 

6.7.1 Numerical results 

The results of case study I are sununarizcd in Figs 6.8 to 6.14, whereas those of 

case study 2 appear in Figs 6.15 to 6.21. Figures 6.8 and 6.15 show the imposed stress- 
displacement curves obtained for various rates of loading. The variation of the load- 

carrying capacity maxPd (normalized with respect to its value under static loading 

maxP, ) with stress rate is presented in Figs 6.9 and 6.16, whereas the variation of 

maxP, 1maxP, with the average strain rate is shown in Figs 6.10 and 6.17. The variation 

of the maximum strain mared (normalized with respect to its values under static loading 

maxc, ) at the maximum sustained load (which, in these case studies, also implies 

maximum strain) with the stress rate appear in Figs 6.11 and 6.18, and with the applied 

strain rate in Figs 6.12 and 6.19. Finally, the variation of the maximum displacement 

maxi5d exhibited by the top face of the specimen (normalized with respect to its values 

under static loading maxb, ) at the maximum sustained load with the stress rate are 
indicated in Figs 6.13 and 6.20, and with the applied strain rate in Figs 6.14 and 6.2 1. 

At this point it is considered worthwhile to definc the meaning of the terms 

"applied stress rate" and "applied strain rate" which arc used in the presentation and 

analysis of the numerical results that follow. Based on the fact that the external load is 

imposed during cach time step in load increments, the applied stress rate is defined as 

the load increment applied in each time step divided by the cross-scctional area of the 

specimen and the length of the time step used. On the other hand, the applied strain rate 
is defined as the average value of the rate of axial displacement exhibited by the top 
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face of the specimen throughout the duration of the loading procedure divided by the 

height of the specimen. 
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Figure 6.8a Applied stress-displacement curves for stress rates up to I 00, OOOMPa/sec 

for case study 1. 
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Figure 6.8b Applied stress-displaccmcnt curves for stress rates greater than 

200, OOOMPa/sec for case study I (the lower rates of loading arc included in Fig. 6.8a for 

purposes of comparison); the duration of each loading is also included for each of the 

curves. 
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Figure 6.9 Variation of maxPImaxP, with applied stress rate for case study 1. 
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Figure 6.15b Applied stress-displacemcnt curves for stress rates greater than 

200, OOOMPa/sec for case study 2 (the lower rates of loading arc included in Fig. 6.15a 

for purposes of comparison); the duration of each loading is also indicated for each of 

the curves. 
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Figure 6.21 Variation of max6,1maxc5, with applied strain rate for case study 2. 

6.7.2 Discussion of numerical results 

By comparing the numerical results obtained from case studies I and 2, it is 

evident that the different modelling of the specimen results in significant differences in 

the predictions regarding the behaviour of the specimen. Figures 6.22 to 6.28 present a 

comparison of the results obtained from the two models in the form of stress- 
displacement curves exhibited by the specimen for different rates of loading. These 

figures have been extracted from Figs 6.8a, 6.8b, 6.15a and 6.15b. Each figure presents 
the curves obtained from the two case studies for the specimens under the same stress 

rate. In Figs 6.22 and 6.23 both specimens seem to exhibit the same behaviour. 

However, as the stress rate increases, a difference in the behaviour of the tVU'., OWmcns 
begins to appear (see Figs 6.24 to 6.28). The specimen in study case 2 seems to have a 
larger load-carrying capacity and to exhibit a larger deformation before failure than the 

specimen used in case study I under the same stress rate. This difference in behaviour is 

more clearly seen in Figs 6.29 to 6.3 1. From the above results it can be concluded that, 

for stress rates up to 100,000 MPa/scc, the predictions obtained from the two models arc 
identical (see Fig. 6.23), and that differences in the predictions of the two models begin 

to occur for stress rates over 200,000 MPa/scc: (see Fig. 6.24). 

Figure 6.30 shows that both models (A and B) predict a decrease of marjd of the 

top face of the specimen with respect to its static countcrparts, for strcss rates ovcr 
100,000 MPa/sec. Ilowevcr, model A suggests that afIcr around 1,000,000 M Pa/scc the 
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value of mar6d stablizes to as low a value as 20% of that predicted for static loading 

max6,. In contrast, the use of model B leads to the conclusion that, when the mass is 

uniformly distributed to the whole FE mesh and active in all three directions, the niar3d 

exhibited by the specimen for stress rates over 100,000 MPa/scc also decreases but at a 

much smaller rate than that predicted by model A, reaýhing a minimum of mardd of 
50% (instead of 20% as in model A) of the corresponding value under static loading. In 

addition, for stress rates over 1,000,000, MPa/sec, max5dfor model B gradually begins 

to increase (instead of stabilizing as in model A). Additionally, the numerical data 

presented in Fig. 6.31 reveal that model B predicts an increase of the maximum value of 

strain exhibited by the specimen before failure mared, while model A predicts that this 

value remains constant, unaffected by the rate of loading. 
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Figure 6.22 Comparison of applied strcss-displacemcnt curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to I O, OOOMPa/scc. 
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Figure 6.23 Comparison of applied stress-displacemcnt curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to I 00,00OMPa/sec. 
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Figure 6.24 Comparison of applied stress-displacement curves obtained from cases 

study I (dark line) and 2 (light line) for a stress rate equal to 200. OOOMPa/scc 
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Figure 6.25 Comparison of applied stress-displacement curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to 400, OOOMPa/scc 
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Figure 6.26 Comparison of applied stress-di. splaccmcnt curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to 1.000.000M Pa/scc 
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Figure 6.27 Comparison of applied stress-displacement curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to 2,000, OOOMPa/sec. 
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Figure 6.28 Comparison of applied strcss-displaccmcnt curves obtained from case 

study I (dark line) and 2 (light line) for a stress rate equal to 4,000, OOOMPa/sec. 
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Figure 6.29 Comparison of the variation of load-carrying capacity (maxild), 

normalized with respect to its value (maxP, ) under static loading, with applied stress 

rate obtained from case studies 1 and 2. 
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Figure 6.30 Comparison of the variation of maximum axial displacement exhibited by 

the specimen (maxbd), normalized with respect to its value (max6, ) under static loading, 

with applied stress rate obtained from case studies I and 2. 
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Figure 6.31 Comparison of the variation of maximum axial strain exhibited by the 
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with applied stress rate obtained from case studies I and 2. 

The cause for the difference in the behaviour predicted by the two models 

appears to relate to their different modelling of the specimen mass. It will be recalled 

that, in the case of model A, the specimen mass was Jumped at the mesh nodes situated 

on the longitudinal axis of symmetry and was allowcd one degree of freedom in the 

longitudinal direction; while, on the other hand, in the case of model B, the mass was 

equally distributed at all the mesh nodes and was allowed three degrees of freedom. 
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In practice, when an external load is applied onto a concrete specimen, an 
internal complex stress field develops. This complexity of the stress field is due to the 

non-homogeneous nature of the material characterized by the existence of microcracks. 
At the tips of the microcracks, high concentration of tensile stresses form and, once the 

tensile ultimate strength of concrete is overcome, the cracks extend in the direction of 

the maximum principal stress. This extension offers relief to concrete, as it is followed 

by a decrease of the value of the tensile stresses acting at the crack tips (see Fig. 6.32). 

The extension of the cracks continues as the applied load increases. Ilowcvcr, a stage is 

reached when the edges of the microcracks meet, and larger cracks (macrocracks) begin 

to form. The microcracking procedure is responsible for the nonlinear behaviour of 

concrete whereas macrocracking corresponds to localized failure of the material. The 

macrocracking procedure ultimately leads to the failure of the specimen. 

At the final stages of macrocracking the specimen exhibits an increase in lateral 

strain. In the static tests this lateral deformation is exhibited in the mid-height region of 

the specimen (see Fig. 6.33); however, and as it will be discussed later on, this is not the 

case in the dynamic tests and especially when high rates of loading arc involved. 

Because of the high rate of compressive loading imposed on the specimen, the lateral 

strain rate must also be high. In case study 2, bccause the mass is distributed throughout 

the FE mesh and is active in all three directions, it reacts to the lateral deformation 

trying to restrict it. Hence, the reaction of the mass slows down the cracking process at 

these final stages and, in doing so, allows the specimen to increase its strength. In case 

study 1, on the other hand, the mass is not distributed throughout the FE mesh and is 

active only in the direction of the external load. Because of this, the mass is unable to 

respond to the lateral deformation of the specimen and, therefore, failure occurs earlier, 

the deformation being smaller than that exhibited by case study 2. 

For high rates of loading where the duration of the loading procedure is less than 

0.0001 sec (which coincides approximately with the estimate made in section 6.3 for the 

time needed for the stress wave to travel from the top to the bottom of the specimen), 

the numerical results presented in Fig 6.34 reveal that the failure of the concrete 

specimen precedes the development of substantial reactions since the stress wave is 

unable to reach the bottom of the specimen. In this case, it is realistic to assume that the 

external load does not affect the whole specimen but only a part of it extending to a 
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level which the stress wave is able to rcach ill the tillic that tile loading, procedure lasts. 

For low rates of loading, where the duration of' tile loading proceduic Is Intich 

than 0.000 1 see, the wave reaches the bottom of tile speclincil, bounces off it and starts, 

to travel backwards and forward inside tile specilliell trapped by the Imposed boundary 

conditions. Because of this, the stress wave affects tile wiloic of' tile concicte specilliell 

and this adds to the compicxity of the stress field which dc,. -clops inside the specinicn. 
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Figure 6.32 Microcracking proceduic 
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with time obtained from case study 2. 
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By ftirther analysing the numerical data obtained from case study 2, and by 

examining the displacements exhibited by the specimen during the duration of the 
loading procedure, it is possible to make an assessment of the part of the specimen 
affected by the external loading. The numerical results rcfcr to the axial displacements 

of the nodes located on the longitudinal axis of symmetry of the specimen (nodes 30 to 
35) and the lateral displacement exhibited by the nodes situated at the middle of one of 
the four side faces of the specimen (nodes 9 to 14) (see Fig. 6.35). These numerical 
results are presented in Figs 6.36, which show that, as the rate of loading increases (over 

the value of 200, OOOMPa/sec) the displacement (both axial and lateral) of the nodes 
close to the bottom of the specimen gradually decreases. In the case of very high rates 

of loading (over 400,000 MPa/scc) this displacement becomes very small (even 

negligible) compared with the displacements exhibited at the upper part of the 

specimen. It appears, therefore, that the numerical results presented in Figs 6.36 indicate 

that the upper part of the specimen deforms far more than the lower part of the specimen 

when subjected to high rates of compressive loading. 

This conclusion is further supported by the data presented in Fig. 6.37, in which 
the distributions of axial strain and displacements exhibited by the specimen prior to 
failure are presented. By calculating the axial displacements of nodes 30 to 35 (see Fig. 

6.35) it is possible to evaluate the axial strain in the areas in between the nodes. Thc 

figures show that, as the rate of loading increases, the maximum axial strain and 
displacement exhibited in the lower area of the specimen start to decrease when 

compared with their values obtained from'iiýcls'tatic test. This decrease continues until, 

at some point, both axial strain and displacement in the lower part of the specimen 
become practically zero. Based on these observations, it can be concluded that the 
distribution of axial strain exhibited by the specimen prior to failure is not as uniformly 
distributed along the height of the specimen as it is in the static case. Furthermore, 

whereas the axial displacement exhibited by the specimen along the axis of symmetry is 

linear for the static case (Fig 6.38a), it becomes nonlinear for the dynamic case (Fig. 

6.38b), while for high rates of loading the displacement at the nodes in the lower part of 

the specimen becomes negligible (Fig 6.38c). 
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The same conclusion is reached by inspecting Fig 6.39 which shows the 
deformed shapes and the cracking patterns of the specimen at different rates of loading 

prior to failure. This figure clearly indicates that, for high rates of loading (stress rates 
greater than 200, OOOMPa/sec) at the final stages of the dynamic loading, cracking 
occurred within the upper part of the specimen instead of the mid-hcight area as in the 

case of static loading. Based on the numerical data presented it is possible to conclude 
that the behaviour of the specimen under impact loading is very different from that of 
the same specimen under static loading. 

It is useful to define the effective height hff of a specimen as that portion of its 

height which is affected by the stress wave created by the impact loading. As the rate of 

applied loading increases, hff decreases. This decrease of the effective height coincides 

with the increase of the specimen strength. Here, it is interesting to compare this with 

what is known from experimental investigations of the static behaviour of cylindrical 

concrete specimens under uniaxial compressive loading; these static data revealed that 

the maximum sustained load depends on the height-to-diameter (h1a) ratio of the 

specimen; in fact, it has been found that the specimens are characterized by a substantial 
increase in strength when the height-to-diametcr ratio decreases below 1.0 (see Fig. 

6.40) (Neville 1973). 
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Figure 6.40 Experimental relationship between the static strength increase and the 
height-to-diametcr ratio (h1d) of cylinders under uniaxial compression. 

The same static problem is now investigated numerically. Concrete prisms, with 

a square cross-section of 100mm x 100mm, are subjected to uniaxial compressive 
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loading. The FE modelling of the specimen is the same as that used in case study 1. The 

compressive load is applied monotonically through a rigid steel platen situated on the 

top of the concrete specimen. The numerical results are presented in Fig. 6.41 which 

presents the relationship between strength and h1d ratio. The increase in strength is 

found to become substantial once h1d becomes less than 1. This increase is caused by 

the interaction between the rigid-steel platens used to apply the external load and the 

concrete specimen, which, as discussed in section 3.4.3, results in the development of a 
triaxial compressive state of stress that leads to an increase in concrete strength. 
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Figure 6.41 Relationship between the static strength increase and the height-to- 

diameter ratio (h1d) of cylinders under uniaxial compression obtained from the 

numerical investigation. 

A similar phenomenon to the above static case occurs when subjecting concrete 

prism spcci, -. nC. -, -, to uniaxial compression at high loading rates. The analysis of the 

numerical predictions revealed that, at high rates of loading, only the upper portion of 

the specimen is affected by the external load, whereas the rest of the specimen remains 

practically unaffected. Based on the numerical predictions, the deformation exhibited by 

the upper part of the specimen (where the external loading is imposed), under high 

loading rates, is significantly greater than that exhibited by the lower part. As the rate of 
loading increases, the height of the portion of the specimen h, (cO ctive height) 

affected by the external load decreases. However, when comparing the relationship 
between the increase of strength with the h1d ratio for the static loading case (Figs 6.40 

and 6.41) with the relationship between the increase in strength obtained from case 

study 2 (Fig. 6.42) it is obvious that the increase in strength under dynamic loading is 

much larger. The height h,, ff is defined as the distance that the stress wave travels inside 
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the specimen during the loading procedure and is calculated by multiplying the length 

of time that the loading procedure lasts with the velocity of the stress wave. Based on 

these results, it can be concluded that the inertia of mass (both axial and lateral) under 
dynamic loading has a dominant effect on the specimen strength although one must not 
dismiss the effect of the h,. Old as insignificant. 
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Figure 6.42 Relationship between the strength increase and the h,, dratioobtaincd 

from case study 2. 

6.8 Tensile-loading case studies 

6.8.1 Numerical results 

The results of case studies 3 and 4 describe the behaviour of the concrete 

specimen (see Fig. 6.5) under high rates of uni., '.,. '. -, ansile loading. The FE models 

adopted for case studies 3 and 4 are presented in Figs 6.6 and 6.7 respectively. These 

are summarized in Figs 6.43 to 6.47. Figure 6.43 shows the strcss-displaccmcnt curves 

obtained for various rates of loading. The variation of the load-carrying capacity maxPd 
(normalized with respect to its value under static loading maxP, ) with stress rate is 

presented in Fig. 6.44, whereas the variation of load-carrying capacity with the average 

strain rate is shown in Fig. 6.45. The variation of the strain at the maximum sustained 
load maxed (which, in the present case study, also implies maximum strain) normalized 

with respect to its static counterpart maxe, with the stress rate is indicated in Fig 6.46. 

Finally, the variation of the axial displacement at the maximum sustained load mart5d 

normalized with respect to its static counterpart maxJ, with the stress rate appears in 

Fig. 6.47. 
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6.8.2 Discussion of numcrical rcsults 

Because case studies 3 and 4 yield identical results, it can be concluded that in 

direct tension tests the different distribution of the mass used in models A and B does 

not have a significant effect on the numerical predictions obtained for the specimen's 
behaviour. This can be explained by the fact that in tension, unlike compression, the 

concrete specimen does not exhibit an increase in lateral deformation in the final stages 

of the test. This is prevented due to the brittle nature of concrete and, also, due to the 

fact that the tensile strength of concrete is only a small fraction of its uniaxial 

compressive strength. Failure, therefore, occurs before any significant lateral 
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deformation can develop in the specimen and, thus, the effect of the inertia of mass in 

this (lateral) direction is insignificant. 

6.9 Comparison between numerical and experimental results 

6.9.1 Compressive-loading case studies 

Figures 6.48 to 6.52 provide a graphical comparison of the numerical results 

obtained in the present work with their experimental counterparts. The numerical results 

suggest that the loading rates begin to affect the behaviour of the specimen only at high 

rates of loading. For strain rates less than I s" the effect of the loading rate remains 

negligible but, when the strain rate exceeds I to 10 s", the loading rate begins to have a 

significant effect on the specimen behaviour. This effect becomes more pronounced 

when the imposed loading rate becomes even higher. Although all these experimental 
investigations arrive at the conclusion that there is a definite link between the loading 

rate and the specimen's load-carrying capacity, there are still a number of factors whose 

effects have not yet been clearly established. Such factors are the experimental 

technique used to impose the load, concrete quality (expressed in the form of the 

uniaxial cylinder compressive strength (f, ) of concrete under static loading), and the 

size, shape and moisture content of the spccimcns used. In Chapter 7 the effects of each 

one these factors (apart from the moisture content) will be investigated in order to 

establish their effect on the specimen behaviour under impact loading. 

By comparing numerical results obtained by the FE model from case studies I 

and 2 with the data gathered from various experimental investigations, it is possible to 

conclude that there is good agreement between analysis and experiment (see Figs 6.48 

to 6.52). However, the scatter that charactcriscs the experimental data does not allow 

one to identify which of the two study cases provides the closer fit to the experimental 
data. Both case studies yield results well within the scatter. However, for extremely high 

rates of loading there appears to be some divergence between analysis and test data. Part 

of it may be due to the fact that the numerical investigation is carried out by using a 

specimen with specific dimcnsions, f, and method of loading, which are all parameters 
that vary in different experimental investigations. This deviation is clearly observed 
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only in Fig 6.48 which shows the variation with 111C applicd Strain ratc, 

whercas in Figs 6.49 to 6.52 this deviation is not appaicnt. 

During tile comparativc study between 1111111crical and CXI)Clill)Clltll ICS1111s, olic 

must keep ill mind that, because a Iligh-rate loading test has all extremely short dulatiOll, 

it is difficult to obtain accuratc measurements. This is particularly iclevant I'm tile case 

of tile Impact loading tests 111,11 were earned out from tile cady 40's to tile 80's, which 

may not havc been as accurate as those performed ývlth modern equipment. 

Furthermore, measuring strains ill the illid-licight region of' tile specilliell is based Oil tile 

assumption that tile specimen behaves as for tile Case 01, static loading (\, \'Illcll was 

shown not to be the case - see section 6.7.2). This may CXplaill why Inally experimental 

Investigations carried out before the 80's report I significant Increase ,I ilicil- spccIIIIcII 

strength at low strain rates. Although III static tests the specimen has a more 11110,01111 

distribution ofstrain along Its height, I'Or the case oflilgh loading rate the IoN%ci- pal-I of 

the specimen dc1lorms significantly less than the uppel- part. 'HICI-C1,01-C, the straill 

measured In the mid-height region of' the specimen may be considcrably less Ilmn that 

that is actually cxhibited in the upper part. 
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Figure 6.48. Compari soil of, 1111111cf-IL-al and CXI)CIIII)CIltal Icstill's. 
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Figure 6.49 Comparison of numerical and experimental results. 
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Figure 6.50. Comparison of numerical and experimental curves. 
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In Fig 6.53 a rcladonship is presented hetwecii and differently 

evaluated strain rates. By comparing the three resulting relationships, it is obvious that 

they are significantly different. By comparing these iclationships k%ith the experimental 

dwa in Figs 6J3 and N51 it k oRkms Tal to reloWship ho"voi Me nuugAmnll, 

and the maxinunn value ofavcragc Main nue is the relationslup wNch is West to We 

expcdmcnml dam. 

The measuring technique used Ill order to evaluate the a"'Crage straill is also 

important and may be a maJor source of' Scatter ill tile experimental dala. The teclilliqlIc 

for measuring strain will be Further investigated ill ( 'hapici 7 \ý 11CIC SI)CCII)ILAIS \ý Oll 

dill'ercrit dimensions will he investigated. 

7- 
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10 

strain rate (1/sec) 
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A max value of average strain rate 
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Figure 6.53 RcIallonshill hctNvccll Inad"Imad" and diff"cl-ClItIv Cýaltlalcd silaill ratcsý 
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Figure 6.54 Comparison between numerical and experimental data. 
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Figure 6.55 Comparison between numerical results and best fit-curves expressing the 

relationship between maxPj1maxP, and average strain. 
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6.9.2 Tensilc-loading case studies 

In Figs 6.56 and 6.57 the experimental results obtained from case studies 3 and 4 

are compared with available experimental data which describe the increase in concrete 

strength under high rates of tensile loading. The experimental data are obtained from a 

number of direct tensile tests and splitting tests. Such experimental data reveal that for 

strain rates up to 0.1 to I see-' there is no significant rise in the specimen load-carrying 
I capacity. However, for strain rates larger than I see' ,a sudden increase in the specimen 

strength occurs. This observation agrees with the numerical predictions of case study 4 

which, however, show that this increase starts at a smaller strain rate. 

As for the case of compressive loading, the experimental data presented in Figs 

6.56 and 6.57 do not allow for very accurate predictions of the behaviour of concrete 

under high rates of tensile loading. The large number of factors which vary from 

experiment to experiment such as, for example, the size and shape of the specimens 

tested, the loading techniques used, the moisture content of the specimens, the different 

mixes of concrete used, the different types of experiments carried out for investigating 

the behaviour of concrete in tension (direct tension tests, splitting tests, ctc), makes 

difficult, if not impossible, a more accurate prediction of the true behaviour of concrete. 

However, based on the comparison of the data, presented in Figs 6.56 and 6.57, one can 

conclude that, as for the case of compressive loading, the FE model's predictions are 

reasonable and provide a realistic description of the behaviour of concrete in tension. 

Based on the numerical results two different relationships arc produced, one 

expressing the variation of maxP, 1maxP, with (a) the applied strain rate and (b) the 

maximum value of average strain rate exhibited by the specimen. From these two, the 

second relationship appears to provide a closer fit to the experimental data. The two 

relationships derived from the numerical investigation are considerably different and 

therefore reveal that the use of different measuring methods for evaluating strain rate 

may also contribute significantly to the scatter that characterizes the experimental data. 
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Figure 6.56. Comparison of numerical and experimental results established from 

tensile tests with various loading rates. 
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Figure 6.57. Comparison of numerical and cxperimcntal curves established from 

tensile tests with various loading rates. 
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6.10 Conclusions 

The constitutive model used by the program to describe the behavior of concrete 
is based on the static properties of the material, which remain constant and independent 

of the strain rate. The comparative study between numerical and experimental data 

revealed that the brittle material model used is capable of providing realistic predictions 

of the behaviour of concrete at high rates of loading. In view of this material model's 

ability to describe the behaviour at high rates of loading, it can be concludcd that the 

cffect of the rate of loading on the specimen behaviour reflects the cffect of the inertia 

loads that reduce the rate of cracking of the specimen, a fact which, in turn, leads to an 
increase of its load-carrying capacity. 

At high rates of loading the numerical results reveal that only the upper region of 

the concrete specimen deforms whereas the rest remains practically unaffected by the 

application of the external load. This region is extremely small and is situated under the 

steel platen used to apply the external load. Therefore, its behaviour is also affected by 

the interaction between the steel platen and the specimen. Because of this, both 

experimental and numerical data describe specimen rather than concrete material 
behaviour. 

For the case of low rates of loading the deflection of the stress waves on the 
boundary surfaces of the specimen causes a different type of interaction between 

loading mechanism and concrete specimen. The fact that the stress waves, caused from 

the continuous application of the external load during the loading procedure, arc trapped 

by the boundary conditions imposed to the specimen lead to a non-homogeneous 
distribution of the stress inside the specimen. In this case, too, the specimen behaviour 

cannot be considered to represent the behaviour of concrete as a material. 

To this end, a concrete specimen under dynamic loading cannot be used to 

describe concrete behaviour since, in contrast with static loading, it cannot constitute a 

material unit from which average material properties may be obtained. Under dynamic 

tests the concrete specimen must be viewed as a structure since its behaviour is directly 

linked to the inertia effect of its mass and the boundary conditions. Therefore, the use of 

experimental data from dynamic tests in order to develop constitutive models for 
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concrete behaviour under dynamic loading is questionable. Moreover, the experimental 

data suggest that the behaviour of a concrete specimen under impact loading depends on 

a number of parameters, the effects of which cannot be quantified due to the significant 

scatter that characterizes the experimental data. 
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Chapter 7 

Numerical investigation of factors affecting the behaviour of concrete 

under high rates of loading 

7.1. Introduction 

The results of the numerical investigation presented in Chapter 6 showed that the 
FE model adopted is able to yield realistic predictions for the behaviour of concrete 

under impulsive loading. However, as already mentioned in Chapter 6, the available 

experimental data upon which the verification of the model was based is characteriscd 
by significant scatter. This scatter appears to be due to various factors which differ from 

one experimental investigation to another. Such factors arc the cxpcrimental technique 

used to impose the load, the concrete quality (expressed in the form of the uniaxial 
cylinder compressive strength (f, ) of concrete under static loading), the size, shape, 
density and moisture content of tb,? specimens used, ctc. Although, the cffect of some of 
these factors has been investigated experimentally, their effect on the scatter that 

characterizes the experimental data cannot be casily established. 

To this end, the current chapter will focus on investigating, through numerical 

analysis, the contribution of the above parameters to the scatter of the results. For 

comparison purposes the numerical investigation of tile effect of each parameter is 

preceded by a short literature survey of the relevant experimental work. The parameters 
that will be investigated are the size (cross-sectional area and length) of the specimen, 
the uniaxial compressive strength (fi) of concrete under static loading, the density of the 

concrete specimen and the loading technique adopted to apply the impulsive load. 

Another important factor that affccts the behaviour of concrete when subjected to high 
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rates of loading is the moisture content of the specimen: however, it is not possible to 
include this factor in the present investigation due to the fact that the material model 

adopted for describing the behaviour of concrete is limited to the type of concrete used 
in RC structures which is usually air cured and, therefore, has low moisture content. 

7.2. The effect off, 

7.2.1. Experimental data 

By inspecting the CEB (1988) recommendations shown in Fig. 7.1, it appears 

that the increase of the ultimate strength of the specimen with the loading rate depends 

on thef, of the concrete used; the higherfi, the lower the increase of the specimen's 

strength when subjected to high rates of compressive loading. Apart from the CEB 

recommendations, the same conclusion is drawn by other investigators such as Mander 

el al (1988) and Ahmad and Shah (1985) for the case of compressive loading. Based on 

available experimental data, these investigators derived analytical relations in which the 

increase of the specimen strength was expressed as a function of f, and these are 

presented in a graphical form in Figs 7.2 and 7.3. However, all these curves were 

derived from the analysis of experimental data which, as already mentioned previously 

(see Figs 6.1 to 6.4), is characterised by significant scatter and therefore offers only a 

qualitative description of the effect off, on the behaviour of concrete specimens under 
impulsive loading. Furthermore, by comparing the curves shown in Figs 7. i t7o 7.3, it is 

evident that they exhibit large deviations and, therefore, cannot lead to the development 

of an accurate law describing the behaviour of concrete under high rates of loading. In 

an effort to obtain a more precise view of the effect off, on the behaviour of a concrete 

specimen under high rates of loading, data obtained from published experimental work 

are presented and analysed. 
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4- 

3- CEB fc=lOtAlb 
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-4 -2 0 

log(strain rate) 

Figure 7.1 CEB recommendations describing the effect of strain rate on the strength 

of concrete in compression. 
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Figure 7.2 Curves proposed by Mandcr et al ( 1988) describing the cf[ect of strain rate 

on the strength of concrete in compression. 
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Figure 7.3 Curves proposed by Ahmad and Shah ( 1985) describing the effect of strain 

rate on the strength of concrete in compression. 
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Watstein (1053) used cylindrical specimens with a diameter of 76 mm and a 
height of 152 mm. These specimens where subjected to uniaxial compressive loading. 

The strain rates used were between 10-6 see-' up to 10 see". The loading technique 

adopted to apply high rates of loading was a drop hammer. Two values off, were 
investigated: f, = 17.4 MPa and fi = 45.1 MPa. Figure 7.4 shows the variation of the 

specimen strength with increasing loading rate expressed in a logarithmic scale for the 

two cases offi. It is apparent from the results obtained that the specimen behaviour, 

which is characterised by an increase of strength when the strain rate exceeds 10-3 , is 

dependent onfi. The experimental data reveal that, the higher the value offi, the lower 

the increase in strength exhibited by the specimen under increasing rates of loading. 

However, the difference in strength for lower levels of loading rate is small. 

22 

--------------- ýPýa 
J--*-fc. t7.2 MPS 

-14 -. 0... fc-44 8 MPS 1.4 

0.81 

I -r 

10 100 1000 10000 100000 1000000 C. Oot 0.01 ol 1 10 100 

*ass rate (MPa/sec) average strain rate (1/mc) 

Figure 7.4 Watstein's (1953) experimental results describing the cffcct of strcss rate 

or strain rate on the strength of concrete in compression. 

Cowell (1966) used conciete cylindrical specimens with a diameter of 76 mm 

and a height of 229 mm. The specimens were subjected to different uniaxial 

compressive loading rates. Four different types of specimens were used, with the values 

off, given in Tables 7.1 and 7.2 together with the values of the strain rate imposed on 

the specimens and the resulting values of uniaxial-strcngth increase. By examining the 

experimental results presented in Tables 7.1 and 7.2, it can be seen that weak concrete 

specimens exhibit a larger increase in their strength when subjected to a high rate of 

loading than do the stronger specimens. 
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Concrete Condition f, (MPa) Imposed stain rate (see-') (maxP, 1marP, )xIOO 
Wet 27.1 0.03 22% 

Wet 51.4 0.03 19% 

Dry 33.3 
- - 

0.03 14% 
Dry 65 .4 

7 0.03 11% 
Table 7.1 Cowell's (1966) experimental results describing the effect of concrete quality 

on the strength of concrete in compression applied at a strain rate of 0.03 scc'I. 

Concrete Condition f, (MPa) Imposed stain rate (see") (maxP, 1maxP, )x 100 

Wet 27.1 0.3 37% 

Wet 51.4 0.3 34% 

Dry 33.3 0.3 28% 

Dry 60.4 0.3 20% 

Table 7.2 Cowell's (1966) experimental results describing the effect of concrete quality 

on the strength of concrete in compression applied at a strain rate of 0.3 scc'I. 

Atchley and Furr (1967) tested 60 cylindrical concrete specimens under high 

rates of loading. The cylinders had a 152 mm diameter and a height of 305 mm. Three 

types of concrete were used withf, equal to 17.4 MPa, 25.7 MPa and 34.7 MPa. The 

loading technique involved the use of a drop hammer. The results of this experimental 
investigation are presented in Fig. 7.5 which shows the variation of the specimen 

strength with increasing loading rate. As for the previous case, the concrete specimens 

with smallerf, exhibit increases in load-carrying capacity which arc higher than those 

exhibited by the specimens with highcrf,. 

Ross et al (1996) subjected cylindrical concrete specimens (51 mm in diameter 

and 51 mm, in height) to various rates of compressive loading. Five different types of 

concrete were used with values off, varying between 16 MPa and 50 MPa. The loading 

technique adopted for imposing high rates of loading involved the use of a split- 
Hokpinson pressure bar. The results of their experimental investigation are presented in 

Fig 7.6 and show the increase in strength exhibited by the specimens when subjected to 
different levels of loading rate. As for the preceding cases, the results presented in this 
figure indicate that the concrete static strengthfi, has a small cffcct on the increase of the 
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specimen load-carrying capacity or on the lcvcl oftlic strain rate al which this increase 

comnicnccs. 13cyond this critical value, the highcr the valtic off, the lowci the increase 

oftlic specinicii strciigtil undcr high ratcs ot'loading. 

CL 

-6 

. 

*N A 

-3 -2 

log(strain rate) 

1.8 

1.6 

1.4 

1.2 

1 

0.8 

o 17 2 MPa 

a 25.5 MPa 

A 34.5 MPa 

Figure 7.5 Atchley and Furr's ( 1967) experillicilial results describing the CITect ()I 

concrctc quality on the strcngth ot'collcl'ctc ]n C()Illl-)I-Css loll applied at various straill 

rates. 

2.2 

2 

1.6 

14 

1,2 

01 

16.6 MPa 

A 31 MPa 

o 34.5 MPa 

L45.9 Waý' 
50.3 MPa 

-6 -5 -4 -3 -2 101234 

log(strain rate) 

Figure 7.6 Ross ct al's ( 1996) cxperinicntal results (ICSCI-IbIng the effect of, concl, cle 

quality on the strength ofconcretc in compression applied it vai-ious strain rates. 

Finally, 131scholl' and Perry ( 1995) subjected cylindric, 11 colici-cic sl)ccl*lllclls 

(10 1.6 nim In diametcr and 254 min in hcWht) to various rates ofcompressive loadi'lig. 

Two different concrcte mixes werc used with values ol'cuhc strength ol'approximately 
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27 MI'a and 45 MP. I. FIgUre 7.7 shows thc incrcase in concrctc sti-ciigili cxliil)itc(l hy the 

spccimen when subjectcd to a high ratc ofloading. 

t8 

X 

26.7 MPa X 
cu ý14 26.8 MPa 

12 45.3 MPa 

x 43.5 MPa 

0.8 

-6 -5 A -3 -2 -1 012 

log(strain rate) 

Figure 7.7 BI scholl'and Pcrry's ( 1995) cxl)ci I ilmita I 1-csil I Is dcsc r, b, lig (I Ic cf't'cct o 

concrcIc quality on the sircngth ofconcrcte in compression applied at VM-10LIS s(rain 

rates. 

All the expci-inicntal rcstilts presented so 1,111- indicatc that /, ' appcars to have 11 

small cll'cct oil the load-carrying Capacity of' the speclincil wilcil stIb. jcctcd to lliý, ll raics 

of compressive loading. The highcr the valtic of' /,, the lowcr Ilic mcrease in ilic 

specimen strcngth undcr high ratcs of loading. I lowevcj-, when taking into account 111C 

scatter that characteriscs the cxperimcntal dala as a who1c, dic cflýct of/, appears to 

disappear within the scattcr, thus the dcrivation ofa law ahlc to rcalistically 

predict thc effect ot*. /, ' oil the spccimell hChaviour under high rates of' loading. 

7.2.2. Nunicrical investigation 

Ill order to investigate the el'I'ect oI' the umaxial compressive strength (/, ) oil the 

specimen behaviour under high rates of' loading, FF model 13 presented ill section 0.4 Is 

adopted. Thc only (1114'erence is that *III the present 1 "vest igation two additional values of' 

of'. f are selected (20 MI'a and 60 MPa) Instead ot'just one (30 MPa) which ý, vas usc(I ill 

Chaplier 6. The external load is Imposed Incrementally 11 the beglililing of' each tillic 

In order to vary the 11itc 01' IW(Iilllý, tile 10ild Increments are kept constant and tile 

tinic step is varied. 
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The results obtained form the present case studies (f, equal to 20 and 60 MPa), 

are compared with the results of case study 2 presented in section 6.7.1 (for whichf, 

was 30 MPa). The comparison of the results is presented in Figs 7.8 to 7.9 in the form 

of curves presenting the relationship between the increase of strength maxPl maxP, and 
of strain prior to failure maxel mare, of the specimen with (a) the applied stress rate 

and (b) the applied strain rate and (c) the maximum value of the average strain rate. The 

comparison of the results obtained from these case studies reveals that the specimens 

with the smallerf, (20 and 30 MPa) exhibit a larger increase in strength with increasing 

rates of loading than that exhibited by the stronger specimen (f, cqual to 60 MPa). The 

same conclusion is drawn for the maximum axial strain exhibited by the specimens, 

when considering the results presented in Fig 7.9. Furthermore, it should be pointed out 
that for, extremely high rates of loading, the increase of strength exhibited by the 

specimen with the smaller valuef, may result in such weaker specimen having a load- 

carrying capacity similar or even greater than that exhibited by the specimen with a 
higherf, (e. g. f, equal to 60 MPa). However, when comparing the results obtained from 

the two weaker specimens (f, equal to 20 and 30 MPa) the increase of strength and 

strain prior to failure are similar and therefore no definite conclusions may be drawn. 

7.2.3. Effect off, on scatter of experimental data 

The experimental data presented in section 7.2.1 and the numerical results 

presented in section 7.2.2 show that the behaviour of concrete specimens with a highf, 

arit; not affected by high rates of loading as much as the concrete specimens with a low 

f, The trends of behaviour established by analysis in the preceding section are shown in 

Fig. 7.10 which also includes the experimental data presented in Fig. 6.2. The 

comparison between analytical and experimental results reveals that there is a 

contribution off, to the overall scatter of the results but that this appears to be rather 

small. 
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Fig 7.10c Comparison bowecii nunicrica I prcd I ctim is (I'Or 20MPa. 30MI'a and 

60MPa, cxpressed as a relation bowecil l)llX/)j/nl. lX/), and thc 111,1XIIIIIIIII valtic of' 111C 

avcragc straill ratc) and CXpCl- I IlIcntal data. 

7.3. The effect ofthe loading technique 

Over the past years many differclit CXI)Cllllicllt; ll IcclilliqlIcs (ticl)CII(Illig Oil the 

desired loading rate) have been used. [-"Xl)cl-llllcllt. ll I I)% estigat lolls III the (.; ". Iy 20' 11 

century made use of' screws (loncs arl(I Jýicjlarj 1 9ý3()) all(] levels (Abrams 11) 17 an(I 

I'vans 1942) ill order to apply the external load, hmkc\cr, the loading rates 

accomplished by these methods were low (10 ' 1/'scc). llydiatilic tcsling machines are 

widely used lor static loading (strain rate ill) to 10 ' sec 1). I-or higher loading lilies the 

use of' Cast pumps and valves call increase Ilic flow of' the oil, which cliabics one to 

achieve strain rates ill) to 10 1 see I (I, c. Brcslcr ; ill(] Bcrtcro 1975). 1, Jsing ill additional 

gas reservoir to pressurize the oil maY allo%V tile achlevc, "clit ot'lilglicr strain rates - of' 

lip to I see- I (Takcda, 1951), Tak-ctla and Taclukawa, 1962,1972). Ill order to achieve 

even higher strain rates, resort must be inade to other icstilig ilictilods. One such 

technique is the Charpy or notched bill- (thop hammer). This teclilli(ille ill%olvcs 111c 

release ol'a weight ol'approximatcly 50 - 100 kg I'l-orn a hcWht bctwccll approxi, 11,11cly 
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2 to 6m (Watstein 1953,1955, Iloribe and Kobayashi 1965). The weight hits the 

concrete specimen with a velocity of 6 to 10 m/sec. This method allows no control over 
the loading procedure. A gas gun can be used to accelerate the mass to much higher 

velocities, resulting in even higher strain rates - between approximately 50 and 100 see- 
1 (Popp 1977, Malvern and Ross 1985) Finally, the split-flokpinson pressure bar 
(SIIPB) is the most commonly used loading technique in order to achieve even higher 

strain rates (Ross ct al 1995,1996). During the experiment, the concrete specimen is 

sandwiched between two long pressure bars and the load is transmitted to it through one 
of them. In order to further increase the strain rate, explosive charges can be set against 
the specimen or at the end of the pressure bar. 

The use of different testing techniques may be a factor that contributes to the 

scatter that characterizes the experimental data. In the present section, the effect of this 
factor on the specimen behaviour under impulsive loading will be investigated in order 
to assess its contribution to the overall scatter of the experimental data. The use of 
testing techniques leads to different boundary conditions and different loading regimes 
being imposed on the specimens (i. e. displacement control, force control, initial 

velocity). First, the experimental data are categorized according to the loading 

techniques from which they were obtained. This is then followed by a numerical 
investigation in which the same specimen is subjected to different boundary conditions 

and different loading procedures (force control, displacement control and initial 

velocity). Numerical and experimental results are then compared in order to draw 

coi, clusions regarding the cffect of different loading techniques on the specimen 
behaviour. 

7.3.1. Experimental data 

The use of different types of loading methods in various experimental 
investigations contributes to the scatter that characterizes the experimental data. In order 
to obtain an idea on how the different loading methods affect the experimental results, 
the latter are grouped into categories depending on the loading method used to apply the 

external load. As already discussed, the most commonly used loading methods are 
hydraulic (see Fig 7.11), the drop-hammer (see Fig 7.12) and the SIIPB (see Fig 7.13) 
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methods. Fl'ach of' these groups of' data Is charactcl-1/cd by a scatter Illat Illay reflect the 

cl'fCct of parameters such asj, ', density, size and Shape Ol'SI)CCilliell, etc. 
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Figurc 7.11. F. 'xpermiental data obtained from hydratilic loading. 
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From Figs 7.11 to 7.13 it apWurs HEN the use of di Hereto loading techniques is a 

significant factor coiVrimaing to we scmwr HEN charactcrises the experimental (1,11a. 

Wri the above results, duse shown in Qs TII am! T 12 are Andar anti indicate that 

tile increase of' the specimen strenuth commences at stnuin rates its low as 10 ý to 10,1 

Seto I and gradually increases as the rate of kviding hcuirnes larger. I lo%vever, this 

increase is imuc signil'iuml hw smdn no" larger than I to 10 see 1. Furth, --o-C, tile 

scatter ofthe experimental (hoa at strain rates lower than I see I does not allo, ý%, definite 

conclusions to be drawn regarding tile cffect of' tile IYI)C of' loading tcchniLluc use(] Oil 

the specimen behaviour. In contrast to the experimental data shown it) Figs 7.11 in(] 

7.12, the results presented in Fig. 7.13, whWh were obtained Ihmn tests using the Si I P13 

to apply the external load, revealed that the increase of' the specimen's sircligth 

commenced suddenly at strain rate higher Man 10 see- 1. For strain rates larger than 10 

see I the increase in sivcirrien strcrig& is mod as Me rMe of' loading nwreascs (and not 

gradual as in the previous cases). Furthermore, the SIIPB experimental data is 

chamc-teriwd by signil'itaintly less scatter than that ol'the cxperuncrital data obtained by 

other testing methods. 
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7.3.2. Numerical investigation 

In addition to applying the external load only in the form of force increments as 
for the case of the numerical investigation presented in Chapter 6, it is possible to apply 

external load either in the form of an initial velocity or in the form of displacement 

increments. The change in the method of loading results in changes in the boundary 

conditions imposed to the specimen, and therefore the FE model used in order to 

describe the dynamic problem in section 6.4 must be slightly modificd in the manner 
described later. The results of two new case studies are presented in the following 

sections. In the first case the external load is applied to the specimen as a displacement 

increment, whereas in the second case it is applied as an initial velocity. The numerical 
investigations aim to investigate the effect of different loading techniques on the 

behaviour of concrete specimens under high rates of loading and also to access the 

contribution of this parameter to the scatter which characterizes the cxpcrimcntal data. 

7.3.2.1. Displacement control 

In the present case study the external load is imposed in the form of 
displacement increments which are applied at the top'face of the specimen. The FE 

model used in this case study is the same as the one adopted in section 6.4 for case 

study 2, with the only difference being that the top face of the specimen is no longer 

able to move freely since its motion is dictated by the applied displacement increments. 
iý; l'-; *i to-vary the rate of the loading, the value of the displacement increment applied 

to the specimen at the beginning of each time step is kept constant (0.001 mm) whereas 

the length of the time-stcp itself varies depending on the desired loading rate. 

The results of the present case study are summarized in Figs 7.14 to 7.16. Figure 

7.14 shows the imposed stress-displaccment curves obtained for various rates of 

loading. The variation of maxPd /maxP, with applied stress rate is presented in Fig. 

7.15, whereas the variation of maxP, /maxPý with the applied strain rate is shown in Fig. 

7.16. The applied stress rate is in fact the average stress rate applied on the top of the 

specimen throughout the loading procedure, whereas the applied strain rate is equal to 

the applied displacement rate (which is constant) divided with the length of the whole 

specimen. 
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Figure 7.16 Variation of maxPdmaxPý with the applied strain rate (displacement 

control). 

The numerical predictions presented in Figs 7.14 to 7.16 indicate that, as the rate 

of loading increases over the level which in terms of strain rate is cquivalent to I sec'I 

(which, in terms of applied stress rates, is equivalent to 100,000 MPa/sec), the concrete 

specimen start to exhibit a rapid increase in strength (maxPd). 

7.3.2.2. Application of external load as initial velocity 

In the present case study the external load is applied as an initial velocity. In 

order to achieve this, the steel platcn on the top of the concrete specimen is a-surncd to 

have a concentrated mass of 20 kg, which is considerably larger than that of the 

specimen. This mass is assumed to have an initial velocity, the value of which varies 

depending on the desired loading rate. The results of this case study are summarized in 

Figs 7.17 to 7.19. Figure 7.17 shows the strcss-displaccment curves obtained for various 

rates of loading. The variation of the load-carrying capacity (normalized with respect to 

its value under static loading) maxPImaxP, with the stress rate is presented in Fig 7.18, 

whereas the variation of maxP, #1maxP, with the applied strain rate is shown in Fig. 7.19. 

In contrast with the strcss-displacemcnt curves obtained from previous case 

studies, which comprise only an ascending branch, in the present case study, the stress- 
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displacement curves comprise both an ascending and a descending branch. It should be 

noted that the values of the applied stress and strain ra 
, 
tes arc evaluated by using only 

the values of stress and strain up to the point at which the maximum applied load is 

reached (ascending branch). Furthermore, the value of strain at maximum stress is 
different from the value of strain prior to failure: due to this fact, the variation of the 

values of these two strains (normalized with respect to the value of maximum strain 

exhibited under static loading) with the applied stress rate and the applied strain rate are 

presented, respectively, in the Figs 7.20 a and 7.20b. 

Another important difference between the present case study and those presented 

previously is the use of an additional mass with an initial velocity in order to impose the 

external load. The use of the additional mass aitcrs the "effective" stiffness matrix of the 

system (specimen-steel platen) under investigation and causes changes in the response 

of the specimen such as the descending branch in the stress-displacement curves. 
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Figure 7.17 Strcss-displacement curves (imposed velocity), 

281 

-0.5 -0.4 -0.3 -0.2 -0.1 0 



Chapter 7 Numcrical invcstipation of factors affectinji the bebaviour of concretc 

I 
1+ 

3.5 
3 

2.5 
2 

1.5 
1 

0.5 
0 

tial %elocity 

1. E+05 I. E+06 I. E+07 

applied stress rate (MPa/sec) 
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7.3.2.3. Comparison ot'numerical 1-cstilts obtallicd fi-oll) (11 fTerclit Inctliods of' loading 

In Figs 7.21a and 7.21b the nunicilcal I)IC(IICIIOIIS obtained by using (III'lercill. 

methods of' loading are prescritcd in the form of' a relationship betwccil the 

max1l, l/maxl), and the applicd stress and strain rate i, csl)cctivcly. The comparison of'the 
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numerical results shows that the method of loading has a small cffect on the increase in 

strength exhibited by the specimen under high rates of loading. Moreover, the 

contribution of the different methods of loading to the scatter of the experimental results 

appears to be relatively small. This can be seen more clearly by comparing the 

numerical predictions with the experimental data (see Figs 7.22a and 7.22b). 
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Figure 7.21 Variation of maxP, /maxPý with (a) the applied stress rate and (b) the 

applied strain rate. 
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7.4. The effect of the size and shape of the concrete specimen 

Other factors that may contribute to the scatter that characterizes the 

experimental data are the cross-sectional area and the length of the specimen. Changes 

in these two parameters lead to changes in the axial stiffness and mass of the specimen 

which play a significant role on the specimen response under high rates of loading. 

7.4.1. Experimcntal data 

Reviewing the experimental data presented in Figs 7.12 and 7.13, it can be seen 

that they are characterized by significant scatter. However, the scatter of experimental 
data presented in Fig. 7.14 is considerably less. This difference in the scatter can be 

explained by the fact that, in the experimental investigation during which a drop- 

hammer or a hydraulic mechanism was used in order to apply the external loading, the 

size of the specimens tested varied significantly, whereas in the case of the experimental 
investigations which used the split-Hokpinson pressure bar (SI]PB) to apply the 

external load the specimen tested were similar in size (the cross-scctional area of the 

specimen is the same with that of the pressure bar and their height is small). 

From the experimental results presented in Fig. 7.23, it appears that the size and 

shape of the specimen used has some cffect on the behaviour of the specimens. Both 

Malvern et al (1985) (presented by Bischoff and Perry 1991) and Ross el al (1995, 

1996) used an SIIPB to investigate cylindrical concrete specimens with different sizes 

under high rates of compressive loading. In the investigation of Malvern el al, the 

cylinder specimen used had a diameter of 76 mm and a height of 76 mm, whereas in the 

investigations of Ross et al the specimen used had a diameter of 51 mm and a height of 
51 mm. By inspection of the results in Fig. 7.23, it can be seen that the larger specimens 

exhibited much larger increases in strength beyond a certain loading rate. Moreover, the 

smaller specimens began to be affected by the loading rate at much higher levels of 

loading rate than the larger specimens. 
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Figure 7.23 ('0111pa 1-1 soil of' tile expel-linellial data obtained by Malvern cl al ( 1985) 

with those obtained by Ross cl til ( 1996). 

This can be explained by the I'lict that the size and the shape . 11-c linked to the 

mass and stiffncss ot'tlic specimen. III every dynamic problem these two Illctors play a 

significant role in the specimen's behaviour III the case ol'a small specimen, the mass Is 
limited by the size and thercl'Ore the Inertia effects begin to have an apparent cfl*cct on 

the specimen's bchaviOLII- M IIIIICII higher rates of' loading. The above evidence is 

considered to be an Indication of' the dependence of' the specimen behaviour at Iligh 

rates olloading on the size and shape ol'thc specimen. 

A similar conclusion was drawn by Ahinad III(] Shah (1 9X5) who, on the basis 

of' experimental (hitil, dcrivc(l al, analytical equation linking the strength of' concrctc 

specimens to the rate ot'loading (expressed as straill ratc), 111C. /, * ot*tlIc Concrete Ilsed am] 

the height and cross-sectional of' the specimen. Figtire 7.24 presents the predictions 

obtained From this equation ill a graphical form for four concrete spcclillells will, 

difTcrent heights and cross-sectional areas. Hascd oil the prcdiclions obtained it was 

shown that it reduction III the cross-ScOlonill area 01' 111 Increase of' Ille height of' the 

specimen results in I decrease its load carrying capacity will, Ille I-, Ite of' loil(11,11g. 

However, this ellect is lost within the scatter that characteriscs the experimental (latil 

and therefore, although the predictions are able to describe quillititively 111c el'tcct ot'llic 

specimens' height and cross-sectionill area it is unable to accurately (Itialitil'y this c[lect. 
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Figure7.24 Experimental curves derived byAhmad and Shah (1985) linking the 

strength of concrete specimens to the strain ratej, and the size of the specimen. 

7.4.2. Numerical investigation 

In order to investigate numerically the effect of specimen cross-sectional area 

and length on the behaviour of the specimen under high rates of loading, three 

additional specimens will be investigated. The investigation will be conducted as in the 

case study 2 which was presented in Chapter 6. The only difference is that, in the first 

case, the side of the cross-section of the specimen will be set to 50mm (instead of 
I 00mm) in order to reduce the cross-sectional area to a quarter of that used originally, in 

the second case, the length of the specimen will be half of the original (126mm instead 

of 253mm) and finally in the third case, bott. the sioc of the cross-section and length of 
the specimen are will be half of those in the original specimen. 

The numerical results of the case study concerning the specimen having a cross- 
sectional area which is one-quarter of that of the original specimen arc presented in Fig 

7.25. By examining the results presented in Fig. 7.25a it is apparent that the variation in 

the cross-scctional area has some cffcct on the specimen behaviour. Specimen 

5Ox5Ox253 exhibits a larger increase in strength compared to that exhibited by specimen 
lOOxlOOx253 when subjected to the same stress rate. However, this difference cannot 
be seen in Figs 7.25b and 7.25c. The results presented in these figures suggest that the 
increase in strength exhibited by the specimen is similar as the value of the applied 

strain rate and the maximum value of the average strain rate increases. 
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Figure 7.27 Comparison between the relationship of maxPd/maxP, and (a) the 
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Figure 7.31 Comparison of the relationship of maxP, /maxP, and differently 

calculated strain rates for specimen 5Ox5Ox 126. 

In the case of the specimen with half the height, although the results presented in 

Figs 7.26a and 7.26c suggest that there is little effect on the specimen behaviour by 

varying the length, however, the results presented in Fig. 7.26b indicate that the 

difference in height has some effect on the relationship of maxfVmaxPý with the 

applied strain rate. Finally, in the case of the specimen with half the height and half the 

side of the cross-scction (5Ox5Oxl26) of the original specimen the results obtained are 

similar to those obtained for the case of the original specimen (see Fig 7.27). This 

would indicate that concrete prisms with the same h/d ratio exhibit similar behaviour. 

By-turtber investigating the effect of the specimen's height, the results presented 

in Figs 7.28 to 7.31 (in the form of relationships of maxPd/maxP. with the differently 

calculated strain rates for the case of the original specimen (I OOx I OOx253) and of the 

specimens with (a) a quarter of the original cross-sectional area (50xSN253), (b) half 

the height (lOOxlOOxl26) and (c) a quarter of the cross-scctional area and half the 

height (50x5Ox 126 which has the same h1d ratio with the original specimen) reveal an 

interesting find. The results suggest that, the shorter the specimen and the smaller the 

ratio between height and diameter (h1d), the more uniform the distribution of the strain 

along its height becomes. 

In the cases of the original specimen (lOOxlOOx253) and specimen with a 

quarter of the original cross-sectional area (5Ox5Ox253), the curve describing the 
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relationship of maxP, /maxP, with the average strain rate at the mid-hcigbt region of the 

specimen is very different from the curves describing the relationship of maxp'/maxpý 

with the maximum value of the average strain rate and the applied strain rate (see Figs 

7.28 and 7.29). This implies that the strain is not uniformly distributed along the height 

of the specimen. In the case of the shorter specimen (which is the one with the smallest 
h1d ratio), the results presented in Fig. 7.30 show that the differences between the same 

relationships are much smaller, suggesting a more uniform distribution of strain along 
the height of the specimen. Therefore, employing shorter specimens or specimens with 

smaller h/d ratios may in fact reduce the effect of the different measuring techniques 

used to evaluate strain. This is confirmed by the experimental data presented in Fig. 

7.14, where the test values obtained from SIIPB experiments revealed that the smallest 

scatter was associated with the shorter specimens. However, the shorter the specimen, 

the larger the effect of the interaction which occurs at the interface between the 

specimen and the steel platens as explained in section 2.7.1. Furthermore it should be 

noted that specimens with the same h1d ratio (5Ox5Oxl26 and lOOxlOOx256) give 

similar predictions as it can be seen when examining the results in Fig. 7.27 and by 

comparing the results of Fig 7.28 with those of Fig. 7.31 

7.4.3. Effect of the size and shape on the scatter of the experimental data 

When investigating the contribution of the variation of the cross-sectional area 

and the height of the specimen to the overall scatter that characterizes the experimental 
data it appears to be relatively small as shown, m I- igs 7.32a to 7.32c. I lowevcr, when 
investigating the contribution of the different methods in calculating strain (described in 

Chapter 6) to the overall scatter, it is obvious by observing the results presented in Figs 

7.32a to 7.32d that the bigger the height and the h/d ratios of specimen the greater the 
differences in the values of strain calculated using different methods. 
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7.5. The effect of the density of (lie collcl-ele SPecilliell 

Another parameter that varies ill tile experimental 111%cstigatiolls Is tile (ICII. Sil. V o[ 

the concrete specimen used. The use of' dillcl-clit iliixc. s as %% C11 as tile usc of (11 f1crel It 

types of' components (aggregate, cement paste, ctc) illay result ill a val-lalion of' file 

density of the concrcte specimen. Though these dillcmices arc expected to he rati)c, 

small, the application of' high rates of' uniaxial loading onto a concrete (cylindrical or 

prismatic) specimen is treated as I dynaillic ploblell, all(] thercl'ore inertia plays I 

11 icant role ill the specimen's II s gnifi 'esponsc under sild, Ioad ng conditions. As already 

proven ill Chapter 6, the inertia of' Illass has a significant af, 1'ect oil tile spCcIllicil's 

response and behaviour at high rates of' loading. Therefore. one cannot assililic a priol I 

that changes ill density, cvcii though they Illay be small ha%c little cl . fect Oil the 

specinicri behaviour when subJectcd to high rates of' loading. 111C C1,1CCI 1hat file 

variation ot'density has oil the specimen hChaviour Call only he investigated litlincrically 

since there are no experimental data available. 
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In order to investigate this effect of the variation of density FE model B 

presented in section 6.4 is adopted. The only difference is that the density of concrete 
(p) is assumed to be 20% higher than that originally used (2400 kg/M3) . The prism 

used to model the concrete specimen is subjected to high rates of uniaxial compressive 
loading (the loading procedure and FE model used are the same as those adopted when 
investigating the effect of f, ). The results obtained from the numerical investigation are 

presented in Figs 7.34a to 7.34c. Tbcy reveal that even the 20% increase in density 

(quite large from a practical view point) seems to have a small effect on the specimen 
behaviour. Therefore, it can be concluded that changes in the density of concrete have a 

relatively small effect on the behaviour of the concrete specimen under high rates of 
loading. Furthen-nore, Figs 7.35a to 7.35c reveal that the variation in the value of 
density results in a small contribution to the overall scatter that charactcriscs the 

experimental data. 
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7.6. The colllbillcd ef - fect of* variolls, 1`11001-S 

The parametric studies carried out up to tills pollit Imc. stigate tile individual 

cl , ICcts of variOLIS 111001-S (SUCII ýIS tile unlaxial compressive strength of' concrctc. /, ', the 

shape and size of' the specimen, tile loading lechni(Itic used and tile density of' Concrete) 

oil the behaviour of concrete prism specimens under high rates of' uniaxial compressive 

loading. These studies revealed that although the variation of' thesc palallictcl-S, 1,1,0111 

one experimental investigation to another, lil\, c sonic IndividLI'll effect oil tile results 

obtained, these individual cfficcts cannot account for tile magnitude of tile scatter that 

Characterizes the experimental data. 

In the present case StUdiCS the C0111bined effect ol'the vanation ol'the above five 

(fill'ercm parameters will be investigated. These parameters are the dimensions of' the 

prism (height and cross-scctional arca), the density, tile loading lechilique adopted and 

the/, ' of'concrete used. The values of* these parameters are sclectcd bascd on cxpcricncc 

gaincd from the results obtained fi-om previous case studies prcscntcd in this chapter. 
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The aim is to select values for these parameters in such a way as to create two case 
studies, which will provide the quickest and slowest possible increase of strength 

max-PdlmaxPý with increasing loading rate (expressed in the form of applied strcss rate 

or applied strain rate), thus providing upper and lower boundaries to possible results. 
The results obtained from the previous numerical investigations and available 
experimental data suggest that concrete prisms with smallerf,, density and side of their 

cross-scction and bigger height exhibit a more rapid increase in strength maxp, /max'rý 

with loading rate. Furthermore, this increase in strength begins to occur at lower rates of 
loading. Finally, the use of different loading techniques has been proven to have some, 

effect on the results obtained. In particular, when applying the external load in force 

increments (force control) the results obtained indicate in a more rapid increase of 

specimen strength maxP, /maxPý with loading rate whereas, when applying the load in 

the form of an initial velocity the rate of increase of maxPJmaxllý with the loading rates 
decreases. The parameters adopted for each case study of this parametric investigation 

are presented in Table 7.3. The FE modelling of the concrete prism is done according to 

model B whicb was adopted in Cbapter 6. 

specimen Dimensions 

(mm) 

A 

(MPa) 

Density 

(k g/M3) 

Loading 

technique 

1 50x5Ox253 20 2400 Force control 
2 IOOxIOOxI26 60 2880 Initial velocity 

Table 7.3 Variation of parameters used to obtain upper and lower boundary of 

response to impact. 

The results obtained from the case studies of Table 7.3 are presented graphically 
in Fig. 7.36 in the form of curves expressing the relationship between the increase of the 

specimen strength and (a) the applied stress rate, (b) the applied strain rate and (c) the 

maximum value of the average strain rate. By observing these figures it is possible to 

conclude that the combined effect due to the variation of a number of parameters has a 

much more significant for the specimen behaviour than the individual cffcct of each 

parameter. This combined effect can be clearly observed in the curves presented in Figs 

7.36a and 7.36b, but it is interesting that it cannot be seen in Fig. 7.36c. Thus, 

expressing the numerical data in the form of curves describing a relationship between 
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the increase in strength max. Pj/maxP, and the maximum value of average strain rate 

results in the formation of a relationship which seems to be practically unaffected by the 

variation of any parameter in contrast with the relationships presented in Figs 7.36a and 
7.36b which seem to depend on any variation, and especially on the combined cffect of 

all the relevant parameters. 
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Figure 7.36 Comparison between the relationship of maxPjmaxPý and (a) the 

applied stress rate, (b) the strain rate of the two specimens and (c) the maximum value 

of the average strain rate (combined effect of different parameters). 
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The question which remains to be answered Is whether the Combined effect Is 

able to after that chalacterizes tile experimental data. III Justify tile magnitude of' tile sc, 

order to answer this question, tile curvcs obtained from the numerical mvcstigahon are 

Compared With tile experimental (hita in Figs 7.38a, 7.38h and 7.38c. These figures show 

that tile Combined effect of' a number of' parallicters Contributes significantly to tile 

overall scatter of the experimental dala. Furlherniore, it should be kept III nund that 

further variation ofilic values ofthe parameters may result in more extreme case studies 

than those already Investigated. It is tllci-cl, ()I-c Com' ,ý that, '11) Contrast With tile 

individual effect ofcach parameter, which scellis to contribute very poody to the scatter 

characterizing the expci-lincrilal dala, the combined effect of' the parameters arc able to 

account 1`61- a SWIllficallt percentage of' tile Inagnitudc of tills scatter. Such scatter, 

however, appears to be (file to tile varying and sometimes doubtful measuring 

techniques and Criteria, and it seems to reduce significantly when the I lopkinson 

method is adopted: the latter observation is confinned by tile pi-actical (Irs-appearance of' 

the scatter for tile various parameters whell tile maxiIIIIIIII valtic of'straill late is used for 

the prcsentation oftlic nuincrical rcstilts. 
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7.7. Conclusions 

Based on the data obtained from the numerical investigations presented in this 

chapter and in Chapter 6, it can be concluded that the scatter caused by the individual 

effect of the variation off, of concrete, the specimen cross-sectional area, the loading 

technique and the density cannot account for the magnitude of the scatter that 

characterizes the experimental data. However, the combined effect of a number of such 
parameters is more substantial and is able to explain the scatter of the experimental data 

to a significant extent though not completely. Such scatter practically disappears when 
the Hopkinson bar method is used experimentally, and this is confin-ned by the present 

numerical analysis when the maximum value of the average strain rate (mimicking the 
Hopkinson bar experiment) is adopted. 

In the case of the specimen's height it was concluded that, the shorter the 

specimen, the more uniform the distribution of the axial strain along its height (and this 
is why the short specimen used in the Hopkinson bar experiments seems to provide the 
best experimental option to date). A uniform distribution ultimately leads to less 

variation in the value of axial strain evaluated when using different measuring 
techniques. The numerical investigation has proven that the use of different methods in 

evaluating strain cause substantial scatter in the experimental data. Based on this, the 

shorter the specimen, the less the scatter produced due to the different strain-measuring 

method. However, the results obtained from such specimens are heavily affected by the 
interaction between the loading mechanism (and in particular the steel platens or the 

metal bars used to apply the external load) and the specimen itself. Once again, it can be 

concluded that the use of the experimental data in order to derive constitutive relations 
to describe the behaviour of concrete under dynamic loading may prove to be 

misleading. 
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Chapter 8 

Conclusions and recommendations for future work 

8.1 Conclusions 

Based on the results of the case studies investigated in previous chapters, there is 

sufficient evidence to confirm that both the concrete material model and the FE 

numerical solution procedure adopted by the FE model are able to yield realistic 

predictions regarding the nonlinear behaviour of plain concrete and RC structural 

elements under a wide range of different loading conditions. Since the nonlinear 

solution procedure had been already successfully tested in the past for cases of static 

monotonic loading, the present thesis concentrated on extending the solution procedure 
in order for it to be able to solve nonlin-? - dynamic problems and then testing its ability 
to predict the behaviour of various structural forms under static cyclic loading, 

earthquake loading and, finally, impulsive (or impact) loading. In all cases, the solution 

procedure proved to be numerically stable and robust, being able to yield realistic 

predictions. These predictions were validated by comparing them with either analytical 

solutions or with available experimental data, and in all cases the comparative studies 

showed good correlation. Both the constitutive models (for concrete and steel) and the 

numerical procedure used by the program remain unchanged regardless of the case 

study considered. This is mentioned because in many programs the models used are 

casc-study sensitive and yield realistic solutions only for particular problems, so that 

extending their applicability to a wider range of problems requires modification, 

sometimes significant, of the constitutive relations. 
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At the level of material modelling, the results obtained from the various case 

studies investigated provide evidence which validates the assumptions upon which the 

concrete material model adopted in the present work is based. The behaviour of 

concrete during failure is described as brittle and strain-softening is assumed to be the 

result of interaction between the loading mechanism and the concrete specimen (as 

explained in section 2.7.1). The material properties of concrete are assumed to be 

independent of the rate of the applied loading and, finally, stress-path dependency is not 

accounted for since its effects disappear within the scatter of the experimental data. In 

all, the material model, although simplified and contrasting with the vast majority of 

concrete material models presented to date, proved to be capable of providing realistic 

predictions for a wide range of different problems. 

Each component of the extendcd nonlinear solution procedure presently adopted 

by the FE model was examined thoroughly in order to access its capabilities and 

limitations. Initially, the case studies presented in Chapter 3, which involved the 

numerical investigation of linear elastic dynamic problems, revealed that the dynamic 

scheme incorporated into the FE model is reliable and could provide accurate 

predictions when compared with available analytical solutions. Case studies 

investigating the behaviour of RC walls under static cyclic loading, carried out in' 

Chapter 4, showed that the crack-opening and crack-closure procedure is numerically 

stable and successful in yielding realistic predictions even at load cycles in which the 

level of loading reaches the load-carrying capacity of the specimen itself (this provides 

what is probably the most stringent test for the crack opening and closure ̀piocudýre). 

The validation of the solution procedure and its predictions was based on the 

comparative study between the numerical predictions obtained and available 

experimental data which showed good agrccmcnt. 

The case studies presented in Chapter 5, which investigate the behaviour of RC 

concrete structures (such as frames and walls) under earthquake loading, revealed that 

the newly-incorporated dynamic scheme and the nonlinear solution procedure (used for 

static problems) are compatible with each other and are able to cooperate smoothly so as 

to form a numerically stable extended solution procedure which is able to deal with 

nonlinear dynamic problems. The resulting FE model proved capable of predicting with 

accuracy the behaviour of RC (one-story) frames and walls under earthquake loading 
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since the comparison between numerical and experimental data showed good 

correlation. 

The investigation of the behaviour of plain-concretc specimens under impulsive 

and impact loading, carried out by reference to various case studies, presented in 

Chapter 6, proved that the FE model is able to provide accurate predictions regarding 
the behaviour of concrete prisms and cylinders when subjected to compressive and 
tensile loadings applied at high rates. The validation of the numerical predictions was 

accomplished by comparing these predictions with available experimental data, where 

good agreement was shown. Furthermore, the numerical investigations reveal that, the 
higher the rate of loading is, the larger becomes the increase in the specimen's load- 

carrying capacity and maximum-sustained strain. Since the material model uses static 

material properties to describe the behaviour of concrete, the changes exhibited in the 
behaviour of the specimens at high rates of loading are mainly attributed to effect of the 
inertia of the specimens' mass and are not the result of any change in the values of the 

material properties of concrete due to the magnitude of the applied rate of loading. 

However, because of the considerable scatter that charactcriscs the experimental data, 

the results provide mainly a qualitative description of the effect of the rate of loading on 

the specimens' behaviour. 

The parametric studies carried out in Chapter 7 investigated the individual and 

combined effects of various factors (such as the uniaxial compressive strength of 

concrete f,, the shape and size of. the loading technique used and the 
density of concrete) on the behaviour of concrete specimens under high rates of uniaxial 

compressive loading. This investigation revealed that although the variation of each one 

of these parameters (apart from the length of the specimen) from one experimental 
investigation to another have some effect on the data obtained, their individual cffccts 

cannot account for the magnitude of the scatter that characterises the experimental data. 

On the other hand, it was proven that the combined effect due to the variation of more 

than one of these parameters is more substantial and is able to partially explain the 

scatter of the experimental data. 

Another important parameter, which seems to be generating this scatter is the 

variation of the length of the specimen combined with the method used in order to 
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measure the strains (and consequently the strain rates) exhibited in the experiments. As 

already presented in Chapters 6 and 7, at high rates of loading, the distribution of axial 

strain along the height of the specimen is not uniform, especially for the case of 

specimens with large values of h/d. In fact, the longer the specimen, the more complex 

and non-uniform the distribution of the axial strain becomes. The use of shorter 

specimens seems to result in a more uniform distribution of the strain along its height. 

Therefore, employing short specimens may in fact reduce the effect of the different 

measuring techniques used to evaluate strain and consequently reduce the scatter. This 

is the case for the experiments in which the SIlPB method is adopted, and the resulting 
lack of scatter is confirmed numerically by adopting the maximum value of the average 

strain rate criterion 

Numerical data obtained in Chapters 6 and 7 revealed that the techniques used to 

evaluate strain during the experiments represents one of the key factors for explaining 

the reasons that produce the scatter in the experimental data. The numerical 
investigation showed that the distribution of axial strain along the height of the 

specimen during the dynamic tests is different when compared to its distribution during 

static tests. As the rate of loading increases, the maximum axial strain and displacement 

exhibited in the lower area of the specimen begins to decrease when compared with 

their values obtained from static tests. This decrease continues until, at some point, both 

axial strain and displacement in the lower part of the specimen become practically zero. 
Based on these observations, it can be concluded that the distribution of axial strain 

exhibited by the specimen prior to failure is not-diiii6imly distributed along the height 

of the specimen as it is in the static case. The same conclusion is reached by observing 

the deformed shapes and the cracking patterns of the specimen prior to failure for 

different rates of loading, which indicate that lateral deformation is exhibited only in the 

upper region of the specimen, in contrast with the lateral deformation under static 
loading which occurs at the mid-height region. Furthermore, in the final stages of the 

dynamic loading cracking also occurred within the upper part of the specimen. In 

summary, therefore, the numerical predictions show that the value of strain calculated in 

different regions of the specimen may differ significantly since, in the case of high rates 

of loading, the specimen deforms mainly in its upper area. 
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As just mentioned, at high rates of loading the numerical results reveal that only 
the upper region of the concrete specimen deforms whereas the rest remains practically 

unaffected by the application of the external load. This region is extremely small and is 

situated under the steel platen used to apply the external load. Therefore, the specimen 
behaviour is affected heavily by the interaction between the steel platen and the 

specimen. For the case of high rates of loading, the deflection of the stress waves on the 
boundary surfaces of the specimen causes a complex type of interaction between 

loading mechanism and concrete specimen. Based on the numerical data, the conclusion 
is drawn that under dynamic loading the concrete specimen must be viewed as a 

structure since its behaviour is directly linked to the inertia effect of its mass and the 
boundary conditions imposed on it. Thus, concrete specimens under dynamic loading 

cannot be used to describe concrete behaviour since, in contrast with static loading, they 

cannot constitute a material unit from which average material properties may be 

obtained. Therefore, the use of experimental data from dynamic tests in order to develop 

constitutive models of concrete behaviour under dynamic loading is questionable. 

8.2 Future work 

The FE model could be further tested in order to investigate the nonlinear 
behaviour of RC structural elements such as slabs, walls and beams under impulsive 

loading. The numerical predictions obtained can then be validatcd by comparing them 

to available experimental data. In doing so, the FE model will have been fully tested and 
its ability to yield realistic predictions regarding the behaviour of plain concrete or RC 

forms under static or dynamic loading will have been amply validated. 

At the level of material modelling, the concrete material model adopted in the 

present work may be extended in order to account for the effect of creep and of large 

temperature changes (i. e. caused by fire). For constant loading, the present FE model 

assumes that the deformation exhibited by the specimen also remains constant. This, 

however, is not true, since the microcracking and macrocracking procedures in concrete 

may continue even under constant loading and may even lead to specimen failure. 

Although the original assumption is valid for problems with small time duration (such 

as earthquake, impact and even some cases of static problems), in the case where small 

312 



Chapter 8 Conclusions and rccommcndations for future work 

rates of loading are involved the behaviour of the specimen may be heavily dependent 

on the effect of creep. Another parameter that may affect the behaviour of concrete is 

temperature. High and low temperatures are known to have an impact on the behaviour 

of concrete. In both these cases, namely creep and temperature effects, changes to the 

material model must be implemented so as to deal with such problems. 

Finally, an extension to the solution procedure so that the FE model is able to 
deal with large-displacement problems (geometrical nonlinearitics). Prior to failure, RC 

structural elements, such as walls and columns (designed to have ductile behaviour), 

exhibit large deformations. In doing so, large-displacement analysis may be needed in 

order for the FE model to predict with accuracy the behaviour of the RC structural 

element in question, especially in the final stages of loading when the external load is 

close to the specimen's load-carrying capacity. 

The implementation of all the above additional capabilities would significantely 

widen the scope of the present FE model. Such a program, able. to describe the 

behaviour of RC structural elements and structures within a wide range of different 

problems, would be extremely useftil since it would decrease the need for experimental 
investigation (by focusing on a smaller number of well-defined tests) and would also 
help provide both economical and safe design solutions. 
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