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RHEOLOGICAL-DYNAMICAL CONTINUUM
DAMAGE MODEL FOR CONCRETE UNDER
UNIAXIAL COMPRESSION AND ITS
EXPERIMENTAL VERIFICATION

Dragan D. MilaSinovié

ABSTRACT. A new analytical model for the prediction of concrete response
under uniaxial compression and its experimental verification is presented in
this paper. The proposed approach, referred to as the rheological-dynamical
continuum damage model, combines rheological-dynamical analogy and dam-
age mechanics. Within the framework of this approach the key continuum
parameters such as the creep coefficient, Poisson’s ratio and damage variable
are functionally related. The critical values of the creep coefficient and damage
variable under peak stress are used to describe the failure mode of the concrete
cylinder. The ultimate strain is determined in the post-peak regime only, us-
ing the secant stress-strain relation from damage mechanics. The post-peak
branch is used for the energy analysis. Experimental data for five concrete
compositions were obtained during the examination presented herein. The
principal difference between compressive failure and tensile fracture is that
there is a residual stress in the specimens, which is a consequence of uniformly
accelerated motion of load during the examination of compressive strength.
The critical interpenetration displacements and crushing energy are obtained
theoretically based on the concept of global failure analysis.

Nomenclature

Ay damaged cross section area

A effective resisting cross section area

a acceleration

AerF critical crack depth under peak stress
C linear creep law constant

Cer critical viscous damping

Cload loading rate

D damage variable

D, critical damage variable

Der critical damage variable under peak stress
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frequency ratio

elastic modulus

viscoelastic modulus

dynamic viscoelastic modulus
RDA modulus, RDA modulus function
critical RDA modulus

tangent modulus

variation in Young’s modulus
critical variation in Young’s modulus
total strain

total strain rate

static total strain

dynamic total strain

elastic strain

viscoelastic strain

viscoplastic strain

peak compression strain
ultimate strain

measured strength

acceleration coefficient
diameter of concrete cylinder
viscoelastic creep coefficient
structural creep coefficient
critical creep coefficient

critical creep coefficient under the peak stress
crushing energy

gravity acceleration

specific gravity

symbol for Hookean spring
viscoplastic modulus

dynamic viscoplastic modulus
minimum moment of inertia of cross-section about centroidal axis
minimum gyration radius
symbol for Kelvin’s body
structural material constant
stiffness

cylinder height

slenderness ratio

viscoelastic normal viscosity
viscoplastic normal viscosity
mass

symbol for Newtonian dashpot
Poisson’s ratio

effective radius

instantaneously applied loading
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32

natural angular frequency

load or stress angular frequency
mass density

symbol for Saint-Venant’s body
time-dependent variation of stress
stress rate

cyclic stress amplitude

Fuler’s critical stress or stress at limit of elasticity
uniaxial yield stress of material
inelastic critical stress

critical failure stress

dynamic stress

dynamic critical failure stress

static stress

static critical failure stress

fictitious stress

residual stress

dynamic time of retardation

time, very short time of loading

time when stress reaches limit of elasticity
time when failure occurs

critical interpenetration displacement
stress level for viscoplastic yielding
symbol for parallel connection
symbol for serial connection
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1. Introduction

Reinforced concrete materials have been studied and employed in diverse fields
of science and engineering disciplines due to their wide application in infrastructure
in many countries. From a practical standpoint, the ultimate strength design of
reinforced concrete elements brought the stress-strain relationship into focus. The
compression response of concrete, and in particular the compressive strength, ulti-
mate strain and post-peak branch, have an important role in the design of concrete
and concrete-based structures. In the last three decades, there has been a keen
interest in compressive failure. In the early 1990’s, an extensive Round/Robin test
on compressive softening was carried out by the RILEM Technical Committee 148-
SSC [1]. Compression failure can have a great variety of forms both from theoretical
and experimental viewpoints, while the mode of failure is complex. The principal
difference from tensile fracture is that there is a residual stress in the specimens.
The correct evaluation of the constitutive parameters is also complicated by many
other testing aspects. To interpret the test results, it is important to know the
influence of the boundary conditions on the slope of the load-displacement curve
and on the value of the crushing energy [2]. An in-depth review of this matter
as well evidence that slenderness of the specimen has influence on the collapse
mechanism is given in [3]. Considering the size-scale and slenderness effects in uni-
axial compression tests, Carpinteri et al. [4] proposed an analytical model based
on the concept of strain localization. The discussion of instantaneous deformations
of concrete under load is timed from a theoretical viewpoint because deformations
provide indirect information concerning the internal structure [5] as well as the mi-
croscopic fracture mechanism. Analytical models of time-dependent stress-strain
response of concrete under compression are required. For global failure analysis,
the failure mechanism must be treated in a smeared manner, as a continuum with
damage. Since about 1998 (Milaginovié, [6, 7]), a mathematical-physical analogy
named rheological-dynamic analogy (RDA) has been proposed in explicit form to
predict a range of inelastic and time-dependent problems related to 1D prismatic
rods, such as buckling, fatigue etc. This theory defines the critical mechanical prop-
erties of viscoelastoplastic (VEP) materials. RDA is based on the propagation of
elastic waves under instantaneously applied impact loading. A successful theoreti-
cal approach based on RDA and their practical applications have also been given in
connection with the VEP behavior of metallic bars in tension [8]. In fact, cracking
is accompanied by an emission of elastic waves which propagate within the bulk of
the material. More information on the modalities of energy release and the devel-
opment of cracking patterns can be obtained on the basis of the acoustic emission
monitoring technique, which proves that it is possible to detect the occurrence and
evolution of stress-induced cracks [9].

The aim of this paper is to experimentally verify an RDA model of prediction
of stress-strain response of concrete in the pre-peak regime only, given the load-
controlled compression test results used. On the other hand, the analytical model
presented covers the post-peak regime combining the RDA and damage mechanics.
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Many researchers have tried to represent the stress-strain relationship with stan-
dard mathematical curves, e.g., a parabola, hyperbola, ellipse, cubic parabola, or
combinations like a parabola with a straight line and so on, see also Model Code 90
[10]. These curves may have the advantage of simplifying the computation of the
ultimate moment of reinforced concrete sections. However, they can be classified
only as empirical methods since the assumed stress distribution does not represent
an observed physical phenomenon, such as the failure mechanism. Moreover, to
identify global failure as a continuum with damage, relations between RDA param-
eters and damage mechanics must be formulated first. Based on these relations, the
mode of failure is quantified by the characterizing parameters under the peak stress
as the critical creep coefficient and critical damage variable. The ultimate strain
is determined in the post-peak regime only, using the secant stress-strain relation
from damage mechanics. Consequently, the proposed approach is referred to as the
rheological-dynamical continuum damage model. The proposed model is shown to
provide very good predictions for the stress versus strain response in the pre-peak
regime. Within this global model the three main failure characteristics, the residual
stress, the critical value of interpenetration displacement and the crushing energy,
are theoretically evaluated. Finally, on the basis of four non-dimensional constants
the crushing energy is calculated for five concrete compositions.

2. RDA of a specimen subjected to compression load

2.1. RDA-a short overview. Material micro cracking is accompanied by
the loading of a specimen (concrete cylinder), leading to its damage and failure.
Consider the case of the VEP strain of a cylindrical specimen presented in Figure 1a.
In material investigations, both stress o(¢) and inelastic strain €*(t) = eye(t)+evp(t)
are functions of time. If the total VEP strain €(t) = eo + £*(t) is presented as a
sum of elastic (instantaneous), viscoelastic (VE) and viscoplastic (VP) components,
each isochronous stress-strain diagram of a prismatic specimen (e.g., with a square
or circular cross section Agp) can accurately be approximated by the rheological
body H — K — (StV |N), consisting of five elements. The rheological body is shown
in Figure 1b using the following symbols: N for the Newtonian dashpot, StV
for Saint-Venant’s body, H for the Hookean spring, “|” for a parallel connection
and “—” for a connection in a series. Since the Hookean spring, Kelvin’s body
(K = H|N) and VP body (StV |N) are connected in a series, stresses o(t) in all
the bodies are equal. Based on this rheological body, Milaginovié¢ [6] derived a
governing differential equation, i.e.,

.. . EK ! EKH/
t (=L + — t
0 +20(30 + 37) HOT0
5t) Ex H 11
2.1 = — [E— —_—
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in which Ep is the elastic modulus and oy is the uniaxial yield stress. The yield
condition is Y = oy + H'eyp(t). The four properties at fixed step times are:
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extensional VE viscosity Ag, extensional VP viscosity Ay, VE modulus Fx and
VP modulus H’. However, these constants cannot easily be determined in phys-
ical experiments, especially Trouton’s viscosities Ax and Ay. The corresponding
homogeneous equation of the total VEP strain is as follows

(2.2) EMARAIN + V) (ExAN + H Ak) +e(t)ExH =0

Rheological model

Gasin(wat)
Damage state of
concrete cylinder Dynamical model
Q
A €8 Qusin(wrt)
AD = _
O 1o Kk .
Cor
m=PAsk
StV
Y=Gv+HEw
a) b) c)

FIGURE 1. Rheological-dynamical continuum damage model for
concrete cylinder (lg/¢ = 2) under compression: a) damage state
of concrete cylinder; b) rheological model; ¢) dynamical model.

On the other hand, a mechanical longitudinal disturbance (strain) propagates
in an elastic medium at the finite initial phase velocity vo = (Eg/p)'/?, where p is
the density of the medium. The vibration at an arbitrary point M of the specimen
lags in the phase behind that at the source of the wave. If [y is the initial distance
between the two ends of the specimen, the time required for a wave to travel from
one to the other end of it is ¢t — g = T}g = lo/vp. The natural angular frequency w
of the discrete dynamical model, which represents the undamped free longitudinal
vibration of a specimen, is given by

/ k [EHAO 1 Vo 1 D l() 1
( ) @ m lo pAolo lo TII() K Vo w

m is the mass of the specimen and k its axial stiffness, as shown in Figure lc.
Bearing in mind (2.2), an expression similar to (2.3) can be formulated, setting the
rheological model of the specimen into the state of critical viscous damping (¢ = ¢, )

ErxH' 1 1
2.4 = = -
24) “ \/)\K)\N \/TKT* TP
where Ex /JAx=H'/A\n, Ak =ExTr, A\n=H'T* and Tx =T*=TE. Therefore,
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EH 1 EKHI EKHI"/Z(% )\K)\N EKH/A()Z%[)
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where + is the specific gravity. Thus,
AKAN
m =

Y
Consequently, the propagation of longitudinal elastic waves under instanta-
neously applied impact loading ) represents a physical basis for the analogy be-
tween two different physical phenomena, the rheological and dynamical. Then, (2.2)
may be expressed as follows

(2.7) E(t)ym + () cer + ()l = 0

Therefore, a very complicated nonlinear problem in the VEP range of strains
may be solved as a simple linear dynamic one. Generally speaking, the RDA is
derived in order to solve dynamic problems [7], but it can be used in the analysis
of quasi-static loading (0 — 0) considering the corresponding limit values of de-
rived analytical expressions. For instance, each quasi-static stress-strain curve of
a specimen (bar, column, concrete cylinder, etc.) can be obtained using the RDA
modulus function, including the peak stress or compressive strength, which is the
main parameter for energy analysis. On the other hand, the J integral cannot be
applied to solve the problem of loading in compression of concrete cylinder although
the other fracture mechanics approaches can be applied.

ExH'

(2.6) = k(TR)®, k= , cor = 2Vkm = 2kTR

2.2. RDA modulus and the structural-material constant of a speci-
men. The inelastic strain has been solved analytically using the sinusoidal excita-
tion o(t) = 0¢ + 04 sin(w,t) in a uniaxial loaded specimen [6]. The RDA modulus
in the state of critical viscous damping was obtained as follows

1462 1 1
By T ED (1) + H'D(t)

(2.8) Ex(t) =

11062 1 1 2 1 1
EZ, + (Eg(t) + HfD(t))(H + ER(t) + H’D(t))
where § is the angular frequency ratio,

w,
2.9 §=="2 =TPw,
(2.9) - P

The previous properties are replaced by the corresponding dynamic (marked
D), ER(t) and H'P(t). w, is the frequency of excitation. When a specimen is
loaded cyclically, the rheological behavior is characterized by the dynamic time of
retardation T2 = 1/w, with the following dynamic VE modulus

o En En
(210 B =20 =0

©(t) is the VE creep coefficient (e~*/ TR ~ 0). According to the second formula of
(2.6), the dynamic VP modulus may be expressed by

D, ky  Agye(l)
(2.11) 00 = gp =

(1 _ e—t/Tﬁ) _
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In the case of quasi-static loading (§ — 0), the RDA modulus is given by

(2.12) Eg(t) =

1 1 1
En + ED(t) + H'D (%)

If the behavior of the material cannot be VE (EX — o), its only response is
elastoviscoplastic. Therefore,
H'"(t
(2.13) Eg(t) = T/(D)(t)
14+ —=
Eg
Obviously, Er is equal to the tangent modulus Ep at the selected moment
in time. In order to obtain the structural-material constant of a specimen in the

inelastic range, the elastic strain may be ignored or its value considered negligible
(1/Ey ~ 0). Therefore,

D, Aoyet)  o(t)
(2.14) () = B (1) = =505 = 220
where
(2.15) Ko L _1_hb |1

T ExH' kY Ay Envy
Ky is the structural-material constant of a specimen (bar, column, concrete cylin-
der, etc.).

2.3. RDA modulus function. Consider now the linear law () in concrete
in the interval tgp < t < tp, as shown in Figure 2

(2.16) o(t) =C - (t)
(e}
GCF
o) ____
OE :
|
|
|
|
o* (s @
te t t

FIGURE 2. Linear change of stress with creep coefficient in concrete.
Time tg, when stress reaches the limit of elasticity, and ¢, when failure occurs,
are experimentally measured values. The linear law gives

(2.17) o(t) = ;f o(t)

The Euler critical stress
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EH 71'2

A
can be used as a failure criterion for slender two-hinged specimens. The structural
creep coefficient ¢* for the specimen length Ig (slender elastic specimens) is deter-
mined based on the Euler and RDA curve intersection at the limit of elasticity [6]
3
10 1
2.19 fe=rte—
(2.19) @ T e
in which ¢ = /I /Ay is the minimum radius of gyration, Ay = I /i is the slenderness
ratio at the limit of elasticity, and I is the minimum moment of inertia of the cross
section about the centroidal axis. Hence, beyond the limit of elasticity, the linear
creep law takes the form of

(2.18) OF = Oy =

1
2.20 or = —Per
(2.20) Oor = 3¢
where K is the structural-material constant at the limit of elasticity.
(2.21) Kg =X\ Pl
. B=ABETg B
Thus, the RDA modulus function follows from (2.12)
1 E E
(2.22) Er=—4—F0—1 =7 H =7 HK
E‘FEH"‘F +§Ocr + ol E
where the critical creep coefficient includes inelastic strain, as found in concrete.
«, Eu
(2.23) Ya =@ + = o KE

2.4. Quasi-static inelastic buckling curve. The inelastic critical stress of
the two-hinged specimen may be obtained as explained in [6]

Agyp* En En En

!

G2) o= M = = s Sy S
Ao ve* i I yp* 0T 7e®

The above critical stress is only an upper bound of critical stress in the inelastic
range of strains, because the elastic modulus and structural creep coefficient are
used. However, the elastic modulus must be replaced by the RDA modulus given
by (2.22), if the failure compressive strength is explored. This viewpoint will be
considered in Section 4.1. The minimal slenderness for which the Euler critical
stress can still be applied is slenderness Ag at the limit of elasticity. Hence, the
quasi-static elastic and inelastic buckling curves are as follows

2
(2.25) Torj = %EH, for Aj > A,
J
E
(2.26) Oerj = —mr,  for \j < Ap
AT 5o

where the effect of the specimen shape and size is included through the slenderness
(2.27) Nj=1/i, (j=1,2,3,...)
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2.5. Average RDA stress-strain curve. The RDA modulus function can
be used further to obtain the quasi-static stress-strain curve, as follows

Ocr Ocr Ocr
2.28 = === er) = == (1 okl
Thus, one quadratic equation takes the form of
(2.29) 02 Kp+ 0 — E(0)e =0

Slope E(0) is the elastic modulus of the material in its initial state. The root
of (2.29) under the initial conditions £(0) = 0 and o,(0) = 0 is the limit value of
critical stress for the selected strain or the average stress-strain curve. Then
1
=21,

At the limit of elasticity, the slope is equal to the elastic modulus Ex (known
value). Therefore,

(2.30) Ocr 1+4KpE(0)e — 1)

(2.31) Er(0) = Epq.
Thus,
(2.32) E(0) = Eg(1+¢*).

As detailed by Van Mier et al. [1], the stress-strain curves of concrete are
dependent on two major parameters, testing conditions and concrete characteris-
tics. The key experimental parameters cited in [1] included the frictional restraint
between the loading platen and the specimen, the rotation of the loading platen
during the experiment, the gauge length of the control LVDT, the stiffness of the
testing machine, the type of the feed-back signal, the loading rate, the shape and
size of the test specimen and the concrete composition. It is therefore important
when using experimental data for verification and comparison that the experimental
parameters are fully listed. Concrete characteristics depend on many interrelated
variables such as the water-cement ratio, the mechanical and physical properties of
the cement and aggregate, and the age of the specimen when tested [11].

In this study, cylinders of slenderness /¢ = 2 loaded between the steel plates
with low-fiction are tested only. The analytical stress-strain curve of concrete in the
ascending branch is obtained as a critical curve and can be computed using (2.30) if
the compressive strength, elastic modulus, concrete density and Poisson’s ratio are
experimentally evaluated. It is valid for various prismatic concrete samples (e.g.,
with a square or circular cross section Ap) and different concrete compositions. To
identify the basic mechanism that leads to concrete damage growth, some primary
features of concrete behavior experimentally observed are presented first.

3. Relations between RDA parameters and damage mechanics

3.1. Creep coefficient-Poisson’s ratio dependence according to RDA.
The RDA approach to the analysis of the problem of effect of Poisson’s ratio on
the creep coefficient has already been described in [7]. In this approach, based on
the Bernoulli energy theorem and assuming that ep = og/Ex = 0.001, the creep
coefficient can be expressed by the formula
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1 4 1 1 4 1
6 e=|(1=550m) ~Uzoeor/ 1~ (T=osoms) ~Uzomor)
1—0.001p 2.0.001 1—0.001p 2.0.001

Figure 3 presents the function given by (3.1), whose results are in excellent
agreement with the experimentally obtained values.
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log Poisson's ratio
FI1GURE 3. Variation of creep coefficient with Poisson’s ratio.

Concrete is a semi-brittle material determined by the linear dependence of
log ¢ on logp. As it is shown, according to the criterion of the linear logarithm
¢ — u dependence, the upper boundary value of Poisson’s ratio is 0.25. Given
the observed variation in the concrete composition and experimental data, in the
absence of experimental data, a value of Poisson’s ratio between 0.15 and 0.20 is
appropriate for characterizing the elastic material response. In the inelastic regime
it increases to a certain critical value between 0.20-0.35. The above equation can
be simplified by neglecting the products of second-order exponents

4
[(ﬁ.om,) ﬁﬁ

1 1
= ~1
{ 1-0. oozu + (0.001)*][1 = 0.002 + (0.0011)°] }0.002

(3.2) ]
(1-0. 002,u )(1 —0.002u) 0.002
[ 1} I ( 1 B 1) 1
1-0. OO4M + (0. 002#) 0.002 1—0.004p 0.002
( 0.004 1 ) 1 2u ~ 9
1-0.004,/0.002  1—0.004p
Thus
2p
(3.3) ¢

:1—2u
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3.2. Dependence of damage variable on creep coefficient and Pois-
son’s ratio. Since the development of micro cracks induces a reduction in the
stiffness of materials, the damage state can also be characterized by variation in
the elastic modulus (Lemaitre and Chaboche [12]). Thus, the damage variable D
is characterized by variation in Young’s modulus E(D), as follows
(3.4) E(D)=(1-D)En

If we suppose that variation F(D) is equal to the RDA modulus, (3.4) can be
expressed by

1 cr 52 1 cr)¥cr
T 2+ ~ D, = (+s02)s0
(L4 per)” + 62 (1 + @er)” + 62

In the case of quasi-static loading (6 — 0), the critical damage variable is

given by

(3.5) (1- Do)Ey = Eg = Eg

Per Dcr
(3.6) D, = Tt on = Qor = Do
Figure 4 shows one important relation between the critical damage variable
and the critical creep coefficient, where D, — 1 when ¢, — co. Hence, damage
is described by a scalar D., taking on a value between 0 and 1.

1
0.9

0.8
0.7 o

7
06 /1
0.5
0.4
0.3 :
0.2 f
0.1
0

Critical damage variable

© =

1.2 3 4 5 6 7 8 9 10 1
Critical creep coefficient

FIGURE 4. Variation of critical damage variable with critical creep
coeflicient.

Also, using (3.3), linear variation of the critical damage variable D, with
Poisson’s ratio is obtained. It is consistent with the known phenomenon of Poisson’s
ratio increasing under compressive load due to micro cracking.

(3.7) Der = 241

Eq. (3.4) provides a basis for the hypothesis of strain equivalence [12]. However,
the physical meaning of D, is usually interpreted as a decrease in the effective load-
carrying area (or effective resisting cross section area) due to void development [13]

(38) A= (]- - Dcr)AO
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4. RDA study of uniaxial compression tests

4.1. RDA stress-strain curve. A compressive strength test was performed
on a concrete cylinder with a diameter of ¢ = 150 mm and a height of [ = 300 mm,
see Figure 5. The cylinder was made of SikaGrout®212 concrete, a product of the
Swiss company Sika AG, which is primarily intended for structural reinforcement
(principle 4, method 4.2 of EN 1504-9).

FIGURE 5. Tested cylinder SG1 before (left) and after (right) en-
cumbering.

A concentric compressive load was applied using an automated hydraulic test-
ing machine Controls Automax 5 with a 3000kN capacity. Low-friction loading
was applied through steel plates, one of them pivoting. The load on the tested
specimen was measured with an oil pressure gauge with a 1 kN margin error. The
local strains were measured by means of three strain gauges parallel to the direction
of the applied load and centered at mid-height of the cylinder. The unstable de-
scending part of the stress-strain curve was not measurable with the experimental
setup used (load-controlled compression test). Loading () was applied at rate cjoad-
However, the loading rate could not be established instantaneously, but the current
increased from zero to a final constant value in a very short time At, see Figure 6.

Due to the change of the loading rate, the uniformly accelerated motion of load
(a = Cload /At), which acts on the concrete cylinder, must be analyzed as shown in
Figure 7.

Let us determine the stresses op in an arbitrary cross section at a distance x
of the cylinder shown in Figure 7. The observed part moves with acceleration a,
which means that a force equal to its mass times acceleration a must be included
in the equilibrium equation

(4.1) Op = @4,

9
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Thus, the dynamic stresses op acting in the sectional plane of the cylinder will
balance not only the static load @ + vApx, but also the additional force Qp
Q+74ir  Q+ Aoz Q + Aoz a
A g4o Ao g
The ratio (Q + vAox)/Ap is the static stress og in the observed section of the
cylinder. Therefore

(42) op

(4.3) op=os(1+2)

g
i.e., the dynamic stress is equal to the static stress multiplied by the coefficient
(L+a/g).

The uniformly accelerated motion of load remains the same until the specimen
fails, because the loading rate is constant. After the failure, the acceleration is
lost and particles of the material are returned to the gravitational acceleration.
Therefore, the acceleration coefficient f.,, which must be used to adjust the specific
weight of the material v = f, -7, (74 = p-g) in order to obtain its dynamic strength,
is given by

g

4'4 =
(14) f=—
It should be noted that this coefficient corresponds to the recommended in-
crease of the measured elastic modulus [10]
(4.5) Ey = 2.2-10%[f./10]"?

fc is the measured strength of the standard concrete cylinder. The experimentally
evaluated mechanical properties of cylinder SG1 at the time of the test (28-day
strength) are listed in Table 1.

TABLE 1. Experimentally evaluated mechanical properties of con-
crete cylinder SG1.

Concrete property Test data
Density [kg/m?] 2265.5
Elastic modulus [MPa] 30994
Poisson’s ratio 0.185
Measured strength [MPa] 65.91

c
Cload[m/s]

t

At tF S A

FIGURE 6. Increases and decreases of loading rate in very short time At.



RHEOLOGICAL-DYNAMICAL CONTINUUM DAMAGE MODEL FOR CONCRETE...
[(Q+yAox)/gla
aj }
Q) Q)
X
SN
lo|T——1 =T -
o | Ao oo

FIGURE 7. Stresses in cylinder under uniformly accelerated mo-

tion of load.
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The structural-material characteristics of concrete cylinder SG1 are listed in

Table 2.

The properties obtained at the limit of elasticity are presented in Table 3.
Depending on the acceleration coefficient f, it is possible to construct any
number of curves. Two stress-strain curves are computed here using the properties
from Table 3 and the four experimentally evaluated characteristics of the material
given in Table 1 (see Figure 8). The first SG RDA-g curve is computed using the
gravitational acceleration g (f, = 1) and can be treated as static

TABLE 2. Structural-material characteristics of concrete cylinder SG1.

lo

Standard concrete cylinder: ¢ = 15cm, lp = 30cm,
Ay = ¢?/4, I = ¢*n /64, i = \/I/Ag = ¢/4 = 3.75 cm,
Xo=1lp/i=8,i3/I =1/¢m = 0.02122cm™L.

Test data: Fy = 30994 MPa, pu = 0.185, v = 2.2655 -
103 kg/cm®.

Model Code 90: (Ey = 42462MPa, difference 37%)

RDA prediction: ¢* = 124 = 0.5873 E(0) = (1 +
©*)En = 49196.78 MPa.

TABLE 3. Structural-material properties of concrete cylinder SG1
at the limit of elasticity.

RDA Gravitational accel- | Uniformly accelerated motion of
prediction eration v, = p- g load v = f, - g, fy = 1.37
Ag mh L 157.41 114.89
op | =208 12.35 23.17
R — 0.047569 0.025344
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1
08 = 5o gagg VL T 4 0047569 49196.83 € — 1),

for e¢; = 0.003575 = o p = 51.20 MPa.
The dynamic SG RDA curve is computed using the acceleration coefficient
= 1.37, which fits the percentage increase in measured elastic modulus of 37%,
as recommended in [10]
B 1
~2-0.025344
for e¢; = 0.003575 = o p = 65.88 MPa.

As a consequence of the hypothesis of strain equivalence, the same values
of peak strains follow from the static and dynamic stress-strain curves for peak
stresses.

As it is shown in Figure 8, the results of dynamic SG RDA curve are in agree-
ment with the experimentally evaluated values, especially beyond the limit of elas-
ticity. It should be noted that limit of elasticity is the border from which RDA is
developed.

Figure 8 also presents the static and dynamic RDA strain-stress curves calcu-
lated by (2.28) for different slenderness \; as explained in the Appendix.

op (V1+4-0.025344-49196.83 - ¢ — 1),

OScrF,j
= ISR () 4 g g 0.047569),
°5 = 1o106.83 L T IS erF )
epy = ~PII (1 4 gp e - 0.025344),

49196.83
A =1/, (j=1,2,3,..)

Although the strain-stress curves are derived from the RDA failure curve using
iterations, they are close to the stress-strain curves. It means that the theoretical
stress-strain curves are unique. The RDA curve (inelastic buckling curve) shown
in Figure 9 gives only an upper bound of inelastic critical stresses in the inelastic
range, because the elastic modulus Fg and structural creep coefficient ¢* are used
in (2.26). However, when stress exceeds the limit of elasticity the elastic modulus
must be replaced by the RDA modulus given by (2.22) to obtain the failure stress.
The RDA failure curve is obtained using the iterative procedure for all slenderness
Aj(j =1,2,3,...) as explained in the Appendix. The analyzed concrete cylinder
SG1 has slenderness A\g = 8(lp/¢ = 2), see Table 1. The lower slenderness limit
Ap = 15(Ip = 56.25cm, Ip/¢ = 3.75) is found based on the intersection of the RDA
failure curve and the horizontal line corresponding to the measured strength. The
higher cylinders have smaller compressive strengths because of the size effect, see
Figure 9. Consequently, the RDA results are in full accordance with the conclusions
reported in [1], where for slenderness [;/¢ greater than 2 (and up to 4) a constant
strength was measured.

The stress-strain curves are unique because they depend only on the four ex-
perimentally evaluated properties of the concrete. The specimen shape and size
effect are included through the slenderness.

4.2. Critical parameters under peak stress and ultimate strain. Van
Mier showed that localization of deformations occur in the post-peak regime in
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F1GURE 8. Test data for stress-strain pairs and RDA results for
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compression [14, 15]. Also, it has been clearly demonstrated by Hillerborg and
co-workers in 1976 [16] that in tensile fracture of concrete strain localization oc-
curs after stress has passed the peak point. Therefore, Hillerborg [17] suggested
that in compression failure a description of the stress-deformations properties by
means of a stress-strain diagram before the peak and a stress-deformation diagram
after the peak may be expected to be a more realistic material model than just
a simple stress-strain curve. Also, based on the Van Mier observations, Bazant
[18] analyzed the post-peak stress-strain relation on the basis of a series coupling
hypotheses. However, from the rheological point of view, the strain localization
hypothesis means that strain at the peak point is permanently restrained. Hence,
the relaxation of stress takes place as explained in [19]

(46) ORel. =

UCI‘

1 + PerF
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FIGURE 9. Quasi-static inelastic buckling curves for concrete
cylinder SG1.

Let us consider the concrete cylinder at the lower slenderness limit A\p = 15
(Ip/¢ = 3.75). (2.26) gives the upper bound of the inelastic critical stress
_Bu-fyv 9t
Ocy = — V73, v~

Ap(*/1)
~ 30994 - 1.37 - 2.2655 - 1073 -0.5873 B

15 - 0.02122
30994 - 0.0031 - 0.5873
- 15-0.02122 = 177 MPa

The critical creep coefficient for the measured strength f. = 65.91 MPa is as
follows

Obviously, the relaxation of stress is equal to the measured strength

177
ORel. — m = 66 MPa

It means that the rheological-dynamical theory is in accordance with the hy-
pothesis of strain localization, and the measured strength can only be confirmed by
another test, i.e. a displacement controlled experiment. This paper is concerned
with the development of a new model of inelastic material behavior of concrete in
compression, alternative to other methods of nonlinear fracture mechanics or plas-
ticity previously published in the literature. The model has already been developed
for metals [8]. The model allows that a very complicated nonlinear problem may
be solved as a simple linear dynamic one. It is important to note that, from the
mathematical point of view, the creep coefficient is a global quantity, and therefore
it permits to characterize structural behavior without the need to model the details
of the actual failure mode of the specimen, which may vary from pure crushing to
diagonal shear failure, or even to splitting, depending on its size-scale and slen-
derness [1]. The dynamic stress-strain curve is well suited for taking into account
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the nonlinear response of concrete cylinder in the ascending branch and gives the
measured strength. The corresponding peak strain for the above analyzed cylinder
is ¢, = 0.003575. Consequently, the critical creep coefficient for the peak dynamic
stress can be determined according to (2.27)

YerF = 0 KE = 65.88-0.025344 = 1.67

The critical damage variable for the peak dynamic stress can be determined

according to (3.6)

PerF 1.67
——— = —— =0.6255
1+ PerF 2.67
In the end, from the secant stress-strain relation given by (3.4), the ultimate

strain is given as follows

-Dch =

OcrF = (]- - Dch)EchrF = EcrF
OcrF 65.88
R = - — 0.005679
P = 1~ Do) En (- 0.6255)30994

As a consequence of the hypothesis of strain equivalence, the same ultimate
strain follows from the static stress-strain curve

Yerr = 51.2-0.047569 = 2.44,

2.44
Dch - —344 = 07089,
51.2
wp = = 0.005679
“erf = 12 0.7089)30994

4.3. Mode of failure. Concrete is a semi-brittle material which collapse un-
der the peak stress o.,p (measured strength). The effective resisting cross section
area and the effective radius of the cylinder after the failure are shown in Figure 10
left. These failure properties can be determined according to (3.8)

A= (1-Dep)dy = 7= T7.5v/1—0.6255 = 4.59 cm

Consequently, the critical crack depth is equal to the difference between the
radius of the damaged cross section area Ay and the radius of the effective resisting
cross section area A.

Aoy = 7.5 —4.59=2.91cm

Figure 10 right shows cylinder SG1 after the experiment, with the mode of
failure clearly visible. The calculated value of the critical crack depth is in good
agreement with the measured value (2.43 cm).

It is well known that the compression strength after an experiment does not
vanish, but it tends to a residual value. According to the nature of the action
explained in Section 4.1, the specimen is loaded dynamically. After the failure, the
acceleration is lost in a very short time At, see Figure 6. The result of this process
is a decrease in the dynamic compressive strength to the static value (SG RDA-g
curve). However, because of the negative acceleration after the failure, a fictitious
stress exists for a very short time At

(47) Ofictitious — 08 (1 - g)
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F1GUurE 10. Mode of failure left, and measured value of critical
crack depth right.

Therefore, the stress-strain curve ends as shown in Figure 11. It means that
the softening branch exists. Consequently, the established difference between the
dynamic and the static strength is the residual stress level remaining in the material,
and it is a consequence of the uniformly accelerated motion of load during the
examination of compressive strength

(48) Oresidual = OcrF — Ocr

The residual stress is transmitted through the effective resisting area of the
cylinder that remains after its failure, see Figure 10. For the above analyzed
concrete cylinder oyesidual/fe = 0.212% is obtained. Equations of the uniformly
accelerated motion of load and acceleration coefficient give a = 0.27¢g, fv = 1.37.

In this paper damage mechanics is referred to for the post-peak regime only.
The damage parameter D¢,z given in (3.8) is defined as a scalar, with the effective
resisting area A corresponding to the damaged area Ay, as presented in Figure 10.
This concept pertains because the total inelastic strain, which is free after the
failure for a very short time At (Figure 6), is really the ultimate strain caused by
the critical failure stress. From the secant stress-strain relation given by (3.4), the
ultimate strain is given as presented in the diagram shown in Figure 11

Ocr
(1+ par) = orF

OcrF OcrF
4. rF = =
(4.9) = (0= Dur)En _ En

Also, from the strain-stress curve given by (2.28), the ultimate strain is obtained
as follows
(4.10) for = %(1 + Yarr) = €ar = ea(l+¢")

It means that the total inelastic strain is really the ultimate strain and the post-
peak behavior depends on the pre-peak behavior. The proposed RDA model relies
on global parameters to connect pre-peak behaviour with post-peak behaviour, and
should only be considered holistically. That is precisely what distinguishes it from
the Hillerborg model [17], where two independent curves are used for analysis,
a stress-strain curve for the ascending part (before the peak stress), and a stress-
deformation curve for the descending part. The damaged material of the cylinder is

Egrr
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assumed to be able to transfer compressive stress between the overlapping surfaces,
see Figure 10 left. Concerning such stresses, they are assumed to be a decreasing
function of the interpenetration w [4]. The critical value of the interpenetration
displacement is determined so that areas Fy; and Fyr; under the softening branch
(including the elastic unloading portion Fy), as shown in Figure 11, are equal
to the crushing energy G¢o. When the residual stress is reached in load-controlled
experiments, the tested specimen is no longer under loading, and the ultimate strain
cannot increase. Accordingly, two key failure properties can be calculated. The
critical value of the interpenetration displacement shown in Figure 11 is as follows

(4.11) Wer = [Ech — €+ (Uch - UE)/EH]ZO

The crushing energy can be calculated as presented in the diagram shown in
Figure 11
Ge = (F1 + Fr1 + Frin)lo
B e e — )+ (e~ easa)err — )|l
For the above analyzed concrete cylinder is obtained
wer = [0.005679 — 0.003575 + (65.91 — 23.17)/30994] - 300 = 1.04 mm

G = (0.042289 4 0.015475 4 0.076775) - 300 = 40.36 N/mm

Err
OorF
GchH
Y = e
ey 2
: 2
e, [e Fu EE
ot ‘j Wcr/IO b
Oe| Jr___ __ -E_ ___ ________ _
E E]
H - o
E(D}r)=Err g
o)
& Ecr . EcrF
€ EalD*

FIGURE 11. Stress-strain curve, critical interpenetration displace-
ment and crushing energy.

It is well known that the sharp bend at the peak stress in the uniaxial stress-
strain diagram is not realistic. Because of that a decrease in the dynamic compres-
sive strength to the static value, which leads to the linear post-peak softening, is
a logical explanation based on load-controlled experiments (Figure 6). Hence, the
calculated values of the two key parameters are in agreement with the observed test
values for similar concrete samples that can be found in literature, although they
were obtained using displacement controlled experiments. Also, it should be noted
that the critical interpenetration displacement corresponds to Oresidual = 0.20cF
according to the experimental evidence [4]. However, it is to be noted that these
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two key failure properties essentially describe the response of the central zone of
the cylinders only, which is generally accepted to be subjected to a near-uniform
uniaxial compressive stress, in contrast to the complex and indefinable compres-
sive state of stress imposed on the end zones by frictional restraints due to the
interaction between the specimen and loading device [3]. From the findings which
have been presented the static loading may be simulated if uniformly acceleration
motion of load is zero (¢ = 0). Hence, op = og and Ofictitious = 0s. Also, the
acceleration coefficient f, =1 and RDA-g curve valid as shown in Figure 12. The
residual stress level is zero. It means that presented stress-strain diagram for con-
crete in compression is the same type as proposed in many current codes only for
static loading. The expression given in (3.8) implies that D¢,p = 0.6255 for the
peak dynamic stress corresponds to the damage state with the effective resisting
area of the cylinder that remains after its failure. However, D..p = 0.7089 for the
peak static stress is a critical value which corresponds to the failure of the cylinder
in two parts, because the residual stress level is zero. It is important to note that
according to Lemaitre [20], the critical value of the damage variable lies in the
range 0.2 < D p < 0.8 for metals. Hence, two key failure properties under static
loading can be calculated as follows

Wer = [Ech —&er (Ucr - UE)/EH]ZO
= [0.005679 — 0.003575 + (51.2 — 12.35)/30994] - 300 = 1.01 mm

1 agr
Go = (Fr+ Fr)ly = + 0cr(Ecrr — €er) | o

2 By
= (0.042289 4 0.107725) - 300 = 45 N/mm

ERF
Ocr /Z
Wcrllln é
O — Z ~— R __ ©
E E(Dc:F =Err
Ecr EorF
&2 Ea (¥

FIGURE 12. Stress-strain curve, critical interpenetration displace-
ment and crushing energy under static loading.

5. Comparative analysis for five concrete compositions

5.1. Experimental tests and model verifications. An experimental inves-
tigation was carried out to explain the compression behavior of standard concrete
cylinders with a strength range of 20 — 80 MPa. The presented experimental re-
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search was conducted at the Materials and Structures Testing Laboratory of the
Faculty of Civil Engineering in Subotica, Serbia. A series of tests were performed
on five concrete compositions. The measured values of concrete density, elastic
modulus, Poisson’s ratio and compression strength are listed in Table 4.

TABLE 4. Experimentally evaluated mechanical properties for five
concrete compositions.

Type Concrete Elastic Poisson’s | Compression
of density modulus ratio strength
concrete [kg/m?] [MPa] [MPa]
HCS-04 2289 49211 0.175 76.82
SG 2265.5 30994 0.185 65.91
NSC 2325 28700 0.217 57.27
CC-1 2228.6 27404 0.180 38.90
C20 2125 23421 0.165 25.00

HCS-04: Repair mortar cement, polymers, minerals, and chemicals and fillers-
based; SG: SikaGrout®212 repair mortar; NSC: Normal-strength concrete; CC-1:
Normal-strength concrete; C20: Concrete strength class.

TABLE 5. Numerically defined dynamic and static RDA curves for
five concrete compositions.

Dynamic RDA curve
HCS-04 m(\/l +4-0.017054 - 75709.23 - £ — 1)
SG | s (V1 +4-0.025344-49196.83 - ¢ — 1)
NSC | soga05 (V1 + 4-0.019906 - 50707.16-€ — 1)
; )
)

CC-1 50030938 V1+4-0.030928 - 42818.75- ¢ — 1
C20 M(\/l 4+ 4-0.045456 - 34956.72 - ¢ — 1
Static RDA curve

HCS-04 m(\/l +4-0.032009 - 75709.23 - ¢ — 1

)

5G| gz (V1T 10017560 49196.85 ¢ — 1)

NSC | gpzgan (V1 4-0-057360 5070716 - = — 1)
CO1_| g (VI -+ 4 0.058048 I28T8 75 < — 1)
C20 | gpomgs (VI +4-0.085316- 34956.72- ¢ — 1)

The HCS-04 cylinder was made of a high-quality, two-component concrete mix,
commercially available by the name Polimag®HK-04. The liquid component con-
tains water, cement polymer and plasticizer, while the powder component con-
tains cement, crushed carbonaceous stone aggregates, powdered filler and miner-
als. These components were mixed in a concrete mixer and no additional materials
were added. The SG type concrete was a high strength, low shrinkage, expanding
material commercially known as SikaGrout®212. It is a powdered concrete mix
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which contains cement, crushed stone aggregate and powdered cement additives.
In accordance to the manufacturer recommendations, fresh concrete was prepared
by adding 3.7 liters of drinking water to one 28 kg bag of SikaGrout. The mix pro-
portions for other concrete compositions were: NSC (portland cement (PC) CEM
II/B-M: 500 kg/m?’; water: 200 kg/mg; fine aggregate: 991 kg/mg; coarse aggregate:
633kg/m’), CC-1 (PC CEM II/A-M: 445 kg/m®; water: 250 kg/m®; fine aggregate:
465 kg/m®; coarse aggregate: 1100kg/m?) and C20 (PC CEM II/B-M: 395 kg/m?;
water: 280 kg/mB; sand: 420 kg/mB; coarse aggregate: 1165 kg/mB). The concrete
mix was designed for compressive cylinder strength f. at 28 days of approximately
20-80 MPa. The concrete properties at the time of the test are presented in Table 4.
The numerically defined dynamic and static RDA curves are presented in Table 5.
The acceleration coeflicient f, = 1.37 was used in the computation for all concrete
compositions.

The experimentally evaluated and numerically computed dynamic stress-strain
curves shown in Figure 13 are in excellent agreement beyond the limit of elasticity,
because the limit of elasticity is the border from which the rheological-dynamical
theory is developed.

It was observed that the mechanical response of concrete in uniaxial compres-
sion can be well explained through the measured strengths. Figure 14(1) shows
that all recommended elastic modules are between 30 and 40 percent greater than
the measured values, except for concrete with the maximum strength, where the
measured modulus is higher than recommended. Consequently, it is proved in this
study that the presented procedure for the computation of the stress-strain curves
is more objective than standard computation involving elastic modulus adjustment
procedures. Figure 14(2) shows that different strengths can be obtained for ma-
terials of different densities, with strength obviously growing with the growth of
concrete density. This opens up possibilities for new studies on the basis of which
two important questions may be answered. First, what is the relationship between
density and strength if the porosity (density) of the same concrete mixtures is
varied and second, what is this relationship if the concrete density is changed by
varying the aggregate density? An adequate answer to these questions is possi-
ble to obtain with the application of the proposed RDA model because the model
uses four measured mechanical properties, density, elastic modulus, Poisson’s ratio
and compressive strength, which are functionally linked in the proposed model.
Figure 15(1) presents the variation of the measured Poisson’s ratio with strength,
which coincides with the variation of the computed VE creep coefficient shown in
Figure 15(2).

Figure 16(1) illustrates the variation of the elastic stress with the function at
its minimum for the above analyzed concrete cylinder, while the one (2) illustrates
the variation of the structural-material constant, with the function at its maximum
for the same specimen.

Figure 17(1) shows the logical linear relationship between the dynamic and
static strengths. However, the peak strain shown in Figure 17(2) is a function at
its maximum value for the above analyzed concrete cylinder.
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F1Gure 13. Comparison of test data for stress-strain pairs and
dynamic RDA curves for five concrete compositions.

The next important aspect of this study is the computation of the critical
parameters under peak stress and ultimate strains (see Section 4.2). Figures 18
and 19 illustrate the same type of function with maximum values for the above
analyzed concrete cylinder.

The failure mode of the standard concrete cylinder is discussed in Section 4.3.
The relevant global properties are: effective resisting cross section area, critical
crack depth, critical interpenetration displacement and residual stress level. These
properties are shown in Figures 20 and 21. The effective resisting cross section
area for the above analyzed concrete cylinder is at its minimum in the presented
function, while the other properties are at their maximum. The calculated values of
critical crack depths are in excellent agreement with the measured value (2.43 cm),
see Figure 10(2). It should be noted that critical crack depths are measurable after
the failure of tested cylinders in the load-controlled compression test and because
of that they can be used for experimental verification of RDA approach. When the
interpenetration displacement reaches the critical value, the concrete cylinder can
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F1GURE 14. Comparison of measured elastic modulus with recom-
mended values (1), and variation of concrete density with varying
strength (2).

transfer only constant residual stress through the effective resisting cross section
area. According to the experimental and theoretical investigation in this study,
the critical interpenetration displacement corresponds to Oiesidual = 0.21240cp,
see Figure 21(2).

The common key properties that characterize the global failure mode of the
concrete cylinder are the crushing energy and brittleness ratio, see Figure 22. The
growth of the crushing energy with the growth of strength shown in Figure 22(1) is
logical and expected. However, the presented function is at its maximum in the case
of the concrete cylinder analyzed in Section 4.3, although one of the specimens has
greater measured strength. Obviously, the reason lies in the fact that the analyzed
cylinder has greater ultimate strain, as shown in Figure 19(2).
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FIGURE 15. Variation of Poisson’s ratio with strength (1), and VE
creep coefficient with strength (2).

The function of the brittleness ratio is shown in Figure 22(2), with the function
minimum occurring for the above analyzed concrete cylinder. This material char-
acteristic is closely related to the ultimate strain because ductile materials have a
lower brittleness ratio.

It is important to emphasize that the measured concrete properties are charac-
terized by much higher dispersion than the relevant parameters which characterize
the failure mode of concrete cylinders, see Table 6.

Although the concrete properties measured in the case of the SG cylinder are
not the best, the most favorable failure characteristics are obtained if the criterion
of the brittleness ratio is adopted as authoritative. On the other hand, the MB20
concrete cylinder test data are least favorable, and this is where the brittleness ratio
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FIGURE 16. Variation of elastic stress with strength (1), and
structural-material constant with strength (2).

has a maximum value. This means that this type of concrete is the worst. Hence,
it is obvious that an optimization approach to find the best concrete composition
may be useful.

5.2. Model parameters identification. The presented theory describes the
critical stress-strain response of material in compression before the peak for five
different concrete compositions, which are experimentally verified. This approach
covers also the degradation of stiffness and strength with limited ductility in the
post-peak regime, because it combines damage mechanics. Consider the SG con-
crete cylinder, whose measured properties are given in Table 1 (concrete density:
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p = 2265.5 kg/mg; elastic modulus: 49211 MPa; Poisson’s ratio: 0.185; compres-
sion strength: f. = 65.91 MPa). The acceleration coefficient is f, = 1.37. The
model parameters identification where the structural creep coefficient is the main
parameter gives
. 2-p 2-0.185
S 1-2-p 1-2-0.185
EW0)=(1+¢")-Eyg = (1+0.5873)-30994 = 49196.83 MPa
1

Ap =ml————— =7°.0.02122 — = 114.89
I fy g9 1.37-2.2655 - 10~% - 0.5873

= 0.5873

4
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FIGURE 18. Variation of critical creep coefficient and strength (1),
and critical damage variable and strength (2).

;® 1 1
Kp=Ape—  —114.89-0.02122 - —0.025344
I Eg-fy-g 30994 - 1.37 - 2.2655 - 10
The peak compression strain may be obtained from the measured strength
using (2.28)

fe . 65.91
1+ fuKp) = ——2 (14 65.91 - 0.025344) = 0.003577
By KE) = oioesst T ) 7

The global mode of failure is determined by the critical parameters under the
peak stress as well as ultimate strain

Yarr = feKp =65.91-0.025344 = 1.67

Ecr =
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Pk _ 10T eons

1+ PerF 2.67
fe 65.91
o F = = = 0.005679
P T 1~ Dor)En (1 — 0.6255)30094

The area below the stress-strain curve in Figure 11 represents the crushing energy

per unit area for standard concrete cylinders, which can be calculated from
f2

(5.1) Go=93- == +204- fc- (ccrF — €cx)
Ey

Dch =
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FIGURE 20. Variation of effective resisting area and strength (1),
and critical crack depth and strength (2).

with four non-dimensional constants valid for all concrete compositions
Oresidual/ fe = 0.2124
os/fe=0.7876
(5:2) alg = fe)os —1=0.27

=Ty =

Owing to the present, fundamentally new investigations, our understanding of
concrete failure in compression may be achieved from both theoretical and exper-
imental viewpoints. The residual stress level is what principally distinguishes it

1.37
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FIGURE 21. Variation of critical interpenetration displacement
and strength (1), and Gresidual/0crr ratio and strength (2).

from tensile fracture, but it is a consequence of the uniformly accelerated motion of
load during the examination of compressive strength. The main concrete properties
which must be used for the numerical calculation of the crushing energy by (5.1)
are given in Table 7.

6. Conclusions

The proposed approach for global failure analysis of concrete in compression
combines the RDA and damage mechanics. The RDA modulus is used to obtain
one simple continuous modulus function and a stress-strain curve. The key global
quantities, such as the creep coefficient, Poisson’s ratio and damage variable, are
functionally related. The critical values of the creep coefficient and damage vari-
able under the peak stress (measured strength) are used to describe the global
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FIGURE 22. Variation of crushing energy and strength (1), and
brittleness ratio and strength (2).

failure mode of concrete cylinders. The ultimate strain is formulated in the post-
peak regime only, using the secant stress-strain relation from damage mechanics.
The softening branch exists as explained in Section 4.3. The residual stress is a
consequence of uniformly accelerated motion of load during the examination of com-
pressive strength. The present study analyzes experimentally five different concrete
compositions before the peak stress. The dynamic and static stress-strain curves
are computed taking into account four measured properties of concrete. The same
acceleration coefficient for all concrete compositions is used to obtain the dynamic
curves, which are in excellent agreement with the values measured beyond the limit
of elasticity. The results are also in full compliance with the conclusions reported
by RILEM TC 148-SSC [1]. The measured concrete properties have much higher
dispersion than relevant parameters which characterize the failure mode. Hence,
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TABLE 6. Influence of identified model parameters.

Identified model parameter HCS-04 | SG | NSC | CC-1 | C20
Density max. min.
Elastic modulus max. min.
Poisson’s ratio max. min.
Compression strength max. min.
Structural creep coefficient max. min.
Critical creep coefficient max. min.
Critical Poisson’s ratio max. min.
Critical damage variable max. min.
Critical crack depth max. min.
Peak compression strain max. min.
Ultimate compression strain max. min.
Interpenetration displacement max. min.
Crushing energy max. min.

TABLE 7. Main concrete properties and crushing energies calcu-
lated with four non-dimensional constants valid for all concrete

compositions.

Type of .fc EH Ecr EcrF GC
concrete  [N/mm?] [N/mm?| [N/mm)]
HCS-04 76.82 49211 0.00235 0.00361  30.84
SG 65.91 30994 0.003577 0.00568  41.32
NSC 57.27 28700 0.0024 0.00427  32.48
CC-1 38.90 27404 0.002 0.00313  14.08
C20 25.00 23421 0.001525 0.00228 6.33
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it is obvious that an optimization approach to find the best concrete properties
may be useful. Finally, the crushing energy per unit area for standard concrete
cylinders is calculated, with four non-dimensional constants valid for all concrete
compositions. The calculated crushing energies are in agreement with the observed
test values of similar concrete specimens that can be found in literature, which were
obtained in displacement controlled experiments.

7. Appendix

RDA strain-stress curve Following Milasinovi¢ [6], the RDA modulus func-
tion Egr (0. ) may be used to obtain compressive strength o, , which occurs when
the current critical stress does not change the RDA modulus in the next iteration.
For the computed value of oo, according to (2.24)

(7.1)

50 _

Ccr

By
# 1
I ve*
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an appropriate Eg) may be calculated according to (2.22)

Ey
(7.2) EY - L
n 1 + Uég)Kgp

and then a new 08 ) recalculated

D
1
(7.3) o) = i
0T 557
This iterative procedure must be performed until there is convergence to stress o, p
(7.4) ‘7((;?) = Oar = %
AT 5

The above stress represents the compressive strength of the concrete cylinder. The
RDA modulus is as follows

(7.5) o S el
' LR e EG D ag
cr ® 1+ Ern )\—04,0

This iterative procedure may be repeated for different slenderness ratios A\; =
;/i(j = 1,2,3,...) and the RDA failure curve can be drawn (see the RDA fail-
ure and RDA-g failure curves shown in Figure 9. In the end, compressive strengths
Oor pj Mmay be used to obtain the RDA strain-stress curve using (2.28)
Ocr Fj Ocr Fj Ocr Fj

(76) €j = ER,j(O) - E(O) (1 + SDCer) - EH(l + 4,0*)

Figure 8 presents strain-stress curves named as the RDA strain-stress curve
and the RDA strain-stress curve-g, which are obtained using (7.6).

(1+oariKy)
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PEOJIOIIKO-IMHAMMWYEN KOHTVHY Y MCEKN MO IEJI
OLITEREIHLA BETOHA M3JIO/KREHOT JEIJHOARKCMNIJAJIHOM
ITPUTVICRY " IbET'OBA EKCIIEPUMEHTAJIHA IIOTBPIIA

PE3UME. ¥ pany je mpencraB/beH HOBU MOIEJ 3a MpeaBubame 0a3uBa 6eToHa
U3JIOKEHOT jeTHOAKCUjaJTHOM NPUTUCKY. llpensyoskeHu mpucTyn Koju je Has-
BaH PEOJIOMIKO- IMHAMUYKYA KOHTUHYYMCKU Mo1eJ omrehema Marepujaia KOM-
OuHyje pPEOJIONIKO- IMHAMUYKY aHAJOTHU]y M MexaHuky omreliema. Y OKBUDPY
OBOT IPUCTYIa (YHKIMOHAJIHO Cy IOBE3aHU KEHYUYHU IapaMeTpu KOHTUHYYMA,
kao mTo cy lloacoHOB keoduiujeHT u crajzapHa Bapujabna omrehema. 3a
onpebuBame 0OIMKA U BPCTE JOMa y30PKA M3JIOKEHOT NPUTUCKY KOPUIITEHE
Cy KPUTHYHE BPUjEIHOCTHU IOACOHOBOI KoepUIMjeHTa U CKajJapHe Bapujabie
omrehiema npu HATIOHY KOju OoAroBapa uBpcrohu Ha mputucak. | panuuna me-
¢dopmanuja je ongpebena y mocT-KpUTUYHOM HOAPYYjY KOPUIITEHEM CEKaHTHE
Be3e HAIOH-AedopManrja 13 MeXaHuKe joMma. lIprkaszanu cy momanu 3a meT
GETOHCKUX MjemaBrHa NOOUBEHUX E€KCIEePUMEHTAJHUM ucTpaskuBamuma. Oc-
HOBHa pasinka m3MeDy JoMa y30pKa M3JIOKEHOD IPUTUCKY M JIOMa y30DKa
U3JIOKEHOT 3aTe3aly j€ 3a0CTaJI HAIOH KOjU je MOCJLeIUIA jeTHOJUKO YOp-
3aHOT KpeTama onrepeliema TOKOM UCIUTUBAaKA YBPCcTONE HA IpUTUCAK. Rpu-
TUYHO TOMjepame OMHOCHO MeDycoOHO mpoaupame y MaTepujaly U eHepruja
JOMa TpPU TPUTUCKY Cy MOOMBEHM TEOPUjCKM Ha 0a3u KOHIENTa TI00aHe
aHaJM3e JIOMA.
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