strain

An International Journal for Experimental Mechanics

An Analytical Model Based on Strain Localisation
for the Study of Size-Scale and Slenderness Effects
in Uniaxial Compression Tests

A. Carpinteri, M. Corrado and M. Paggi

Politecnico di Torino, Department of Structural and Geotechnical Engineering, C.so Duca degli Abruzzi 24, 10129 Torino, Italy

ABSTRACT: In this paper, an analytical model based on the concept of strain localisation is
proposed for the analysis and prediction of the response of quasi-brittle materials in uniaxial
compression tests, such as mortar, plain concrete with different compression strengths, as well as
fibre-reinforced concrete. The proposed approach, referred to as Overlapping Crack Model, relies
only on a pair of material constitutive laws, in close analogy with the Cohesive Crack Model: a stress—
strain relationship describing the pre-peak behaviour of the material and a stress—interpenetration
relationship for the description of the post-peak response. In the paper it will be shown how the
stress—interpenetration relationship can be deduced from experimental data and how it depends on
the compression strength and on the crushing energy of the tested materials. A wide comparison
between the stress—displacement curves predicted by the proposed model and those experimentally
found in the literature will show the effectiveness of the present approach to capture both stable
softening or sharp snap-back post-peak branches by varying the slenderness or the size-scale of the
tested samples.
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Introduction

The compression behaviour of concrete, and in
particular the ultimate strength and the post-peak
branch, have an important role in the design of
concrete and concrete-based structures. Structural
design, in fact, is usually conducted by comparing an
action with a resistance evaluated on the basis of the
ultimate strength. On the other hand, the post-peak
behaviour is fundamental for a correct evaluation of
the ductility, e.g. the case of the ultimate axial
deformation of columns or the rotational capacity of
reinforced concrete beams. In this context, size-scale
effects play an important role, because of the fact that
the characteristic parameters of concrete are mea-
sured on specimens at a laboratory scale that is far
from the dimension of a real structure.

The correct evaluation of the constitutive parame-
ters is also complicated by many other testing
aspects. The original insights provided by Kotsovos
[1] and van Mier [2], and further studied in depth by
the Round Robin programme carried out by the
RILEM Technical Committee 148-SSC [3], put into
evidence that the strength of concrete highly
depends on friction between concrete and the load-
ing platens, as well as on the slenderness of the

specimen (see [4] for a detailed review of the contri-
butions in the literature on this matter). With
decreasing slenderness, an increase of specimen
strength is measured when rigid steel loading platens
are used. On the contrary, when friction-reducing
measures are used, for example by inserting a teflon
sheet between the steel-loading platen and the con-
crete specimen, the compression strength measured
on prisms or cylinders becomes almost independent
of the slenderness ratio, I/h [4, 5]. Moreover, the
effect of friction disappears when the specimen
slenderness is higher than 2.5. All the experiments of
the aforementioned Round Robin revealed also that,
in the softening regime, ductility (in terms of stress
and strain) is a decreasing function of the slender-
ness. Furthermore, a close observation of the stress
versus post-peak deformation curves showed that a
strong localisation of deformations occurs in the
softening regime, independently of the loading
system, confirming again the earlier results by
Kotsovos [1] and van Mier [2]. The phenomenon of
strain localisation in compression, evidenced in
many other experimental programmes on concrete
and rocks [6-10], suggests that, in the softening
regime, energy dissipation takes place over an inter-
nal surface rather than within a volume, in close
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analogy with the behaviour in tension. These two
interconnected phenomena may explain the size-
scale effects on ductility. Because of strain localisa-
tion, the post-peak branch of the stress—strain curve is
no longer a true material property but it becomes
dependent on the specimen size and slenderness.
Based on these experimental evidences, Hillerborg
and coworkers [11, 12] proposed to model failure of
concrete in compression (crushing) by means of strain
localisation over a band thickness proportional to the
extension of the compressed zone. In this way, the —¢
relationships used to describe the softening regime
permit to address the issue of size effects, although the
thickness over which the localisation occurs becomes a
free parameter, usually defined by best-fitting of
experimental data [13].

More recently, Palmquist and Jansen [14] have
proposed an analytical model based on strain locali-
sation and damage mechanics for the analysis of the
post-peak behaviour of quasi-brittle materials in
compression. After the achievement of the material
compression strength, they consider the sample
subdivided into two zones: a bulk zone and a damaged
one, being their relative sizes dependent on the post-
peak stress level. Both zones are characterised by a pair
of stress-strain constitutive laws, whose parameters
are determined according to a best-fitting procedure
on experimental data. The thickness of the damage
zone is assumed to be a linear function of the post-
peak stress and varies from the width of the specimen
up to a maximum of twice the specimen width. These
model assumptions present some drawbacks that
limit the predictive capabilities of this approach. In
fact, the best-fitting parameters of the post-peak
stress—strain relationship determined from different
sources diverge significantly, although the materials
were similar in terms of compression strength. In
addition to the impossibility of relating these con-
stants to the material properties of the tested speci-
mens, this model can only be applied to specimens
with height-width ratio (slenderness) higher than 2.

Based on the evidence that the post-peak dissipated
energy referred to a unitary surface can be considered
as a material property [6, 9] and, consequently, that
the post-peak stress—displacement relationship is
independent of the specimen size [7, 8], Carpinteri
et al. [15-17] and Corrado [18] have recently pro-
posed to model the process of concrete crushing
taking place in reinforced concrete beams in bending
using an approach analogous to the Cohesive Crack
Model [19-22], which is routinely adopted for mod-
elling the tensile behaviour of concrete. In tension,
the localised strain is represented by a fictitious
crack opening, while in compression it would be
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represented by an interpenetration. This new
approach, which will be detailed in the sequel for the
analysis of uniaxial compression tests, is referred to as
Overlapping Crack Model [15-18] and assumes a stress—
displacement law as a material characteristic for the
post-peak behaviour of concrete in compression.

In this paper, we first introduce the mathematical
aspects of the Overlapping Crack Model for the
description of concrete crushing in compression,
showing that, in close analogy with the Cohesive
Crack Model in tension, it is possible to fully describe
the mechanical behaviour of quasi-brittle materials
in compression using a pair of constitutive laws: a
stress—strain relationship for the pre-peak stage and a
stress—interpenetration relationship for the post-peak
branch. It will be shown that the stress-interpene-
tration relationship is size-scale and slenderness
independent and that can be approximated by a
simple equation with only one free parameter to be
determined from experimental data. A correlation
between this best-fitting parameter and the material
properties, such as the compression strength and the
crushing energy, will also be derived, allowing the
applicability of the proposed model to any other
quasi-brittle material. In fact, when the material
compression strength and the crushing energy are
known (determined from a single specimen with a
given size and slenderness or deduced from correla-
tions as in [9]), this best-fitting parameter can be
determined according to the proposed correlation
and can be used to predict stress—displacement curves
for different sizes or slendernesses.

Finally, a wide comparison between analytical and
experimental stress-displacement curves for mortar,
plain concrete and fibre-reinforced concrete (FRC)
will show the effectiveness and the accuracy of the
present approach to capture stable softening or sharp
snap-back post-peak branches by varying the slen-
derness or the size-scale of the tested samples.

The Proposed Analytical Model

In structural design, the most frequently adopted
constitutive laws for concrete in compression
describe the material behaviour in terms of stress and
strain (elastic-perfectly plastic, parabolic-perfectly
plastic, Sargin’s parabola, etc.). This classic approach,
which implies that the energy is dissipated within a
volume, does not permit to describe the post-peak
mechanical behaviour of quasi-brittle materials in
compression, which is dominated by a strong strain
localisation with the appearance of one or more
transversal or inclined shear bands [6-9].
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In the present formulation, we use the Overlapping
Crack Model for the analysis of the post-peak response
of quasi-brittle materials in compression. This
approach, recently proposed in [15-18] for the anal-

ysis of the non-linear behaviour of reinforced

concrete beams in bending, is analogous to the well-
known Cohesive Crack Model used to analyse the

behaviour of concrete in tension. The main hypoth-

eses of the model are the following:

1 The constitutive law used for the pre-peak stage is
mainly characterised by the elastic modulus of the
material. Whereas a simple linear elastic stress—
strain relationship is adequate for modelling the
behaviour of concrete in tension, here we consider
the non-linear relationship provided by the Model
Code 90 [23], which is well suited for taking into
account the non-linear behaviour of concrete in
the ascending branch (see Figure 1A):

Ei & (L)Z
4 Ec1 ear éct
Lot ) (1
c L _ &
1 + <Ecl 2) écl

where o is the compression strength, ¢ is the
actual value of the compression stress, ¢ is the
compression strain, ¢ = —0.0022, E is the tan-
gent modulus and E; is the secant modulus from
the origin up to the peak compression stress, o.

The crushing zone is assumed to develop when the
maximum compression stress reaches the concrete
compression strength. The corresponding process
zone is considered to be perpendicular to the
principal compression stress. The crushing zone is
then represented by a fictitious overlapping,
which is mathematically analogous to the ficti-
tious crack in tension. It is important to note that,
from the mathematical point of view, the over-
lapping displacement is a global quantity, and
therefore it permits to characterise the structural

Figure I: A pair of constitutive laws introduced by the Over-
lapping Crack Model for concrete in compression: (A) a stress—

strain law up to the achievement of the concrete compression
strength and (B) a stress—displacement relationship describing

the effect of strain localisation

behaviour without the need of modelling into the
details 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 slenderness [3].
The damaged material in the process zone is
assumed to be able to transfer a compression stress
between the overlapping surfaces. Concerning
such stresses, they are assumed to be a decreasing
function of the interpenetration, w. In tension,
the cohesive stresses tend to zero when a critical
crack opening displacement is reached. Under
compression, the situation is slightly different and
experimental results show that the compression
stress does not vanish, but it tends to an asymp-
totic residual value for overlapping displacements
larger than the critical interpenetration
W, ~ 1 mm (see Figure 1B). The crushing energy,
Gc, defined as the area below the post-peak soft-
ening curve of Figure 1B, can be considered as a
true material property, because it is not affected by
the structural size-scale or slenderness. Dahl and
Brincker [6] carried out a series of uniaxial com-
pression tests with the aim of measuring the dis-
sipated energy per unit cross-sectional area. They
obtained values of about 50 N mm™' for plain
concrete samples and claimed that this dissipated
energy becomes independent of the specimen size
if the specimen is large enough. The effect of lat-
eral confinement due to friction is also important
and affects the crushing energy as shown in [1].
However, the normalised stress versus post-peak
displacement curves for a given confinement level
are grouped within a narrow band. In the case of
lateral confinement because of stirrups, the
empirical correlations by Suzuki et al. [9] can be
used to quantify the increase in crushing energy as
compared with the unconfined case. It is worth
noting that the crushing energy of unconfined
concrete is between two and three orders of mag-
nitude higher than the tensile fracture energy,
whereas the critical value for the overlapping dis-
placement, w,, is one order of magnitude higher
than the critical opening displacement in tension
(see also the experimental results in [8]).

From the modelling point of view, the following
softening law is herein adopted:

=, @

where the parameters A and B can be deter-
mined according to a best-fitting procedure of
experimental data. Actually, we will show that the
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parameter B can be kept equal to 1.67 for all the
quasi-brittle materials analysed in the present study
and therefore only one free parameter should be
tuned on the basis of the experimental results.

Experimentally evaluated stress-interpenetration
curves of mortar, plain concrete with different val-
ues of compression strength, and FRC available in
the literature [8, 24, 25] are shown in Figure 2. The
main mechanical parameters of these samples are
shown in Table 1. In some cases, the stress—inter-
penetration diagrams were already available,
whereas in other cases the post-peak o-w relation-
ships are computed from the ¢—¢ curves in the fol-
lowing way:

1 The relationship between stress and total
shortening of the specimen, o—4, is obtained by
multiplying the strain ¢ by the length of the
specimen, .

Ay,
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Fiber-reinforced concrete (0/G ¢ = 0.93)
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2 The post-peak o-w relationship is obtained from
the ¢-0 diagram by subtracting the elastic elonga-
tion, caused by the reduction of the applied stress
in the post-peak regime, J,, and the pre-peak
plastic deformation, Jp;, as shown in Figure 3. The
value of the displacement J is given by the fol-
lowing expression:

o = —1

Ea ©)

where ¢ is the actual value of the compression
stress, E. is the tangent modulus according to
Equation (1), and I is the specimen length.

As can be readily seen from Figure 2, the overlapping
crack laws are almost slenderness and size indepen-
dent. The proposed best-fitting curves are summarised
in Figure 2F for each material characterised by a given

0.0 0.5 1.0 1.5 2.0
w [mm]
Normal strength concrete (0/G ¢ = 2.33)

O,
- A=2
e A=4
A L=6
0.0 T T T |
0.0 0.5 1.0 1.5 2.0
w [mm)]
Mortar (/G c = 1.96)
(F) 1.2
—--0./G:=0.93
1.0 % 0 JGc =169
0.8 —4-0JGc=1.96
Y —-0JGc=2.33
T %8 0 JGe=345
0.4
0.2
0.0

0.0 0.5 1.0 15 20 25
w [mm]
Summary of the overlapping laws

Figure 2: Experimental and best-fitting Overlapping Crack laws for different concrete-like materials. The data in (A) are from [8]
(not filled in symbols) and [24] (filled in symbols); those in (B) are from [25]; those in (C) are from [8]; those in (D) are from [24] and
those in (E) from [24]. A summary of the best-fitting curves is shown in (F)
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Table I: Mechanical parameters for concrete, mortar and FRC
samples tested in [8, 24, 25]

Specimens  E (GPa) E., (GPa) o (MPa) Gc (N mm™') we (mm)
NSC[8] 38 28 47.9 28.3 .15
NSC [24] 35 20 39.9 23.6 115
NSC [26] 41 26 426 18.3 0.85
HSC[8] 49 40 90.1 26.1 0.57
FRC [24] 36 20 477 516 2.10
Mortar [24] 38 23 64.9 33 1.00

FRC, fibre-reinforced concrete; HSC, high-strength concrete; NSC, normal-
strength concrete.

o. L _ _ /
¢ /

w

)
Figure 3: Evaluation of the localised interpenetration, w, from
the total shortening of the specimen, ¢

value of the ratio o./G¢, where the crushing energy has
been conventionally computed by numerically inte-
grating the overlapping crack law from w=0 to a
critical interpenetration wg corresponding to
a; = 0.20,, according to the experimental evidence. It
is interesting to note that, whereas the best-fitting
parameter B has been set equal to 1.67 for all the con-
sidered materials, the remaining free parameter A is
linearly dependent on the ratio o./G¢ (see Figure 4):

A = 1.186./Gc. (4)

4.5 -
4.0 -
3.5 1
3.0 1
2.5 -
2.0 1
1.5
1.0
0.5 1

0-0 T T T 1
0.0 1.0 2.0 3.0 4.0
0c/Ge

Figure 4: Experimental relationship between the best-fitting
parameter A and the brittleness ratio o./G¢

A=1.180,/G,
R%=0.99

Equation (4) suggests that the parameter A is an
increasing function of the material brittleness in
compression, which is defined, analogously to the
brittleness in tension, by the ratio ¢./Gc. The com-
parison between the constitutive laws obtained for
the considered materials highlights that high-
strength (HS) concrete (Figure 2C) exhibits the most
brittle behaviour, normal-strength (NS) concrete
(Figures 2A,B) and mortar (Figure 2D) have an inter-
mediate similar behaviour, and FRC (Figure 2E) has
the most ductile behaviour. The introduction of
fibres in the mixture, in fact, determines a consider-
able increment of the crushing energy and of the
corresponding critical interpenetration, we.

According to the hypotheses of the model previ-
ously outlined and using the overlapping crack laws
whose parameters are determined according to
Equation (4), uniaxial compressive tests can be
modelled as shown in Figure 5. In particular, we
identify three schematic stages for the application of
the model. A first stage where the specimen behaves
elastically without any localisation zones and its
response is governed by Equation (1) (see Figure 5B).
A second stage where, after reaching the ultimate
compression strength, o., the deformation starts to
localise in a crushing band. The behaviour of this
zone is described by the softening law in Equa-
tion (2), whereas the outside part of the specimen
still behaves elastically (see Figure 5C). The dis-
placement of the upper side can be computed as the
sum of the elastic deformation and the interpene-
tration displacement w:

0 = el +w;for w < wg, (5)

where both ¢ and w are functions of the stress level,
according to, respectively, Equations (1) and (2).
While the crushing zone overlaps, the elastic zone
expands at progressively decreasing stresses. When
0 2w, concrete in the crushing zone is completely
damaged and is able to transfer only a constant
residual stress, o, (see Figure 5D).

According to this model, very different global
responses in the ¢-9 diagram can be obtained by
varying the mechanical and geometrical parameters
of the samples. In particular, the softening process is
stable under displacement control, only when the
slope do/dd in the unloading regime is negative
(Figure 6A). A sudden drop in the load-bearing
capacity under displacement control takes place
when the slope is infinite (Figure 6B). Finally, a snap-
back instability occurs, like that shown in Figure 6C,
if the loading process is controlled by means of the
localised interpenetration or the lateral strain, when
the slope do/dd of the softening branch becomes
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Figure 5:

2

Subsequent stages in the deformation history of a specimen in compression
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Figure 6: Stress—displacement response
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Figure 7: Analytical and experimental stress versus displacement diagrams for normal-strength concrete with ¢./G¢c = 1.69 and
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different specimen slendernesses, 1. Experimental data taken from [8]
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positive. The proposed model permits to describe
such a ductile-to-brittle transition from an analytical
point of view. The total shortening of the specimen
can be subdivided into three different contributions
during the softening regime (see Figure 3):

0 = de + Op1 + W, (6)

where g is defined by Equation (3) and oy, is a con-
stant. The interpenetration w is obtained by rear-
ranging Equation (2) as follows:

1/1 3

where ¢ = g/0¢, and 1/B = 0.6.
Normal softening occurs for dé/de < 0, i.e. for:

~ 04
ﬁl—%< i ) 1o ®)

E. A\l1-6) ¢

Such an inequality is satisfied for any values of ¢ if:

%1,4 <2.72. 9)

Cl

Introducing in Equation (9) the relationship
between A and ¢./G¢ given by Equation (4), we have:
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where d is the specimen width. The ratio Gc/(o.d) is
dimensionless and is a function of the material
properties and of the structural size. Such a parameter
is defined as the energy brittleness number in compres-
sion, sf,, and it is analogous to that proposed in [21]
for cohesive crack propagation in tension. It describes
the scale effects typical of Fracture Mechanics, i.e. the
ductile-to-brittle transition when the size-scale
increases. Equation (10) can be rewritten in the
following form:
Sk 1

* ) >
&

5 (11
where /1 = I/d is the specimen slenderness and ¢ is the
elastic deformation recovered during the softening
unloading.

Hence, catastrophic softening (snap-back) occurs

(12)

Therefore, when the size-scale and the specimen
slenderness are relatively large and the crushing
energy relatively low, the global structural behaviour
becomes brittle. Moreover, the single values of the
parameters s;, e and 4 are not responsible for the
global brittleness or ductility of the structure con-
sidered, but only their combination s§ /¢: 4.
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Figure 8: Analytical and experimental stress versus displacement diagrams for normal-strength concrete with ¢./Gc = 1.69 and
different specimen slendernesses, 1. Experimental data taken from [24]
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Comparison Between Analytical and
Experimental Stress-Displacement Curves
for Different Materials and Specimen
Geometries

In this section, a comparison between the analytical
and experimental stress—displacement curves is pro-
posed to show the capabilities of the proposed theo-
retical model and the accuracy of the overlapping
crack constitutive law in Equation (2). Special atten-
tion will be given to the effects of the slenderness and
of the specimen size. All the experimental data are
representative of the behaviour of specimens without
lateral confinement, i.e. the samples either have a
slenderness higher than 2.0, or have been tested
using Teflon.

The effect of the specimen slenderness

Let us consider the experimental programme per-
formed by Jansen and Shah [8] on NS concrete
with o.=47.9 MPa and o./Gc = 1.69. They tested
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cylindrical specimens with d = 100 mm and different
slenderness A = 2.0, 2.5, 3.5, 4.5 and 5.5. A compari-
son between the experimental stress—displacement
data reported with black dots and the analytical
predictions in solid line, obtained by setting the
parameter A according to Equation (4), is shown in
Figure 7. A very good agreement has to be noticed,
demonstrating the effectiveness of the proposed
approach. Stable softening post-peak branches occur
for 1 < 4.5, whereas the onset of a snap-back insta-
bility is noticed for 1 = 5.5, where the tangent to the
stress—displacement curve becomes vertical just
after the achievement of the peak load. Another
experimental programme on NS concrete with
oc.=39.9 MPa and with the same value of o ./
Gc = 1.69 as before was performed by Rokugo and
Koyanagi [24] on prismatic specimens with a square
base (d = 75 mm) and different slendernesses. Here,
we consider the data corresponding to 4 = 2.0, 4.0
and 6.0 for a direct comparison with the results by
Palmquist and Jansen [14]. Using the same value of
the parameter A as for the previous set of experi-
ments, the experimental-analytical comparison is
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= experimental

o
(o2}
L
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06 0.9 12 15
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0.3
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1.0 = experimental
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Figure 9: Analytical and experimental stress versus displacement diagrams for high-strength concrete with ¢./G¢ = 3.45 and dif-
ferent specimen slendernesses, 1. Experimental data taken from [8]
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shown in Figure 8. Again, a very good agreement
between the model predictions and the experimental
results is evidenced.

As far as HS concrete is concerned, Jansen and
Shah [8] tested «cylindrical samples with
oc =90.1 MPa, ¢./Gc = 3.45, d = 100 mm and differ-
ent slendernesses /4 =2.0, 2.5, 3.5, 4.5 and 5.5. A
comparison between the experimental stress—
displacement data reported with black dots and the
analytical predictions in solid line is shown in Fig-
ure 9. In this case, the slope of the stress—displace-
ment relationship of the post-peak branch becomes
positive for 1> 2.5, giving rise to severe snap-back
instabilities. The proposed model with the parameter
A computed as a function of ¢./Gc according to Equa-
tion (4) is able to predict closely the experimental
response, capturing the transition from stable soften-
ing to snap-back branches by increasing the specimen
slenderness. Similar mechanical instabilities because
of size-scale effects and softening behaviour have also
been evidenced in granular materials, such as sand,
subjected to multiaxial compression. In this case, the
post-peak analysis is carried out by assuming a strain
localisation induced by the development of shear
bands, as proposed in the model by Gajo et al. [26],
although with a completely different approach from
that herein introduced.

Finally, to prove the predictive capabilities of the
proposed model also for other materials, we consider
the experimental data by Rokugo and Koyanagi [24]

(A)
o, = 64.9 MPa 7
d=75mm
!
A =20 A =4.0 A =6.0
Mortar with 0/G = 1.96 [24]
©);.,
— analytical
1.04 = experimental
0.8 .
o
Los .
© .
0.4 .
0.2 NS
0.0 T T 1
0.0 0.5 1.0 1.5 2.0
J [mm]
A=40

on mortar (6. = 64.9 MPa, ¢./Gc = 1.96) and on FRC
(0. =47.7 MPa, a./Gc = 0.93). They tested prismatic
specimens with a square base (d=75mm) and
A =2.0, 4.0 and 6.0 (see also Palmquist and Jansen
[14]). The analytical-experimental comparisons for
the two materials are shown, respectively,
Figures 10 and 11. Also in this case, the proposed
model is able to predict the slenderness dependence
of the experimental stress-displacement curves by
setting the value of the parameter A according to
Equation (4) for the two materials.

in

The effect of the specimen size

The mechanical response of uniaxial compression
tests is not only a function of the specimen slen-
derness, but also of the specimen size, as experi-
mentally shown by Ferrara and Gobbi [25]. In par-
ticular, they considered prismatic specimens made
of NS concrete with o¢.=42.6 MPa, o./Gc = 2.33,
three different size-scales and two different values of
the slenderness, 4 = 0.5 and 1.0. Note that none of
these cases can be modelled according to the
approach proposed by Palmquist and Jansen [14],
which is strictly limited to specimens with 12> 2.
The analytical-experimental comparison for the
data sets with 1=0.5 and 1.0 is proposed, respec-
tively, in Figures 12 and 13. Also in this case, a very
good agreement between the theoretical and the
experimental curves is achieved.

— analytical
= experimental

10 20
6 [mm]
=20

0.5

— analytical
= experimental

05 10 15
J [mm]
2=60

Figure 10: Analytical and experimental stress versus displacement diagrams for mortar with ¢./Gc = 1.96 and different specimen

slendernesses, .. Experimental data taken from [24]
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(A)
o, =47.7 MPa 7
d=75mm
!
A=20 A =4.0 A =6.0
FRC with 0./G = 0.93 [24]
©
— analytical
1.0 = experimental
0.8
o
\b 0.6 1
0.4+ ..
0.2
0.0 T T T T |
0.0 0.5 1.0 15 2.0 25
J [mm]
A=40
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(B) 121

1.0

— analytical
= experimental

0.8 1

o

)

~ 06 1
0.4

0.2

0.0 T
0.0 0.5

1t0 1?5 2t0
& [mm]
A=20

25

— analytical
= experimental

0.0 T
0.5

10 15 20 25
6 [mm]
A1=6.0

Figure | 1: Analytical and experimental stress versus displacement diagrams for fibre-reinforced concrete with ¢./Gc = 0.93 and
different specimen slendernesses, 1. Experimental data taken from [24]

Conclusions

In this paper, we have proposed an analytical
model for the study of uniaxial compression tests
based on the evidence that the post-peak dissipated
energy referred to a unitary surface can be consid-

(A)
o.= 42.6 MPa
A=0.5
4t
o 9 (7
d=50mm d=100 mm d =150 mm
NS concrete with 0 /G = 2.33 [25]
(©h

— analytical
= experimental

0.2 04 0.6 0.8
& [mm]
d =100 mm

ered as a material property and that the post-peak
stress—displacement relationship is independent of
the specimen size. This new approach, referred to
as Overlapping Crack Model, is suitable for the anal-
ysis of quasi-brittle materials in compression,
regardless of the actual failure mode of the tested
(B) 121

— analytical
= experimental

0.0 T T T ]

0.2 04 0.6 0.8
& [mm]
d =50 mm

— analytical
= experimental

0.2 0.4 0.6
J [mm]
d =150 mm

Figure 12: Analytical and experimental stress versus displacement diagrams for normal-strength concrete with ¢./Gc = 2.33, dif-
ferent specimen sizes and 2 = 0.5. Experimental data taken from [25]
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(A)
o.= 42.6 MPa
A=1.0
+9 4
d=50mm d=100mm d =150 mm
NS concrete with 0/G = 2.33 [25]
(C)1.2 1
— analytical
= experimental
1.0
\
08 3
o .
Los
©
0.4 -
0.2 -
0.0 T T T T |
0.0 0.2 0.4 0.6 0.8 1.0
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d =100 mm
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Figure 13: Analytical and experimental stress versus displacement diagrams for normal-strength concrete with ¢./Gc = 2.33,
different specimen sizes and . = 1.0. Experimental data taken from [25]

specimen. In fact, an examination of experimental
results shows that the structural collapse may range
from diagonal shear crack propagation to splitting,
or even to pure concrete crushing, depending on
the slenderness and the size-scale of the unconfined
sample. The micromechanical model by Nemat-
Nasser and Horii [27] and the computational
approach by Carpinteri et al. [28] can be used to
describe the growth of a population of tensile
cracks and the formation of shear bands and crack
patterns typical of diagonal shear failure or
concrete splitting. However, when the slenderness
decreases, a transition from splitting to crushing
collapse  occurs and these micromechanics
approaches should leave place to fragmentation-
based models. Hence, the fictitious concept of
overlapping crack, analogous to the cohesive crack
in tension, permits to avoid the elaborate descrip-
tion of the kinematics of each failure mode, which
depends on the specimen geometry.

It has been shown how to determine the stress—
interpenetration relationship from experimental
data and that this has the advantage of being
characterised by a single free parameter that can be
related to the ratio between the compression
strength and the crushing energy (see Figure 4). The
wide comparison between the analytical and exper-
imental stress—displacement curves for mortar, plain
concrete and FRC has shown the effectiveness and
accuracy of the present approach to capture both
stable softening or sharp snap-back post-peak bran-

ches by varying the slenderness or the size-scale of
the tested samples.
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