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maximum value of the uniaxial compressive strain. 
Using the shear envelope parameters has been proven 
to yield a very good prediction of the applied com-
pressive loading of the specimen in the limit state, 
as a demonstration that the applied pressure at speci-
men’s failure resulting from the formation of inclined 
fracture bands is the specimen’s failure strength, and 
not the material’s compressive strength! Reasons are 
given against the existence of a uniaxial compressive 
strength failure for concrete, and a piece of evidence 
in this direction is provided by concrete specimens 
subjected to pure hydrostatic compression, that do not 
fail at all. The entire issue requires, therefore, a deep 
revisiting and re-thinking, to provide correct meas-
ures for representing concrete response under com-
pression in analysis and design.

Keywords  Concrete compressive strength · 
Specimen compressive strength · Concrete · Standard 
testing · Cracking · Shear failure · Shear envelope · 
Friction

1  Introduction

1.1 � General

The uniaxial compressive strength of concrete, or as 
it is commonly known “the compressive strength of 
concrete”, is the most basic concrete property and is 
the most commonly used term in concrete mechanics. 

Abstract  This paper re-examines common notions 
and conventions regarding the compressive strength 
of concrete in general and of the uniaxial compres-
sive strength of concrete in particular. A distinction 
is introduced between the strength of the specimen 
and the strength of the concrete as a material, and the 
commonly measured and adopted strength is shown 
to be the specimen’s strength, wrongly interpreted as 
the material’s strength. the two major damage modes 
of concrete specimens (with the formation of either 
longitudinal cracks or shear bands) are discussed. 
Such failure modes are wrongly considered as fea-
tures of concrete behavior in uniaxial compression, 
but this is not the case. Longitudinal cracking is due 
to lateral expansion (Poisson’s effect) and occurs at a 
relatively low applied load in absence of friction at 
specimen’s top and bottom boundaries. Shear failure 
(accompanied by the formation of an inclined shear 
band) is related to the shear envelope parameters that 
are related to the concrete mixture, but the applied 
ultimate pressure is not the concrete uniaxial com-
pressive strength. Hence, though caused by applied 
compressive loading, these failure modes are little/
hardly related to the concrete material intended as the 
ultimate uniaxial stress (strength) corresponding to a 
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It is mentioned in every document on concrete struc-
tures, and numerous books dedicate chapters to 
describe the behavior of concrete under compressive 
stresses with emphasis on its uniaxial compressive 
strength [1, 2]. All relevant standards, manuals and 
model codes [3–6] refer to the compressive strength 
of concrete as the key parameter that also determines 
other important related parameters of concrete, such 
as the tensile strength, shear strength, bond strength, 
Young’s modulus of elasticity etc. The Model Code 
[6] states that “concrete is classified on the basis of its 
compressive strength. Design is based on on a grade 
of concrete” which is measured in simple standard 
tests referring on standard size cubes or cylindrical 
specimens [6–8]. The standard specimens are cast in 
special molds, and undergo a specified curing proce-
dure. At a standard age of 28  days, the specimen is 
placed in a test apparatus and it is tested under uni-
axial compressive pressure loading. In the case of a 
cube specimen, pressure is applied through top and 
bottom steel platens. A gradually increasing compres-
sive loading is commonly applied by a displacement 
controlled loading procedure. Loading continues until 
damage appears and it extends until specimen failure 
occurs. The maximum compressive pressure loading 
applied on the specimen is interpreted as the concrete 
uniaxial compressive strength. Due to the concrete 
material hererogeneity, different specimens exhibit 
somewhat different strength results, therefore a sam-
ple of several specimens is required to determine the 
average uniaxial compressive strength. Adding dis-
placement transducers like LVDT (Linear Variable 
Differential Transformer) to measure the longitudinal 
shortening of the specimen during a test, provides 
the load–displacement relationship of the specimen 
in the longitudinal direction and it is converted to the 
average stress–strain relationship of concrete in uni-
axial compression (Fig. 1). This continuous curve is 
not required for the strength determination, however 
it provides insight into the specimen behavior under 
compressive loading and is widely used in struc-
tural analysis to represent the concrete constitutive 
behavior.

The ascending branch starts with a linear 
force–displacement relationship which characterizes 
the specimen’s loading almost up to the maximum 
load level. Early damage is observed close to the peak 
load, thus affecting the slightly curved upper part of 
the ascending branch with increasing displacement. 

The peak stress in the stress–strain curve is denoted 
the compressive strength of concrete fc (Fig. 1).

Beyond the peak load level, the continuing speci-
men’s response exhibits a nonlinear behavior with 
stiffness reduction showing the descending (sof-
tening) behavior of the specimen associated with 
increasing damage until failure, and is known as the 
softening behavior of concrete in compression.

The present paper focuses on the uniaxial com-
pressive strength aiming at clarifying its nature and 
significance.

1.2 � Parameters affecting the maximum compressive 
load resisted by the specimen

For a given concrete type, the maximum a uniaxial 
compression load may be applied on a specimen 
until its failure, which depends on numerous param-
eters, such as the specimen shape (cube, prism or 
cylinder) and size, its aspect ratio, loading param-
eters (e.g., loading rate, force/displacement control 
loading), specimen confinement, boundary condi-
tions, etc. The effects of the different parameters 
on the specimen response to the compressive axial 
loading have been a subject of extensive research 
[9, 10]. In an attempt to develop a standard test 
method for measuring the complete stress–strain 
curve, including the softening part, an extensive 
round robin test program was carried out by a group 
of laboratories and their findings are described in 
a comprehensive paper [11]. The main examined 
variables were the concrete strength (NSC or HSC), 
specimen shape and slenderness, and the boundary 

Fig. 1   A typical uniaxial compressive stress–strain curve
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restraint caused by the friction of the loading plat-
ens and by its reduction using different techniques. 
It was confirmed that using rigid steel platens yields 
an apparent compressive strength, or, in fact, an 
applied compressive pressure, of higher magnitude 
with decreasing specimen slenderness; this appar-
ent strength dependence on the slenderness is not 
observed when lubricated platens are used and a 
rather constant strength is measured independent 
of the specimen slenderness. The dependence on 
slenderness in the case of common steel platens 
is explained by the formation of a triaxial state of 
stress in the specimen contact zones with the plat-
ens due to friction developed between the steel 
platens and the specimen top and bottom faces. 
This 3D state of stress zone, covers most of the 
specimen height in low slenderness specimens, thus 
forming a hour-glass failure mode, whereas longi-
tudinal cracks parallel to the specimen’s axis and 
loading direction are observed are observed along 
the central part of a specimen with higher slender-
ness. Such longitudinal cracks are also observed 
in low slenderness commonly used specimens that 
are loaded with reduced friction platens. Thus, the 
magnitude of the maximum applied pressure at fail-
ure, and the mode of damage depend on the bound-
ary conditions. This annoying effect sheds doubt on 
the quality and meaning of the test results.

The obtained stress–strain curve shape also 
depends on the boundary conditions: in the case of 
low friction, the stress–strain curve is characterized 
by a limited post peak zone (i.e., a sharp descent of 
the softening branch). The applied peak pressure in 
the case of low friction, is considerably lower (even 
by 40–50%) than the peak pressure obtained in the 
case of regular steel platens. Different techniques 
were examined to reduce platens friction, including 
a single/several Teflon sheet/s, different Teflon sheet 
thickness, a set of two Teflon sheets with a thin grease 
layer in between, talk poweder, synthetic rubber lay-
ers, etc. It is interesting to note that different friction 
reduction techniques yielded different stress–strain 
curves mainly affecting the magnitude of the peak 
compressive strength and the shape of the soften-
ing branch. Document [11] stated that under differ-
ent conditions, the apparent strength may be higher 
or lower than “the true compressive strength, (what-
ever that may be)”. This saying indicates that the 
true compressive strength is unknown, and that the 

referred study focuses mainly on the relative effects 
of the different variables.

Although document [11] is rich with experimental 
details, its conclusions provide some fuzzy messages. 
For example, stating that “the strength of concrete is 
dependent on the type of loading platen used and the 
slenderness of the specimen” involves test conditions 
with material properties and indicates that the true 
material property cannot be determined.

In another paper [12], a section is dedicated to the 
question: “Standard test for uniaxial compression?”. 
The author states that for specimens slenderness 2:1, 
the complete stress–strain curves show relatively nar-
row scatter where Teflon layers are used to reduce 
friction of the steel platens. The author declares 
that using that friction reduction method means that 
“the strength of the material approaches the lower 
asympthote, which is associated with the uniaxial 
compressive strength”. That statement means that 
lesser friction approaches the “real” compressive 
strength of concrete, whatever it is. A recommended 
setup is presented in [12] implementing a friction 
reducing system that is composed of two 100  μm 
Teflon layers with a 50 μm grease layer in between. 
That recommendation appears in Rilem TC-148-SSC 
document [13] as the recommended test method for 
measurement of the strain-softening behavior of con-
crete under uniaxial compression. This recommended 
standard test setup method is supposed to decrease 
the scatter of results and yield a relatively lower mag-
nitude of the maximum compressive loading and a 
shorter strain span of the softening branch.

The present paper claims that it is not clear at 
all why approaching the lower asymptote, namely 
towards loading with no associated friction, 
approaches the uniaxial compressive strength, and 
wonders whether the reduced friction test is indeed 
the right test to determine the compressive strength of 
concrete. That question will be examined in detail in 
the following.

The Rilem TC-148-SSC document [13] aims at 
summarizing the state of knowledge that leads to 
the above recommendation. It refers to the strain 
softening as the loss of compression load carry-
ing capacity and focuses on the softening branch 
which is considered an important part of the com-
plete stress–strain diagram of the concrete uniaxial 
compression behavior, that is essential for struc-
tural analysis. These statements tightly relate Fig. 1 
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to the overall behavior of concrete under uniaxial 
compression, and its peak stress as the uniaxial 
compressive strength of concrete. This paper casts 
doubts on the correctness of these statements.

The above introduction presents in a nutshell 
some of the complexity involved in the subject 
under discussion. The findings are confusing and 
require further investigation. Although much data 
and many observations have been accumulated, 
they evoke many questions, several of which have 
been mentioned above. The unavoidable pro-
nounced question, is: what is really the compres-
sive strength of concrete?.

1.3 � Objectives and research approach

This paper aims at carefully examining several 
major aspects regarding the uniaxial compressive 
loading of a concrete specimen and its relationship 
to the uniaxial strength of concrete. The depend-
ence of material strength on the test method and 
on the boundary conditions is unacceptable and 
should be clarified.

A careful examination of several major aspects 
affecting the compressive strength of concrete has 
been carried out in order to confirm or disprove 
very basic commonly accepted concepts and pro-
vide new insights into the most important (major) 
parameters. This is done with great respect to the 
enormous amount of work that has been done on 
the subject over the years and contributed a lot 
with enthusiasm to uncover the different aspects 
of the complex issue of compressive strength, but 
leaving aside a few of them. This paper presents 
a modest attempt to contribute to clarifying a few 
aspects of the latter.

The research approach is based on a methodo-
logical examination of the entire issue, starting 
with the distinction between the common percep-
tion of a tested material having the specimen’s 
shape, and the new evaluation of the specimen as a 
structural element responding to the applied com-
pressive pressure. It examines the possible modes 
of damage/failure that may develop during load-
ing and evaluates the relationship between the 
limit state behavior and the sought compressive 
strength. These findings lead to the paper insights 
and conclusions.

2 � Behavior of the specimens and the material

2.1 � The specimen’s strength and material’s strength

The uniaxial compressive strength of a given concrete 
material is determined from the maximum uniaxial 
compressive pressure loading resisted by a stand-
ard size specimen made from that concrete. That 
approach is based on an unconscious hidden conjec-
ture that the maximum pressure applied on the speci-
men is equal to the maximum material compressive 
resistance, i.e. its strength. This conjecture has never 
been mentioned, nor proven. That issue has never 
been discussed explicitly because it seems so obvious 
and straightforward, and is considered as the common 
definition of the compressive strength. One may even 
wonder how else can one test the material compres-
sive strength if not through loading a specimen made 
of that material up to its compressive failure?. This 
paper claims that the pressure causing specimen fail-
ure is not necessarily equal to the concrete strength. 
Elaboration of that issue opens new thoughts and 
yields new understanding of that fundamental issue. 
The relationship between the material’s strength and 
the specimen’s strength, should be analyzed sepa-
rately and the linkage between the two should be 
unravelled.

As a first step, let us examine the uniaxial tensile 
test, which is a good example to demonstrate the tight 
relationship between the specimen’s strength and the 
material’s strength, where a planar crack of controlled 
width is developed perpendicularly to the loading axis 
direction. The relationship between the applied load 
and the crack extension is measured and the material 
tensile strength as well as the entire force–displace-
ment relationship is determined.

2.2 � The uniaxial tensile stress–strain behavior of 
concrete

Consider a uniaxial tensile test of a concrete specimen 
that is carried out under a displacement loading con-
trol protocol. A relatively 150 × 60 × 50 mm3 slender 
specimen, is prepared (Fig. 2a) [14], with saw cuts at 
mid-height producing small grooves at two opposite 
ends of the cross-sectional area. The saw cuts aim at 
creating a zone of a somewhat smaller cross-section 
area at the specimen mid height, thus ensuring devel-
opment of higher tensile stresses at that specified zone 
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and attempting to avoid stress concentration. There-
fore, micro-cracks will develop in this zone during 
loading prior to any damage at any other cross-sec-
tion along the specimen, and upon reaching the maxi-
mum load level corresponding to that early damage, 
a descenfing branch of the stress-displacement curve 
will follow and no damage will occur at any other 
cross-section along the specimen. With increasing 
tensile displacement, these micro-cracks will extend 
and coalesce into a full crack. The saw cuts zone is 
essential to control the crack location; this will allow 
precise beforehand installation of small displacement 
transducers to monitor the small displacement growth 
of the cracked zone. Displacement measurement is 
not required to determine the maximum tensile load, 
but is essential for monitoring the load–displacement 
relationship in the cracked zone.

Prior to testing, the specimen is glued to the load-
ing platens at its top and bottom faces. At a first 
glance it seems to adversely affect the testing result 
similarly to the friction effect of the steel platens 
that is discussed above regarding the compression 
test. But in a second thought, it seems the best and 
simplest way to attach the specimen to the load-
ing platens. In a specimen of low slenderness the 
friction at the compression specimen ends, or the 
restraint imposed by the glue at the top/bottom faces 
of the tensile specimen, would induce shear stresses 
along the specimen height and affect the stresses at 
the central zone of interest, but considering the pre-
sent specimen high slenderness (Fig.  2) assures that 
the shear stresses at the end faces, which maintain 

self-equilibrium at the contact face, will have no 
effect beyond a certain distance from the platens, thus 
the central part of the specimen wil not be affected by 
that boundary condition.

Thus, the tensile loading P maintains equilibrium 
with an evenly distributed tensile stress pt at a distant 
cross-section from the loading platen (1–1 in Fig. 2b, 
c), and with the evenly distributed tensile stress σt at 
the central cross-section (Fig. 2c). σt is slightly higher 
than pt due to the slightly smaller cross-section area at 
the notched cross-section, and this triggers cracking 
at that cross-section. The maximum applied tensile 
stress determines the maximum tensile stress σt that 
is the cracking stress in a plane perpendicular to the 
loading axis. Therefore this maximum tensile stress 
determines the material tensile strength. This con-
firms that in this case the specimen strength is iden-
tical with material strength. It should be noted that 
this discussion focuses on the specimen and mate-
rial strengths, and other considerations affecting the 
material strength, such as the size effect, are beyond 
the scope of this discussion.

The above discussion and conclusions are based 
on equilibrium considerations in the longitudinal 
direction. It cannot automatically reflect on the cor-
rectness of the force–displacement or stress–strain 
curves for uniaxial tension that are obtained using the 
LVDT displacement readings, and this aspect should 
be examined separately with caution. While concrete 
tensile strains may represent the concrete extensions 
during low magnitude loading, strain cannot repre-
sent the extensions across the cracked zone at a stage 

Fig. 2   Uniaxial tensile test
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where microcracking develops, and the LVLDT dis-
placement reading over a short finite length (Fig. 2b) 
bridging the crack zone is the proper measure of the 
crack opening that is the displacement difference 
between the two LVDT ends. Another diaplacement 
measurement is the overall axial elongation between 
the specimen’s platens. The latter is composed of two 
components: the integrated strains over the uncracked 
part of the measured span, and the concentrated 
extended displacement at the microcked zone [15, 
16]. Thus, the measured stress-displacement relation-
ship depends on the LVDT span, and this is also the 
case for the stress-displacement relationship at the 
process zone. As its reading is also combined of these 
two components, the crack opening component that 
is required for the stress-displacement relationship, 
should be extracted from the original LVDT data [16] 
to provide a local stress-displacement behavior char-
acteristic curve of the concrete in tension until crack-
ing occurs.

In this uniaxial tensile test, the relationship 
between the maximum applied tensile load P and 
the concrete tensile strength σt is evident. It should 
be noted that the maximum tensile stress marks the 
beginning of the cross-section weakening, and the 
increase of the micro-cracking process. A softening 
branch begins at that stage along which the speci-
men tensile resistance drops to zero when a full crack 
across the specimen is formed. It should be noted 
that although this testing procedure seem simple, it 
requires careful and precise treatment [14].

This uniaxial tensile test demonstrates a case of 
excellent accordance between the specimen resistance 
and the material resistance. This is an exceptional 
example that is not indicative of other cases. The case 
of uniaxial compressive strength using a similar spec-
imen and test setup, is entirely different as shown in 
the following.

2.3 � Is a similar approach feasible for the compressive 
strength of concrete?

An attempt to extend the same procedure to deter-
mine the uniaxial compressive strength of concrete, is 
not straightforward, and different considerations that 
are presented below shed doubts whether extension 
of the same approach is justified and will yield the 
expected result.

A fresh, unprejudiced, independent thought on 
that matter leads to uncouple the concrete specimen 
from the concrete material and distinguish between 
the applied uniaxial compressive pressure that causes 
the specimen’s failure and the uniaxial compressive 
strength of that concrete material associated with the 
material compression failure.

According to that way of thinking, the concrete 
specimen should be considered as a structural ele-
ment that is made of concrete and is subjected to the 
longitudinal (uniaxial) compressive loading on its top 
and bottom faces. This structural element (the test 
specimen) responds to the applied compressive loads 
and internal stresses and strains are developed within 
the specimen to maintain equilibrium with the exter-
nal loading until the structural element failure occurs. 
This is the way to look at a structural element in gen-
eral, and at the specimen in our case in particular.

Following the logics outlined above regarding 
the uniaxial tensile test, in the case of uniaxial com-
pressive loading, the test specimen may be consid-
ered appropriate to yield the concrete compressive 
strength only if the stress and strain fields within the 
specimen are of uniaxial compression as well, and 
that the specimen fails in uniaxial compression, in a 
plain that is perpendicular to the loading direction. 
While in the case of tensile loading, failure develops 
through cracking in a plane perpemdicular to the load 
axis, in the case of compression, failure in compres-
sion cannot develop perpendicular to the load direc-
tion and it is unclear how does uniaxial compression 
failure looks like. If the above conditions cannot be 
fulfilled in the case of longitudinal compression load-
ing, such uniaxial compressive failure mode can not 
occur hence a material compressive strength can-
not be determined. The question now is how else 
the specimen may fail, and whether such failure may 
indicate about the compressive strength of concrete. 
A specimen structural element that is subjected to 
uniaxial compressive pressure, may develop differ-
ent alternative modes of failure that maintain equilib-
rium with the applied loading that will be presented 
in the following. No matter what the failure mode of 
the specimen is, we should clarify that opposed to the 
common convention, the corresponding limit loading 
causing that failure cannot generally be considered 
the concrete material strength. This may be clarified 
by an analogy referring to a beam structural element, 
that is loaded by compressive loading and may fail 
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in bending or in shear. In each case a corresponding 
limit load maintains equilibrium with the developed 
failure mechanism and the support reactions, and 
considering the structural system geometry. In any of 
these modes the corresponding limit load cannot be 
considered as the beam material strength. It is only 
the load that maintains limit equilibrium correspond-
ing to the failure mechanism.

This general thought of alternative failure modes 
of the loaded specimen is further elaborated in the 
following for the particular case of uniaxial compres-
sive loading.

3 � A specimen under a uniaxial compressive 
loading

Consider a concrete specimen that is subjected to an 
external compressive evenly distributed applied pres-
sure pc acting in the longitudinal direction (Fig. 3a), 
similarly to the specimen loaded in tension in Fig. 2. 
A uniform uniaxial state of stress, that is equal to the 
applied compression pc is developed. Corresponding 
axial compressive strains and lateral tensile strains 
due to Poisson’s effect are developed. A free body 
diagram (Fig.  3b) depicts the interior uniaxial com-
pressive stresses σy acting on the interior horizon-
tal surfaces on an elementary unit cell in the tested 
specimen. The internal compressive stress σy in the 
axial direction can be determined from the exterior 
applied loading, similarly to the case of tensile load-
ing (Fig. 2), i.e., σy = pc.

This describes the state of equilibrium for 
commonly used specimens of low or moderate 

slenderness. For the sake of further understanding 
the difference between the structural response and the 
material’s response, consider a non realistic specimen 
of high slenderness; upon increasing the compressive 
load magnitude, this specimen may reach a stage of 
instability and undergo sideway buckling under the 
applied centric compressive loading. At that instant 
the specimen responds like an elastic structural ele-
ment in which the stress and strain fields, as well as 
its curvature, differ considerably from the previous 
uniform distribution of axial compressive stresses. 
Evidently, the critical compressive loading upon 
buckling is smaller than the maximum possible pres-
sure that could be applied to a shorter specimen of the 
same cross-section and concrete type where buckling 
would not occur. Although that hypothetical mode of 
buckling failure cannot occur in low slenderness com-
mon specimens, this example aims at demonstrating 
that the evenly distributed compressive loading may 
maintain equilibrium with different modes of failure, 
and in the described scenario the central compres-
sive load maintains equilibrium with either evenly 
distributed compressive stresses on an internal hori-
zontal cross-section, or alternatively a linear variation 
of normal stresses that result from a superposition of 
the evenly distributed compressive stresses due to the 
axial load and lineralrly distributed compressive and 
tensile stresses due to the bending moment caused by 
the axial force couple upon the onset of buckling.

Return now to the low slenderness specimen that 
is commonly used for compression strength testing, 
and follow a further increase of the applied compres-
sive loading pc. The question is: what is the maxi-
mum load level that may be reached and how it is 

Fig. 3   A specimen under 
low magnitude uniaxial 
compressive loading
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related to the compressive behavior of the material 
and to the developing damage. A maximum load level 
should refer to a limit state that is characterized by 
developing damage with increasing axial deformation 
provided by the loading apparatus and following fail-
ure, that are characterized by stiffness and resistance 
decrease with increasing deformation.

As mentioned above, crushing damage cannot 
occur on a horizontal plane (Fig. 3b) that is perpen-
dicular to the compression loading axis. It seems that 
another limit state mechanism of the tested specimen 
should be reached at a certain stage of loading. Such 
limit state may occur due to another weakness of the 
tested element, and as such the maximum attained 
loading pressure is related to that specific weakness, 
that is not related to the compressive strength of con-
crete. The above discussion aims at clarifying that the 
structural element strength under compressive load-
ing, may be entirely different from the compressive 
strength of the material from which the specimen is 
made of. The following section aims at examination 
of possible modes of structural element failure.

4 � Failure mechanisms of a structural cube 
element subjected to compressive loading

In this section we aim at examining possible failure 
mechanisms of a structural specimen element, that 
may determine limit states that correspond with a 
maximum applied compressive pressure. Two major 
possible damage and failure mechanisms will be 
presented.

4.1 � Lateral extension of a cube specimen loaded by a 
uniaxial longitudinal compressive pressure

Consider a homogeneous cubic specimen made of 
concrete that may be simulated by a linear-elastic 
model, characterized by its Young Modulus E and 
Poisson’s ratio ν. Applying an evenly distributed 
compressive pressure loading pc on its top and bot-
tom faces will produce compressive strains �z =

pc

E
 

in the longitudinal direction z and tensile strains 
�
x
= �y = −�

pc

E
 in the lateral directions x, y (where 

pc is assumed positive in compression). It turns 
out that the magnitude of pc cannot exceed a load-
ing level at which the tensile lateral strains reach 
the cracking strain limit �cracking , that is related to pc 

through Poisson’s ratio ν. Evaluating common val-
ues of �cracking , E, ν, yields the limit magnitude of 
pc in that scenario, which is considerably smaller 
than the reported uniaxial compressive strength val-
ues that is obtained in common laboratory tests of 
specimens loaded by steel platens.

This mode of longitudinal cracking failure has 
been inspected in specimens loaded by steel platens 
using different friction reduction techniques at the 
specimen top and bottom faces. These techniques 
were reported as reducing the amount of friction, 
though not eliminating it completely. The magni-
tude of the applied pressure at the cracking limit 
state is considerably lower than the reference maxi-
mum pressure for specimens loaded using regular 
steel platens. The softening branch of the cracked 
specimens is smaller in comparison to the soften-
ing branch in the common case. In the ideal case of 
a perfectly smooth interface, longitudinal cracking 
appears and develop into longitudinal crack planes, 
perpendicular to the top and bottom loaded platens. 
These cracked planes split the specimen into longi-
tudinal slices. A limited amount of friction on the 
specimens top and bottom faces somewhat distorts 
the ideal planar shape of these cracks [17, 18].

This may be observed in Fig. 4a where a single 
Teflon sheet is used for friction reduction of our 
tested cube. The friction shear effect is reflected 
by the cracks inclination, and the restraint to open 
more cracks upon increasing the longitudinal dis-
placement along the softening branch. Implement-
ing two layers of wax paper as a friction reduction 
interface produces vertical almost planar cracked 
surfaces (Fig.  4b). These cracks develop gradually 
during loading.

Fig. 4   Longitudinal cracking dependence on friction reduction
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At a high load level that approaches the peak load-
ing and slightly afterward along the upper part of the 
softening branch, two early cracks develop (Fig. 5a). 
The widths of these cracks extend with increase of the 
longitudinal deformation. Then, two more cracks are 
developed along the softening branch (Fig. 5b). The 
width of these cracks extends as well with increas-
ing deformation, and then, at a lower load level along 
the softening branch, another central crack opens 
(Fig.  5c). In an ideal homogenous specimen that is 
subjected to a unifirm tensile strain across the speci-
men, any longitudinal plane may be cracked. In a real 
concrete specimen, the slight variation of the cracking 
strain and the flaws distribution activates a first plane 
cracking, after which very slightly further increasing 
longitudinal strain activates cracking in another plane 
and so forth.

This crack pattern is compared with almost ideally 
longitudinal cracked planes, in the case of friction 
reduction using wax paper (Fig. 4b).

Several observations demonstrate the difference 
between these two friction reduction methods:

•	 Cracked planes in Fig.  4b are longitudinal and 
almost planar, with local curvatures resulting from 
the aggregates texture and the formation of rough 
cracked surfaces as a result.

	   The interfacial friction in Fig. 4a restraints the 
opening of a minimal number of cracks the width 
of which extends along the softening branch. No 
more cracks are developed afterwards. This crack-
ing mode is compared to the cracking evolution in 
Fig. 4b that refers to a smaller interfacial friction, 
and is characterized by an increasing number of 
cracks that are developed mainly along the soften-
ing branch (Fig. 5).

•	 The smaller the frictional stresses are, the steeper 
is the softening branch and the smaller is the max-
imum applied pressure at failure (Fig. 4b).

•	 The longitudinal concrete slices modify the initial 
shape of a low slenderness cube into a set of high 
slenderness slices. As such, each slice is consid-
erably more sensitive to crack surface irregulari-
ties which influence the longitudinal applied load 
eccentricity, and its effect on possible buckling 
failure of such slices.

It may be summarized that although the specimen 
is subjected to compressive loading, the failure is due 
to tensile cracking occurring in longitudinal planes. 
Hence this failure is not related to the compressive 
behavior of the concrete material but rather to its ten-
sile relative weakness.

Therefore, the recommended procedure for con-
crete specimens testing, using lubricated platens to 
allow determination of the complete stress–strain 
relationship with emphasis on the softening branch 
[13], turns out to yield the compression ascend-
ing branch up to the level at which longitudinal ten-
sile cracks are developed. The following descending 
branch results from the further development of lon-
gitudinal tensile cracked planes, and further weaken-
ing of the specimen. It is not related to the concrete 
compressive behavior whatsoever, and certainly not 
exhibiting the compression strength.

The tensile cracking failure mechanism explains 
the steep softening branch measured in specimens 
loaded by friction reduced steel platens [17]. It is 
in accordance with the brittle nature of the ten-
sile failure and the steep softening branch of the 
uniaxial stress–strain relationship in tension [14, 
15]. Therefore the softening branch stands for the 

Fig. 5   Stages in tensile 
cracking development
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tensile-cracking failure and the limited friction effect, 
that are not related to compression failure at all.

4.2 � Shear failure of a cube specimen subjected to 
uniaxial compressive loading

Let us return to the cube specimen that is subjected 
to uniaxial compressive loading, which is applied 
using lubricated platens. It has been shown experi-
mentally that the mode of failure is that of longitudi-
nal cracking. To extend the study on the compressive 
strength, assume now that the cracking strain/strength 
is sufficiently high such that the compression load-
ing may exceed the maximum level attained earlier 
without activating the mode of lateral cracking that 
is discussed in Sect. 4.1, or that some lateral confine-
ment provides that restraint. the question is: what is 
the following failure mode that will develop, requir-
ing a higher applied pressure level?. As failure can-
not develop along horizontal planes under normal 
compressive stresses only, and longitudinal crack-
ing is not enabled, the state of limit equilibrium with 
the applied load (Fig.  3a) may be examined along 
an inclined plane (Fig.  6). In fact two mirror image 
states of equilibrium exist in the planar case. In each 
of them, for any given surface inclination ϑ, the inter-
nal normal (N) and shear (T) forces maintain horizon-
tal force equilibrium, and both together balance the 
longitudinal applied load provided by the distributed 
pressure on the top surface.

To analyze the equilibrium at that limit state of 
failure, a rigid plastic solution may be adopted. As 
elastic deformations are disregarded, the specimen 
will not fail in lateral tension and frictional stresses 

will not appear on the specimen loaded faces due 
to relative lateral deformations of the specimen 
and the platens. This allows further increase of the 
applied compressive pressure until the following 
weak link (Fig. 6) is developed. That model enables 
further examination of the developing damage and 
investigate what is the maximum compressive load 
at that limit state.

The limit equilibrium is depicted on an interior 
inclined plane, at an angle ϑ with respect to the 
horizontal axis (Fig. 6). The magnitudes of the nor-
mal compressive force N(ϑ) and the tangential shear 
force T(ϑ) depend on the magnitude of the applied 
force and on the angle ϑ, and satisfy the equilib-
rium equations in both lateral and longitudinal 
directions. In fact, two twin surfaces exist, provid-
ing these equilibrium requirements, and therefore 
both are similarly possible. In the special case ( 
ϑ = 0) the general case (Fig.  6) coincides with the 
state of stress depicted in Fig. 7a. All states of stress 
are represented by points along the Mohr circles 
(Fig. 7b).

Figure  7a shows the stresses in the x,y direc-
tions acting on a differential volume element within 
the specimen. Several Mohr circles are depicted 
(Fig.  7b), representing increasing magnitudes of the 
applied pressure and the corresponding longitudinal 
compressive stress σy (σy3> σy2> σy1). Transformation 
of the state of stress for the larger longitudinal stress 
σy3 (point 03) is shown as points on the larger diam-
eter Mohr circle. Point A describes this state of stress 
on a plane with an inclination angle ϑ, subjected to 
the stresses (σA; τA) acting on the rotatated differential 
volume element. At a certain load magnitude (Pc,max), 
sliding of the inclined surfaces occurs at an inclina-
tion angle ϕ, which determines the failure of the 
loaded specimen (Fig. 8a).

Increasing the circle diameter is associated with 
increasing the magnitude of the shear stress �A . Upon 
reaching the limit state, the Mohr circle become 
tangent to the shear failure envelope (lines I and 
II in Fig.  8a). The shear failure envelope is ideally 
described by the cohesion c and the angle of internal 
friction ϕ. This envelope determines the maximum 
shear that the material can sustain on a plane with a 
given normal compressive stress, upon the occur-
rence of shear failure. Evidently this shear failure 
along inclined surfaces may equally develop in the 
two symmetrical directions (Fig. 8b).Fig. 6   Twin free bodies at ultimate state
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Figure 8a shows that point B on the failure enve-
lope with coordinates [�;�] ) is tangent to a circle with 
a diameter �y,max . This is the largest possible stress 
circle prior to shear failure occurrence, with a diam-
eter �y,max(that is equal to the maximum applied com-
pressive pressure on the specimen top face). Accord-
ing to Fig.  8a, the stress coordinates of point B act 
on a plane that is rotated at an angle (45◦

+ �∕2) , that 
is the inclination angle of the shear plane at failure. 
A mirror failure condition with the shear envelope II 
(Fig.  8a), yields the mirror shear plane inclination. 
As Fig.  7a refers to a uniform uniaxial compression 
stress field, the shear planes at failure may develop at 
any location (Fig. 8b). The inclination of the failure 
planes is shown in Fig. 8b for a particular case where 
� = 45◦ and the failure planes inclination is therefore 
67.5°. In the case where � = 30◦ the planes inclina-
tion is 60°, that is not much different.

Although a limit compressive pressure load-
ing is reached, the formation of these shear planes 
within the specimen are not related to the compres-
sive behavior of the concrete material whatsoever, 
but to the formation of shear planes in the speci-
men. This mode of shear failure is similar to the 
common failure inspected in cube or cylindrical 
specimen testing, and the maximum compressive 
pressure loading associated with that failure is com-
monly wrongly defined as the compressive strength 
of concrete.

It should be noted that the infinite number of 
potential failure planes results from the assumed 
homogeneity of the specimen domain. The real speci-
men however, is heterogenous and contains numer-
ous aggregate inclusions. Therefore it is reasonable to 
assume that a limited number of planes of least resist-
ance will develop and govern the loaded specimen 

Fig. 7   State of stress at a 
point in the specimen

Fig. 8   Mohr circle and 
shear planes
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failure. In fact, even the formation of a single failure 
plane satisfies the limit state condition.

From the geometry in Fig.  8a, the expression for 
the maximum uniaxial compressive pressure loading 
at the state of the specimen shear failure is:

Equation  (1) shows that the maximum applied 
pressure at that limit state depends on the cohesion 
and the angle of internal friction (c, ϕ), that are the 
shear envelope parameters. Hence, the maximum 
applied pressure is related to the shear failure and 
is not related to the compressive failure of concrete, 
whatever it is. Moreover, Eq.  (1) demonstrates that 
pc,max is not a material property. A material property 
is a prime value that cannot be calculated from other 
prime properties, and therefore it should be measured 
by standard test methods, dedicated to measure that 
specific property (e.g., Young’s Modulus, Poisson’s 
Ratio). Hence, Eq. (1) is a function of material prop-
erties and it can be calculated from the c, ϕ data.

(1)pc,max = 2c ⋅
cos�

1 − sin�

5 � Shear planes in standard concrete cube tests 
under uniaxial compressive loading

Standard 100  mm sided cubes had been prepared 
(Table  1) and were tested to uniaxial compressive 
loading. the average compressive pressure (com-
monly assumed as the compressive strength of the 
concrete) from six specimens was 32.2  MPa. More 
specimens were tested to monitor the damage devel-
opment during loading increase. An almost linear 
ascending branch is observed up to 90–95% of the 
peak load. Close to the peak load early local minor 
signs of damage are observed (Fig.  9a). Beyond the 
peak load, the damage is growing, and the number of 
cracks, their width and length expand considerably; 
the damage expansion is accompanied by a sharp 
descent of the load that corresponds with the increas-
ing measured displacement.

Figure  9b shows the damage on the cube front 
face along the descending branch where the load 
decreased to 90% of the peak load. Upon further lon-
gitudinal displacement, where the load magnitude 

Table 1   Concrete 
composition (per 1 m3 
concrete)

Cement 
CEM I 52.5

Water Additive 
G-100-X

Water/
cement 
ratio

Coarse 
aggregate

Fine aggregate Natural sand

Kg Kg Kg Kg Kg Kg
253 200 1.52 0.79 770 378 715

Fig. 9   Damage evolution 
in a specimen during a 
standard test
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decreased to 67% of the peak load, a final cracking 
pattern has been shaped (Fig.  9c) and further dis-
placement shows spalling of concrete parts and their 
detachment from the specimen core (Fig.  9d). Upon 
reaching an almost zero specimen’s resistance and 
after removal of loose concrete parts, the specimen’s 
core having an hourglass shape is exposed (Fig. 9e).

Figure 10a, c present the hourglass shapes of two 
specimens after their complete failure. The inclined 
shear planes are clearly observed. As the angle of 
internal friction of this type of concrete is unknown 
an average value of � = 35◦ ia assumed to depict the 
inclination of the failure planes. Figure 10b, d show 
the calculated inclination of the shear planes (in red). 
Good correspondence with the slopes of the shear 
planes are observed.

6 � Comparison with numerical results

Vonk [19] investigated the structural behavior of a 
concrete specimen, subjected to uniaxial compres-
sion loading, along the softening branch. Using finite 
element analysis including fracture mechanics, Vonk 
analysed the heterogenous specimens at the meso-
level considering the aggregates and cracks in the 

hardened cement paste. Aggregates were distributed 
randomly in the specimen domain.

To examine the influence of the random generation 
of the composite specimen, the same set of param-
eters was used to generate two specimens (T1 and 
M2) which were loaded in one direction, and two 
more simulations using the above specimens which 
were loaded in the lateral direction. To simulate the 
frictional restraint, two loading platens were mod-
elled together with the specimen. Comparing the 
four simulations showed identical behavior along the 
ascending branch reaching the same peak load. The 
difference is observed in somewhat different descend-
ing branches accompanied by different lateral defor-
mations at equal axial deformations and different 
cracking shapes. Figure 11 presents the different cal-
culated cracking patterns of the four numerical speci-
mens which split up into pieces with entirely different 
shapes and sizes. A major part of the shear planes is 
aligined in two clear inclination directions and a com-
parison with the above analysis of the idealized shear 
failure planes inclinations (in red) shows very good 
correspondence. Close examination of the different 
cases in Fig. 11, shows the clear effect of the coarse 
aggregates which force the developing cracks to cir-
cumvent aggregates along their path.

Fig. 10   Comparison with test results Fig. 11   Comparison with numerical meso scale analysis
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7 � Calculation of the maximum applied 
compressive pressure

The maximum compressive pressure that yields shear 
failure of a standard cubical concrete body is consid-
ered in the following. It is erroneously considered as 
the uniaxial compressive strength of the tested con-
crete and incorrectly referred as a material property 
to which other strength parameters are related. The 
inclination of the theoretically calculated shear planes 
has been compared with experimental and numeri-
cal shear planes directions and excellent qualitative 
agreement has been shown above. This section aims 
at calculating the magnitude of the maximum com-
pressive pressure at the shear failure limit state and 
demonstrate the quantitative excellent agreement with 
the measured compressive strength of the cube speci-
men. It will show that the maximum compressive 
pressure may be calculated from basic material prop-
erties, hence demonstrating that the magnitude of the 
compressive loading at the limit state, is not a mate-
rial property, and it is not a measure of the uniaxial 
compressive strength of the concrete material.

Consider the shear planes failure mechanism that is 
developed under the action of the compressive pres-
sure loading pc,max as shown in Fig.  8. Equation  (1) 
expresses the maximum applied pressure pc,max at that 
limit state, using the cohesion c and the angle of inter-
nal friction ϕ. In fact, pc,max in the rigid body model 
may be somewhat different from that in the real case, 
where the pressure is transferred to the specimen 
through the platen. However, due to the similarity of 
the real shear planes configuration (Figs. 10, 11) and 
the idealized planes orientation (Fig. 8), close values 
of the measured and calculated pc,max are expected.

To calculate the magnitude of pc,max , the values 
of c,ϕ are required. In earlier studies related to pro-
jectile penetration into concrete targets, Yankelevsky 
[20] found that the so called uniaxial compressive 
strength of concrete, cannot identify a specific type 
of concrete and determine the target resistance. It 
was proven that concrete targets made from equal 
uniaxial concrete strength (according to the common 
convention) but from different mix compositions, 
performed differently and exhibited different resist-
ance and damage characteristics [22]. Nevertheless, 
the concrete strength still plays the central role in 
concrete mechanics and all parameters including c,ϕ 
are given in the literature as function of the concrete 

compressive strength, only because it is traditionally 
considered as the key and only characteristic param-
eter of the concrete. This fact raises up an apparent 
dilemma: the c,ϕ data is given in the literature as 
function of the uniaxial compressive strength, and 
here we want to predict the compressive strength from 
Eq. (1) based on the related c,ϕ parameters. However, 
the wider the range of concrete strengths is, that are 
made from different mixes, the compressive strength 
is just a ruler to present the continuous relation-
ships of c,ϕ and the concrete that is represented by a 
strength parameter. We refer to an investigation aim-
ing at determination of the parameters of the Drucker-
Prager yield criterion, and for that purpose an experi-
mental program has been carried out to determine the 
c,ϕ values for 16 different mixtures covering a wide 
range of NSC and HSC concrete types and two dif-
ferent maximum coarse aggregate sizes [21]. Triax-
ial compression tests were carried out on cylindrical 
specimens. Several tests were performed for a given 
concrete type; in each test a different lateral confin-
ing pressure level was applied as the minor principal 
stress and the axial pressure was then increased until 
failure was reached and determined the major prin-
cipal stress at failure. These principal stresses deter-
mine Mohr’s circle diameter at failure. Having several 
circles relating to different sets of minor/major princi-
pal stresses, allows to plot the shear failure envelope, 
which is common to all these circles and experimen-
tally yields the values of c,ϕ. To refer to the obtained 
cohesion and angle of internal friction values, 
strength of each concrete type was determined from 
standard 150 mm sided cubes, also in addition to its 
determination through using the same cylinders for 
the special case of zero lateral pressure, thus apply-
ing a uniaxial compressive pressure on cylinders that 
are similar to those tested under triaxial conditions. In 
the following we refer to the mean cylinder uniaxial 
concrete strength to avoid the need of converting the 
tested cube strength to the cylinder strength consider-
ing the variable conversion due to the wide strength 
range, the differences in shape and size, and to elimi-
nate the discussion of the platens friction effect on the 
conversion.

Figure 12a describes the variation of the experi-
mentally determined cohesion over a wide strengths 
range. An excellent fit with a linear correlation 
coefficient of R2 = 0.995 is obtained.
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Figure  12b describes the variation of the experi-
mentally determined angle of internal friction over 
the same strength range. An excellent fit with a linear 
correlation coefficient of R2 = 0.972 is obtained.

Using these values of c,ϕ, the maximum compres-
sive pressure loading at shear failure (pc,max) has been 
calculated from Eq.  (1). Figure  12c compares the 
calculated value of pc,max with the reported uniaxial 
compressive strength of the cylindrical specimens, 
as measured in the triaxial apparatus. All the calcu-
lated results are laid along a 1:1 solid line, indicat-
ing a perfect fit. It means that using Eq.  (1) and the 
c,ϕ data, pc,max is predicted at excellent accuracy. 
Comparison of the calculated value of pc,max with the 
reported compressive strength of 150 mm sided cubes 
is shown in Fig. 12d. All calculated points are placed 
along the linear dotted line indicating a ~ 10% lower 

magnitude than the values in Fig. 12c. That difference 
is attributed to the size effect mentioned above.

This comparison demonstrates the strong correla-
tion between the cohesion and the angle of internal 
friction, which govern the limit pressure applied on 
a cube specimen causing shear failure. That confirms 
that the applied longitudinal pressure on the cube is 
related to the shear failure of the specimen.It instructs 
that the maximun measured loading, that is wrongly 
denoted as the compressive strength, is tightly related 
to the shear failure parameters c and ϕ, that are con-
sidered material properties. These material proper-
ties vary depending on the concrete composition. The 
above analysis demonstrates that pc,max is obtained 
from these shear envelope parameters. Therefore 
pc,max is not a prime value but depends on prime 
material properties c and ϕ.

Fig. 12   Shear failure strength prediction
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8 � On the very nature of concrete compressive 
strength

8.1 � Summary and discussion

The behavior of a concrete specimen that is subjected 
to a uniform compressive pressure is characterized 
by an almost linear uniaxial stress–strain relationship 
until approaching a peak pressure.. Such an almost 
linear relationship stands for the undamaged behavior 
of the specimen under uniaxial compression.

Any further load increment, just before the stress 
peak or further strain increment beyond the strain 
corresponding to the peak stress is accompanied by 
damage development within the concrete material. 
It has been shown that the damage is either due to 
lateral tensile cracking or due to the development of 
inclined shear bands. The compressive pressure lev-
els corresponding to either of these modes of damage 
are interpreted as the loads that maintain limit equi-
librium with the developed damage mechanism of the 
specimen structural element, but cannot be related to 
a material property, or considered as the compres-
sive strength of the concrete material. Upon reaching 
the limit state of any of these failure modes, it gains 
control on the continuing specimen response, and the 
compressive response cannot be followed further.

Therefore the peak load is not related to the com-
pressive resistance of concrete, but to either the 
cracking or shear modes of failure, and referring to 
that maximum pressure level as representing the com-
pressive strength of concrete is basically incorrect.

Experiments have shown that the frictional 
restraint between the platens and the specimen has 
a considerable effect on the peak loading and on the 
shape of the softening part of the stress–strain rela-
tionship [18]. Hence, the measured maximum pres-
sure is significantly affected by the testing conditions. 
This blurs the significance of the measured values 
even for that purpose.

A RILEM TC 148-SCC document [13] provides 
guidelines for a standard test method to measure the 
strain softening behavior, where special care is given 
to reduce the friction between the platens and the 
specimen, thus leading to a relatively lower magni-
tude of the peak load. This leads to a tensile crack-
ing mode at a relatively low pressure, compared to the 
limit pressure casing shear failure, which cannot pro-
vide the requested compressive strength of concrete.

The maximum pressure causing shear failure of a 
concrete specimen is a result of the limit shear equi-
librium and depends on the fundamental properties of 
the shear envelope c and ϕ. Since it depends on the 
prime properties of c and ϕ, the maximum pressure 
associated with that shear failure is not a material 
property, and obviously it is not related to the com-
pressive strength of concrete.

This means that the so called “compressive 
strength of concrete” represents the non slender cube 
strength in shear and not the compressive strength 
of concrete. It may be used as a reference value for 
describing and comparing different concrete types 
or for control of cast concrete quality in a project, 
however it cannot provide the constitutive behavior 
parameters of concrete in compression for structural 
analysis purposes nor the compressive strength of this 
concrete.

So, what is the compressive strength of concrete?
Consider three configurations of compressive load-

ing of a cylindrical specimen:

(a)	 uniaxial pressure loading on top and bottom faces 
of the specimen in the longitudinal direction;

(b)	 same as “a” + evenly distributed radial pressure 
(in the lateral direction) over the cylindrical enve-
lope, at a magnitude that is smaller than the axial 
pressure;

(c)	 isotropic loading, where the radial pressure is of 
equal magnitude to the axial pressure loading.

In case “a”, which is the subject matter of the pre-
sent manuscript, it has been shown that upon reaching 
a certain level of axial pressure a cracking or shear 
modes of failure develop, depending on the exist-
ence of friction with the steel platens, and the loaded 
specimen fails in one of these modes. Therefore, the 
axial loading cannot lead to a uniaxial failure mode in 
compression. That means that the uniaxial compres-
sive strength of the concrete material does not exist 
at all, and the discussion should focus on the state 
of uniaxial pressure loading causing one of these 
modes of failure. It is important to emphasize that a 
real uniaxial compressive failure along the above cri-
teria has never been reported. Moreover, it has been 
shown that specimen loading using lubricated platens 
activates the lower level pressure mode of longitudi-
nal cracking, and prevention of this mode of failure 
allows further increase of compression resistance 
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until the higher level pressure that is associated with 
shear failure is activated. This indicates that compres-
sive resistance may be further increase. This can be 
achieved in the case of a higher cracking strain/stress. 
This may also be achieved if lateral extensions are 
restrained, however adding that condition classifies 
the problem within case “b” or “c”.

In case “b”, the applied radial pressure opposes 
the weakness exhibited by the formation of radial 
cracks and allows increasing the axial pressure to a 
higher level, until shear band failure will occur. The 
higher the radial pressure is, the smaller the diameter 
of Mohr’s circle is, and higher compressive pressures 
can be applied without causing specimen’s failure. 
This can be clearly described in a smaller Mohr’s 
circle, with a diameter that is equal to the difference 
between the two applied pressures, and its center is 
shifted towards the right, thus positioned at a greater 
distance from the shear failure envelope. Fixing a cer-
tain level of radial pressure allows increase of the lon-
gitudinal pressure, until the condition of shear failure 
is fulfilled. That means that qualitatively, case “b” is 
not different from case “a”, and it is just the magni-
tude of the applied pressure that increases. Therefere, 
in case “b” no uniaxial compressive failure is devel-
oped as well.

In case “c”, all the principal stresses are equal, and 
the Mohr’s circle representing this state of stresses 
shrinks to a point on the axial stress axis. Hence shear 
failure cannot develop at any level of applied pressure 
and compressive failure cannot develop as well.

That means that compressive strength of the con-
crete material is a fictitious term. Concrete fail-
ure under compression will not occur even under 
extremely high isotropic compression loading. 
Experimental investigations on the behavior of con-
crete specimens under hydrostatic compression load-
ing indicate that the specimen volume is decreasing 
with increasing pressure, however it is not reaching 
failure even under extremely high pressures [22]. The 
specimen response to hydrostatic compression exhib-
its increasing stiffness and bulk strain with increase 
of the applied compression. The increasing stiffness 
testifies that no failure is involved and the increasing 
volumetric strain results from compressibility of the 
micro pores in the hardened concrete. That means 
that there is no compression failure of concrete to 
which a “compressive strength” of concrete may be 
assigned.

9 � Conclusions

These insights indicate that concrete is not reach-
ing compression failure, and therefore the compres-
sive strength of concrete is a fictitious term that has 
no physical meaning. Under an increasing applied 
compressive pressure along the ascending branch, 
the concrete material is reaching a stage of weak-
ness where longitudinal cracking or inclined shear 
bands modes of damage are developed. At that 
stage, the response shifts into the particular mode of 
damage. Beyond the damage onset of any of these 
modes, the compressive response is not develop-
ing any further and cannot reach a state of com-
pressive strength. This new understanding requires 
a new thinking regarding the definition of material 
strength and methods for its testing. It also requires 
to set limits on the stress–strain relationship of con-
crete in under compressive loading, and define its 
transition to the appropriate mode of damage/fail-
ure. Following the above insights it turns out that 
uniaxial stress–strain of concrete in compression 
may be followed only along the ascending branch 
prior to any damage indication of a mode of failure, 
after which the appropriate failure analysis should 
be followed. The beyond the linear ascending 
branch, the commonly used curve towards the peak 
zone and especially along the post peak descending 
branch (Fig. 1) is not representing the compressive 
behavior of concrete. Further elaboration of these 
issues is beyond the scope of the present paper.

Finally, a tribute is given to Prof. Adam Nev-
ille. In some way this paper echoes his ambiguous 
though important statement on the compressive 
strength of concrete given in his classical manu-
script [23]: “we should be wary of interpreting it 
as a true measure of the compressive strength of 
concrete.” This paper aims at removing some of 
the ambiguity and call for re-thinking on concrete 
material response to compressive stresses, consider-
ing the stress–strain relationships representing the 
concrete material behavior under compression. This 
is a fundamental need that is essential for any con-
crete analysis and simulation.
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