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Abstract 

A wide range of concretes was evaluated to 
explain the reasons for large strain values of high 
strength concretes (HSCs) at peak stresses under 
different loading conditions, such as uniaxial 
compression, uniaxial tension, bending and 
torsion. To determine the influences of constit- 
uents on the stress distributions at the 
matrix-aggregate inter$ace, around the aggregate 
and in the matrix close to the aggregate, concrete 
was considered as a three-phase composite 
material consisting of a continuous mortar matrix, 
model aggregate and the interfacial zone between 
cement and aggregate. The results obtained show 
that in normal strength concretes (NSCs), i.e. the 
hard inclusion case, the elastic mismatch of aggre- 
gate and matrix is significant and large tangential, 
radial and shear stresses occur at the interbace. 
However in both HSCs and lightweight concretes 
(LCs), the elastic modulus of the aggregate is 
closer to that of the matrix, and lower tangential, 
radial and shear stress distributions occur at the 
aggregate-matrix interface, resulting in these con- 
cretes having a much more uniform stress 
distribution at the intersaces than NSCs. In both 
HSCs and LCs, tensile stresses occur at the tips of 
the aggregate (at the poles in the model) perpen- 
dicular to the applied stress, and tangential 
stresses in the matrix close to the interface or at 
the aggregate surface are larger than those in NSC 
ones. These imply that the crack will be forced to 
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go through the aggregate and lower strains will 
develop in ascending branches of these concretes. 
Based on the model proposed and on additional 
microstructural studies, it can be concluded that 
the levels of strains observed at peak stresses 
under the different loading conditions are as 
expected. 0 1998 Elsevier Science Ltd. All rights 
reserved. 
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INTRODUCTION 

In recent years, three developments have per- 
mitted modem concrete to approach its 
potential as a structural material, namely the 
better understanding of preventative measures 
against damaging mechanisms (such as freeze/ 
thaw cycling, embedded steel corrosion and 
AAR), the use of superplasticizers (for rheo- 
logical control and to lower the water-cement 
ratio of the mixture) and the inclusion of silica 
fume (to enhance 
strength).’ 

overall durability and 

The use of concrete for special structures 
such as long span bridges, dams, nuclear reac- 
tors, offshore structures and storage tanks has 
led to growing interest in the cracking 
behaviour of concrete. In some loading condi- 
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tions, strains at peak stresses are required for 
calculating the response of a structure, for crack 
control and determining the risk of cracking.* 
Such strains in direct tension, bending, uniaxial 
compression and torsion are evaluated as shown 
below considering both material behaviour and 
its modelling. 

Material behaviour 

An accurate value of the strain at maximum 
stress is important for the stress-strain curve of 
concrete under uniaxial compression. De Nicola 
et al3 proposed a nonlinear relationship 
between compressive strength and the strain at 
maximum stress. 

Since concrete is weak in tension, its tensile 
strength is frequently neglected in the conven- 
tional design of reinforced concrete structures. 
During the last two decades, research on con- 
crete primarily concentrated on increasing its 
compressive strength; however, for a better 
understanding of material behaviour more 
information is needed regarding many aspects 
of mechanical properties, such as fracture 
behaviour and tensile properties.* 

In bending, good correlations have been 
obtained between flexural tensile strain capacity 
defined in different ways and flexural strength 
for various ages.4T5 The flexural tensile strain 
capacity of concretes with compressive strength 
reaching up to 80 N/mm* was investigated by 
Giovambattista et al. 6 under rapid and slow 
loading rates. They showed that the tensile 
strain capacity in bending increases with con- 
crete strength. Brooks et al7 indicated that the 
thermal strain capacity of concretes of similar 
strength and workability is related to the type of 
coarse aggregate used, and there was good 
correlation between strain capacity and 
‘strength/modulus of elasticity’ for these results. 
Based on recent advances, Tasdemir et al* gave 
a comprehensive review of the behaviour of 
concrete in tension and the major role of tensile 
properties in the fracture of concrete. For a 
wide range of unnotched concrete specimens, it 
was shown by them that the short term strain 
capacity under direct tension can be predicted 
from the ‘tensile strength/modulus of elasticity’ 
ratio which was in good agreement with pub- 
lished results and was virtually independent of 
experimental techniques, type, size and grading 
of aggregate, gauge length, age and loading 
rate. Hence, sufficient data on a very wide 

range of concretes are now available for analy- 
sis of the strains at peak stresses in concretes 
for different loading configurations, such as uni- 
axial tension, bending, torsion and uniaxial 
compression. 

Material modelling 

Concrete is an extremely complex system of 
solid phases, pores and water, with a high 
degree of heterogeneity. This heterogeneity can 
be considered on several levels. For material 
modelling purposes, Wittmani? introduced the 
idea of three levels: micro-, meso- and macro- 
levels. To establish a realistic failure model at 
the macro-level, an insight into the fracture 
mechanisms at the meso-level is required, 
where heterogeneity results in a non-uniform 
internal strain distribution within the concrete 
composites. Recent research’,9, ‘” has shown 
that there are two principal aspects of interfaces 
in concrete: (i) the microstructural features of 
the interfacial region and their effects on con- 
crete properties; and (ii) models of the effects 
of interfaces on the properties of concrete 
through the application of continuum mech- 
anics and fracture mechanics. Since the 
interface between the aggregates and cement 
paste is the weakest link, the mechanical 
behaviour of concrete is significantly affected by 
the properties of the interfacial zone, being 
especially sensitive to the properties of this 
zone.“9-” The interface failure may be con- 
sidered at the meso-level. The development of 
bond cracks at the aggregate-matrix interfaces 
plays an important role in the inelastic 
behaviour of concrete. A considerable portion 
of the total strain is concentrated at the inter- 
faces and the final failure occurs in mortar, thus 
bridging bond cracks.‘2-‘4 

The main objective of this work is to explain 
the reasons for the levels of strain values at 
peak stresses. To provide quantitative results, 
more data on a wide range of concretes were 
evaluated in the light of the material model 
proposed, and some microstructural studies 
were also used for a better understanding of the 
material behaviour under different loading con- 
ditions, such as uniaxial tension, bending, 
torsion and uniaxial compression. To determine 
the influence of this interfacial zone on the 
stress distributions at the matrix-aggregate 
interface, concrete was considered as a three- 
phase composite material consisting of a 



Evaluation of strains at peak stresses in concrete 303 

continuous mortar matrix phase, a model aggre- 
gate and an interfacial zone between the 
cement paste and the aggregate. To support the 
explanations for high strain values at the peak 
stresses of HSCs, microstructural studies were 
also used, based on Scanning Electron Micro- 
scope (SEM) and Energy Dispersive X-Ray 
Analyzer (EDX) observations. 

EVALUATIONS OF STRAINS AT PEAK 
STRESSES 

Concrete shows an inelastic behaviour under 
short-term compressive loading. Considerable 
effort has been spent on this behaviour under 
static uniaxial loading for about 70 years. The 
contact zone (the interface between the matrix 
and aggregate phases) was found to play an 
important role in the shape of the stress-strain 
curve under uniaxial compression being 
explained by progressive microcracking in the 
concrete. Microcracks start on the interfaces 
and as the load is increased the bond cracks 
penetrate into the mortar matrix. Then, the 
interconnected network of bond and matrix 
cracks results in material discontinuity and any 
further load increase produces failure.‘5Y’6 
Based on the results of three different research 
groups, typical stress-strain curves for a wide 
range of concretes are represented in Fig. 

I, ‘G’~ where the linearity of the ascending part 
of the curves increases with increasing compres- 
sive strength. The curves of concretes having 
high compressive strength are almost linear up 

to peak stress. It is seen that the axial strain 
capacity increases significantly in HSCs, that 
there is a sudden drop of stress and that they 
fail in a more brittle manner. Fig. 1 also shows 
that the relative increase in the modulus of elas- 
ticity is considerably lower than the relative 
increase in compressive strength. For high 
strength concretes, the relative absorbed energy 
up to peak stress is lower than that of lower 
strength concretes; this is explained below. 

Energy absorption capacity in compression 
was determined by calculating the area under 
the stress-strain curve up to peak stress. In the 
ascending portion of this curve, both stress and 
strain axes were normalized, dividing by the 
compressive strength &‘) and ultimate strain 
(E,) as shown in the inset of Fig. 2. Thus, based 
on the normalized curve, the relative absorbed 
energy (U,) can be calculated by 

s 

B” 
o @E)dE 

U,= 
f c’&” 

(1) 

As seen in the inset of Fig. 2, the line OP is 
the diagonal of the rectangular OAPB. If the 
material is perfectly linear-elastic, the curve will 
be OP; if the curve follows the OBP path, then 
the material behaviour will be perfectly plastic. 
Thus, the relative absorbed energy, U,, lies 
between 0.5 and 1, i.e. 0.5 <U, < 1. If the curve 
follows ONP instead of OMP, that means that 
the behaviour of the concrete is more brittle. 
Fig. 2 shows that as the compressive strength 
increases, the relative absorbed energy up to 
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Fig. 1. Stress-strain curves in uniaxial compression based on three different research groups.‘6-18 
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Fig. 2. Relative fracture energy versus compressive strength. 

peak stress decreases significantly. Hence, the 
relative energy, Ur, may be represented by 

U,= 1.038(fC’lf*)-0.‘34 (2) 

where f* = 1 N/mm’. In the relation shown by 
eqn (2), the correlation is high (0.97) and the 

equation is valid for a range of compressive 
strengths from 6 to 100 N/mm2. For the analysis 
of relative absorbed energy, 85 different con- 
crete test results from Refs “-** under uniaxial 
compressive loading were used. Details of the 
data analyzed are given in Table 1. All the 

Table 1. Some details of uniaxial compression tests 

Source reference Specimen size (mm) Age (days) Type of coarse aggregate Variables studied 

Smeplass (1992)” 

Jansen et al. $$995)” 
Moral (1979) 
Oktar (1977)” 

Tasdemir (1982)‘l 

Kaar et al. (1977)** 4152 x 305 cylinders 

Yildirim (1989)= 
Bischoff and Perry (1995)“24 

4152 x 305 cylinders 
4102 x 254 cylinders 

Carrasquillo et al. (1981)25 

Dilger et al. (1984)b26 
Ahmad and Shah (1985)b27 

$152 x 305, $102 x 203 
cylinders 

152 x 152 x 610 prisms 
$76 x 305, 4152 x 305 

cylinders 

Ahmad and Shah (1982)b28 $76 x 305 cylinders 28-200 

Smeplass ( 1992)29 4150 x 300 cylinders 7, 28 

4150 x 300 cylinders 28 

$102 x 203 cylinders 56 
4152 x 305 cylinders 105 
4152 x 305 cylinders 180 

1#~152 x 305 cylinders 28 

l Oktar [20] 
A Jansen et al. [la] 
A Smeplass [17] 
w Nilson (161 
o Moral [19] 
x Kaar et al. [22] 
q Tasdemir [21] 

Not given 

28 
40 

56 

40 
28,55 

Crushed gravel 

Gravel 
Gravel 
Gravel 

Pumice, limestone 

Gravel, limestone, 
lightweight agg. 

Limestone, pumice 
Gravel 

Gravel, limestone 

Not given 
Crushed stone, 

expanded clay, 
expanded shale 

Crushed stone, 
expanded clay and 
shale 

Lightweight aggregate 
(Liapor) 

W/C ratio, cement 
content 

W/Binder ratio 
Aggregate grading 
Structure of binding, 

W/C ratio 
W/C ratio, aggregate 

fraction, density of 
concrete 

W/C ratio, strength 

Aggregate fraction 
Loading rate and 

strength 
W/C ratio, strength 

Stain rate 
W/C ratio, strain rate, 

type of aggregate 

W/C ratio, strain rate, 
type of aggregate 

W/C ratio, cement 
content 

“Static test results were used. 
bUnreinforced specimens were used only. 
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results were based on closed-loop displacement 
controlled test conditions on the cylinders or on 
the prisms. 

Strain at compressive strength (E,,) 

In some design codes, the strain at peak stress 
in uniaxial compression is assumed to be about 
0.002.3 However, the strain at compressive 
strength depends on the mix composition, cur- 
ing conditions, shape and size of specimen, 
loading rate, age of loading, and test techniques 
used. To provide quantitative results, more pub- 
lished data on a wide range of concretes were 
evaluated. For the analysis, a total of 228 dif- 
ferent test results were used from Refs 17*19-29 
under uniaxial compressive loading conditions. 
Some details are given in Table 1. 

As seen in Fig. 3, in spite of considerable 
scatter, there is a significant trend showing that 
as the compressive strength of concrete 
increases the strain at peak stress increases. 
A polynomial function (E,, = - O.O67(f,‘l 
f*)‘+29.9(fC’lf*) + 1053 x 10K6) was fitted to 
the experimental data and a reasonably good 
correlation coefficient of 0.75 was found for a 
range of compressive strength from 6 to 105 N/ 
mm2, where E,, is the strain at compressive 

strength, f* = 1 N/mm2 and f,‘is the cylinder or 
prism compressive strength in N/mm2. 

Tensile strain capacity (Q,,) 

The tensile strain capacity of concrete, defined 
as a measure of the ability of the material to 
withstand deformation without cracking, is 
essential for reducing the risk of cracking under 
service load conditions. In order to evaluate 
some tensile strain capacity values for a wide- 
range of concretes, unnotched prism specimens 
with or without reduced cross-sections were 
used. Some details of experimental results 
based on 90 sets of data from Refs ‘7P29-33 are 
given in Table 2. Figure 4 shows that the tensile 
strain capacity (ctU) increases with increasing 
compressive strength. A polynomial function 
(cfu = -0.009(fC’lf*)2 + 2.633(f,‘lf*) + 45.7 x 
10e6) was fitted to the published data for a 
range of compressive strengths from 10 to 
105 N/mm2. In this relation the correlation 
coefficient is 0.90. 

Flexural strain capacity (6~ 

A limited amount of experimental data on flex- 
ural tensile strain capacity is available.4-6 For 
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CI Ahmad - Shah [27] 
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l Moral [19] 
+ Yildirim [23] 
o Oktar [20] 
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Fig. 3. Strain at peak stress in compression versus compressive strength. 
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Table 2. Some details of uniaxial tensile tests 

Source reference Specimen size (mm) Age (days) Gauge length Type of coarse Variables studied 
(mm) aggregates 

Smeplass ( 1992)17 

Smeplass ( 1992)29 

100x100x600 
prisms 

100x100x600 
prisms 

Balendran ( 1980)30 102x102~508 
prisms (eff.cs” 
102 x 76) 

Phillips and Zhang 
(1993)” 

100x150x70 
prisms (eff.cs 
100 x 100) 

Guo and Zhang 
(1987)“* 

70 x 70 x 148 prisms 

Xie and Liu ( 1989)33 
(eff.cs 40 x 40) 

550 x 550 x 3600 
prisms (eff.cs 
450 x 450) 

100 x 100 x 550 
prisms (eff. cs 
100 x 100) 

28 100 

28 100 

Crushed gravel 

Lightweight 
aggregates 

7 and 28 203 Cr!,!&$%!mestone; 
sintered pfa 
sintered 
(pfa+clinker) 

28 100, 150, 300 Gravel 

36-40 40 Gravel 

28 400 Gravel 

28 Not given Gravel 

W/C ratio, cement 
content 

W/C ratio, cement 
content 

A/C ratio, W/C 
ratio 

A/C ratio, W/C 
ratio 

Type of cement 

A/C ratio, W/C 
ratio 

A/C ratio, W/C 
ratio 

“Effective cross section. 

this analysis, a total of 32 experimental results in Fig. 5, the flexural tensile strain capacity also 
were used which were measured at about 95% 
of the ultimate load4T6 or at cracking.5 Details of 

increases with increasing compressive strength 
of the concrete. A polynomial function 

the data evaluated are given in Table 3. As seen (afu = - 0.0007&‘/f *)* + 1.825(f,‘lf *) + 67.7 x 

250 
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50 
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o Guo - Zhang [32] 
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Fig. 4. Tensile strain capacity versus compressive strength. 
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Table 3. Some details of bending tests 

Source reference 

Welch ( 1966)4 
Oladapo (1964)” 

Giovambattista 
et al. ( 1992)6 

Specimen size (mm) 

102 x 102 x 508 beams 
100 x 100 x 600 beams 

150 x150x900 
beams 

Age (days) 

28 
14 

1, 28 

Gauge length 
(mm) 

50 
25.4 

250 

I&pe of coarse 
aggregate 

Gravel, granite 
Gravel 

Granite, basalt 

Variables studied 

W/C ratio 
W/C ratio, cement 

content 
W/C ratio 

10e6) was fitted to the data for a range of com- 
pressive strengths from 5 to 85 N/mm2. In this 
relation, the coefficient of correlation is 0.84. 

Torsional strain capacity (E,,) 

Little information on the torsional strain capa- 
city of concrete is available in the literature. 
The results evaluated here were based on the 
strain capacities obtained via a torsion test rig 
developed at the University of Wales Cardiff, as 
illustrated in the inset of Fig. 6. Intensive work 
was carried out on stiffness and torsional 
damage tests under different ages and curing 
conditions. Also, a comparative study was done 
in conjuction with the Building Research Estab- 
lishment (BRE) for a wide range of concretes.34 
However, in Fig. 6 only the torsional strain 
capacities and corresponding compressive 
strength values were evaluated for the purpose 
of this work. In spite of limited experiments, as 
seen in Fig. 6, there is a good relationship 

between the cylinder compressive strength (fc’) 
and the torsional strain capacity given by 
(ss,= -0.0005(fc’lf*)‘+ 1.05(f,‘lf*)+245.6 x 
10m6 for 37 < fc’ < 110 N/mm2), the correlation 
coefficient being 0.97. Brokenshire has shown 
that there is very good relation between tor- 
sional strength and compressive strength of 
concrete, as indicated in the inset of Fig. 7. By 
using his test results, it can be concluded that as 
the shear strength increases, the torsional strain 
capacity increases significantly, as seen in Fig. 7. 
These results also confirm that the peak strain 
in torsion increases with increasing strength. 
Finally, Figs 3-7 show that the higher the com- 
pressive strength the higher the strains at peak 
stresses in compression, tension, bending and 
torsion for a wide-range of concrete strengths. 
These observations further motivated investiga- 
tions into the role of the interface, elastic 
mismatch of aggregate and matrix in concretes. 
Based on the stress distributions around the 
aggregate using a three-phase composite 

250 

for 5~ f,‘<85 N/mm? 

- E,“’ -0.0007 (f,‘/fy 
+1.825(f,‘/f”)+67.7 

(t=O.84) 

0 

A s 0 

u, 50 -- 0 o Oladapo [4] 

q Welch (51 

A Giovambattista et al [6] 

01 

0 10 20 30 40 50 60 70 60 90 

Compressive strength (fc’), N/mm* 

Fig. 5. Flexural strain capacity versus compressive strength. 
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Fig. 6. Torsional strain capacity versus compressive strength. 

material model proposed here, the dependency 
of strains at peak stresses on the compressive 
strength of the concrete will be explained 
below. 

THREE-PHASE COMPOSITE MODEL 
PROPOSED 

Model proposed 

Conventionally, concrete is considered as a two- 
phase composite material which consists of 

600 
‘9 
0 

‘; 
” 

^ 
: 500 

: 

% 100 
s 

‘ii 
b 
u) 

z 
s 300 
‘5 
b 
l- 

200 

coarse aggregate and the surrounding continu- 
ous mortar matrix. Such a two-phase model 
with centred model aggregate can be presented 
in the disc specimen shown in Fig. 8(a). In 
normal strength concretes (NSCs) the elastic 
modulus and the strength of the matrix are less 
than that of most normal weight aggregates. 
However, the particle strengths, moduli of elas- 
ticity and densities of lightweight aggregates are 
naturally less than those of normal weight 
aggregates. As pointed out by Bremner,35 in 
NSCs, the elastic mismatch of aggregate and 
matrix causes stress concentrations when the 

. 

. . -E,,= 3.143 (r/r)* 
-1 I .69(r/P)+332.7 

(l=O.61) 

* wet, 28 days 

l wet, 91 days 

l wet. 365 day 

+ dry, 91 days 

. dry, 365 days 

I 

2 3 4 5 6 7 8 9 10 11 

Shear strength (T), Nlmd 

Fig. 7. Torsional strain capacity versus shear strength. 
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Two-phase and three-phase composite material models in disc specimens. 

composite is subjected to external loads. Since 
the interface between the aggregates and the 
cement paste is the weakest link, the mechani- 
cal behaviour of NSCs is largely affected by the 
properties of the interfacial zone. Hence, it is 
necessary to include the inter-facial zone as a 
third phase in NSCs for a better understanding 
of material behaviour and also for material 
modelling purposes. 

As shown in Fig. 8(b), a three-phase compo- 
site material model which consists of a 
cylindrical model aggregate and concentric 
cylindrical shells is proposed. The model aggre- 
gate is located at the centre of the disc with the 
surrounding thin wall matrix-aggregate inter- 
facial zone, and the thick outer shell as the bulk 
matrix phase. The stress distributions in these 
zones were obtained as functions of EJEi and 
EJEi ratios, where E,, Ei and E, are the mod- 
uli of elasticity of the matrix, inter-facial zone 
and aggregate, respectively. The calculations are 
based on the theory of elasticity and the 
assumption of isotropy and small deformation. 
The three-phase composite model is, mainly, 
based on the work done by Tasdemir,36 derived 
from the solutions of Akyt.i~.~~,~* The stress dis- 
tributions were found in plane stress conditions 
for E, <E, and E, > E,. As shown in Fig. 8(b), 
rl --r. is the thickness of the matrix-aggregate 
interface, r. and R are the radii of the model 
aggregate and the disc, respectively. Consider a 
ring zone with inner and outer radii r and R, 
respectively, as indicated in Fig. 8(a). Based on 
the diametral compressive loading, the stresses 
and strains belonging to this zone can be repre- 
sented as follows.39T4o 

(i) Radial (cJ,), tangential (gHO) and shear 
stresses (o,~)): 

0rr(&7-) = b, r2 + 2co - E, ( a2,2n(2n - l)r*“-* 

+ b,,(2n + 1)(2n - 2)r2” 

+ c2,2n(2n + l)rPc2” + *) 

+ d2,(2n - 1)(2n + 2)r-2n}cos 2nO (3) 

%0(&r) = - b, +2co+ n;, {a*,2n(2n-l)?-* 
r* 

+ b,,(2n + 1)(2n + 2)r*” 

+c2,2n(2n + l)~-(~“+*) 

+ d2,(2n - 2)(2n - l)r- 2n}cos 2nO (4) 

orO(e,r) = E, { a2,2n(2n - l)r*“--2 

+ b2,(2n + l)r*” - c2,2n(2n + l)r-‘*” +*) 

-d2,2n(2n- l)r-*“}sin 2nO (5) 

(ii) Radial (U,) and tangential (U()) displace- 
ments: 

u,te,rj=+ - 5(1+v)+2co(1-v)r 
{ r 

+ 5, [a2,2n(l + v)r2n- ’ + b*n[@ - 2) 

+v(2n+2)]r2”+‘-c2,2n(l +v)r-(2n+‘) 
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-d,,[(2n + 2) + v(2n - 2)]r-‘*“- “I 

x cos 2ne 
1 

~d~,r) = +- I E, [a*,2n( 1 + V)r2n- ’ 

+b2,[2n(l +v)+4]r*“+’ 

+c2,2n(l +v)r-(2n+‘) 

+d2,[2n(l +v)-4]r-‘*“-‘)]sin 2nB (7) 
1 

For the interfacial transition zone, equations 
of stresses and displacements are similar to 
those given in eqns (3)-(7), however, all the 
constants have the single mark (‘) such as 
Use’, b 2n’, cZn’ etc. For the shaded zone which is 
the model aggregate at the centre of radius Y, 
the stresses and displacements can be written as 
follows: 

(i) Radial (on), tangential (Oar)) and shear 
(are) stresses: 

a,,(tI,r) = 2c0” - ngl { a2,“2n(2n - l)r*“-* 

+ b2,“(2n + 1)(2n - 2)r*“)cos 2120 (8) 

oee(8,r) = 2cd + Z, { a2,“2n(2n - l)r*“-* 

+ b2,“(2n + 1)(2n + 2)r*“)cos 2n0 (9) 

urO(O,r) = ,,g, ( a2,“2n(2n - l)r*“-* 

+ b2,“2n(2n + l)r2n}sin 2n0 (10) 

(ii) Radial (U,) and tangential (UO) displace- 
ments: 

U,(e,r) = + 
{ 
2c0”( 1 - v)r + E, [a2,“2n(l+ v)r*+ ’ 

+ b,,“[(h - 2) + ~(2~ + 2)lrZn+ ‘]COS he 
1 

(11) 

(6) 

+b2,“[2n(l +v)+4]r*“+‘]sin 2120 (12) 
1 

For the model in Fig. 8(b), the following 
assumption at the boundaries can be written as: 

atr=R 

P c*l 
fs,,= - ,R ng, cos 2nO; orO=O (13) 

at r = r1 
0, (matrix) = 0, (interface) 
a,() (matrix) = ariI (interface) 
U,(matrix) = U, (interface) 
U,, (matrix) = U, (interface) 

at r = rO 
a, (interface) = 0, (aggregate) 
frrro (interface) = or0 (aggregate) 
U, (interface) = U, (aggregate) 
U, (interface) = U, (aggregate) 

From the sets of equations given, for n = 0, 
bo, co, bo’, co’ and co”; for n = 1, u2, b2, c2, d2, 
u2’, b2’, c2’, d2’, u2” and b;; for n = 2, u4, b4, c4, 
d4, u4’, b4’, c4’, d4’, Q” and bc were found. 
Hence, while n takes 3, 4, 5, . . . . the other coeffi- 
cients can also be obtained. The angle was given 
values from 0” to 90” to calculate the stress 
distributions around the model aggregate. 

Model experiments 

The objective of these experiments was to 
investigate the influence of the partial replace- 
ment of cement by silica fume on the interface 
between a model aggregate of diameter 30 mm 
and matrix in a cast specimen as shown in Fig. 
9. Mix proportions of mortars with and without 
silica fume were 1:2:0.10:0.0084:0.36 and 
1:2:0.0:0.013:0.36 (cement:sand:silica fume: 
superplasticizer:water) by weight, respectively. 
The maximum particle size of sand was 2 mm. 
The silica fume with 95% Si02 was used in a 
slurry form. The water-binder ratio was kept at 
0.36 in both mixes. Ordinary Portland Cement 
PC 32.5 and a sodium naphthalene sulphonate 
type super-plasticizer were used for the mixes. 
Specimens were cast in a specially designed 
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steel mould and were cured in water, saturated 
with lime, for 26 days. At least five specimens of 
each mix were tested under diametral compres- 
sion at 28 days. During these diametral 
compression disc tests, the strains were mea- 
sured using strain gauges at the critical points 
having high values of tangential and radial 
stresses. Mechanical properties of the model 
aggregates are given in Table 4. For all constit- 
uents, a value of 0.2 was used for the Poisson 
ratio. 

All dimensions are in mm 

Fig. 9. Dimensions of disc specimens. 

'I.61 

Stress distributions around aggregate 

The angle 0, with respect to the loading direc- 
tion in the disc, takes the values from 0” to 90” 
to calculate the stress distributions around the 
aggregate using coefficients obtained for dif- 
ferent values n mentioned above. The stress 
distributions were found on the basis of a unit 
applied stress to the disc specimen. 

For the disc specimen containing the hard 
inclusion in the soft matrix, the stress distribu- 
tions shown in Fig. 10 were obtained using 
EJEi = 6, EJEi = 14, V = 0.20, R = 75 mr1.17 
rO = 15 mm, rl = 15.06 mm and P = 1 kN/mm. 

Table 4. Mechanical properties of constituents phases 

Mechanical proper-y Mortar matrix Model 
aggwga te 

Without With silica 
silica fume fume 

Modulus of elasticity 
(kN/mm’) 

Compressive strength 
(N/mm') 

32.4 37.8 70.0 

59.8 64.3 92.0 

ICI Ifl 

Fig. 10. Stress distributions (s.ds) in soft matrix and around a hard inclusion: (a) tangential s.ds in the matrix close to 
the interface: (b) tangential s.ds at the interface; (c) tangential s.ds at the aggregate surface; (d) radial s.ds in the matrix 
close to the interface, at the interface and on the aggregate surface; (e) shear s.ds in the zones shown in {d); (f) tangential 
s.ds at the interface for HSCs. 
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For the soft inclusion case these values were 
Em/E1 = 69 EJEi = 5, v = 0.2, R = 75 mm, 
r. = 15 mm, rl = 15.06 mm and P = 1 kN/mm. 
As seen in Fig. 10(a) and (c) and Fig. 11(a) and 
(c), for both hard and soft inclusion cases, tan- 
gential stresses at the matrix side of the 
interface or at the surface of the model aggre- 
gate, at the poles (f3 = 0”) are tensile, whereas at 
the equator (0 = 90’) these stresses are com- 
pressive. In the soft inclusion case, it is seen 
that tangential stresses in the matrix close to 
the interface or at the aggregate surface are 
higher than those of the hard inclusion cases. 

In specimens with a hard inclusion as in Fig. 
10(b), (d) and (e), it is observed that high 
values of tangential, radial and shear stress con- 
centration are developed at the interface due to 
the large differences in the elastic moduli of the 
aggregate and mortar matrix. As shown in Fig. 
11(b), (d) and (e), however, in specimens with a 
soft inclusion, since the elastic modulus of the 
aggregate is close to that of the mortar matrix, 
lower stress concentrations occur at the aggre- 
gate-matrix interface. As seen in Fig. 11(b) in 
the soft inclusion case tangential stresses were 
tensile at the pole and compressive at the 
equator, whereas, as seen in Fig. 10(b), opposite 
results were obtained in the hard inclusion case. 

The results obtained show that in NSCs (the 
hard inclusion case) the elastic mismatch of the 
aggregate and the matrix is significant and large 
tangential, radial and shear stresses occur at the 
interface. However, in lightweight concretes 
(LCs), the elastic modulus of the aggregate is 
close to that of the matrix, hence lower tangen- 
tial, radial and shear stress concentrations 
develop and low stress distributions occur at the 
aggregate-matrix interface. As pointed out by 
Bremner and Holm,4’ this results in these con- 
cretes having a much more uniform stress 
distributions at the interfaces as compared to 
NSCs. In both HSCs and LCs, tensile stresses 
occur at the tip of the aggregate (at the pole in 
the model) perpendicular to the applied load, 
and tangential stresses in the matrix close to the 
interface are larger than those of NSC ones. 
These imply that a crack occurring at the inter- 
face may penetrate into the matrix, and may be 
forced to pass through the aggregate; as a result 
lower strains will develop at the interface, as 
compared to NSCs, thus less stress-induced 
microcracking will be obtained in ascending 
branches of these concretes. In the calculations 
of stress distributions, the elastic modulus of the 
interface between the matrix and model aggre- 
gate was assumed to be 5 kN/mm2 for 

-0.U 

(bl 

(cl Id) Irl 

Fig. 11. Stress distributions (s.ds) in a hard matrix and around a soft inclusion: (a) tangential s.ds in the matrix close to 
the interface; (b) tangential s.ds at the interface; (c) tangential s.ds at the aggregate surface; (d) radial s.ds in the matrix 
close to the interface, at the interface and on the aggregate surface; (e) shear s.ds in the zones shown in (d). 
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specimens without silica fume and 20 kN/mm2 
for specimens with silica fume. Based on the 
strain measurements and calculations at the 
interface, it can be concluded that the thickness 
of the interface decreases in specimens with 
silica fume. In Fig. 10(f), stress distributions 
were calculated in the case of EJEi = 2, E,/ 
Ei = 3.5, v = 0.2, R = 75 mm, r0 = 15 mm, 
yI = 15.03 mm and P = 1 kN/mm, which pro- 
vided closer stiffness for both the matrix and 
model aggregate and the lower interface thick- 
ness. From a stress concentration point of view, 
this is a typical indication for high strength con- 
crete. Low stress concentrations develop at the 
interface. Use of a superplasticizer and silica 
fume will enhance the interface in HSCs, hence 
elastic compatibility will be provided. This 
implies that higher strengths and higher strains 
at peak stresses will be obtained. 

Based on the strain-gauge measurements in 
the model disc specimens with silica fume, 
higher tensile strain capacity values were 
recorded with respect to discs without silica 
fume. There is also a significant effect of silica 
fume replacement on the splitting tensile 
strength. The average splitting tensile strength 
values in disc specimens with and without silica 
fume were 4.56 and 3.52 N/mm2, respectively. 
As shown in Fig. 12(a) in the disc without silica 
fume, the crack develops around the model 
aggregate resulting in a more tortuous and 
longer fracture path. In the disc with silica 
fume, a crack has not traversed the model 
aggregate, due to its shape and smooth surface 
and because of mismatch of matrix and aggre- 
gate, however the crack path was shorter and 
fracture was more brittle in nature. During the 

(4 @I As already noted, since the paste-aggregate 

Fig. 12. Failure modes of the model disc specimens: (a) transition zone is the weakest component, the 
without silica fume; (b) with silica fume. mechanical behaviour of concrete is significantly 

test, a central crack may start at the pole of the 
model aggregate towards the loading points, 
followed by wedge formation. As Hannant et 
al. 42 and Castro-Montero et al.43 pointed out, 
the wedge formation constitues a secondary 
failure mode and occurs after a single crack has 
propagated through the diameter of the speci- 
men. 

Other model experiments for interface fracture 

An example can be given for the typical inter- 
facial fracture between non-silica fume mortar 
and model aggregate, as seen in Fig. 13. Crack 
initiation and propagation in rectangular blocks 
of mortar containing central cracks under com- 
pression were studied by Tasdemir et aZ.44’45 
using the fracture mechanics approach, finite 
element modelling and quantitative holographic 
interferometry. In their work, four different 
interfacial crack orientation angles, fi (W, 36”, 
54” and 72”) were used, and specimens were 
made of mortar with a mix of 1: 3: 0.6 
(cement : sand : water) by weight. Various stages 
of kink crack development are shown in Fig. 13 
for a specimen with an aggregate-matrix inter- 
face notch inclined at an angle /? = 36”. It is 
seen in Fig. 13(b) and (c) from such crack pat- 
terns that debonding at the aggregate-matrix 
interface always precedes the initiation of 
matrix cracking. In Maji’s work46, cracks were 
initiated at the model aggregate-matrix inter- 
faces and after that were propagated parallel to 
the applied uniaxial compressive load. These 
types of experiments may be used in further 
studies for better understanding of HSCs with 
stronger interfaces. 

In model experiments, however, it is difficult 
to get good workability and settlement during 
vibration. More vacant spaces may occur 
around model aggregate as compared to real 
concrete. From the microstructural point of 
view, a more realistic approach is required to 
investigate the interface in real concrete instead 
of mortar containing model aggregate. This is 
explained in the following section. 

MICROSTRUCTURAL INVESTIGATIONS 
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model 
aggregate 

mortar 

a) Prior to debonding 

d) Kink length=l2mm 

Fig. 13. Holographic fringes showing crack growth in a matrix for /J = 36”:’ 

b) Debonding 

e) Kink length-23mm 

affected by the properties of that zone and the 
fracture of concrete is very sensitive to 
them. 10*11347 Several research reports on micro- 
structural investigation of the paste-aggregate 
transition zone have been published.47-54 

After completion of bending,” uniaxial com- 
pression36*47 and uniaxial tension54 tests, the 
fracture surfaces were examined by Tasdemir et 
al. 10,47,54 using both a stereo microscope and a 
SEM/EDX (Scanning Electron Microscope/ 

Energy Dispersive X-Ray Analyzer) system. In 
concretes with silica fume, the cracks usually 
traversed through the aggregate; transgranular 
type fracture was observed and it was brittle in 
nature. In concretes without silica fume, how- 
ever, the cracks usually developed around the 
coarse aggregate resulting in a more tortuous 
fracture path. 

In concretes without silica fume, the SEM 
micrograph in Fig. 14(a) shows a profusion of 

Fig. 14. (a) SEM micrograph at the paste-aggregate interface in concretes without silica fume; (b) the corresponding 
EDX spectrum confirms the AFm crystals.47*ss 
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calcium hydroxide (CH) at the aggregate-paste 
interface. Not only are the CH crystals often 
very large in size, they are mostly tabular and 
oriented. This is a characteristic feature of 
normal concrete not containing any mineral 
admixture.55 Apart from CH, some platy mono- 
sulphate (AFm) crystals were also identified in 
this region. The EDX spectrum confirms it as 
(AFm). The calcium silicate hydrate (C-S-H) 
is also much less dense. The paste was also 
porous and was characterized by the presence 
of fibrous or Type I C-S-H. Platy AFm and 
tabular CH crystals were also identifiable in the 
paste. The air voids were full of platy CH 
crystals.47,55 

In concretes with silica fume, however, the 
interfacial zone is composed of dense C-S-H, 
as shown in Fig. 15(a). The air voids and other 
vacant spaces in this region are empty, and 
show no deposition of CH, mono-sulphate or 
ettringite (AFt) crystals. Dense paste identical 
to that of the interfacial zone is observed. As in 
the transition zone, the air voids in the paste 
are empty. Probe analysis of this region is indi- 
cated in the form of the EDX spectrum, shown 
in Fig. 15(b).55 

The observation of abundant CH crystals at 
the paste-aggregate interface in the non-silica 
fume concrete corresponds well with those of 
others.‘*” It is well known that the interplanar 
compressive strength of CH crystals is extremly 
low, in the range of l-2 N/mm*. Therefore, it is 
not surprising to note that under uniaxial com- 
pression, tension, bending and torsion, failure 

occurs in this zone, which is defined as the 
inter-aggregate type of fracture. In contrast, the 
interfacial zone in HSCs is characterized by a 
direct link between the aggregate and cement 
paste C-S-H at this interface; this is in lieu of 
CH crystals.47*55 As a result of this strong bond- 
ing, the matrix composed of paste and 
aggregates acts as a composite material. Under 
these loading conditions, integral fracture of the 
entire composite occurs, rather than failure of 
individual weak components. The difference in 
the paste-aggregate interfacial microstructure 
of silica fume and non-silica fume concrete is 
attributable to the pozzolanic reaction of silica 
fume which consumes the CH normally concen- 
trated in this zone; it is replaced by dense 
C-S-H. Based on recent advances, however, it 
can also be concluded that the filler effect of 
silica fume may be as important as its pozzo- 
lanic effect.50*56’57 Thus, HSCs containing both 
silica fume and superplasticizer become 
stronger, less heterogeneous, more dense, with 
less stress-induced microcracking under loads 
and higher strain values at peak stresses; then 
the fracture occurs in a more brittle manner. 

TRANSITION BETWEEN NSCS AND LLCS 

NSCs and low strength lightweight concretes 
(LLCs) are heterogeneous materials, however 
semi-lightweight concretes (SLCs) are extremely 
heterogeneous, because SLCs contain both 
lightweight and normal weight aggregates. A 

Si 

60 (b) 

Fig. 15. (a) SEM micrograph at the paste-aggregate interface in concretes with silica fume; (b) the Si peak confirms 
dense C-S-H at the interface. Apart from Ca and Si, a small but detectable amount of Al, S and K are present in the 
C_S_H.4755 
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Fig. 16. Strain at compressive strength versus density of 
concrete.*’ 

typical indication of elastic mismatching of con- 
stituents in concrete is the case of SLCs. In 
Tasdemir’s work,2’ the maximum particle size, 
grading and cement content of a normal aggre- 
gate concrete were kept constant, and for each 
aggregate fraction the same volume of normal 
aggregate was replaced by softer natural light- 
weight aggregate particles: pumice. As shown in 
Fig. 16, in concretes with three different effect- 
ive water/cement ratios, the strains at peak 
stresses in compression show a minimum in the 
zone of SLCs. In both NSCs and LLCs, higher 
values of strains were obtained due to the elas- 
tic matching of the constituents. 

CONCLUSIONS 

Based on the evaluation of published test 
results on the three-phase composite material 
model proposed, on model test results and on 
examinations of fracture surfaces and micro- 
structural studies at the aggregate-matrix 
interfaces, the following conclusions can be 
drawn: 
1. 

2. 

The results obtained show that the higher 
the compressive strength the higher the 
strains at peak stresses in compression, bend- 
ing, tension and torsion for a wide range of 
concrete strengths. 
In NSCs, large tangential, radial and shear 
stresses occur at the interface due to the 
elastic mismatch of the aggregate and the 
matrix. In both HSCs and LCs, however, the 
elastic modulus of the aggregate is closer to 
that of the matrix and lower tangential stress 

3. 

4. 

In both HSCs and LCs, cracks will be forced 
to pass through the aggregate due to tensile 
stresses occurring at the pole (at the tip of 
the aggregate) and also high levels of tangen- 
tial stresses occur in the matrix close to the 
interface or at the aggregate surface. 
The relative absorbed energy up to peak 
stress in compression decreases significantly 
with an increase in compressive strength of 
the concrete, which also indicates increased 
brittleness. 

5. 

6. 

Based on fracture surface examinations using 
both a stereo microscope and a scanning 
electron microscope (SEM) after completion 
of some additional compression, bending and 
tension tests, it is observed that in concrete 
without silica fume the cement-aggregate 
interface had a profusion of calcium hydrox- 
ide and also much less dense calcium silicate 
hydrate than the bulk C-S-H, and hence the 
cracks usually develop at the weak interface, 
i.e. around the coarse aggregate, resulting in 
an inter-coarse aggregate type of fracture. 
However, in the case of the strong interface 
(in concretes with silica fume), the interfacial 
zone becomes stronger, more homogeneous 
and dense, less stress induced microcracking 
occurs at the interface, and hence the cracks 
usually pass through the aggregates; trans- 
granular type of fracture is observed, and the 
fracture surfaces are less tortuous due to the 
nature of typical brittle behaviour. 
Both the three-phase composite model pro- 
posed and additional microstructural studies 
done at the aggregate-cement paste inter- 
face, show that for compression, tension, 
torsion and bending cases, when HSCs and 
LCs are subjected to external loads, more 
linear ascending branches and higher values 
of strains at peak stresses are obtained due 
to the elastic matching of the constituents 
and the reduced microcracking. 
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