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Abstract: The main objective of this research was the charaation of the fracture toughness
of concrete mortars exposed to high temperaturesdigg notched specimens in three point
bending tests. The specimens have different lengtits were heated at different temperatures
ranging from room temperature up to 900°C. The expental test results obtained are closed
with those reported by the literature, it showst theyond approximately 300°C, the fracture loads
decrease strongly with the rise in heating tempeeatHowever, between the room temperature
(25°C) and 300°C, we recorded an increase of tletdre load. Two methods using the
experimental critical load were applied to calcal#tie fracture toughness of concrete mortars: an
analytical method based on the mechanics of coatisumedium theory and a numerical approach
using finite elements method. The numerical modgllhas then been validated, discussed and
compared with analytical solution. Comparison betwehe experimental results and the theory
predictions was quite good.
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INTRODUCTION linear behaviour when the applied stresses reaeh 40
50% of its ultimate capacity. The non-linear (irstic)
The elastic linear mechanics of fracture (MLER) iSpehaviour of concrete under stress can be expldiged
a usual theory for analysing the fracture of metals defining concrete as a three phase heterogeneous
brittle materials such as glass or cerafflicall the material, the cement paste, the aggregates and the
phenomena of damage are supposed to be concentraieghsition zone (TZ). The TZ represents the intgala
at the tip crack. As for the nonlinear mechanics Ofregion between the cement paste and the aggregates.
fracture (MNLR), it is supposed the existence ofThe transition zone is 10-5@m thick around the
«fracture process zone» (FPB%Z)Indeed, the damage aggregates particles and has less resistance hgan t
mechanics and the MNLR were developed to solve thginer two phases. Because of its high porosityland
fracture problems within materials having a softgni strength, microcracks can easily propagate in the
behaviour. However, the concepts of the MNLR andyansition zone while the other two phases are not
MLER can be used to solve the problem of the craclcracked. This result is the non-linear behaviouthef
Initiation. concrete composite. The microcraks development and
Although concrete is a composite material, itSpropagation determines the shape of stress-stuaire c
mechanical performance did not reflect the simplegs concrete under uniaxial compression. The total
theory of composites. This is expressed by thec&!pi amount of mortar cracking is considerably less ten
stress-strain curve of concrete and its constituentgnsition zone cracking. While the ascending st
materials (cement paste and aggregates) as shown i concrete stress-strain curve is only dependant
Fig. 1. While both the cement paste and the agg®egda cracking extent in concrete, the descending part is

have linear elastic behaviour up to 80% of theirhigmy influenced by the testing machine charastes
ultimate strength, concrete begins to deviate t0-no ggpecially its stiffness.
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Fig. 1: Typical stress-strain of concrete and dsstituent materiafd

I

bt

Direction ofapplied load

Microcracks

Fracture
process zone

Initial crack

Fig. 2: Fracture process zone (FPZ) in conélete

Cracking of concrete: It is also reported that some These are the stress and the energy ciftéria

cracks are initiated at cement paste voids and dhesk
away of the transition zone. In the mean times ivell
established that even before the application oérext
stresses, microcracks already exist in the TZ eesalt

Although these two criteria can explain the fraetur
behaviour of any material, the complexity is how to
determine accurately the amount of energy consumed
and the stress developed during the fracture psoces

of shrinkage and thermal stresses. The number anshder specific boundary conditidls In brittle
width of these microcracks in the transition zonematerials, elastic energies are consumed in the fdr

depend mainly on bleeding characteristics, wakkeff
curing history of concrete and thermal and carkionat
shrinkage extent.

FRACTURE MECHANICS MODELS
APPLIED TO CONCRETE

It is well established that two basic criteria gaov
fracture of materials in either tension or compiass

surface energy with no «fracture process zone»°*EPz
In ductile materials the FPZ is known as the ptasti
zone which can consume a considerable amount of
energy, much more than the surface er@rgyor
quasi-brittle materials, a large FPZ which consumes
large amount of energy prior to failure is usually
formed ahead of the crack tip. This FPZ, schemiitica
represented in Fig. 2, provides concrete with itasi
brittle response.
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Linear elastic fracture mechanics (LEFM): The field is altered. Equation 2 shows the mathematical
applicability of LEFM models to concrete behaviour €xpression of i:

was made experimentally and it was concluded tret t

Griffith concept of a critical strain-energy releass K :g(a).ocﬂ (2)
convenient. Some observations on concrete behaviour

that allow th f LEFM:
atafowthe use o The function g ¢) depends on the geometry of the

specimen especially loading arrangement and is
provided by stress analysis,igthe critical notch depth
9nd oc is the critical stress of the notched section.
Similarly, G¢ is the critical energy release rate usually
used as a LEFM parameter to express the fracture
toughness. (g can be estimated using the plane strain
relation shown in Eq. 3 where bothcKand E are
determined experimentally:

*  Fracture of concrete tends to be brittle

* The strength of concrete depends on the loadin
raté’”!

* The tensile strength of concrete is about 1/1Qsof i
compressive strendth

» Concrete and mortar are notch-sensitive

The compliance approach:One of the useful LEFM

models developed for concrete is the compliance 1-1?2

approach. This approach relates the displacemethieof G = K.ZC[T} (3
concrete element to the load applied through aatine

relation using the cracked body stiffness or Coample

as shown in Eq. 1: Evaluation of CTOD in concrete: The critical Crack

Tip Opening Displacement (CTOD) may be evaluated

by measuring the Crack Mouth Opening Displacement

(CMOD) and assuming a non-linear crack profile as

shown in Fig. 3. Equation 4-7 express the methadl th

Where: can be used to evaluate the critical CTOD:

d = The displacement

P =The applied load dc.ag .0)

C = The compliance which is a function of geomeiric CMOD =——2"-= (4)
parameters and the crack depth

P=Cb 1)

Where g (o) is a function dependent on the specimen

Evaluation of K¢ and G for concrete: The critical geometry and loading conditidH

stress intensity factor K is used to express the
fracture toughness of concrete. cKrepresents a

measure of how much and how far the local stress CTOD=CMOD.g, ¢ .n) (%)
CoD (%)
\
= 5 ‘f’ b
* 4 \

CTPD

CMOD

Fig. 3: Linear crack profile for the determinatiohCTOD measurement
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Fig. 4: Evaluation of d in concrete using notched and un-notched specimens
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Fig. 5: Typical R-Curve of concrete
Where ds = The length increment along the contour
05 In a pure bending test the elastic displacement of
n)=|1-n?+(1.08%+ 1.148)(n-o’ 6 p 9 p
g3(a n) [ i ( )(n . )} © un-cracked specimem notched Will be of considerable

value with respect to elastic and plastic displaz@m
_X _a due to the crack, therefore, it should be elimidate
n==—.anda =— (7 . S .

evaluating J. Therefore, definition of J in Eq. (8)

interpreted as the total absorbed energy of thekech
Application of the J-integral to concrete: For a non-  specimen minus its elastic energy. The estimatfal-o
linear elastic body, the J-integral is defined he t use the area under the load-displacement curveoup t
energy available for crack extension. The J-integra the point of maximum load only. Equation 9 can then
evaluated using the line integral defined in Eq. 8: be used to evaluate thecJbased on the load-

displacement data measurement:

3= [ wdy- T{%} ds ®) , ,
X J.=—— A —-A. [=——A 9
r IC HCbI: 1 2] ch [ ( )
W = The strain energy density
T = The traction vector Where A, A; and Ac are the areas under the load-
u = The displacement vector displacement curves as shown in Fig. 4.
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Application of the R-Curve to concrete:R-Curve are  which will result in unstable crack propagation
crack growth resistance graphs plotted as the gnerdfailure). This explains what happens during thadlo
release rate G or crack resistance R versus thek cradisplacement experiments of concrete. As the load
extension. Typical R-Curve for brittle and quasttle  decreases due to the increased displacement héer t
materials is presented in Fig. 5. When small inedas peak load, stable crack propagation takes placetand
FPZ exists, R-Curve can be regarded as a materiatrain softening will be observed.

property that expresses the fracture resistanctatue Research literature that we have undertaken shows
crack growth. The R-Curve is a useful criterion tothat little work has been done for the charactéinneof
examine the efficiency of toughening mechanismshe heated concrete toughness. Therefore, the mderai
existing in concrete. Equations 10 and 11 repreent of this study will focus on a characterization tkt
two criteria that govern stable crack propagatismg  toughness of concrete mortars exposed to elevated

the R-Curve. temperature.
G =R (10) MATERIALS AND METHODS
ESG_R (11) The cement used in this study is a CRS 55

da _ da (Algerian) that mineralogical characteristics aieeg
in Table 1. A super plasticizing containing sulfoni
Under both conditions the crack propagation will Polynaftalene (PNS) delivered in liquid form wasiad
be stable because both equations mean that thi cra® mixing water and silica fume that was used is
can On|y propagate when the load increases. importEd from Canada in the form of condensed
These stable crack growth conditions will governpowder that chemical composition is given in Table

crack propagation until the crack extension readtses The chosen formulation for this mortar is given in
critical valueAa, at point C on the R-curve, shown in Table 3 and the mechanical tests were performed on

Fig. 5. At point C crack propagation will occur( =  (160x40x40) mn? notched and un-notched mortar
R) and 6G/da =0R /oa). After point C, any increase of specimens (IN 196.1). The notches lengjthas been
the load will result in dG/oa) greater thanoR/da)  chosen are: 15, 20, 25 and 30 mm.

Table 1: Mineralogical characteristics of CRS55 eptn

Phase Mineral constituents Percent of constituent A442 requirements
Clinker GS 47 >65%
CS 36
CA 3
C/,AF 14
CaOL -
Regulator of hold Gypse 5
Additive Pouzzolane 2 <35%

Table 2: Chemical composition of silica fume

Silica fume FeSi 90%
SiO; 90-96
FeOs 0.2-0.8

Al ,03 0.5-3.0
CaO 0.1-0.5
MgO 0.5-1.5
Na, O 0.2-1.0
K,O 0.4-1.0

C 0.5-1.4

Table 3: Mortar Formulation

Control mortar Mortar + super plasticizer Mortier + silica fume
Sand: 1350 g Sand: 1350 g Sand: 1350 g
Cement: 450 g Cement: 450 g Cement: 450 g

Water: 225 g Water: 135¢g Water: 135 g

Adj.: 1.5% Adj.: 1.5%

S F: 10%

w/c = 0.5 w/c: 0.3 wic : 0.3
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RESULTS AND DISCUSSION

important difference of strength in favour of tha-u
notched mortar for the low heating temperature, the

The results obtained were of a capital importancestrengths tend towards the same value (quasiwhghn
They showed with evidence that the fracture loadhe temperature becomes very high. The reasorats th

decreases with the increasing length of initialchot

at high temperature damage generated in the miateria

Through Table 4, it appears clearly that the stresgg jmportant that the strength drops to low values.

intensity factor decreases with the increasing tleruj
initial notch, thus this consolidates well the fesu
reported in the literature. Through the diagraohs
Fig. 6, it appears clearly that the fracture loagiy by
the three-point bending tests decreases in a tjnear
evolution with the increasing initial length of st In
Fig. 7 it can be noticed that for all initial notléngths,
the fracture load first increases with the risireating

temperature to about 300°C. Beyond this temperature

the fracture load decreases with the rise in hgatin
temperature. Similar results have been alreadyrtego
in the literatur®. The Fig. 8 indicates that the
compression fracture load is practically comparable
the one given by three-points bending tests foruthe
notched specimens Fig. 9. It should be noticed thiab
the loss of strength is much faster for the un-imedc
mortar than the notched one. Indeed, inespitthe

Table 4: Analytical values of K

order to push of advantage the study on the bebavio
of these concrete mortars exposed to elevated
temperature, we were interested in the charactenra

of their toughness in opening mode. The 4x4x16
specimens have been tested in three points bending
prescribed by RILEM TC-38 with different notch
lengths and exposed at different heating tempersitur
Thus it has been possible to determine the criitaks
intensity factor (Kc) for a concrete mortar loaded in
mode | opening. In this purpose, two methods have
been used: an analytical calculation based on the
mechanics of continuous medium theory summarised in
tables giving the Kfor different geometrical forms and
different stress conditions and a numerical cakbomhs
using a computer finite elements code
(COSMOS/M2.0) in plane strain condition.

Kic (N mm’?’/z)
Initial crack length (mm) 15 20 25 30
Heating temperature (°C)
25 46.36 41.12 40.10 50.24
100 53.20 47.54 51.34 50.24
300 66.32 89.32 76.10 52.88
500 41.80 40.70 47.46 37.02
700 23.80 19.90 20.44 17.84
900 15.30 18.34 13.08 0.00
T=125°C
Tz 100°C , T=300°C , T=900°C
45—
10—
A i i i i
= 3.0 . : : T
g
T 25 : : : =
ar
20—
0.0
i i 1 i i
0 10 2

15

aD( mum)

Fig. 6: Fracture load versus the initial notch banfgr different heating temperatures
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Fig. 9: Specimen used in three points bending test
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The use of notched specimens in three pointdibgn Indeed, it was noticed that beyond approximately
test for the characterization of the fracture towggs 300 °C, then () strongly decreases with the rising
(Kic) of the material in plane strain requires theheating temperature towards zero values at about
verification of some dimensional values in relativith ~ 900°C. This means that toughness or fracture dineng
the notch length in one hand and the size of thstisl of a heated concrete mortar decreases when heating
zone at the head of crack in the other hand. Thé&mperature increases. As for the increase qf) (K
analytical expression giving the stress intensittdr is  between 20 and 300°C, it is in general attributethe
reported in Eq. 12. The analytical stress interfsitjor  resumption and acceleration of the process of tigara

was calculated as follows: especially at the aggregate/cement paste interface.
In order to check the exactitude of analytical
K =5 f (ij (12) calculations carried out, we have performed
Bwz W calculations by a numerical approach based onittite f
With: element method. The calculations have been undertak

with a finite elements code COSMOS/M2.0 in strain
plane. For geometrical and loading symmetry regsons

3(EJZ o) only one half of the specimen has been modelled. Th
a, | _ W W . . . .
f(—j— 3 numerical simulation has been carried out on
2(1+ 2@][1_&j5 rectangular area 50mm in length and 40 mm in width,
w w the notch lengthawas variable, as shown in Fig. 11.
And The model was meshed into two-dimensional
triangular finite elements with a node at each eorn
2,15- 3,93 named TRIANG. The size of these elements
g(ijz 1,99_i[ ) 3, 3 2 decreases proportionally of the periphery of the
W Wl W (—j+2,7[—j specimen up to the crack, where it becomes ves. fin

The meshing is defined by 268 elements anch688s.

The stress intensity factors for the differentchot
lengths and the different heating temperatures wert
calculated by taking into account the respective
experimental loads of fracture. Their evolutiong ar o
illustrated in the diagrams of Fig. 10. <

It should be noticed that the stress intensityofiac
(Kic) is a linear function of the applied load. It iear
then that his evolution as a function of heating
temperature is similar to this of the recorded Idad \{

crack initiation. < 50 >

ao

15 mm

20 mm 25 mm 30 mm

Fig. 11: Specimen half used for modelling

20

50 :
70 : e 1 '''""""'.'.::::'.“!"Ji'"f2
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Ky (N mm™7?)

T T T T ]
-100 0 100 200 300 400 500 600 700 800 900 1000 Ed 5
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Fig. 10: Analytical stress intensity factor versusFig. 12: Meshing of the half specimen adopted and
heating temperature loading conditions
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Table 5: Numerical values ofi Ky finite elements

KIC (N mm’3’2) ——Analytique ———Cosmos
Initial crack length (mm) 15 20 25 30 60
Heating temperature (° C) E 50
25 46.80 4250 4240  52.60 z N
100 53.80  49.04 53.0 52.60 . N
300 67.06 9210 80.46  54.18 30 <
500 4238 4196 50.18  38.44 20
700 2480 2070 2162  18.06 "
900 15.48 19.06 13.84 0.00 -100 100 200 BTempzlEOrlZerZfC)sOO 700 8 900 1000
100, oo ———20mm 25 mm 30 mm Fig. 14: Stress intensity factor versus heating
9 7N temperature (&15 mm)
80
_ 70 \ 100 ———analy tiqu. ——Cosmo,
T 6 90
E ﬁdﬂ—f‘ \ 80 / \
z?® X - \
g 40 N E <0
30 AN 5 A\
NN 40
2 30
1 20
O 10—10(! 100 200 300 400 500 600 700 800 9010’00
-100 O 100 200 300 400 500 600 700 800 900l 1000 rempme €9
Temperature (°C) . . . )
Fig. 15: Stress intensity factor versus heating
Fig. 13: Numerical stress intensity factor verseating temperature @@= 20 mm)
temperature
00— byt ———Closyps
The loading and boundary conditions corresponding t 801
the three-points bending test are representedginli 701
60
«  The load was supposed to be specifically applied at 27
. . 40
node N°l1. The loads applied to the specimen ]
during the simulation were those obtained o
experimentally divided by the width of the 7 -
specimen. 1 ,
. 100 0 100 200 300 400 500 600 700 800 900 1000
* The symmetry of the specimen was ensured by e ()
considering all the nodes, between the crack tip an
the point of load application, are blocked in the XFig. 16: Stress intensity factor versus heating
axis direction using simple supports, as shown in temperature @& 25 mm)
Fig.12.
Analytique ———=C osmos
The value of intensity factor stresses calculated N
numerically by finite element are summarised in e N
Table 5 and their evolution versus heating tempeeat %0 v \\
is illustrated in Fig. 13. w0 AN
It should be noticed that the numerical evolutidén 20 \
(K)) is perfectly similar of the analytical (Kone. We , \\
proceeded to a comparison between the analytiaal an
numerical results of the stress intenSity faCtor) (iN e 6 Tt 200 3t b0 sm s 760 S0 960 1000
strain plane condition. For a better appreciatibithe Temp erature ()
convergence of analytical and numerical results, we ) ) ) ]
have chosen to represent the results of the twhadet Fig- 17: Stress intensity  factor  versus  heating

for

each notch length on separate figures (F4gl7). temperature ¢z= 30 mm)
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Fig. 18: Strengtloy versus y for g&= 15 mm, (a): T =25 °C, (b): T = 100 °C, (c): 1360 °C
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Fig. 19: Maximal strengthoyma., for different heating
temperatures withja= 15 mm

It should be noticed that for the whole of thegpiffes,
the two methods give almost the same values, s pl
are quasi-identical. This consolidates us in owiadh

of the number of finite elements and the pertineote
numerical modeling. The evolution of the transeers
strengthoy ahead of the crack tip is illustrated in Fig. 18.
Indeed, the tensile strengtly had a maximum value at
crack tip and decreased gradually as one getsway a
from singularity until it reverse near thedo® point
(it become a compression). This strength is sicgaifily
affected by heating temperature. It can be noticatithe
increase in the temperature between 25 and 300UXHwo
induce an increase in tensile strengih. However,
beyond 300°C the strength decreases. The evolafion
the strengttoy ahead of the crack tip of the 15 mm notch
length specimen and for different heating tempeesatu
(200, 300, 500, 700 and 900°C) are illustratedign 9.
We point out that the strength ahead crack tigfested
by the notch length,a An example of 300°C heated
specimen strength evolution is illustrated in R2§. It
appears that the strength rises with the increasitch
length up to 25mm value. Beyong & 25mm, the
strengthoy decreases quasi linearly.
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CONCLUSION 2.

The main objective of the present study was the
characterization of fracture toughness in openimglen
of concrete mortars exposed to elevated temperature
We have used three-point beams with different notchy

lengths and at different heating temperatures. Two

methods of calculating the fracture toughness usiag
critical fracture loads were applied: an analytical
method based on mechanics of continuous medium and
a numerical method by the finite elements code
COSMOS M2.0.

The obtained experimental fracture loads are in
good agreement with those reported in the liteeatur
Between the room temperature (25°C) and 300°C, we
recorded an increase of the fracture load. Thisdcba
explained by a resumption and acceleration of the
cement hydration products which are responsiblef
links between the different constituents of the taor
However, beyond approximately 300°C, the fracture

loads decrease strongly with the rise in heating.

temperature to vanish at 900°C. This degradation is
related to various phenomena of damage causedeby th
rise in heating temperature. The fracture toughness

calculated by the two methods varies similarly like 7.

fracture loads and this is coherent since they are
directly proportional. That is, the same as farkas

evolution curves are concerned. 8.
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