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Abstract 
Compressive failure of brittle heterogeneous materials such as rock and 
concrete is strongly influenced by weak planes or layers contained in 
these materials. Those weak layers can be due to either the damage 
accumulation through localised micro-cracking or the inherent defects 
the heterogeneous structures. 

To study the influence of the weak layers on compressive failure 
concrete-like materials, mortar specimens with controlled weak layers 
have been tested. The weak layer in a specimen has pre-determined 
thickness and angle, and its strength is controlled by the water/cement 
and sand/cement ratios. Specimens with weak layers of 5, 10 and 15 mm 
thick and -:lngles from 0° to 55° have been tested. The shear strain­
softening of the weak layer material has been deducted from stable 
displacement curves. Creep and stress relaxation can also be studied and 
monitored because of the pre-determined damage zone - the weak layer. 

1 Introduction 

Tensile fracture of concrete has been successfully modelled by cohesive 
cracks which are controlled by the well-known strain-softening 
behaviour measured from a plain tensile specimen after the maximum 
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leads to the formation of a fracture zone with concentrated micro-cracks. 
formation of the fracture zone or weak layer signals load 

bearing capacity ceases to increase and the strain-softening becomes to 
show with increasing displacement. Therefore, the tensile strain­
softening characterises fracture behaviour fracture zone or 
weak layer generated under loads. For a tensile specimen shown below 

location the damage zone or weak layer is pre-determined, i.e. at 
most narrow cross-section. With a stable strain-softening curve, the 

area under curve or fracture energy Gf becomes a .._".._ ... ,,..,. ... _._._ ...... ,_,__L, ... _._ 

measurement. 

Displacement 

Fig. 1. Mode-I strain-softening curve of plain tensile "'"'-"'"-'"'-'Jl'"" 

The grand success enjoyed by the fictitious crack model tensile 
strain-softening signifies importance of zone or weak 
layer in concrete Indeed, the 
successful smeared crack model (Bazant and Oh 1983) also points out 
unique position of the fracture zone (crack or weak 
concrete fracture. In fact, many fracture models including the 
approach et al 1987) gf-curve concept 

the fracture energy (Hu 1990, Hu 
formulated the fracture process zone of a certain size. The 
process zone, which can termed as a crack band or weak layer, is an 

nu.re>r>T characteristic concrete fracture. It is because of the 
heterogeneous characteristics of concrete. 
materials concrete are under loads, _.___. ... .,._._.__._I,_, ... 

aggregates can never be avoided. 

to tensile 
controlled fracture pattern needs to 

mixed-mode strain-softening. 
The major problem normal 

notched concrete samples is that 
controlled to allow the 
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band. Therefore, mortar specimens oblique weak layers are 
this study so that the fracture modes can be tailored 

systematically. Because the micro-cracking zone is pre-determined, 

as 

w 

damage accumulation becomes an easy task. The influence 
Mode-II shear on the fracture the specimens can 

= 

= 
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water/cement (W /C) ratio, and sand/cement 

p 

N Displacement 

oblique weak layer 

a stable strain-softening curve containing the 
shear failure may obtained if fracture is 

layer. Let cr c the compressive stress 
shear stress 'te within the layer is given by: 

(1) 

F = compressive stress the 
'tmax = 0.5•crc. It 

JlJl.JI. ... ,""..., ''-4.L ""'~ around 4 5 °. 
the shear plane, Ds be the 

1-1""'"" .......... L....,JU. due to the displacement w within 
the vertical displacement due to the 

strain softening ('te - w) can be 
...,,..."'....,....,,. . ..,.,,. (P - 8) curve, i.e. 

~.sine. cose 
A 

(2) 
8s 8-

_1 {D- L_P) = = 
sine sine sine A E 
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where A is the cross-section area perpendicular to the load L is 
original length, E is the Young's modulus and the total displacement o = 
Os + Oc. Note that if the residual displacement or = o - ::t­
oat the peak load Pmax, win equation (2) should be reduced by 
This is because Or before the load is primarily due to 
irrelevant to the shear strain-softening. 

3 Specimen Preparation 

The normal Portland cement and sand of 1 mm diameter were to 
prepare the test samples of 50 x 50 x 200 mm. The difference 
the bulk material and the weak layer was controlled by the W IC 
ratios. The W/C and SIC ratios for the bulk mortar material were 
and 1.5. Two weak layer materials were considered: material 
the W/C and SIC ratios of 0.7 and 3.0, and material (B) 
and S/C ratios of 0.8 and 3.5. Obviously, material B is 
material A. 

The weak layer angles were set at 0°, 10°, 20°, 30°, 45° 
Note that the angle 45° for maximum shear stress influence 
included. Three weak layer thicknesses were selected, they were 
and 15 mm. Considering the sand diameter is only 1 mm, 
sufficiently thick to contain the fracture process zone. 

A steel mould had been custom-made to facilitate the 
casting. The bulk specimens were cast first while the weak layer .:>IJU.'-''-'.:J 

were occupied by steel plates. After about one hour, the plates were 
removed and the weak layers were cast. A day later the specimens were 
removed from the mould and cured in water for four-weeks. 
Compressive tests were performed immediately after the specimens were 
removed from the water tank. The compressive loading rate was 
controlled by the cross-head speed of an Instron machine, set at 
mm/min. 

4 Results and Discussion 

4.1 Influence of weak layer on compressive failure 
A diverse spectrum of failure after the peak loads has been 
ranging from stable, quasi-stable to unstable fracture. Obviously, 
factors such as the test machine stiffness, displacement/loading rate, 
the strength, thickness and angle of the weak layer decide the 
patterns. A quasi-stable load-displacement (P-o) curve obtained a 
specimen of material B with a weak layer of 10 mm thick and 30° angle 
is shown in Fig. 3. A stable load-displacement curve obtained a 
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V""'"-''" ........ ...,,L .. , again material with a weak layer of 5 mm thick and 45° 
is shown 4. 

the experimental conditions set up arbitrarily the sake of 
convenience, most specimens fractured catastrophically after the peak 
loads were reached. A typical fractured specimens are shown in 
Figs. 5 to so of various weak layers on the fracture 
modes P-8 curve behaviour can be compared and studied. 
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4. P-8 curve of specimen, 
weak layer: mater. B, 5 mm, 45° 

Fig. 6. Failure of specimen with 
weak layer: mater. B, 5 mm, 55° 

Although the specimen Fig. 5 originally did not contain a weak 
layer, shear-band failure is obvious. This can be explained by the 
micro-cracking induced shear-band formation (e.g. Van Mier 1984). 
The shear-band of the specimen in Fig. 6 is pre-determined by the weak 
layer introduced during the specimen preparation. With the large angle 
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of 55° failure weak layer has been virtually 
such a condition damage accumulation before the 
easily studied by the stress-strain behaviour within the 
the post- peak load P-8 curve can be readily analysed by a 
softening model. Therefore, the only difference 
specimens in 5 and 6 is that they have different 
properties. 

Fig. 7. Failure of specimen with 
weak layer: mater. 10 mm, 0° 

Fig. 9. Failure of with 
weak layer: mater. B, 10 mm, 30° 

Fig. 8. Failure 
weak layer: mater. 

Fig. Failure 
weak layer: mater. 

Even if the angle a weak layer is small, such as the .., ...... ~~ ..... 'V ... J.0 

Figs. 7 and 8, the overall failure of a specimen is still ................. ., ......... ,..,""" 
compressive/shear damage in the weak layer. The P - 8 curves 
and 4 are corresponding to the specimens Figs. 9 It is 
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failure is confined within a well-defined weak layer, the shear­
strain softening can be deduced easily from the stable P - 8 curve. The 
results Figs. 4 and 10 appear to satisfy the requirement. In fact, the 

role of the weak layers introduced in the compressive specimens is 
to failure in a well-defined region so that the failure process can 

monitored and analysed. For that reason, plain concrete specimens 
can be used if angled notches are cut around the specimen surfaces 
and they are wide and deep enough to contain the fracture process zone. 

only difference between the two methods is that one approach 
emphasises the influence of an existing weak plane on concrete fracture, 

other considers the formation of such a weak plane or fracture 
zone. 

4. 2 Strength measurements and shear strain-softening 
The compressive strengths of specimens with various weak layers 

......... ""."'·"'·- .... " ... B) have been measured and shown in Figs. 11 and 12. Results 
of material A specimens are similar except the strength values are higher 
because of smaller W IC and SIC ratios. Compared to the 5 mm thick 
weak layer specimens, the strengths of the 15 mm thick weak layer 
specimens are less sensitive to the weak layer angle, but the overall 
strength has been reduced. 

80 

70 

60 

50 

40 

30 

20 

10 

0 Group 1 
... 

1111 Group 2 
I~ 

... A Group 3 
0 0 

... A Ill! 
1111 

~ .. 
Q ,. .A A 

A - A 

-
... 

' . ' I 

1 0 20 30 40 50 60 
Weak layer Angle (Degree) 

Fig. 11. Influence of weak layer 
angle on compressive strength 
(mater. B, 5 mm) 
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Fig. 12. Influence of weak layer 
angle on compressive strength 
(mater. B, 15 mm) 

(2) with the modification of the residual displacement 8r has 
been used to determine the shear strain-softening shown in Fig. 13 
the P - 8 curve in Fig. 4. Similar to the Mode-I strain softening, the 
fracture energy Gf-8 can be defined by the area under -re - w curve. 

Fig. 13 it is obtained that Gf-8 = 29 kNlm compared to 30 kN/m 
determined by the ratio of the area under the P - 8 curve over the shear 
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plane area A/sin8. This value is much higher than the fracture energy 
Gf of the Mode-I tensile fracture possibly because of the combination of 
compression and shear influence. 
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Fig. 13. Shear strain softening 
('re - w): mater. B, 5 mm, 45° 
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Fig. 14. Stress relaxation in 
plain weak, and weak layer mater. 
B, 5 mm, 55° 

The stress relaxation curves under a constant displacement are 
in Fig. 14. The behaviour of the specimen with a 55° weak 
indicates a strong influence of the weak layer. Therefore, creep 
shear band and other long-term properties can be readily monitored 
studied with the weak layer specimens. 

5 Concluding Remarks 

Compressive fracture of mortar specimens with controlled weak layers 
has been studied. It is shown that with the test set-up the shear 
softening can be deduced from the mixed-mode fracture, and the long­
term properties such as creep within the weak layers can be studied. It 
also realised that similar tests can be performed with plain concrete 
specimens so long as inclined notches which are sufficiently deep 
wide are grooved. 

Reference 

Barr, B., Hughes, T., Khalifa, S. and Yacoub-Tokatly, A. (1989) 
comparative study of geometries used to investigate the 
behaviour of materials under mixed mode loading, in Fracture 

423 



recent development, (eds S Shah, S .E. 
Elsevier, London, 448-457. 

(1983) Crack band theory fracture of 
16, 155-177. 

Analysis of one single crack, Fracture 
(ed F.H. Wittmann), Elsevier, 

223-249. 

Modeer, M. and Petersson, P.E. (1976) Analysis of crack 
crack growth concrete by means of fracture 

... ...,a, .... ...,,"·'·'-'• Cement Research, 6, 

(1990) Process Zone and Strain-Softening 
'"' ....... L ........ , .............. .Bl,,, ...... .., Materials, Building Materials Report No. 1, Institute 

....... A .......... u,,._, Materials, Swiss Federal Institute of Technology, Zurich, 

process zone, 
(1992) Fracture energy and fracture 

Struct., 25, 319-326. 

(1989) On the fundamental issues of mixed 
concrete, in Fracture of Concrete and 

...,,. ..... 11-" ...... Jl..., .. ,.,.,, (eds S.P. Shah, S.E. Swartz, B. Barr), 
Elsevier, London, 27-38. 

C.M. Leung, C.K.Y. (1987) 
of the tension-softening curve in cementlt10us 

composites, Cement Concrete Research, 17 (3), 441-452. 

253. 

(1989) behaviour of concrete and rock under 
and Mode-III shear loading, in Fracture of Concrete and 

development, (eds S.P. Shah, S.E. Swartz, B. Barr), 
18-

(1978) Strain-softening of brittle geologic 
Anal. Methods Geo. Mech., 2, 237-

Van ( 1984) Strain-Softening of Concrete under 
Multiaxial Loading Conditions, Ph.D Thesis, Delft University of 
Technology, Netherlands. 

424 


