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CHAPTER 6 
CONCLUSIONS 

 
 
 
 
6.1. GENERAL CONCLUSIONS 
 
In this chapter, conclusions that have been drawn from the work will be 
summarised. In general, the principal objectives specified in Chapter 1 have 
been reached.  
 
Regarding three-point bending tests, as the test as very well known, there are 
no new conclusions. However, it should be mentioned that there is greater ease 
in measuring CMOD instead of deflection if the objective of the test is to 
determine the parameters that control fracture in mode I (basically the tensile 
strength ft and the fracture energy GF). As it expected, an increase in GF has 
been observed with the increase in the percentage of fibres in concrete. 
 
From the experimental study of the push-off tests several points have been 
clarified. Firstly, this test is not the most appropriate one to study the direct 
shear failure in plain concrete due to the instabilities. While concrete behaviour 
remains elastic, the test gives quite good results, but as the loads increase and 
the behaviour becomes non-linear, the specimen is not stable (due to the 
presence of the crack and to the speed of its growth) and it is not possible to 
measure the post peak behaviour.  
 
However, the test is suitable to capture the post-peak behaviour in SFRC, since 
the fibres are the responsible for transmitting the stress across the crack when it 
is formed. Therefore, it can be concluded that it is good test to evaluate the 
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toughness of concrete in shear. From the experiments an extraordinary 
increase in the energy dissipation is seen when fibres are added to concrete. 
 
With respect to the push-off tests in which a lateral confinement has been 
introduced, the set-up designed to introduce a confinement in concrete - 
consisting of two transversal beams connected one to each other through two 
steel bolts - has worked well for obtaining the post peak behaviour and the 
relationship between tensile and shear stresses. Moreover, the springs placed 
to keep the lateral pressure constant (in case it is desired) have worked 
successfully. The ductility of the concrete increases with an increment in the 
lateral pressure. 
 
Regarding the inverse analysis, made with Matlab, it can be said that it has 
worked successfully in those cases in which the data from the three-point 
bending test have been good, that is, where there are no loading-re-loading 
cycles because of problems in the test. The programme has been checked with 
different first guesses and most results obtained have been satisfactory. 
However, in those tests in which the Young’s modulus E, have been lower, 
because a re-loading cycle, errors in the results have been obtained.  
 
About the numerical analysis carried out using non-linear FEM modelling, 
several conclusions can be derived. The first and maybe the most important 
one is the impossibility of modelling mixed-mode failure by defining a discrete 
crack. Although, as the crack is propagates in concrete it could be thought as 
the easiest and realistic way to model it, it has been demonstrated that is not 
good approximation. This behaviour occurs due to fact that the crack dilatancy 
model used to simulate the direct shear loading by means of push-off tests is 
not activated until the crack is considered opened. As all available models in 
DIANA are empirical ones and all of them are based on plain concrete, the 
much larger deformations produced in SRFC result in the crack dilatancy model 
never being activated.  
 
 
6.2. SPECIFIC CONCLUSIONS 
 
6.2.1. Three-point bending test and inverse analysis programme 
 
There are two main conclusions that can be done from the experimental study 
of the three-point bending tests: 
 
• An increase in the peak load occurs as the percentage of fibres increase in 

concrete. It has been observed that the relationship between the increase of 
fibres and the increase of load is linear. The increment produced is over 
50% from plain to 0.5 % SFRC and over 35% from 0.50% to 1.00% SFRC. 

• However, the most important increment produced occurs for the residual 
load. The load increases from almost zero in plain concrete to over 6200 kN 
in 0.5% SFRC and a 90% from 0.5% SFRC to 1.0% SFRC.  

 
Both of them allow concluding that the increment in the ductility of concrete is 
directly proportional to the amount of fibres in it. This conclusion can be 
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summarised in the variation of the fracture energy GF as the amount of fibres 
increases. If GF is calculated using the tension softening parameters obtained 
from the inverse analysis programme, it can be observed a linear relationship 
between the percentage of fibres and GF. An extraordinary increment in GF is 
produced when fibres are introduced in it (from 0.2 N/m to 5.5 N/m). The 
increment between 0.5% SFRC and 1.0% SFRC is about 60%. 
 
 
6.2.2. Push-off test 
 
Some considerations can be made regarding the different set-ups used: 
 
• Regarding the new set-up designed to introduce a lateral compression 

(either passive or active), the two pieces placed between the transversal 
steel beam and the nuts in order to avoid flexural failures of the specimen 
have worked successfully since any bending failure have occurred since 
they have been placed.    

• In respect of lateral passive restraint, the stress difference between two bolts 
has been kept constant and has maintained the initial difference. This 
difference can take relative important values at the beginning of the test. 
However, at the ending of the test, it represents about 11%. 

• Considering active lateral restraint set-up, it has been observed an 
increment of the lateral pressure always lower than 6%, that implies a good 
design of the springs placed to keep it constant.  

 
Regarding results obtained from tests, it can be concluded: 
 
• In no restraint tests, an increase in peak shear stress occurs as fibres are 

introduced in concrete, although an small decrease from plain to 0.5% 
SFRC. Vertical displacement at failure increases almost linearly with the 
percentage of fibres. Nevertheless, the most important improvement caused 
by the fibres presence in concrete is an increase in the toughness of 
concrete that allows either 0.5% or 1.0% SFRC to transfer a shear stress 
over 20% of its peak shear stress.  

• In respect of active restraint tests, both features discussed above are 
observed as well. On one hand, the improvement of the peak shear stress 
corresponds to about 45% between σc = 0.25·ft and σc = 0.50·ft. On the other 
hand, an increase higher than 70% in the residual shear stress occurs for 
the same lateral conditions.  

• Passive restraint tests carried out with 1.0% SFRC show similar post-peak 
behaviour as σc = 0.25·ft tests although in terms of horizontal displacements 
they exhibit a higher stiffness.  

• Finally, a correlation following Mohr-Coulomb failure criterion can be 
obtained from shear and tensile failure stresses. The values achieved of 
cohesion C and friction angle φ, seem reasonable, even though we do not 
have any other result to compare. 

 
All conclusions above lead us to say that significant improvements in the 
ductility of the concrete are achieved through applying a higher transversal load. 
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6.2.3. Non-Linear finite elements modelling of the push-off tests 
 
• Failure in mixed-mode cannot be modelled by means of a discrete crack 

model placed where the crack is supposed to be formed. The reason why it 
is not possible, is due to the fact that all shear-tensile coupled methods 
supplied by DIANA are empirical ones and, what is more important, thought 
to plain concrete. 

• Elastic regime can be modelled because tensile softening behaviour is not 
activated. 

 
 
6.3. SUGGESTIONS FOR FURTHER WORK 
 
• More push-off tests with lateral restriction should be carried out in order to 

avoid anomalous responses due to own concrete dispersion. 
• In order to get the failure criterion more carefully, more grades of restraint 

should be performed, i.e. instead of fitting Mohr-Coulomb criterion with 2-3 
different failure points, fitting with more than 4 or 5 points would be bette. 

 
• Due to the imposibility of modelling direct shear loading with lateral 

confinament, that is, a mixed-mode failure, two possibilities arise: modelling 
it using a smeared crack approximation instead of a discrete crack 
approximation. Alternatively, a user-supplied routine must be introduced to 
DIANA which should consider the coupling between modes I and II.  


