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Abstract 

splitting capacity of concrete cylinders subjected to an inner pressure 
are investigated experimentally, theoretically and numerically. Three types 
of concrete are tested: Normal, high and very high strength concrete, (NSC, 

and VHSC with a compressive strength of 57, and 157 re-
spectively). Reference cylinders with no confining spiral reinforcement are 
compared to cylinders including a spiral. Two analytical models based on 
non linear fracture mechanics (NLFM) are evaluated. A good correspond­
ence is observed. Finite element (FE) analysis are successfully performed 
based on the discrete crack, the smeared crack and the inner softening band 
(ISB) concepts. The fracturing behaviour of a cylinder is very adequately 
captured specially by the ISB approach. 

1 Introduction 

Considering the practical limitation on the concrete cover, the problem of 
splitting constitutes an important restriction on for instance the ultimate 
bond capacity of reinforced concrete structures. The splitting phenomenon 
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is also dangerous, as it manifests a very brittle behaviour. This is accentu­
ated when concrete of high strength is utilized. Theoretical splitting models 
have been deduced based on NLFM, which also take into account the con­
fining effect of spiral reinforcement. The models are here verified by a so­
called membrane splitting test, where concrete rings of different mixtures 
are subjected to an inner hydrostatic pressure until collapse. In order to 
investigate the correctness of the assumptions of the theoretical models and 
to acquire insight in the fracturing behaviour of a ring subjected to inner 
pressure, FE-analysis have also been carried out. Three different 
approaches have been used: The discrete crack approach, the smeared crack 
approach and the inner softening band approach, see Klisinski et al. (1995). 

2 Theory - Splitting models 

Tepfers (1973) adopted a limit analysis to the splitting failure of concrete 
covers for assessing the bar-to-concrete bonding capacity. However, it was 
proved experimentally (see e.g. Reinhardt, 1992 and Rosati et al., 1992), 
that the strength criteria alone is not sufficient for an accurate prediction. 
An additional energy criterion is required, incorporating the cohesive quali­
ties of cracks due to aggregate interlocking after the strength limits are 
reached. To describe such post-peak, tensile (softening) material behaviour 
of concrete, Hillerborg et al. (1976) introduced NLFM in research on 
cementitious materials by proposing a constitutive law based on the stress -
crack opening.displacement (COD) relation along a so-called fictitious 
crack. Reinhardt (1992), Van der Veen (1990), Rosati et al. (1992) and 
Noghabai et al. (1993) incorporated the fictitious crack model in the partly­
cracked-elastic-ring concept established by Tepfers (1973), each of them 
assuming an appropriate constitutive law that governs the softening. Hence, 
the concrete ring is considered to consist of one intact, elastic outer ring and 
one cracked, softening inner ring with a hydraulic pressure, Pb' acting on 

the circumference of the inner hole, see Fig. 1. With sufficient concrete 
cover, the ultimate pressure will be reached for a critical crack depth, ri. 

Here we will only compare the models of van der Veen ( 1990) and 
Noghabai (1993, 1995). The general features of these two models are pre­
sented in Fig. 1. Due to lack of sufficient data, the exponent k in van der 
Veen's model will be set to 0.248 and the critical stress-free crack width we 

= 5.14·Gfl fct for all cases, admitting the fact that this is only validated for a 
normal strength concrete. 
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1. General features of two splitting models, derived from Noghabai (1995) 



3 splitting tests 

The specimens as in Fig. 2. Concentric holes were out of 
the cylinders concrete had cured. Three batches of different con-
crete mixtures were used according to the table in Fig. 2. From batch 
three cylinders were produced: A reference specimen (no spiral reinforce­
ment) and two test pieces including spiral reinforcement made of 0 6 mm 
deformed bar (Ks400, £ 5=2 l 0 GPa), with the same radius, r 5 , but with 

ferent pitches, s (28 14 mm, hence Aeq=0.00101 and 0.00202 m2/m). 

compressive tensile splitting strengths, fee and fespb were meas-
on concrete cubes, 150 mm for the NSC and HSC concrete 100 

mm cubes for concrete. The fracture energy, Gp were 
...,."""' ....... "with the dimension 840xl00xl00 mm3. 

mens were water for at least 28 days after pouring. 
device the inner pressure was exerted to 

(membrane or sleeve) consisted of a steel mandrel coated with a 
polyurethane elastomer. Oil was pumped cavity 

between the inner membrane wall using a pressure control­
led hydraulic pump (hence, the experiment was conducted in load-control). 
The radial displacement was measured in two orthogonal directions, sym­
metrically over the 

The material parameters of the concrete were determined conjunction 
with the performance the experiment and are summarized in Table 1. 

Component NSC HSC VHSC 

Coarse aggregate 818 1149 1060 

Fine aggregate 980 770 750 

Cement 343 450 540 

Silica fume 70 54 

Superplastisizer 6.3 8.7 

w/c 0.56 0.35 0.25 

Fig. 2. The features of the test specimen. The table shows the concrete recipes (dry ma­
terial [kg/m3]) used in the splitting tests, denominated as: Normal Strength Con-
crete, NSC, Strength Concrete, HSC and Very High Strength Concrete, 
VHSC. Expected 28-days compressive strengths (of cubic specimens) are 40, 80 
and 140 MPa. 
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1: parameters of the different concrete mixtures. 
the parenthesis denotes days after 

Parameters NSC HSC VHSC Notes 

tube [MP ] 57.0 (40) 105.0 (49) 157.4 (51) Mean values of 6 cubes 
cc a the strengths and 6 

tube [MPa] 4.2 (40) 5.6 (49) 8.9 (51) RILEM beams for the 

cs pl 

G1 [Nmlm] 105 (40) 145 (57) 172 (53) 

[GPa] 33.8 (74) 39.4 (49) 41.2 (51) derived 

33.0 (40)* except for NSC. 

0.9-f_ube, to 
fct[MPA] 3.8 5.0 8.0 cs pl 

see van der 
Veen (1990) 

Zeh [m] 0.240 0.229 0.111 Characteristic length 

*. Re-evaluated value to age corresponding to the time of testing, according to CEB-FIB model 
code 1990. 

following comments can be made on the behaviour (cf. Fig. 4 
• Stronger and more brittle concretes give smaller 

respect to the fee' fespl or 
• NSC is more pronouncedly affected the use 

but seems to be less sensitive towards the pitch uvJU.Lt.LL, 

• higher pitch density does not lead to a 
splitting capacity of the specimens. 

• No premonition of failure was perceived in any case. At a ....,._,, ui• .. 

the pressure gets too high and a single crack penetrates the concrete cov­
er and provide enough space for other cracks to become visible. 
state and distribution of the stresses the cylindrical specimens 
influences the formation of the cracks disregarded the strength 
concrete and ergo must be a key issue. 

• It is doubtful whether such experiments could be conducted displace­
ment control. 

• Spiral reinforcement probably only affects the peak capacity a speci-
men and not its overall stiffness, which is destined as soon as cracks are 
triggered (at exceed the fct) and are not initially affected by the spiral. 
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Fig. 3. FEM approaches employed in the analysis. 

5 Comparison between theory, experiments and FE-analysis 

4 to 6 show different comparisons between the theoretical models, 
experiments and the FE-analysis. 
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5. Comparison between the experimental and FEM results. The inlaid illustrations 
and photos show the fractured state of the specimens. 
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6. between the theoretical models (dashed) and the FEM-analysis 
The figures at the bottom show a typical fracturing situation for each 

approach at ultimate pressure (Pb at ri,crit). 

It is proved that model of Noghabai et al. (1993) gives 
from the experimental results than model of van der Veen 

see Fig. 4. Also, FE-analysis that a linear softening 
discrepancy 4-6). The tension stiffening effect for all spiral 

........... ,, ... ...,,,'V.....,, ....... cases is almost neglected (n·leq~ 2·n·rs in the equations 
might explain increase in error for such cases. 

overall comparison between FE-models and experimental results 
....... 'U, ... ..,"' .... ...,,L:> that the ISB approach exhibits the most consistent behaviour of 

models (also cf. the "ISB-ring" in Fig. 6 with the authentic cases shown 
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by photographs in Fig. 5). In this context, the theoretical models should be 
considered as approximations to the very plausible description 
turing behaviour of a concrete ring the FE-models offer, see Fig. 6. 

6 Discussion 

differences between the models of N oghabai and van der 
perhaps more evident by making use of the brittleness number, 
the ultimate (relative) pressure for different B are plotted in ... ,._;,_, .... Jl. ............. -'L ............. 

scales. This is done for the reference cases (no spiral), wherefore 
number of cracks, n, is set to two. The logarithmic expression of 
see Fig. 1, (which is in fact due to the strain assumptions 
part) subdues the contribution the softening ring for more con-
cretes, which is both plausible and harmonizes with the experiments. 

Quintessential for this problem (and specimens of this size and 
seem to be crack stability and the role the gradients of the assumed '-''U'-'L .. ~AA 

ing curves might play, without offering further proof. 
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7. The ultimate rdative pressure given by the different models for a concrete ring 
(rb=18 and r0 =156.5 mm) as a function of B, in log scale. A linear frac­
ture mechanics (LEFM) analysis based on Bowie et al. (1972), with one and two 
existing cracks (i.e. n=l and 2) with an assumed crack length (a) of 0.5 mm, is 
also included. The horizontal lines indicated by "Plastic", "Partly-cracked-elas­
tic" and "Elastic" are according to the models of Tepfers (1973). 

7 Conclusion 

very good correspondence was achieved between experimental 
analytical model by Noghabai (1993, 1995). The n-rnin.AC'•::>.rll 
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model gives a correct description of the brittleness of the splitting failure 
when applied to high strength concrete. The results are also verified by 
means of FEM, where the analysis based on the inner softening band con­
cept was proved to give the most consistent results, compared to the dis­
crete crack and smeared crack approaches. 
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