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Abstract. This paper analyzes results from an experimental program planned to investigate the 
influence of the shape of the cross-section on the fracture of lightly reinforced concrete beams. Eight 
micro-concrete reinforced beams were tested. Tests were performed on beams with rectangular and 
three different T shapes, with two different arrangements of longitudinal reinforcement. Concrete 
mechanical properties were obtained from independent tests. Experimental errors due to material 
heterogeneity or imperfect test set-up were minimized to ensure a high level of control during test 
execution. This experimental program demonstrates numerical results by G. Ruiz and J.R. Carmona, 
Mater. & Struct. 39, pp. 343-352, (2006), which indicate that the peak loads of T beams increase less 
than expected according to the traditional assumption that the crack zone develops as if a T-beam were 
a wider rectangular beam.  A second peak is observed in the load-displacement curve due the progress 
of the crack though the head of the beam. 
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1 INTRODUCTION 
Various experiments on lightly reinforced beams (Bosco, 1990; Carpinteri, 1999) were 

based on the idea that minimally reinforced beams are brittle structures susceptible to 
theoretical analysis by fracture mechanics. These experimental programs showed that brittle 
collapse of lightly reinforced beams is size dependent, suggesting that the failure is due to 
fracture processes in concrete. Specifically, Hededal and Kroon (Ruiz, 1998) considered the 
bond-slip properties of the reinforcement and around that they substantially influence the 
response of the beam. Ruiz et al. (1998b) made a set of tests that disclosed the influence of 
several parameters—size, steel ratio, steel yield strength and bond slip—on the fracture 
behavior. In addition, they made a complete material characterization by direct testing that 
made objective numerical modeling possible (Ruiz, 2001; Ruiz, 2006). 

However there were still some points to study. On the one hand, most of the works 
approaching collapses of brittle beams by fracture mechanics have been done on rectangular 
beams. Only Ozcebe et al. (1999) used a technological approach to study the failure of T 
beams and Ruiz and Carmona (2006) used rectangular beams and one type of T-beams to 
study the influence of the shape of the crack propagation. On the other hand, Ruiz et al. 
(2006b) showed theoretically the existence of a secondary peak in the load record due to the 
beginning of the propagation of the crack though the head of the beam. With the help of a 
numerical model they also showed that the crack zone develops as if a T-beam was a larger 
rectangular beam, which manifests itself in a sort of shape effect. This shape effect is 
analogous to the effect of the size of the beam, since the load peak increases less than 
predicted by standard theory of structures as we thicken the head of the beam. Such 
phenomena had not been observed experimentally and this is why we felt the need of 
planning and performing an experimental program covering such topics. To do that we chose 
scaled T beams made out of a micro-concrete whose head varied in width from the limit case 
of the T becoming a rectangle to having a head-thickness equal in length to the beam depth. 
All the beams were made out of the same materials —micro-concrete and steel bars— whose 
properties remained constant throughout the program. All of the beams had the same number 
of re-bars arranged in the same way. 

The article is structured as follows. A brief overview of the experimental program is given 
in Section 2. The materials and specimens are described in Section 3. Section 4 summarizes 
the experimental procedures. The numerical results obtained are presented in section 5. The 
experimental results are presented a discussed in Section 6. Finally, in Section 7 some 
conclusions are extracted. 

2 OVERVIEW OF THE EXPERIMENTAL PROGRAM 

The experimental program was intended to study the influence of the shape of the cross-
section on the evolution of the fracture process of reinforced beams as they are loaded. We 
chose scaled T-beams made out of a micro-concrete whose head varied in width from the 
limit case of the T becoming a rectangle to having a head-thickness equal in length to the 
beam depth. In addition, the program had to provide material characterization to allow a 
complete interpretation of the test results that could be useful for future investigations. 
Finally, the behavior of the laboratory beams should be representative of the behavior of the 
beams of ordinary size made of ordinary concrete. Regarding the scale of the specimens, 
Hillerborg’s brittleness number (Hillerborg, 1976) was used as a comparison parameter. As a 
first approximation, two geometrically similar structures will display a similar fracture 
behavior if their brittleness numbers are equal (Ruiz, 1998; Ruiz, 2006). βH is defined as: 
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where D is the depth of the beam and lch is the Hillerborg’s characteristic length; Ec is the 
elastic modulus, GF the fracture energy and ft the tensile strength. According to this, a 
relatively brittle micro-concrete was selected with a characteristic length of approximately 60 
mm. Since the characteristic length of ordinary concrete is 300 mm on average, laboratory 
beams 150-mm in depth are expected to simulate the behavior of ordinary concrete beams 
450 mm in depth, which is a considered reasonable size for the study. 

Table 1 sketches the dimensions of the rectangular and T beams chosen, the arrangements 
of the reinforced bars and names of the specimens for this experimental program. 

 
 

Rebar 
 

    

 

R2-1 TP2-1 TM2-1 TG2-1 

R2-2 TP2-2 TM2-2 TG2-2 

Table 1 – Rectangular and T cross-section dimensions. 

Standard characterization and control tests were performed to determine the compressive 
strength, the tensile strength, the elastic modulus and the fracture energy of the micro-
concrete. Likewise the mechanical parameters of the re-bars and the properties of the steel-to 
concrete interface were also determined in Laboratory tests. 

3 MATERIALS AND SPECIMENS 

3.1 Micro-concrete 
A single micro-concrete was used throughout the experimentation, made with a lime stone 

aggregate of 5 mm maximum size that follows the corresponding Fuller curve, and Portland 
cement 52.5 (ASTM type 1). The mix proportions by weight were 3.0:0.46:1 (aggregate: 
water:cement). The Abrams cone slump was measured immediately before casting, the 
average value being 6.5 cm. All the specimens were cast in steel molds, vibrated by a 
vibrating table, wrap-cured for 24 hours, desmolded, and stored for 5 weeks, until they were 
tested, in a moist chamber at 20 oC and 98% relative humidity. Table 2 shows the 
characteristics mechanical parameters of the micro-concrete determined in various 
characterization and control tests. 

 

cf  
MPa 

tf  
MPa 

CE  
GPa 

FG  
N/m 

 chl  
mm 

βH  
 

54,6 4,8 25,5 55,6 60,4 2,5 

Table 2 – Micro-concrete characteristics. 
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3.2 Steel and Pull-out tests 
For the beam dimensions selected, and the desired steel ratios, the diameter of the steel 

bars had to be smaller than that of standard rebars, so commercial wires with a nominal 
diameter of 3.0 mm were used to achieve the desired reinforced configuration for different 
specimens. 

Figure 1 shows the stress-strain curve corresponding to the wires used to reinforce the 
beams. The elastic modulus is 205 GPa, the standard yield strength for a strain of 0.2% is 765 
MPa, and the ultimate strain is 0.6%. 

 
Figure 1 - Stress-strain curve and pull-out test results for wires. 

Pull-out specimens consisting of prisms 50 × 50 × 75 mm with a wire embedded along 
their longitudinal axis. Figure 1 shows the load-slip curve for a typical pull-out test. The 
resulting mean bond strength was 6.2 MPa. 

3.3 Characterization and control specimens 
Cylindrical specimens whose dimensions were 150 mm in length and 75 mm in diameter 

were cast to determine standard mechanical properties. We made 8 specimens, 4 for 
compression tests and 4 for splitting tests. 

Notched plain concrete beams were used to characterize concrete fracture properties. All 
the beams were 50 mm thick, 75 mm deep and 337.5 mm long. The notch was sawn at the 
central cross-section to a depth of half the total beam depth. We made 4 specimens of this 
type. 

3.4 Reinforced micro-concrete beams 
Figure 2 and Table 1 summarize the geometrical characteristics of the reinforced concrete 

beams. The specimens were cast in metallic molds, with the reinforced wires protruding at the 
end through holes in the mold walls. The micro-concrete was compacted on a vibrating table. 
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Figure 2 - Beam dimensions and loading conditions. 

4 EXPERIMENTAL PROCEDURE 

4.1 Characterization and control tests 
Compression tests were carried out on 4 cylindrical specimens according to ASTM C39 

and C469 except for a reduction in size. The strain was measured over a 50 mm gage length 
by means of two inductive extensometers placed symmetrically. The tests were run under 
displacement control, at rate of 0.3 mm/min. Brazilian tests were also carried out on 4 
cylindrical specimens following the procedures recommended by ASTM C-469. The velocity 
of displacement of the machine actuator was 0.3 mm/min. 

Stable three-point bend tests on notched beams were carried out to obtain the fracture 
properties of concrete following the procedures devised by Elices, Guinea and Planas ( 1992). 
The span was 300 mm. The tests were performed in position control with three linear ramps 
at different displacement rates: 5 μm/min during the first 18 min, 25 μm/min during the 
following 20 min and 50 μm/min until the end of test. Figure 3 shows some typical load-
displacement curves. 

 
Figure 3 - Curves of load versus load point displacement and a photo of one of the test. 
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4.2 Reinforced beam tests 
The reinforced beams were tested in three-point bending. The first loading ramp was 

executed in load control until reaching 5 kN in 5 minutes. This loading ramp was fully within 
the linear response of the beam. According to Carmona (2006) this type of specimens might 
show snap-back after the peak-load. So, in order to record that portion of the load-
displacement (P-δ) curve, we moved to strain control until the displacement increments were 
positive again. We were using a clip extensometer attached to the lowermost surface of the 
beam right below the loading point. The span covered by the clip was 90 mm, and the 
opening rate was 2 μm/min. The control was successful in almost all of the beams tested. 
Regrettably, in two of them, namely the beams labeled as R41 and T41, the nucleation of 
shear cracks out of the zone covered by the clip gage made the machine to lose the control of 
the tests, which provoked the immediate collapse of the beams. The third, fourth and fifth 
ramps were performed in position control at 25 μm/min during 30 min, 125 μm/min during 10 
min and 625 μm/min until the end of the test respectively. Figure 4 shows a photography the 
beam TP2-1. Figure 6 shows some typical load-displacement curves. 

 
Figure 4 - Details of the beam TP2-1 during the 3 points  bending test. 

5 NUMERICAL RESULTS 
The beam tests were modeled using the software ATENA - Advanced Tool for Nonlinear 

Engineering Analysis (Cervenka, 2007). The properties used for the materials were the ones 
obtained experimentally and are presented in Table 1 and section 3.2.. The nonlinear analysis 
was performed with incremental loads through the method Arc Length Solution Parameters. 
Figure 5 show the deformed beam in two steps of the loading process: the upper image 
corresponds to the nucleation of mains crack, whereas the bottom one shows the main crack 
already formed. 

The Figures 6 present load versus load displacement point curves obtained from the tests 
and from numerical modeling using the software ATENA of the beams R2-1, TP2-2, TM2-2 
and TG2-2. Figure 6 also plots the stress in these bars, The upper image plots the axial stress 
whereas in the bottom image the profile of stresses corresponds to the shear in the steel-
concrete interface 
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Figure 5- Details of the deformed position of the beam from the software ATENA. 

 

 
Figure 6 - Load versus load point displacements curves of the beams R2-1, TP2-2, TM2-2 and TG2-2. 

6 RESULTS AND DISCUSSION 
The main results of the characterization tests are given in Table 2. Figure 3 shows that the 

curves of load versus load-point displacement of the stable three-point tests on notched beams 
area very similar to each other, which demonstrates the high level of control achieved during 
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the tests. 
The graphs of Figure 6 show that there is a good agreement between the numerical and the 

experimental results. Let us emphasize that all the parameters feeding the model have been 
obtained experimentally. 

The experimental P-δ curves for the reinforced beams are shown in Figure 7a. As it is well 
known, the boundary conditions at the point where the actuator applies the load may generate 
small variations in the global flexibility of the beam. Consequently, in order to facilitate the 
comparison between similar beams, the initial slope of the curves is corrected to its 
theoretical value stemming from Strength of Materials. 

 
Figure 7 - Load versus load point displacements curves of the beams R2-1, TP2-2, TM2-2 and TG2-2; and detail 

of the first load peaks. 

Figure 7b shows a zoom of that stretch for the first load peaks of the beams, and shows too 
that after the peak the displacement snaps back while the beam loses resistance, except for the 
beam TM2-2 and TG2-2. The load transfer between the concrete and the reinforcement 
enables the beam to recover and generates a U-shaped stretch in the P-δ curve. In that ramp-
up it is possible to identify a mild hump in the curve that corresponds to the beginning of the 
propagation through the head of the beam (Figure 7a). It also can be traced in the P-CMOD 
curves, as shown in Figure 8. As the beams are minimally reinforced, the ultimate load is 
lower than the first peak that corresponds to the cracking load. 

 
Figure 8 - Detail of the post peak response of the beams TP2-2 and TG2-2. 
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Some additional insights on the role of the shape of the cross-section on the strength of the 
T-beams can be inferred from Fig. 9a. The x-axis correspond to the ratio Deq/lch, where Deq is 
the equivalent depth of a T-section, which we define as the depth of the rectangular beam that 
would withstand the same maximum load according to Strength of Materials and making the 
hypothesis that concrete does not resist tension; lch is the characteristic length defined in Eq. 
(1). The y-axis correspond to the ratio Pmax/Pnt, where Pmax is the maximum load withstood by 
the T-beams; Pnt is the maximum load for the same T-beam obtained according to Strength of 
Materials plus the no-tension hypothesis. 

 
Figure 9 - Effect of the head-thickness. 

The points represent the experimental values for Pmax/Pnt,. The curve in Fig. 9 reflects the 
variation of the maximum load (expressed by the non-dimensional ratio Pmax/Pnt) withstood 
the T-beams as the width of the head increases (the thickening of the head is represented by 
the non-dimensional equivalent depth Deq/lch). The effect of the shape of the cross-section is 
clear and very similar to what we obtain when it is the size that increases: the ratio Pmax/Pnt 
diminishes as the head thickens and tends to be 1 in the limit case of a T-beam whose head 
width is infinite. The experimental values manifest that there is a slight decrease in the non-
dimensional load and validate the existence of the shape effect, i.e. the load peak increase for 
the T-beams as the head thickens is lower than expected according to traditional mechanics. 

7 CONCLUSIONS 

This paper presents recent experimental results in T-beams made out of a micro-concrete 
whose head varied in width from the limit case of the T becoming a rectangle to having a 
head-thickness equal in length to the beam depth. All the beams were made out of the same 
materials — micro-concrete and steel bars — whose properties remained constant throughout 
the program. All of the beams had the same number of rebars arranged in the same way. The 
tests were performed so that that fracture process was stable by controlling the strain in the 
lowermost surface of the beam. The following conclusions can be draw from the study: 

 The load-displacement curve shows that there is some hyper-strength attributable to 
the propagation of the crack through the head of the beam. 

 The load-peak increase for the T-beams as the head thickens is lower than expected 
according to traditional mechanics, and thus this experimental program validates 
the existence of a shape effect. 
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