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1. Introduction  

 

Cracking is a highly complex physical process intrinsic 

to the concrete. Development of the cracks, which was 

initiated at the fine, microstructural level, often becomes 

evident only at the mezostructural range (Tijssens et al. 

2001, Chen et al. 2016). Concrete structure at different 

scale (Fig. 1) might be considered as a combination of 

components, which mechanical characteristics and 

interaction mechanisms are responsible for heterogeneity of 

the physical properties of the concrete composite. Various 

defects, inherent to the concrete structure at all 

consideration levels, could be identified as another 

important source of the material heterogeneity. The defects 

appear not only due to mechanical loading: the concrete 

production process (quality of aggregates, mixture 

proportions, mixing and transportation technology, pouring 

errors) is also responsible for the presence of the structural 

imperfections. 

Cracks in the concrete propagate by following the 

complex topology of the internal structure. Fig. 2 illustrates 

the cracking process (Chiaia et al. 1998, Diamond 2004, 

Elaqra et al. 2007). Under loading, the structural defects 

appeared at the pre-loading stage are growing and form 

macrocracks, which topology follows the tensile stresses  
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layout. This process is closely related with distribution and 

mechanical characteristics of the coarse aggregates. 

Particularly, the crack growth is under control of topology 

of the interfacial transition zone that is, in principle, a most 

vulnerable component of the concrete structure (Chiaia et 

al. 1998). Research works conducted by Van Mier in co-

authorship (Van Mier 1991, Schlangen and Van Mier 1992, 

Chiaia et al. 1998, Van Mier and Van Vliet 2003, Prado and 

Van Mier 2003, Shiotania et al. 2003, Caduff and Van Mier 

2010, Man and Van Mier 2011) should be mentioned in this 

regard. These works have stipulated the inference that 

relative size (in respect to dimension of the specimen) and 

distribution of the aggregates are the most important 

characteristics responsible for the scatter of the test outputs. 

The distribution of aggregates is closely related with the 

mix design and the production technology (including 

number of rotation and rotation speed of the mixer, pouring 

position and specimen layout, and concrete vibration 

intensity). 

The heterogeneous structure determines different 

mechanical properties of the concrete in different loading 

situations. It could be related with a low resistance of the 

concrete matrix to development of the tension cracks. This 

property causes a brittle failure character and a very low 

tensile strength of the concrete (in comparison with the 

other major mechanical properties of the material). In 

practice, the tension zone of concrete elements is reinforced 

for compensating the low cracking resistance. Steel bars 

with different surface shape is the commonly used type of 

the reinforcement (Clark 1946). In the presence of bar  
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Abstract.  Heterogeneous structure and, particularly, low resistance to tension stresses leads to different mechanical properties 

of the concrete in different loading situations. To solve this problem, the tension zone of concrete elements is reinforced. 

Development of the cracks, however, becomes even more complicated in the presence of bar reinforcement. Direct tension test 

is the common layout for analyzing mechanical properties of reinforced concrete. This study investigates scatter of the test 

results related with arrangement of bar reinforcement. It employs results of six elements with square 60×60 mm cross-section 

reinforced with one or four 5 mm bars. Differently to the common research practice (limited to the average deformation 

response), this study presents recordings of numerous strain gauges, which allows to monitor/assess evolution of the 

deformations during the test. A simple procedure for variation assessment of elasticity modulus of the concrete is proposed. The 

variation analysis reveals different deformation behavior of the concrete in the prisms with different distribution of the 

reinforcement bars. Application of finite element approach to carefully collected experimental data has revealed the effects, 

which were neglected during the test results interpretation stage. 
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Fig. 1 Different levels of heterogeneity of concrete structure 

(Tijssens et al. 2001) 

 

 

Fig. 2 Cracking of concrete: nano-cracking (Diamond 

2004), micro-cracking (Elaqra et al. 2007), and mezo-

cracking (Chiaia et al. 1998) 

 

 

reinforcement, however, development of the cracks 

becomes even more complicated due to appearance of a 

new structure component – the interaction zone between the 

concrete and reinforcement (Mang et al. 2016). 

The reinforcement enables transferring the tensile 

stresses through the crack plane making possible 

development of the multiple cracks in the tensile concrete. 

At a certain distance from the transverse crack, the concrete 

continues carrying tensile stresses because of the bond 

mechanism. Goto (1971) related this process with the 

formation of secondary cracks (Fig. 3(a)) caused by the 

transfer of bond stresses to the surrounding concrete 

between the transverse primary cracks. Broms (1965) has 

characterized two types of cracks with different geometry. 

One type is the primary visible crack attaining the concrete 

surface, while the secondary cracks do not progress up to 

the concrete surface. The crack initiation could be also 

related with the restrained shrinkage effect (Gribniak et al. 

2013b): the stiff reinforcement induces tension stresses in 

the concrete by resisting its shrinkage deformations. 

As can be observed in Fig. 3(b), the crack width varies 

with the distance to the reinforcement bar. Despite the high 

amount of experimental and theoretical investigations 

carried out during the last century, a direct relationship 

between crack widths at the surface and inside the concrete 

(close to the bar) has not been determined (Beeby 1978). 

There is also no general agreement on the area of the 

effective concrete in tension. Specimens with different 

dimensions are used for representing the behavior of 

structural elements, which naturally increases the scatter of 

the test results, reducing the reliability of the assessed 

responses (Lee and Kim 2009, Gribniak et al. 2015). One of 

the most widely used layouts representing structural 

response of reinforced concrete is the direct tension test. A 

concrete prism reinforced with a bar in the center is the 

common test specimen for the analysis. During the test, the 

reinforcing bar is fixed by the grips of the testing machine 

and the test is performed under displacement or force 

control (Ingaffea et al. 1984). Despite the apparent 

simplicity of the tensile test setup, interpretation of the test 

results might be inadequate: the experimental evidence 

often disagrees with the general assumption of similarity 

between average strains of the reinforcement and concrete. 

In general, the total area of the concrete is assumed 

effective in tension though this assumption is adequate only 

for limited concrete cover ranges (Gribniak et al. 2017). 

Test results obtained by the authors (Gudonis et al. 

2014, Jakubovskis et al. 2014, Gribniak et al. 2016a) and 

other researchers, e.g., Broms and Lutz (1965), Borosnyói 

and Snóbli (2010), Caldentey et al. (2013), indicated that 

the cracking pattern is dependent on the geometry of the 

specimen and the arrangement of the reinforcement. 

Rostásy et al. (1976), Hwang (1983), Williams (1986), and 

Purainer (2005) have demonstrated experimentally that 

distributing the same reinforcement area in a higher number 

of smaller diameter bars may increase the stiffness of 

concrete ties. Such an increase might be a consequence of 

two effects. On the one hand, an increase in the total bond 

area increases the bond capacity to release the extra fracture 

energy during the crack formation stage. On the other hand, 

the confinement of the intact concrete between the closely 

spaced bars constrains the internal cracks. The test data 

reported by Broms and Lutz (1965) supports the latter 

inference. It has been shown (Fig. 4(a)) that the number of 

cracks between the closely distributed bars might 

significantly exceed the number of cracks in other areas of 

the concrete. Otsuka and Ozaka (1992) supported this 

deduction by reducing the distance between the 

reinforcement bars pulled-out from a massive concrete 

block (Fig. 4(b)). Using test results of ties with different 

reinforcement and testing layouts, Rimkus et al. (2017) 

revealed that differences in the crack spacing are dependent 

on the concrete cover. 

Analysis of the internal cracking (and strain distribution) 

is even too complicated to be performed experimentally. A 

finite element approach can be used to solve this problem. 

In last decades, numerical simulations were used for 

analysis of different aspects of the structural behavior: crack 

propagation (Theiner and Hofstetter 2009, Patel et al. 

2016), deformation problems (Gribniak et al. 2013a), and 

bond behavior (Jendele and Cervenka 2006). Fig. 5 presents 

an example of an elaborate analysis of the deformation 

behavior of RC tie performed by Gribniak et al. (2017). To 

investigate deformation state of the concrete, the boundary 

segments of two (60×60×640 mm and 100×100×640 mm) 

concrete prisms reinforced with 10 mm bar were modeled. 

The FE software ATENA was used for this purpose. 

Accounting for the symmetry conditions, quarter-segments 

were considered. Due to the limited computation capacity, 

two different meshes were generated: the quarter-segments  
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of 60×60×640 mm (Fig. 5(a)) and 100×100×640 mm (Fig. 

5(b)) prisms were modeled using 3 mm and 5 mm 

tetrahedral finite elements, respectively. The triple 

refinement was used to represent the reinforcement and 

concrete contact zone. The respective models contain about 

100,000 and 60,000 finite elements in total. The softening 

law proposed by Hordijk (1991) was assumed to describe 

cracking of the concrete. The contact between the 

reinforcement and concrete was modeled using the ribbed 

bond model proposed by Michou et al. (2015). These 

results indicate evident increase of the strain gradient in the 

concrete with increase of the cover. The considered models, 

however, were composed neglecting the aforementioned 

heterogeneity of the concrete structure. 

This study is dedicated to analysis of the scatter of test 

results of RC ties subjected to short-term loading focusing 

the components, which are related with the material 

heterogeneity and reinforcement layout. The test results of 

the extensive test program performed by the second author 

are used for the evaluation. Specific testing methodology 

enabled collecting test data (deformation sets) 

representative for the scatter analysis. A simple procedure 

for assessment of variation of the material characteristics 

(the deformation modulus of concrete) has been proposed. 

Particular deformation behavior of the ties is analyzed by 

applying FE approach. Unlike the common practice, 

numerical models account for the restrained shrinkage 

effect at the pre-loading stage. The numerical visualization 

has evidenced the effects neglected during the test results 

interpretation stage. The simulations have also proved 

versatility of the fundamental modelling principles for 

analysis of specific aspects of the experimental behavior. 
 

 

2. Experimental program 
 

This study is based on the test results obtained by the 

second author. The test program has been dedicated to 

deformation behavior of tensile concrete. The tests were 

performed in the structural laboratory of Vilnius Gediminas 

Technical University (VGTU) in 1993. Several innovative 

modifications of the test setup were made for solving 

problems related with noticeable limitations of the  

 
 

equipment existed in that period. New devices designed by 

R. Kupliauskas have also been employed in the tests. A 

uniform distribution of the tensile stresses in concrete 

subjected to tension load was considered as the governing 

condition for developing the setup. This seemingly trivial 

problem is closely related with different nature of the 

geometric and physical eccentricity in RC prisms. 

Precise producing and testing of the elements might 

solve the geometrical eccentricity problem. The minimum 

loading speed of the existed tensile machine, however, was 

too high for identifying the cracking behavior of the RC ties 

and was unacceptable for testing plain concrete specimens. 

Thus, a new system of two speed-reducers, each with 

40×capacity, and steel stiffeners (Fig. 6(a)) was developed. 

The series connection of the reducers has decreased the 

loading speed by 1600 times; the engine vibrations were 

prevented with a damping system. The modified loading 

scheme has enabled varying the loading velocity from 0.003 

mm/min to 0.070 mm/min. It also ensured precise 

application of the tensile load eliminating a sudden release 

of the deformation energy related with the transverse cracks 

opening. Additional spherical hinges (Fig. 6(c)) were 

introduced for reducing the eccentricity effects. After the 

modification (Figs. 6(a) and 6(b)), however, the length of 

the test prisms became limited to 700 mm that has 

predetermined geometry of the test specimens. New forms 

have been designed and produced. These forms enabled 

producing specimens with different (square and circular) 

cross-sections. Extremities of the specimens were widened, 

leaving the central part for detail investigation. A 

distribution device (screw holder with conical hole) 

schematically shown in Fig. 6(c) has been developed for 

ensuring the central position of the reinforcement bar. 

Another important aspect (the physical eccentricity) is 

related with the structure imperfections mentioned in the 

previous section. Since these imperfections are inherent to 

the concrete structure, the physical eccentricity could not be 

avoided during the tests. The eccentricity increases with the 

cracking (Van Mier and Van Vliet 2003). Moreover, the 

eccentricity magnitude varies with load (changing the crack 

pattern). So, the effects related with the physical 

eccentricity must be identified and monitored for adequate 

interpretation of the test outcomes. In the considered case, 

 

 

(a) Crack patterns around 32 mm bar with different rib spacing (Goto 

1971) 

(b) Experimental crack width variation in the cover 

concrete (Borosnyói and Snóbli 2010) 

Fig. 3 Cracking of the reinforced concrete 
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the eccentricity effects were monitored assessing the 

concrete surface strains on all sides of the test specimens. 

The strain gauges 50 mm long attached at eight different 

zones of surface of the central part of the specimens were 

used for this purpose. The monitoring layout can be 

observed in Fig. 6(a), while detail description of the testing 

procedure is presented in Section 2.2. Such important 

modification enabled application of these test results for 

tailoring and validation of the numerical model suitable for 

the scatter analysis in this study. 

Special geometry of the test specimens is also worth to 

be noted. The considered specimens represent a 

modification of the “dog-bone” shaped specimens for tests 

of the plain concrete. They, however, are also suitable for 

investigation of the serviceability properties (i.e., cracking 

and deformations) of RC elements. Unlike traditional 

tensile tests with the load applied to a single reinforcing bar, 

the shape of the considered specimens was chosen to 

represent the deformation behavior of a real structural 

member, when the load is transmitted to entire RC section. 

In other words, the tensile load is applied to the 

reinforcement bar indirectly through the surrounding 

concrete. Such testing layout allows eliminating the 

influence of end effects in RC ties. Although this method 

co mpl ica te s  d e forma t io n measure ments  o f  the 

reinforcement, Gribniak et al. (2017) demonstrated that 

such geometry of the ties is representative to analysis of the 

serviceability problems. Important advantage of such  

 
 

testing layout could be also related with the ability of 

testing concrete elements reinforced with several bars. 

Numerous devices have been employed during the tests 

for control of deformations and cracking behavior of the RC 

ties. Such instrumentation enabled a cross-verification of 

the test outcomes. However, a signal synchronization 

problem had appeared by owning a large number of the 

employed devices (more than 60 sensors were utilized each 

time). The solution was based on adapting an innovative 

equipment constructed in VGTU which enabled 

synchronization of up to 100 devices. The application of 

this equipment has allowed to correlate signals received 

from different sources during the loading process, while a 

personal computer was used acquiring and processing of the 

test readings. A graphical plotter was applied for immediate 

identification of appearance of the extraordinary signals. 

These devices are shown in Fig. 7 along to the equipped test 

specimen placed in the testing machine. 

The considered experimental program comprised of 

three series of specimens. Each of the series was consisted 

of eight ties of three types. The elements of the first type 

were made of plain concrete. The specimens of second type 

were reinforced with a single 5 mm bar, whereas four 5 mm 

bars reinforced the cross-section of the third type. The bars 

were made of cold worked steel. In addition, four 

specimens with a circular shape of cross-section have been 

produced. In total, 28 specimens were casted with the 

different arrangement of the bars and shape of the cross- 

 

 

(a) Test result reported by Broms and 

Lutz (1965) 

(b) Crack patterns around 22 mm bars spaced at different distances (Otsuka and 

Ozaka 1992) 

Fig. 4 Effect of the bar arrangement on the crack pattern 

  

(a) 60×60 mm cross-section reinforced with 10 mm bar (b) 100×100 mm cross-section reinforced with 10 mm bar 

Fig. 5 Modelling results by FE software ATENA of 280 mm external segments of RC ties tested by Gribniak et al. (2017): the 

results are shown only for the concrete; strains below the theoretical cracking limit are shown in grey; the stress distribution 

corresponds to average strain of the reinforcement equal to 0.77‰ 
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Fig. 7 Test equipped with a graphical plotter, 

synchronization device, and personal computer 

 

 

Fig. 8 Series of the test specimens 

 
 

section (rectangular and circular). All specimens are shown 

in Fig. 8. Producing the ties with circular (Fig. 9) section 

was associated with problems due to shrinkage restrained 

by cylindrical forms. Detail description of the shrinkage 

effect can be find in reference (Gribniak et al. 2013b). That 

effect has resulted in premature failure of the specimens 

(due to cracks localized near the extremities). Thus, the 

cylindrical ties were not mechanically loaded. 

 

 

Fig. 9 Cylindrical ties: Forms and specimens 

 

 

This study employs the test results of six ties with the 

square 60×60 mm cross-section. To evaluate arrangement 

effect of the bars on scatter of the test results (deformations 

of the concrete surface), two groups of identical ties 

reinforced with one and four 5 mm bars were chosen. The 

following specimens (Fig. 8) were selected for the analysis: 

the ties 2-04, 2-06, and 2-09 reinforced with one bars, and 

the ties 2-05, 2-07, and 2-08 reinforced with four bars. 
 

2.1 Description of the analyzed test specimens 
 

The specimens selected for the analysis were cast in one 

batch using steel forms shown in Fig. 10. This figure also 

provides a view of the cast specimens. The specimens were 

cured under laboratory conditions at average relative 

humidity 65% and average temperature 20°C. The RC ties 

were tested 180 days after the casting. 
 

2.1.1 Concrete 
The specimens were produced in one batch. Crushed 

granite aggregates were used. Proportions of the concrete 

 

 
 

(a) Test layout (b) Testing scheme (c) Hinge and anchorage details 

Fig. 6 Test setup 
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Table 1 Mix proportion of the concrete 

Material (kg/m3) 

Sand 0.14/2.5 mm 650 

Crushed granite aggregate 5/20 mm 1042 

Cement Cem I 42.5 N 540 

Water 255 

 

Table 2 Physical and mechanical properties of the concrete 

Parameter* Value 

Compressive strength at 28 day 40.72 MPa 

Compressive strength at the test day 42.49 MPa 

Tension strength at the test day 2.89 MPa 

Elasticity modulus at the test day 30.12 GPa 

Free shrinkage strain at the test day, ɛcs –244 × 10 –6 

*The compressive strength was determined using 100 mm 

cubes; the elasticity modulus and the shrinkage 

deformations were defined for 100×100×400 mm prisms; 

the tension strength was defined using the standard “dog-

bone” specimens with 100×100 mm cross-section 

 

 

are presented in Table 1. In order to determine physical and 

mechanical properties of the concrete, twelve 100 mm 

cubes, fifteen 100×100×400 mm prisms, and standard 

(“dog-bone”) specimens with 100×100 mm cross-section 

(for tensile tests) were produced contemporarily with the 

RC specimens. The compressive strength was assessed two 

times: at the test day and at the age of 28 days. Three cubes 

and three prisms were tested at each age. The prisms were 

also used for determining shrinkage of the concrete. The 

obtained properties of the concrete are listed in Table 2. 

 

2.1.2 Reinforcement 
Cold worked 5 mm wire was used as the reinforcement. 

Three samples were tested for characterization of 

mechanical parameters, while several lengths were weighed 

for identifying the nominal diameter. The stresses and 

modulus of elasticity are based on the nominal dimensions. 

The yield strength and modulus of elasticity of the 

reinforcement were found equal to 527 MPa and 170 GPa, 

respectively. 

 

2.1.3 Tests of RC elements 
The selected ties were nominally 660 mm long; the 

central 350 mm part had the square 60×60 mm cross-

section, whereas the ends were widened (Fig. 11(a)). All 

ties were reinforced with 5 mm bars. The sections were  

 

 

reinforced either with one or four bars. Strain gauges 

attached to the reinforcement bars were used for monitoring 

the deformation behavior in the anchorage zones. The 

experimental setup is shown in Figs. 6(a) and 6(b). The 

spherical hinges (located at both extremities of the test 

specimen) were used preventing parasitic bending effects 

due to an eccentric tension. External strips made of steel 

were used for redistributing (compensating) the load drop 

during formation of the cracks. The center position of the 

reinforced bar was ensured by using screw holder (treaded 

bar) with conical hole shown in Fig. 6(c). For specimens 

with several bars, the longitudinal bars were overlapped 

with the treaded bar and fixed at the center position with the 

help of transverse reinforcement (Fig. 6(c)). 

The tensile tests were carried out using an electro-

mechanical loading machine of 50 kN capacity. The tests 

were carried out in a displacement control manner with the 

initial loading rate of 0.01 mm/min. During the crack 

formation stage the loading speed was reduced to 0.05 

mm/min. Afterward, this velocity was maintained constant 

until the end of the test. For monitoring the applied load, a 

load cell (Fig. 6(b)) was used. Surface strains in the central 

part of the specimens were measured by means of 50 mm 

strain gauges at eight different levels as shown in Figs. 

11(b) and 11(c). The similar strain gauges were applied for 

monitoring the deformations of the external bars (stiffeners) 

shown in Fig. 6(b). The average deformations of the 

concrete were also measured using linear variable 

deformation transducers (Fig. 11(d)). An optical microscope 

(with 56×magnification) and ultrasonic device indicated in 

Fig. 6(a) were used for labelling the crack formation 

process. 

 

2.2 Results of the tensile test 
 

As mentioned in the introduction, this study is focused 

to analysis of the scatter of mechanical characteristics of 

RC ties, which could be related with the material 

heterogeneity and different arrangement of the 

reinforcement. Rimkus et al. (2017) demonstrated that 

differences in the crack spacing are dependent on the cover 

depth. The surface deformations of the concrete were 

identified as the most important parameter revealing 

different deformation behavior of RC elements with 

different arrangement of the reinforcement. This study, 

therefore, considers the deformation monitoring results 

obtained with the help of strain gauges shown in Fig. 11. 

Fig. 12 shows the deformation results of two selected 

specimens (i.e., the ties 2-09 and 2-08). Figs. 12(a) and 

 

Fig. 10 Square prisms employed in this study: Forms before and after the pouring 
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12(b) show the load-strain diagrams related to particular 

surfaces of the ties (see Fig. 11 for the reference): thin 

dashed blue lines represent the diagrams obtained using the 

monitoring results of the strain gauges attached to the 

surface A, dashed yellow – the surface B, dashed green – 

the surface C, and dashed red – the surface D. The graphs 

also include the averaged diagrams (of each surface and 

entire element as well). The thick solid lines (of the same 

color as the dashed diagrams) represent the average strain 

values of the surfaces, while the black lines correspond to 

the averaged values of all strain gauges. It is evident from  

 
 
Figs. 12(a) and 12(b) that the pouring position has 

significant effect on the local stiffness of the concrete. The 

stiffest behavior is characteristic of the surface C that 

corresponds to the bottom of the specimens during the 

pouring process. The opposite side (the surface A) possesses 

the highest deformations. This effect is particularly apparent 

in specimen 2-09 reinforced with a center bar. This output is 

in a good agreement with results reported in the literature 

(Chiaia et al. 1998, Man and Van Mier 2011). It is known, 

that the bottom part of a concrete element has a more 

compacted structure than the top part of the specimen. That  

    

(a) Dimensions (b) Stain gauge 

location 

(c) Stain gauge location scheme (d) The test view 

Fig. 11 Geometry of the test elements and measurement of the surface deformations 

  

  

(a) Load-strain diagrams of concrete surface of the tie 2-

09 

(b) Load-strain diagrams of concrete surface of the tie 2-08 

  

(c) Strain variation coefficient of the tie 2-09 (d) Strain variation coefficient of the tie 2-08 

Fig. 12 Experimental results of the specimens 2-09 and 2-08 
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Fig. 13 Prismatic segments model 

 

 

(a) Segment A1 

 
(b) Segment D1 

Fig. 14 Elasticity modulus assessment example of the 

element 2-08 (see Fig. 11 for the reference) 

 

 

is a consequence of gravity effects on rough aggregates 

during the vibration process. 

Scatter of the deformation results is another aspect that 

is requiring a clarification. A significant variation of the 

load-strain diagrams is characteristic of all surfaces at each 

loading stage shown in Figs. 12(a) and 12(b). However, the 

most noticeable scatter could be related with deformations 

of the tie reinforced with four bars obtained at more 

advanced loading stages (Fig. 12b). Figs. 12(c) and 12(d) 

show the variation coefficients corresponding to the load-

strain diagrams given in Figs. 12(a) and 12(b). These 

coefficients were determined separately for each side of the 

specimens as a function of the loading. The variation 

coefficients were also defined using outputs of all gauges 

(black solid lines in Figs. 12(c) and 12(d)). It can be 

observed that the variations assessed separately for each of 

the surfaces of the specimen 2-09 (reinforced with a center 

bar) vary in the 0.15-0.30 interval and are practically 

independent to the load. However, the partial variation 

coefficients (determined separately for each specimen side) 

are significantly lower than the variation coefficient defined 

using all monitoring results. This proves the aforementioned 

hypothesis about dependency of deformation behavior of 

the specimen surfaces on the pouring position. An opposite 

tendency is characteristic of the specimen 2-08 (reinforced 

with four bars). The scatter of the deformation monitoring 

results, noticeably increasing with load (up to 0.40-0.50), 

has the same magnitude independently whether separate 

surface or entire data sets are used for the analysis. Such 

outcome reveals more uniform deformation behavior of the 

concrete in the element reinforced with four bars. In the 

next section, a numerical simulation approach is employed 

to analyze this effect. 

 

 

3. Numerical approach 
 

3.1 Constitutive modeling 
 

As it has been described in the previous sections, 

heterogeneous deformational properties of the concrete in 

combination with the development of internal defects 

inevitably causes eccentricity of the applied tensile load; the 

parasitic bending moments appear even using spherical 

hinges for transferring the load. To model the observed 

uneven distribution of mechanical properties of the 

concrete, the internal (thinned) part of the specimen is 

divided into eight transversal layers (corresponding the 

arrangement of the strain gauges in Fig. 11); four triangular 

prism segments compose each of the layers as shown in Fig. 

13. As a result, 32 prismatic segments are represented the 

specimen as shown in Fig. 13(a). Deformational behavior of 

each external surface of the specimen is associated to the 

monitoring output of particular strain gauge (that was 

attached to this surface during the tensile test). 

Consequently, the 32 monitoring points are associated with 

the particular prismatic segments. The average stress in 

concrete is defined under assumption of equivalency of 

strains of the reinforcement and concrete in a particular 

transversal layer. It is also assumed that the average stress 

in the concrete is the same in all four prismatic segments, 

which compose the longitudinal layer of the specimen (Fig. 

13(b)). The stress in the concrete, belonging to i-th layer, is 

calculated as 

c
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(assessed by using results of the four strain gauges attached 

to surfaces of the i-th layer); Es is the elasticity modulus of 

the reinforcement (Es=170 GPa); As and Ac are the cross-

section area of the reinforcement and concrete, respectively; 

P is the applied load (assessed by the loading cell shown in 

Fig. 6(b)). The elasticity modulus of the concrete belonging 

to the j-th prismatic segment is determined as the stress-

strain ratio 

41,81,
,

,
,  === ji

ε

σ
E

ijc

icm
ijc , (2) 

where σcm,i is the average stress in concrete of the i-th 

transversal layer; εc,ij is the strain assessed using the results 

of strain gauge corresponding to the j-th segment (of the i-th  

transversal layer). 

 

 

The experimental data used for the determination of 

elasticity modulus was limited by 40-50 micro-strains to 

avoid effects related with inelastic behavior of the concrete. 

The inelastic effects are mainly caused by development of 

structure defects in the considered or neighboring segments. 

The former case corresponds to sudden increase of the 

deformations (together with the elasticity modulus), while 

the latter case causes relaxation of deformations in the 

considered segment that artificially increases of the 

assessed deformation modulus. The elasticity moduli 

obtained using the test data at different loading stages were 

linearly approximated. Graphical illustration of this 

procedure for the segments A1 and D1 of the element 2-08 

is shown in Fig. 14. 

Fig. 15(a) shows histograms of the elasticity modulus 

determined for all segments of the ties considered in Fig. 

  

(a) Diagrams of two elements (2-09 and 2-08) (b) Diagrams of six elements (the ties 2-04, 2-06, and 2-

09 reinforced with one bars, and the ties 2-05, 2-07, and

2-08 reinforced with four bars) 

Fig. 15 Elasticity modulus histograms 

    

(a) Discretization of the model (b) FE model of prism 

reinforced with a 

single 5 mm bar 

(c) FE model of prism 

reinforced with four 5 

mm bars 

(d) FE model of prism 

reinforced with a 

single 10 mm bar 

Fig. 16 Idealization of the test specimen and FE discretization of the central part of the concrete 
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12. It is evident that probability distribution of these results 

is far away to the normal. For the specimen 2-08 (reinforced 

with four bars), portion of relatively low (15-20 GPa) 

modulus is dominant, while the tie 2-09 (reinforced with a 

single bar) made of the same concrete possess an opposite 

outcome. The same tendency is characteristic of the 

histograms shown in Fig. 15(b), which include elasticity 

moduli determined for all specimens selected for the 

analysis, i.e., three specimens reinforced with a single bar 

(the ties 2-04, 2-06, and 2-09) and three ties reinforced with 

four bars (the ties 2-05, 2-07, and 2-08). Such results 

correlate with the test outcomes identified in Fig. 12. In 

opposite to the elements reinforced with a single bar, the 

larger number of bars ensures uniform distribution of 

deformations within the concrete. Higher average 

deformations monitored at the surface of the ties reinforced 

with four bars (e.g., Fig. 12(b)) result in a dominantly lower 

elasticity modulus of the concrete than characteristic for the 

ties reinforced with a single bar (Fig. 15). In the next 

section, the determined elasticity moduli of concrete are 

assigned to the corresponding regions of finite element 

model for representing the bar arrangement effect on the 

deformation behavior of the tensile elements. 
 

3.2 Finite element analysis 
 

Finite element (FE) software ATENA is employed to the 

numerical analysis (Jendele and Cervenka 2006). The 

deformation problem is solved in the 3D formulation using 

the Newton-Raphson iteration procedure. Isoparametric 

tetrahedral elements with 10 degrees of freedom and four 

integration points are used. As suggested in the reference 

(Mang et al. 2016), a relatively fine FE mesh size is used 

for ensuring discretization adequacy of the concrete cover 

(equal to 13 mm in the specimens reinforced with four 

bars). The average FE size is equal to 7 mm. Since detail 

experimental measurements were limited to the central 

thinned part of the specimen, only this part is used for the 

modelling (Fig. 16(a)). The numerical model employs the 

same segment discretization as used for the constitutive 

modelling (Section 3.1). FE models of the ties reinforced 

with one and four bars are shown in Figs. 16(b) and 16(c). 

Fig. 16(d) shows the model of a theoretical tie reinforced 

with a single 10 mm bar (of the same area as four 5 mm 

bars). To simplify the model, the outer (disregarded) parts 

of the specimen are modeled as stiff bodies (shown in Fig. 

16(a), but hidden in Figs. 16(b)-16(d)) with idealized 

material properties. Uniformly distributing the applied 

tensile load to the extremities of the central concrete part, 

these bodies are perfectly bonded to the inner (analyzed) 

concrete prism. Fig. 16(a) specifies the boundary conditions 

of the model. As can be observed, four equal nodal forces 

are applied to the external corners of the stiff body located 

at the top of the modeled specimen, whereas horizontal and 

vertical displacements of the bottom surface of another stiff 

element are prevented. 

For concrete, SBETA material model offered by ATENA 

is utilized. This model is based on the concept of smeared 

cracks and damage (Gribniak et al. 2013a). Concrete 

without cracks is considered as isotropic and concrete with 

cracks as orthotropic body. Cracking of the concrete was 

modeled using the softening law proposed by Hordijk 

(1991). The fracture energy of the concrete Gf is assumed 

equal to 80 N/m. Since an exact tensile strength of the 

concrete within particular segments is unknown, it is 

assumed the same for all segments and equal to the 

experimentally defined strength value (2.89 MPa). The 

elasticity moduli of the concrete defined in Section 3.1 are 

assigned to the corresponding regions of the model (Fig. 

16(a)). The results of the ties 2-09 and 2-08 are used for 

simulating prisms reinforced with one (Fig. 16(b)) and four 

bars (Fig. 16(c)), respectively. In this way, the simulated 

deformation behavior was associated with the particular 

monitoring results (Figs. 12(a) and 12(b)). Reinforcement is 

modeled as linear elastic material with the elasticity 

modulus Es equal to 170 GPa using the isoparametric 

tetrahedral elements. Such discretization enables 

straightforward modelling of the tension-stiffening effect 

(Gribniak et al. 2017). The perfect bond model is used for 

representing contact between reinforcement and concrete. 

The references (Mang et al. 2016, Rimkus et al. 2017) 

proved adequacy of such simplified assumption for the case 

of a relatively small deformations (considered in this study). 

To investigate the bar arrangement effect on the 

deformation response, the theoretical model of the prism 

reinforced with a single 10 mm bar (Fig. 16(d)) is also 

considered. This model employs the same material 

characteristics as the model with a single 5 mm bar (Fig. 

16(b)). 

The calculated and experimental load-strain diagrams 

are compared in Fig. 17. The experimental diagrams were 

obtained by averaging results of all strain gauges. The 

numerical diagrams were determined by averaging 

displacements of four surfaces of the modeled prism. The 

maximum experimental load of the specimen 2-09 was 

equal to 5.86 kN (Fig. 17(a)). The test was terminated due 

to failure of the concrete within the widened part of the 

specimen. In the tie 2-08, the overlapped connection of the 

longitudinal reinforcement (Fig. 6(c)) has ensured sufficient 

strength of the widened part: the ultimate load has reached 

11.75 kN. Thus, the experimental diagram shown in Fig. 

17(b) reaches a more advanced loading stage. 

As can be observed in Fig. 17, the initial stiffness of the 

experimental specimens was predicted adequately; 

however, the cracking load was overestimated for both 

specimens (solid lines in Fig. 17). Numerous investigations, 

e.g., (Broms and Lutz 1965, Michou et al. 2015, Gribniak et 

al. 2013b, 2015, 2016b), reported that restrained shrinkage 

of concrete might noticeably decrease of cracking resistance 

of RC members. In concrete elements, reinforcement bar 

restrains shrinkage deformations developing tensile stresses 

in the surrounding concrete. Prior to mechanical loading, 

magnitude of these stresses is governed by the 

reinforcement ratio. The larger the reinforcement ratio, the 

higher initial tensile stresses develops in the concrete. To 

illustrate this effect, the numerical study includes the 

concrete shrinkage into the consideration. For this purpose, 

the experimentally obtained shrinkage strain (–244×100–6) 

is used. Prior to the mechanical loading, the total shrinkage 

deformation is prescribed, using 10 equal increments, to all 

concrete segments (Fig. 16(a)). The external load is also 
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applied incrementally (with the 100 N load step). The 

modeled load-average strain diagrams taking into account 

the shrinkage effect are shown in Fig. 17 (dashed lines).  

 

 

The simulation results reveal prediction adequacy of 

both the initial stiffness and the cracking loads. Hence, the 

simulation results of the upgraded model (including the  

  

(a) One 5 mm bar (b) Four 5 mm bars 

Fig. 17 Calculated and experimental load-strain diagrams of prisms with different reinforcement 

   

(a) One 5 mm bar (b) Four 5 mm bars (c) One 10 mm bar 

Fig. 18 Distribution of the shrinkage-induced stresses in the concrete prisms with different reinforcement 

 

 

 

(a) The tie 2-09 (b) The tie 2-08 (c) A theoretical tie reinforced with a 

single 10 mm bar 

Fig. 19 Deformed shapes of the concrete prisms with different reinforcement (200×magnification scale) 
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Fig. 20 Simulated and experimental load-strain diagrams of 

different surfaces of the specimen 2-09 

 

 

shrinkage effect) is used for the deformation analysis. 

The simulated distribution of tensile stresses in the 

concrete prisms owning the shrinkage released prior to the 

mechanical loading is shown in Fig. 18. This figure 

includes views of the quarter-segments, which demonstrate 

internal distribution of the strains in concrete. Fig. 18 also 

includes simulation results of the theoretical prism 

reinforced with a single 10 mm bar (Fig. 16(d)). The 

shrinkage-induced stresses in the concrete reach up to 1.4 

MPa that corresponds to 50% of the tensile strength of the 

concrete (Table 2). It is evident that such stresses 

accumulated within the concrete at the pre-loading stage 

lead by significant reduction of the cracking load. This 

effect is more significant in specimens with higher amount 

of the reinforcement. In the considered cases, the 

reinforcement ratio of the prism reinforced with a single 5 

mm bar (Fig. 18(a)) is equal to 0.54%, while the remaining 

two specimens (Figs. 18(b) and 18(c)) have the 

reinforcement ratio equal to 2.18%. Fig. 18(a) reveals that 

the tensile stresses in the concrete are localized around the 

reinforcement bar. An increase of the reinforcement area 

makes distribution of the stresses within the concrete more 

uniform (Figs. 18(b) and 18(c)). Fig. 18 also indicates that 

elasticity modulus variation causes non-uniform stress 

distribution in the concrete segments: higher modulus of 

elasticity induces higher tensile stresses. 

Fig. 19 shows the deformed shapes of the specimens 

with different reinforcement. The presented modeling 

results are related with similar magnitudes of average 

deformation of the reinforcement, εm. The figure also 

indicates strain distribution in the concrete. Strain value of 

0.8% was assumed as the boundary (sky-blue filling 

indicates the regions in Fig. 19 where the strains exceed the 

boundary value). Referring to the assumed FE size (≈ 7 

mm), the boundary value indicates location of visible cracks 

(Mang et al. 2016). The ultimate strain regions are 

evidently localized in boundary zones of the concrete 

segments, which could be related with uneven distribution 

of the elasticity modulus. The differences in deformation 

properties generate a parasitic curvature within the tensile 

specimen even at low loading stages. This effect is 

particularly evident in the prisms reinforced with a single 

bar (Figs. 19(a) and 19(c)), while a larger number of the 

bars reduces effects associated with the heterogeneity of the 

concrete. It must be pointed out, however, that these results 

could be attributed to the idealized numerical model. 

Fig. 20 shows the load-strain diagrams of the prism 2-09 

(reinforced with a single 5 mm bar). The simulated 

diagrams are shown separately for each side of the 

specimen. Although the simulated stiffness of the side A 

(the top surface during the pouring of the concrete) is 

noticeably lower in comparison to the side C (the bottom 

pouring surface), the test results possess much more 

significant diversities than the numerical assessments. Such 

disagreement could be related with physical aspects more 

complex than the simplified assumptions of the presented 

numerical model. The local tensile strength of the cement 

matrix could be mentioned as one of the most important 

characteristics of the concrete. However, it was remained 

outside of the scope of the test program taken as the base 

for the presented analysis. Further research is necessary to 

investigate this effect. 

Results of this study are in good agreement with the 

previous findings (Gribniak et al. 2017, 2018), supporting 

the general inference about non-linearity of strain gradient 

in the tensile concrete. The end effect is characteristic of the 

traditional tensile tests when tensile load is transferred 

through the bond of the bar reinforcement. This effect 

increases with the cover depth. Application of the special 

geometry of tensile specimens might solve this problem 

(Fig. 19). However, a noticeable extent of the parasitic 

curvatures in the prisms reinforced with a single bar reveals 

important limitation of such reinforcement scheme (Figs. 

19(a) and 19(c)). Prisms reinforced with multiple bars 

demonstrate a more stable deformation response (Fig. 

19(b)). Such arrangement of the reinforcement reduces 

stochastic deformation component related with 

heterogeneity of structure of the concrete. Notwithstanding 

ability of FE software of simulating adequate deformation 

behavior of all considered tensile elements, specimens 

reinforced with multiple bars are recommended as the 

object for characterizing mechanical properties of 

reinforced concrete. 

 
 

4. Conclusions 
 

Structure of concrete can be considered as a 

combination of components with different mechanical 

characteristics and interaction mechanisms. The 

heterogeneous structure leads to different mechanical 

properties of the concrete in different loading situations. It 

could be attributed to a low resistance of the cement matrix 

to development of the tension cracks. In practical 

applications, the tension zone of concrete elements is 

reinforced for compensating the low cracking resistance. In 

the presence of bar reinforcement, however, development of 

the cracks becomes even more complicated due to 

appearance of a new structure component – the interaction 

zone between the concrete and reinforcement. The direct 

tension test is the most widely used layout for analyzing 

mechanical properties of the reinforced concrete. 
This study is dedicated to analysis of the scatter of the 

test results that could be related with arrangement of bar 
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reinforcement. The study is based on the tests performed in 
the structural laboratory of Vilnius Gediminas Technical 
University in 1993: 28 concrete specimens with different 
arrangement of the bars and shape of the cross-section 
(rectangular and circular) were subjected to short-term 
tension. Several innovative modifications of the test setup 
were made for solving problems related with noticeable 
limitations of the equipment available in the last decade of 
the past century. A uniform distribution of tensile stresses in 
the concrete was the aim of the modification. This problem 
seems trivial, but the actual complexity is related with 
different nature of the geometric and physical eccentricity 
in reinforced concrete tensile elements. Precise producing 
and testing the specimens might solve problems related with 
the geometrical eccentricity. The physical eccentricity, 
however, is related with structure imperfections of the 
concrete. Since these imperfections are inherent to structure 
of the concrete, the corresponding effects must be 
accounted for adequate interpretation of the test outcomes. 
In the considered test program, it was done by monitoring 
surface strains of the concrete. Strain gauges attached along 
each surface of the concrete specimen were used for this 
purpose. Special geometry of the test specimens is worth to 
be noted. It represents a modification of the “dog-bone” 
shaped specimen for tests of the plain concrete. Unlike 
traditional tensile tests with the load applied to a single 
reinforcing bar, the tensile load is applied to the 
reinforcement bar indirectly through the surrounding 
concrete. Important advantage of such testing layout could 
be also related with the ability of composing concrete 
sections reinforced with several bars. 

This study has employed the test results of six elements 
with square 60×60 mm cross-section in the monitoring 
zone. To evaluate the arrangement effect of the 
reinforcement, two groups of the ties reinforced with one 
and four 5 mm bars were considered. The monitored part of 
the specimen was divided into eight transversal layers; four 
triangular prisms composed each of them. Deformational 
behavior of each external surface of the specimen was 
associated to the monitoring output of particular strain 
gauge. Average stress in concrete was defined under 
assumption of equivalency of strains of the reinforcement 
and concrete in the segment. The average stresses in all four 
prismatic segments of the transversal layer of the concrete 
were also assumed the same. The elasticity modulus of the 
concrete belonging to particular prismatic segment was 
determined as the stress-strain ratio (using the results of the 
corresponding strain gauge). 

It is important to note that all specimens were made of 
the same concrete. For the specimens reinforced with four 
bars, however, portion of relatively low (10-22 GPa) 
elasticity modulus was dominant, while the prisms 
reinforced with a single bar possess an opposite outcome: 
the modulus of 22-40 GPa were prevailing. (The 
experimentally determined elasticity modulus was equal to 
30.1 GPa.) The variation analysis has proved dependency of 
deformation characteristics of the specimen surfaces on the 
pouring position in the elements reinforced with a center 
bar. Another tendency is characteristic of the specimen 
reinforced with four bars: the deformation behavior was 
practically independent on the pouring layout. These 
outcomes reveal diversity of deformation behavior of the 
concrete with different arrangement of reinforcement bars. 

Deformation behavior of the ties was analyzed by 
applying FE approach. Since an exact tensile strength of the 
concrete within particular segments is unknown, it was 
assumed the same for all segments and equal to the 
experimentally defined strength value. The identified 
elasticity moduli of the concrete were assigned to the 
corresponding regions of FE model. Unlike the common 
practice, the shrinkage effect realized at the pre-loading 
stage was accounted. The assessed shrinkage-induced 
stresses in the concrete have reached up to 1.4 MPa that 
corresponds to 50% of the experimentally determined 
tensile strength of the concrete. It is evident that the 
accumulation of such stresses reduces the cracking 
resistance of the element. 

The numerical simulations have revealed the effects, 
which were neglected during the test results interpretation 
stage. The differences in deformation properties of the 
concrete segments generated a parasitic curvature within the 
tensile specimen even at low loading stages. This effect was 
particularly evident in the prisms reinforced with a single 
bar, while a larger number of the bars reduced effects 
associated with the heterogeneity of the concrete. However, 
it must be pointed out that these results are related to a 
simplified numerical model. Although the simulated 
stiffness of the top surface of the concrete pouring was 
noticeably lower in comparison to the bottom surface of 
pouring, the test results possessed much more significant 
diversities than the numerical assessments. The further 
studies must address the effects related with the local tensile 
strength of the cement matrix, which have remained outside 
of the scope of the experimental program taken as the base 
for this study. The reported results, however, indicate that 
the application of multiple bar reinforcement might reduce 
the stochastic deformation component related with 
heterogeneity of structure of the concrete. The elements 
with multiple arrangement of reinforcement bars are 
recommended as the object for characterizing mechanical 
properties of reinforced concrete. 
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