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Résumé 

La résistance en traction est l'une des propriétés mécaniques clés du béton. Cependant, 

contrairement à la résistance en compression, il est difficile de déterminer la résistance réelle du 

béton sous tension uniaxiale en raison de son comportement fragile. Les méthodes indirectes 

normalisées, telles que les essais de flexion et de fendage, bien qu'elles soient largement utilisées 

et acceptées, tendent à fournir des résultats surestimés et moins précis. L'objectif de cette recherche 

est de développer une nouvelle méthode d'essai simple à réaliser, permettant d'obtenir des valeurs 

de résistance en traction plus proches de celles obtenues par des essais de traction directe. Dans ce 

contexte, un nouveau dispositif d'essai a été conçu et fabriqué, accompagné d'une nouvelle 

technique de préparation des échantillons. Le programme expérimental a été réalisé sur trois types 

de béton : le béton ordinaire, le béton autoplaçant et le béton renforcé de fibres métalliques. Les 

résultats ont été comparés à ceux des méthodes indirectes et des études antérieures. Les résultats 

montrent que la résistance en traction mesurée par la méthode proposée est nettement inférieure à 

celle obtenue par l'essai de flexion et plus proche des résultats obtenus par l'essai de fendage. De 

plus, tous les échantillons testés avec la méthode proposée ont présenté une rupture soudaine et 

distincte au milieu de l'échantillon. 

Mots clés : Résistance en traction; Essai; Flexion; Fendage; Traction directe; Dispositif d'essai; 

Bétons. 



 

 

Abstract 

Tensile strength is one of the key mechanical properties of concrete. However, unlike compressive 

strength, determining the true tensile strength of concrete under uniaxial tension is challenging due 

to the material's brittle behavior. Indirect standard methods, such as flexural and splitting tests, 

although widely used and accepted, often provide overestimated and less accurate results. The 

objective of this research is to develop a new testing method that is straightforward to conduct and 

yields tensile strength values closer to those obtained from direct tension tests. In this context, a 

novel testing device was designed and fabricated, along with a new specimen preparation 

technique. The experimental program was carried out on three types of concrete: Ordinary 

Concrete, Self-Compacting Concrete, and Steel Fiber Reinforced Concrete. The results were 

compared with those from indirect methods and previous studies. The findings demonstrate that 

the tensile strength measured by the proposed method is significantly lower than the flexural test 

results and closer to the values obtained from the splitting test. Additionally, all specimens tested 

using the proposed method exhibited a sudden and distinct fracture in the middle portion of the 

specimen. 

Keywords: Tensile strength; Flexural test; Splitting test; Direct tension test; Testing device; 

Concrete. 
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General Introduction 

   

Cementitious materials are the most widely used civil engineering materials globally [1]. 

They play a fundamental role in the construction of various concrete structures such as buildings, 

dams, bridges, tunnels, roads, etc. [2]. Among these materials, concrete stands out as the most 

prevalent for many centuries due to its exceptional compressive strength, low cost, and ease of 

production. However, as the concrete is a heterogeneous material, its tensile strength is 

significantly lower than its compressive strength. This weak tensile behavior can lead to durability 

and serviceability issues, such as cracking, deflections, and failure in structural elements. 

Therefore, it is crucial to accurately assess tensile strength during the design phase to ensure the 

integrity of concrete structures [3]. 

The assessment of tensile strength of quasi-brittle materials has been extensively 

investigated since the introduction of the first tensile test method in 1943 [4,5]. Tensile test 

methods are typically classified into two categories: (a) direct methods and (b) indirect methods. 

According to researchers, the uniaxial tension test is the most accurate method for measuring the 

tensile properties of materials [6,7]. Various techniques for direct tension testing have been 

developed, depending on the method used to secure the specimen to the testing machine. These 

include: (1) rings on truncated cones, (2) embedded steel bars, (3) lateral gripping, (4) gluing 

(adhesive bonding) [8]. However, due to the difficulties involved in applying a pure uniaxial load 

to test samples, these methods suffer from many technical problems, such as load eccentricity, 

non-uniform stress distribution, and stress concentrations at the specimen ends. Moreover, there 

are still no standardized procedures for determining the direct tensile strength of concrete.  

Most recent studies have focused on evaluating the tensile strength of concrete using 

indirect tensile test methods due to their simplicity. The most commonly utilized indirect tensile 

tests are the splitting test, also known as the Brazilian test, and the flexural strength test, which 

can be conducted using either center-point or two-point loading configurations. Although these 

methods are widely accepted, they do not yield the true tensile strength of concrete. Furthermore, 

validation of indirect tensile tests often relies on several assumptions, such as the homogeneity of 

the sample, uniform distribution of tensile stress, and the simplification of linear elastic behavior. 

Consequently, significant discrepancies have been observed between the results obtained from 

indirect tensile methods and direct tensile tests, with the magnitudes derived from indirect tensile 

tests frequently being overestimated [9].
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This introduction aims to clarify that achieving the true tensile strength of concrete is 

extremely challenging, if not impossible. In this context, the primary objective of this research is 

to develop a novel experimental method to investigate the tensile strength of concrete by designing 

and fabricating a new, simple, and reliable testing device for determining the direct tensile strength. 

The proposed device will be compatible with most existing compression testing machines, and it 

is designed to be durable, inexpensive, and easy to use. Additionally, this study introduces a novel 

technique for specimen preparation, specifically developed to overcome the challenges associated 

with previous research methodologies. 

This thesis comprises a total of four chapters. These chapters are organized as follows: 

• Chapter I : Literature Review 

This chapter presents a detailed literature review, focusing on the behavior of concrete 

under various stress conditions, with a particular emphasis on tensile strength. The chapter covers 

different methods of determining tensile strength of concrete, including standard and non-standard 

test methods, and explores the key factors influencing mechanical properties of concrete. 

Relationships between compressive and tensile strength are discussed, along with failure modes 

and the importance of accurate testing methodologies. 

• Chapter II : Development and Analysis of a Tensile Testing Device 

In this chapter, the design and fabrication of a novel device for direct tensile testing of 

cylindrical concrete specimens are detailed. The chapter outlines the technical challenges, design 

process, and validation of the device through both analytical calculations and numerical 

simulations. Special emphasis is placed on ensuring the compatibility of the device with standard 

compression testing machines and its ability to provide accurate tensile strength measurements. 

• Chapter III : Experimental Procedure for Assessing the Proposed Testing Device 

This chapter describes the materials and methods used in the experimental study. The 

composition of the concrete mixes, including ordinary concrete (OC), self-compacting concrete 

(SCC), and steel fiber-reinforced concrete (SFRC), is outlined. Detailed procedures for specimen 

preparation and curing are provided. The chapter also introduces the test methods used for 

compressive, tensile, and flexural strength testing, along with a description of the novel specimen 

preparation technique used in the direct tensile tests. 
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• Chapter IV : Experimental Results and Discussion 

This chapter presents the experimental results obtained from the tensile tests performed 

using the newly developed testing device. A comparison is made between the direct tensile strength 

measurements and those obtained from indirect methods such as the splitting tensile and flexural 

tests. The chapter discusses the observed failure modes of specimens and the influence of the 

testing method on the test results. 

Based on the experimental investigations, general conclusions and future prospects are 

discussed at the end of the thesis. 
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Chapter I: Literature Review 

 

I.1. Introduction 

The compressive strength of concrete is the property most valued by designers and quality 

control engineers. However, the tensile strength, although significantly lower than the concrete 

compressive strength, plays a crucial role in the material's overall behavior, especially in complex 

stress states. The primary focus of this chapter is to explore the behavior of concrete under various 

stress conditions. A detailed review of the literature is provided, describing different test methods 

for determining the tensile strength of concrete, including standard tests and methods proposed by 

previous researchers. Additionally, various factors influencing concrete strength are examined in 

detail. Furthermore, the relationships between uniaxial compressive strength and tensile strength, 

as suggested by different international codes and published studies are presented. 

I.2. Concrete strength 

The strength of a material is defined as the ability to resist stress without failure. Failure is 

sometimes identified with the appearance of cracks. However, microstructural investigations of 

ordinary concrete show that unlike most structural materials concrete contains many fine cracks 

even before it is subjected to external stresses [10]. In concrete, therefore, strength is related to the 

stress required to cause failure and it is defined as the maximum stress the concrete sample can 

withstand. In tension testing, the fracture of the test piece usually signifies failure. In compression, 

the test piece is considered to have failed even when no signs of external fracture are visible; 

however, the internal cracking has reached such an advanced state that the specimen is unable to 

carry a higher load. 

I.3. Significance of concrete strength 

In concrete design and quality control, strength is the property generally specified. This is 

because, compared to most other properties, testing of strength is relatively easy. Furthermore, 

many properties of concrete, such as elastic modulus, impermeability, and resistance to weathering 

agents including aggressive waters, are believed to be dependent on the strength and may therefore 

be deduced from the strength data [11]. The compressive strength of concrete is several times 

greater than other types of strength, therefore a majority of concrete elements are designed to take 

advantage of the higher compressive strength of the material. Although in practice most concrete 

is subjected simultaneously to a combination of compressive, tensile, and shearing stresses in two
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or more directions, the uniaxial compression tests are the easiest to conduct in the laboratory, and 

the 28-day compressive strength of concrete determined by a standard uniaxial compression test 

is accepted universally as a general index of the concrete strength. 

Generally, strength tests of concrete specimens are used for three main purposes: 

• For research; 

• For quality control and quality assurance; 

• For determining in-place concrete strength [12]. 

I.4. Size levels for assessing the concrete behavior 

Concrete is frequently modeled as a two- or three-phase material. These phases include the 

aggregate phase, the cement-matrix phase, and a substantial number of pores (air voids) within the 

concrete structure. 

The ratio between the subsequent constituents will influence the deformational properties of 

the concrete mix and the final strength [13]. Next to these internal structure-related variables, a 

large number of external factors will influence the observed behavior too. For small-sized tests on 

cubical or cylindrical specimens, for example, used for the determination of the strength and 

deformational properties of the material, these other factors are loading rate, specimen size, 

moisture conditions, temperature, etc. 

At this point, it is essential to define the different size levels. Based on the classifications 

provided by Mihashi [14] and Wittmann [15], three distinct groups can be identified: 

I.4.1. Macroscopic level 

The characteristic length typically ranges around 100 mm or more. The properties under 

study pertain to a continuum, including average stress and strain, as well as the non-linearity of 

mechanical properties. It is desirable to present the corresponding engineering models in a format 

suitable for immediate application in numerical analysis.  

I.4.2. Meso-level 

At the Meso-level, also known as the sub-macroscopic level, the characteristic length 

typically ranges from 1 to 10 mm. Typical phenomena studied at this level include crack formation 

and fracture mechanisms, which significantly influence the average stress-strain, and non-linearity 

of mechanical properties at the macroscopic level.  
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I.4.3. Microlevel 

At the micro level, concrete behavior is analyzed at the smallest scale (in the order of 10-1 

mm or less). This level of analysis focuses on the atomic and molecular structure of concrete 

constituents, such as cement paste, aggregates, and hydration products. Phenomena studied at this 

level include chemical reactions, crystalline structures, and interatomic bonding.  

I.5. Failure Modes in Concrete 

Failure of concrete occurs as a result of the development of a network of microcracks that 

grow in length with increasing load until the concrete can no longer support further stress. Under 

uniaxial tension, relatively less energy is needed for the initiation and growth of cracks in the 

matrix. Before external loads are applied, fine cracks already exist in the concrete at the interface 

between the coarse aggregate and the cement paste. These cracks are caused by differences in 

mechanical properties and the effects of shrinkage or thermal strains. These pre-existing 

microcracks are responsible for the low tensile strength of concrete. As external load is applied, 

existing microcracks are stable up to about 30 % of the ultimate load, at which point interfacial 

cracks begin to increase in length, width, and quantity. When 70–90 % of the ultimate strength is 

reached, cracks penetrate into the bulk paste leading to continuous larger cracks until the concrete 

cannot support additional load [10]. 

However, in compression, the failure mode is less brittle because considerably more energy 

is needed to form and extend cracks in the matrix. It is generally agreed that, in a uniaxial 

compression test on medium- or low-strength concrete, no cracks are initiated in the matrix up to 

about 50 percent of the failure stress; at this stage, a stable system of cracks, called shear-bond 

cracks, already exists in the vicinity of coarse aggregate. At higher stress levels, cracks are initiated 

within the matrix; their number and size increase progressively with increasing stress levels. The 

cracks in the matrix and the interfacial transition zone (shear-bond cracks) eventually join up, and 

generally, a failure surface develops at about 20° to 30° from the direction of the load, as shown 

in Figure I.1. 
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Figure I.1: The failure mode of concrete under compression [11]. 

I.6. Behavior of concrete under various states of stress 

Under practical conditions, concrete is rarely subjected to uniaxial stress (stress in one 

direction), since in most structural situations the concrete is stressed in multiple directions 

simultaneously. Nevertheless, an assumed uniaxial stress condition can be justified in many 

cases[16]. 

I.6.1. Behavior of concrete under uniaxial compression 

Compressive strength is one of the most important properties of concrete. Furthermore, it 

is commonly considered as a reference for many other properties, such as elastic modulus and 

tensile strength [10,17]. The assessment of concrete compressive strength is typically obtained 

from testing concrete specimens of either cubic or cylindrical shapes as suggested by different 

codes and standards. 

Figure I.2 presents a typical stress-strain curve of a concrete specimen subjected to a 

uniaxial compression test. The curve shows a linear-elastic behavior up to about 30 percent of the 

ultimate strength fcu. When existing interfacial microcracks begin to propagate, the curve shows a 

gradual deviation from linear behavior up to about 90% of ultimate strength; deviation from 

linearity increases as more interfacial cracks are formed. As ultimate strength is approached, 

interfacial and bulk paste microcracks join to form continuous cracks parallel to the direction of 

loading. At some point, the extent of cracking is so great that the concrete cannot support additional 

load, and subsequently, the stress required for additional strain decreases until the specimen is 

fractured [18]. 
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Figure I.2: Typical stress-strain curve of concrete in compression [18]. 

I.6.2. Behavior of concrete under uniaxial tension 

Under uniaxial tension, the behavior of concrete differs significantly from its behavior 

under compression. Concrete tends to exhibit brittle fracture characteristics when subjected to 

tensile stress. Initially, the stress-strain curve shows linear behavior up to a certain limit. The 

propagation of existing microcracks within the concrete matrix leads to a rapid deviation from this 

linear behavior. Due to the nature of tensile stress, cracks are less frequently arrested compared to 

compressive stress, resulting in a shorter interval of stable crack propagation. 

As the stress increases, these microcracks propagate and coalesce, reducing the effective 

load-carrying area and increasing the stress concentration at the crack tips. This process accelerates 

crack growth, making it difficult to observe the descending portion of the stress-strain curve in 

tensile tests. Consequently, concrete fails in a relatively brittle manner under uniaxial tension 

compared to the more ductile failure observed under uniaxial compression [19,20] 

I.6.3. Behavior of concrete under shearing stress 

Concrete under shearing stress exhibits a complex behavior due to its heterogeneous 

composition and the interaction between the aggregates and cement paste. The shear strength of 

concrete is influenced by factors such as the adhesion between cement paste and aggregates, 

frictional resistance, and the mechanical interlocking of the aggregate particles. These factors 

contribute to the mobilization of shear stress and displacement within the material. During shear 

stress application, microcracks can develop and propagate, leading to various failure modes that 

differ from those observed under uniaxial compression or tension [21]. 
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I.6.4. Behavior of concrete under biaxial and multiaxial stresses  

Concrete under biaxial and multiaxial stresses exhibits complex behavior significantly 

different from its uniaxial stress response. When subjected to biaxial stress, combinations of 

compression-compression, compression-tension, and tension-tension scenarios are considered. 

Research indicates that the strength of concrete in biaxial compression can be significantly higher 

than in uniaxial compression, often up to 1.5 to 2 times. However, the tensile strength is not 

significantly affected by the application of biaxial tensile stresses [10,22–24]. In multiaxial stress 

conditions, the presence of three-dimensional stress states further complicates the failure 

mechanisms, often leading to an increased compressive strength due to the confinement effect. 

Biaxial stress tests typically involve concrete specimens subjected to in-plane loading using 

specialized platens to minimize restraint effects. These tests help understand the complex interplay 

between different stress components, providing critical insights for structural design and analysis 

under realistic loading conditions. 
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I.7. Testing methods for tensile strength  

I.7.1. Historical overview 

Galileo Galilei was perhaps the first to define the concept of stress [7]. Demonstrating 

methods to determine the maximum load of a material, such as the cantilevered beam test to which 

a weight was attached at the end (Figure I.3). He also identified the size effect, noting differences 

in load-carrying capacities of different bone sizes [25]. Determination of the uniaxial tensile 

strength is not straightforward, particularly in the days of Galilei, which posed significant 

challenges. Timoshenko [25] and Siviero [26] give historical overviews and describe tests on dog-

bone-shaped specimens as a first attempt to measure the tensile capacity of concrete. The tensile 

strength of the material, defined as the maximum stress that the material specimen can carry, is 

simply calculated by dividing the maximum load by the net cross-section in the neck of the sample. 

However, Due to the difficulties in achieving pure axial tension and uncertainties from holding 

devices, direct tension tests are seldom used even for research purposes. 

 

Figure I.3: Illustration of Galileo's Bending Test [25]. 

I.7.2. Indirect tensile test methods 

The tensile strength of quasi-brittle materials can be measured using direct and indirect 

tensile tests. Indirect tensile tests are frequently developed and adopted for determining tensile 

strength and the stress-strain relationship. The most commonly used indirect tensile tests for quasi-

brittle materials include the splitting test (also known as the Brazilian test) [27], three-point 

bending test, and four-point bending test [28]. However, indirect tensile tests do not produce a 
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uniform and uniaxial tensile stress distribution across the fracture section. Additionally, these tests 

often require assumptions such as two-dimensional plane stress conditions, homogeneous sample 

characteristics, and linear elastic behavior simplifications for validating the testing method [29,30]. 

Consequently, significant discrepancies are observed between the results obtained through indirect 

tensile methods and direct uniaxial tensile tests, with the magnitudes determined by indirect tensile 

tests generally being overestimated [31–33]. 

I.7.2.1. Splitting test 

a. Description of the test 

One of the most commonly used indirect tensile tests for evaluating the tensile strength of 

concrete is the splitting test (NF EN 12390-6). This method was first proposed by Carneiro and 

Barcellos (1953) [34] in Brazil and independently developed by Akazawa (1953) in Japan [35]. In 

this test, a standard cylindrical specimen is placed horizontally between the loading platens of a 

testing machine and compressed along its vertical diameter. The experimental setup is depicted in 

Figure I.4. 

During the test, a radial compressive load is applied to the surface of the specimen, causing 

a vertical crack to form along its diameter. As the radial compressive force increases, the tensile 

stress within the specimen also increases, ultimately causing it to split along the direction of the 

applied load (vertical diameter) 

 

 

 

 

 

 

Figure I.4:  Splitting tension test [36] 

The loading rate recommended for this test is:  

• 𝜎̇ ∈ [0.04; 0.06]𝑀𝑃𝑎/𝑠̇  under imposed stress. 

Supplementary steel bar 

Concrete cylinder 

Plane of tensile failure 

Bed plate of testing machine 

                          Plywood 
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• 𝜀̇ = 1.65 × 10−5̇ 𝑠−1 under imposed strain.  

The cylindrical specimens used for this test must conform to the specifications outlined in the 

testing standards EN 12390-1 [37] and EN 12390-2 [38]. 

Cubes and prisms can also be subjected to the splitting test, with the load applied through 

loading pieces positioned on the center lines of two opposing faces of the cube (Figure I.5). This 

method covered by BS 1881: Part 117: 1983, and replaced by BS EN 12390-6: 2009, yields results 

comparable to those obtained from the splitting test on cylindrical specimens [39]. 

 

 

Figure I.5: Test setup of a cube subjected to the splitting test [40]. 

b. Expression of results 

The calculation of the maximum principal stress in the splitting tensile test is based on 

elasticity theory. The two-dimensional stress field in the disc can be derived and simplified to 

focus only on the normal stress (𝜎𝑥)  along the loading axis of two equal and opposed point loads, 

as illustrated in Figure I.6. The maximum principal stress (𝜎𝑥) in the specimen can be calculated 

using the following equation, as provided by Timoshenko and Goodier [41]: 

𝜎𝑥 =
2𝐹

𝜋𝑑𝐿
                                                (1)   

Where:   

𝜎𝑥: the horizontal normal stress, in MPa; 
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F: the maximum load, in N; 

L: the length of the line of contact of the specimen, in mm; 

d: the designated cross-sectional dimension, in mm. 

 

Figure I.6: Assumed load condition for splitting test [42]. 

As mentioned above, the splitting test methods use the Timoshenko and Goodier equation 

[41] to calculate the tensile strength of the material, assuming that the fracture mode initiates at 

the center of the specimen. The crack propagates in the direction of the highest stress, towards the 

loading strips. In their study on rupture mechanisms in the splitting test, Rocco et al. [43] identified 

that this primary mode of failure (schematically shown in Figure I.7.a) is followed by secondary 

cracking, as illustrated in Figure I.7.b. This observation suggests that, upon reaching the maximum 

tensile strength and the formation of a crack at the center along the loading axis, stress 

redistribution occurs, leading to the creation of new highly stressed regions. 

By measuring transversal deformation during the test, Rocco et al. [43]  found that both the 

formation of the principal crack and the secondary crack exhibited distinct peaks, as depicted in 

Figure I.7.c. The relative magnitudes of these peaks vary depending on the material type and 

specimen geometry. It is important to note that in the present test method, the tensile strength (𝑓𝑡) 

is calculated based on the maximum load recorded during the test. In instances where the 

secondary peak load exceeds the principal peak load, the linear elastic solutions provided by both 

equations would become invalid. 
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Figure I.7: a) Formation of principal crack; b) formation of secondary crack; c) Schematic 

representation of load-deformation curve [43]. 

c. Differences between the practical splitting test of concrete and theoretical analysis 

The calculations outlined above provide an exact solution for the ideal case. However, the 

actual execution of the test deviates from these ideal conditions in the following respects: 

1. Material properties 

Theoretical analyses usually assume the concrete material to be perfectly elastic and 

isotropic. Practically, concrete exhibits heterogeneous and sometimes anisotropic properties, 

leading to variations throughout the specimen [44]. 

2. Deviation from Hook's law 

The theoretical analysis of the stress field within the concrete cylinder assumes a linear 

elastic material behavior, where strain is proportional to stress. However, the elasticity theory is 

not applicable in the case of concrete [45]. The apparent decrease in elasticity modulus as stress 

increases indicates that the stress-strain curve redistributes stress from highly stressed regions on 

the top and bottom surfaces of the cylinder to areas of lower stress. As a result, this phenomenon 

tends to increase the load necessary to fracture the specimen, leading to a higher calculated value. 

3. Deviation from plane stress conditions 

In practical scenarios, elasticity theory assumes a state of plane stress, which may not 

always be achieved. While thin discs tend to approximate plane stress conditions, long cylinders 
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more closely resemble plane strain [45]. It is important to note that the theory has not been 

extended to accommodate the plane strain conditions. 

4. Distribution of applied load 

In splitting test methods, it is assumed that applying a point load on a thin plate generates 

a uniform tensile stress state along the generator of the cylinder during the test. However, as 

illustrated in Figure I.8.b, the actual loading conditions in the test setup differ from the simplified 

boundary conditions depicted in Figure I.8.a [46]. In practice, the loads are applied to the specimen 

using a loading strip with a certain width, rather than point loads. 

 

Figure I.8: Load conditions in splitting test: a) Assumed load; b) Actual load [46]. 

The stress distribution within a loaded cylinder, as illustrated in Figure I.9, reveals distinct 

patterns. Across approximately three-quarters of the vertical plane, the tensile stress remains 

relatively constant. However, at the top and bottom ends, there is a notable transition towards 

significantly higher compressive stress levels. Notably, the maximum compressive stress exceeds 

the maximum tensile stress by a factor of approximately 18 [45]. While this discrepancy might 

suggest a potential failure due to local compression along the loading lines, practical evidence 

refutes this assumption. 
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Figure I.9: Stress distribution in a loaded cylinder [45]. 

d. Parameters affecting the splitting tensile strength  

1. Effect of specimen sizes 

Like all brittle failures of concrete, split tensile failure exhibits a size effect, as 

demonstrated by various researchers. Malhotra [47] found that smaller concrete cylindrical 

specimens (Φ102 × 203 mm) exhibited higher nominal strengths compared to larger ones (Φ152 

× 305 mm). Rocco et al. [48] also observed that the splitting tensile strength decreases with 

increasing specimen size in Brazilian tests. Similar findings were reported by Carmona [49], Wang 

et al. [50], and Zhang et al. [51]. 

Conversely, some researchers reported differing results. Zhou et al. [52] observed an 

increase in splitting tensile strength with larger specimen sizes. Additionally, Hasegawa et al. [53] 

and Bažant et al. [54] found that splitting tensile strength initially decreases and then slightly 

increases with the increase in structural size, concluding that the variability of splitting tensile 

strength decreases with increasing specimen size. 

2. Effect of loading strips 

In the Brazilian test, the load is applied to the concrete cylinder by means of loading strips 

with a certain width instead of concentrated loads. The loading strip causes an uneven distribution 

of the normal stress along the loading axis of the specimen, with compressive zones at the top and 

bottom of the tested specimen. Furthermore, the size of the compressive zone depends on the size 

(width) of the load strip. The deviation from the assumed simple boundary conditions leads to 

overestimating the tensile strength obtained [41]. Rocco et al. [43,55] investigated the influence 
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of the width of the loading strip on the results of the Brazilian test using international standards 

(BS 1881-117, ASTM C-469, ISO 4105). Their analysis shows that the split cylinder test can yield 

a true indication of the tensile strength as long as the width of the loading strip does not exceed 

8% of the diameter of the specimen and the loading rate does not exceed 1.0 MPa/min.  

3. Effect of specimen moisture condition 

The moisture condition of concrete specimens plays a critical role in the outcomes of the 

splitting tensile strength test. Specimens in a saturated surface-dry condition generally show higher 

tensile strength due to the presence of internal moisture that helps distribute stress more evenly 

and prevents premature cracking. In contrast, dry specimens tend to exhibit lower strength because 

they are more brittle and prone to micro-cracking. Air-dried specimens typically have intermediate 

properties, with some retained moisture aiding in reducing brittleness [56,57]. 

4. Effect of loading rate 

The loading rate significantly impacts the splitting tensile strength of concrete. Higher 

loading rates generally lead to increased tensile strength due to the rate-sensitive nature of 

concrete. This is attributed to the limited time available for microcrack development and the 

enhanced inertial resistance during rapid loading. In contrast, lower loading rates allow more time 

for microcracks to initiate and propagate, resulting in lower strength measurements [44,58]. 

I.7.2.2.  Flexural strength test  

a. Description of the test 

The flexural strength test of concrete, also known as the modulus of rupture test, is an 

indirect method used to estimate the tensile strength of concrete. In this test, a standard 

unreinforced concrete beam (100 mm x 100 mm x 500 mm or 150 mm x 150 mm x 700 mm) is 

subjected to flexure until failure occurs. Typically, this is done using either a center-point or two-

point loading setup. The center-point loading method involves applying the load at the midpoint 

of the span, while the two-point loading method applies the load at two points, each located at one-

third of the span length from the support points, as shown in the Figure I.10. This loading 

configuration induces tensile stresses in the lower half of the beam and compressive stresses in the 

upper half, perpendicular to the direction of the applied load. The load is applied gradually without 

shock at a constant rate until failure occurs. The rate of loading typically ranges from 0.04 MPa/s 

to 0.06 MPa/s, depending on the specimen size. 
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(a)           (b) 

Figure I.10:  Loading setup for the flexural test: a) two-point loading; b) center point        

loading [59]. 

b. Expression of results 

The flexural strength (modulus of rupture) using center-point loading is calculated on the 

basis of elastic theory and is given by the equation:  

𝑓𝑐𝑓 =
𝐹×𝑙

𝑑1×𝑑2
2                                               (2) 

Where : 

𝑓𝑐𝑓 : the flexural strength, in MPa; 

𝐹 : the maximum load, in N; 

𝑙 : the distance between supporting rollers, in mm; 

𝑑1 : the width of the beam, in mm; 

𝑑2 : the depth of the beam, in mm. 

If, however, the flexural strength of the beam is subjected to two-point loading, the 

modulus of rupture is given by: 

                                      𝑓𝑐𝑓 =
3×𝐹×𝑙

2×𝑑1×𝑑2
2                                    (3) 
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The flexural strength obtained using the center-point load test arrangement is higher than 

that obtained with the two-point load test configuration. A comparison conducted within the EC 

Measurement and Testing Programme, under contract MAT1-CT-94-0043, suggests that the 

modulus of rupture values from the center-point loading method can exceed those from the two-

point loading method by up to 13%. 

c. Differences between the practical test and the theoretical case  

In the bending experiments, the equation for the flexural strength is based on the elastic 

beam theory, where the maximum tensile stress in the bottom fiber is determined by assuming the 

tensile stress within the beam varies proportionally with the distance from its neutral axis (the 

stress–strain relationship is assumed to be linear) [10], as shown in the Figure I.11. However, in 

the practical test, there is a progressive increase in strain as the stress surpasses approximately half 

of the tensile strength. Consequently, the stress block shape under loads nearing failure adopts a 

parabolic form rather than a triangular one.  

 

Figure I.11: Stress distribution across the depth of a concrete beam in the flexural test [60]. 

According to Wright [61], when the compressive stress distribution is linear and the tensile 

stress distribution follows a parabolic pattern, the maximum tensile stress is 0.735 times the 

conventional modulus of rupture value. Furthermore, Raphael [62] has demonstrated that the 

theoretical maximum tensile stress exceeds the correct value of the modulus of rupture by 25% 

(see Figure I.12). As expected, results from the flexural test tend to overestimate the tensile 

strength of concrete by 50% to 100% [60]. 
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Figure I.12: Plot of the modulus of rupture against compressive strength of concrete [62]. 

The CERIB recommends that a coefficient of 0.6 be used to obtain the pure tensile strength: 

𝑓𝑡 = 0.6 𝑓𝑐𝑓                                       (4) 

d. Parameters affecting the flexural strength 

1. Effect of specimen dimensions 

According to ASTM C 78 and ASTM C 293, the tested specimen must have a span three 

times its tested depth. Standard beam dimensions are generally 150 mm × 150 mm × 500 mm, 

with testing conducted on a 456 mm span. However, beam dimensions can vary depending on the 

maximum size of the coarse aggregate. The minimum dimension of the specimen must be at least 

three times the nominal maximum size of the coarse aggregate, and the width-to-depth ratio in its 

molded state should not exceed 1.5. 

The effect of span length on flexural strength for a constant beam cross-section remains 

unclear. Kellerman [63] reported a decrease in strength with increasing span length for both center-

point and two-point loading. In contrast, Reagel and Willis [64] found no significant impact of 

span length on strength under two-point loading conditions. 

2. Effect of specimen size 

It is commonly agreed that increasing the size of the tested specimen results in a decrease 

in flexural strength for both center-point and two-point loading methods [61,63–65]. Moreover, 

studies have indicated that larger specimen sizes lead to reduced variability in test results [65]. 
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3. Effect of loading rate 

Research indicates that the flexural strength of concrete increases with higher loading rates 

during testing. This is because concrete exhibits greater resistance to deformation at faster loading 

rates, resulting in higher measured strengths. Additionally, higher loading rates tend to reduce the 

variability in test results, enhancing the reliability of the data. This effect has been observed across 

various types of concrete, including plain and steel-fiber-reinforced concrete, although the degree 

of strength increase can vary depending on the specific concrete mix and test conditions [66,67]. 

4. Effect of moisture condition 

The moisture condition of concrete specimens significantly influences the results of 

flexural strength tests. Research indicates that specimens tested in a dry state exhibit considerably 

lower apparent flexural strength compared to those tested in a saturated state [10,68–70]. This 

reduction in strength, which can be as high as 33% [69], is attributed to the tensile stresses induced 

by rapid surface drying. These stresses can lead to surface cracking or act as preloading conditions, 

both of which lead to lower failure loads. Consequently, to ensure accurate assessment of in-place 

concrete strength, it is recommended that flexural strength specimens be cured under similar 

conditions to the actual concrete structure and tested in a saturated state. 

5. Effect of center-point versus two-point loading 

The main difference between center-point loading and two-point loading tests is the 

location of load application (as shown in Figure I.13). In center-point loading, the load is applied 

at the specimen midspan. In two-point loading, the load is applied at the third points along the test 

span. For the first case, only the cross-section at midspan is subjected to maximum moment and 

maximum extreme fiber stress. However, in two-point loading, the middle third of the beam span 

is subjected to maximum bending moment, and thus maximum extreme fiber stress. In addition, 

this method better represents real-world conditions where loads are more evenly distributed, 

making it preferable for structural applications like pavements and slabs. The probability of having 

weak concrete in a region of highest stress is lower with the center-point loading compared with 

the two-point loading. As a result, flexural strengths obtained from center-point loading are higher 

than those obtained from two-point loading with differences of up to 15 % [61,63,65]. 
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Figure I.13: Bending moment diagrams: center-point vs. two-point loading [71]. 

I.7.3. Direct tension test 

The most accurate, fundamental, and straightforward way of measuring the tensile strength 

of concrete is still by directly applying the uniaxial tensile stress [72,73]. However, there are 

currently no standardized test procedures for determining the direct tensile strength of concrete. 

Besides, the direct tensile test is rarely used anywhere other than in research fields because of the 

experimental difficulties involved in inducing pure axial tension within a specimen without 

introducing localized stress concentrations [18].  

There are several challenges when performing the direct tensile test, including ensuring a 

uniform distribution of stress in the whole cross-section, predetermining the crack position, 

capturing the propagation of the cracks, etc...  

I.7.3.1.  Specimen geometries in direct tensile test 

According to the literature, various geometries have been employed to assess the tensile 

properties of concrete (shown in Table I.1), each with its advantages and challenges. Common 

geometries include cylindrical specimens, dog-bone shaped specimens, and prismatic forms with 

prefabricated notches, which are the most frequently used [74]. RILEM CPC7 [75] recommends 

a direct tensile test procedure for concrete utilizing cylindrical and prismatic specimens; however, 

specific details regarding the dimensions of the specimen and the end plates used to transfer the 

applied tensile loads are not provided. The measured tensile strength and fracture behavior are 

significantly affected by the dimensions and shapes of the specimens [76]. Kesner et al. [77] 

conducted a comparison between two uniaxial direct tensile tests and concluded that cylindrical 

specimens exhibit lower tensile strength and strain capacity compared to dog-bone specimens.  
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Table I.1: Specimen geometries and fixed method [74]. 

Shape and gripping 

method 

Specimen size (middle part) (mm) 

Length         Width            Depth 

Grip/Attachment Reference 

 
305 (205) 76.2 12.7 Side glued/pinned Li et al. [78] 

 
300 (100) 100 100 Top glued/anchored Liang [79] 

 
254 (1) 76 (50.6) 12.7 Top glued 

Roth et al. 

[80]  

 
460 (120) 150 (100) 100 Anchored/pinned 

Xu et al. 

[81] 

 
550 (260) 130 (100) 100 Anchored/pinned 

CECS 

13:2009 

[82] 

 
740 (240) 200 (100) 35 Side glued/pinned 

Benson et al. 

[83] 

 
475 (125) 125 (50) 25 Anchored/pinned 

Nguyen et al. 

[84] 

 
240 (80) 40 (24) 40 Fixed 

Jun and 

Mechtcherine 

[85] 

 
150 (40) 75 (45) 45 Anchored/pinned 

Li and Liu 

[86] 

 
147 (76) 41 (25) 25 Anchored/pinned 

Wille et al. 

[87] 
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I.7.3.2.  Existing gripping modes for direct tensile tests 

The direct application of a pure tensile force, free from eccentricity, presents considerable 

challenges. Consequently, extensive research efforts have been dedicated to investigating and 

refining the methodologies for conducting accurate direct tensile tests.  

Depending on the method adopted for clamping the specimen ends to the test machine, 

direct tensile test methods used by various investigators can be classified into four groups as 

follows [88,89]: 

1. Tensile testing by rings on truncated cones   

This method involves using rings placed around truncated cylindrical specimens tapered 

outwards at their ends with end caps tapered internally to apply tensile forces [90]. The primary 

advantage of this technique is its ability to produce uniform tensile stress distribution across the 

specimen. In this method, the concrete specimen is shaped like a truncated cone and is surrounded 

by metal rings (Figure I.14.a ). Tensile forces are then applied through these rings inducing tensile 

stress within the concrete by using a simple lever as illustrated in (Figure I.14.b). This 

configuration helps in distributing the tensile stress uniformly, reducing the chances of premature 

failure due to stress concentrations. The use of truncated cones ensures that the specimen has a 

consistent cross-sectional area where the stress is applied, further enhancing the reliability of the 

test results.  

  

Figure I.14: a) The tensile specimen; b) The loading frame used for the test [90]. 
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2. Tensile testing by lateral gripping  

The Tensile testing by lateral gripping method is another technique used to determine the 

tensile strength of concrete [91,92]. In this technique, a specialized rig equipped with gripping 

mechanisms is designed to securely hold the specimens in place during testing which are affixed 

to their sides rather than at their ends as shown in Figure I.15. Specifically, the specimen is 

positioned between the lateral grips, which exert a uniform tensile force along its length. By 

gripping the specimen laterally, the tensile forces are applied directly along the axis of the 

specimen, which helps in achieving a pure tensile stress state. This configuration ensures that the 

applied load is evenly distributed across the specimen, minimizing the risk of stress concentration 

or premature failure at the grip interface. Notably, lateral gripping offers advantages over 

traditional end-gripping methods by mitigating potential issues related to eccentric loading and 

specimen slippage.  

   

Figure I.15: Tensile test using lateral gripping method [93]. 

3. Tensile testing by means of embedded steel bars  

In this method, specimens undergo tension using embedded steel bars [94]. The 

experimental setup typically includes cylindrical or prismatic concrete specimens with steel bars 

embedded at their ends (as shown in Figure I.16). These steel bars serve as anchor points for 

applying tensile loads during testing. The specimens are securely cast around the steel bars to 

ensure proper alignment and bonding. During the test, a tensile force is applied to the embedded 

steel bars, inducing tensile stress in the surrounding concrete. This method allows for direct 

measurement of the tensile strength and deformation properties of concrete under tension. 
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Figure I.16: Proposed direct tensile strength model [95]. 

Recently, several models have adopted the method of embedding studs into concrete at 

both ends to investigate its tensile strength [88,89,95–99] . Alhussainy et al.  [99] introduced a 

novel procedure to analyze the stress-strain behavior of Self-Compacting Concrete (SCC) under 

direct uniaxial tension (see Figure I.17).  Special steel claws were manufactured and installed at 

both ends of the SCC specimens. The test results showed that there was no slippage or fracture at 

the ends of any of the specimens. 

 

Figure I.17: Test set-up for direct tension using embedded steel rods [99]. 
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4. Tensile testing by gluing  

Tensile testing by gluing encompasses a method where specimens are subjected to tension 

through adhesive bonding to ensure uniform stress distribution and reduce stress concentrations 

that can lead to premature failure [100]. This method is particularly advantageous for existing 

structures where creating specific specimen shapes for direct tensile testing might not be feasible 

[101]. The glued plates help in achieving better alignment and reducing eccentric loading, which 

are common issues in direct tensile tests. 

In this approach, the tested specimens are attached to the loading machine using a double 

plate system and epoxy adhesive. To make the applied point load more evenly distributed, the US 

Bureau of Reclamation [102] proposes the use of a double plate system for cylindrical specimens. 

The outer plate is connected to the loading machine, while the inner plate is bonded to the concrete 

specimen with epoxy. The inner and outer plates are connected by bolts. Recently, this method 

was modified for cylindrical samples with a diameter of 101.6 mm and a height of 203.2 mm, as 

shown in Figure I.18, and showed acceptable results [103]. 

 

  

Figure I.18: Test setup for the direct tension test by gluing [104]. 
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I.7.3.3. Limitations and difficulties associated with direct tensile tests 

The above methods of gripping modes used in direct tensile tests present various challenges 

and limitations. These include: 

a. Stress concentrations 

Inadequate gripping often results in stress concentrations at the ends of the specimens, 

causing premature failure and unreliable tensile strength measurements. 

b. Misalignment 

Proper alignment of specimens is challenging, leading to eccentric loading and non-

uniform stress distribution, which can affect the accuracy of results. 

c. Gripping mode 

The choice of gripping mechanism, whether mechanical clamps, adhesive bonding, or 

embedded ends, influences the stress distribution and can introduce errors if not properly managed. 

In addition, Excessive stress concentration at the specimen interfaces can cause fractures at these 

points, leading to invalid test results. Yan [105] outlines the stress distribution for various common 

connections and specimen shapes, as shown in Figure I.19. 

 

Figure I.19: The stress distribution of several common connections and specimen shapes [105]. 
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d. Specimen damage 

Gripping can cause damage to the specimen during setup, which affects the integrity and 

subsequent test results. 

e. Slippage 

Ensuring that the specimen does not slip within the grips is critical, as slippage can lead to 

inaccurate measurements and inconsistent test results. 

f. Loading eccentricity 

Achieving perfectly centered tensile loading is difficult, and any deviation can lead to 

erroneous data due to additional bending stresses. 

g. Complex setup 

The need for precise and often complex setups increases the difficulty and time required 

for testing, impacting efficiency and consistency [106]. 

I.7.3.4.  Other approaches for evaluating the tensile strength of concrete 

1. The Seesaw method  

    In this study, a novel method for evaluating the tensile strength of concrete was introduced using 

a seesaw device [107], as depicted in the test setup shown in Figure I.20. Concrete specimens with 

internal holes of specific dimensions were designed to facilitate the tensile tests (Figure I.21). The 

load was applied using a universal compression loading machine at a controlled rate of 0.02 MPa/s. 

 

Figure I.20: The proposed test setup [107].  
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Figure I.21: Fabricated specimen [107]. 

The experimental results showed that the tensile strength values obtained from the seesaw 

method were approximately 25% lower compared to traditional splitting tests. Despite these lower 

values, the seesaw device demonstrated consistent and repeatable results with high accuracy. This 

consistency suggests that the seesaw method is a reliable alternative for measuring the tensile 

strength of concrete. 

Complementing the experimental findings, two-dimensional finite element analysis was 

conducted using FRANC2D/L software. This analysis provided further insights into the stress 

distribution and failure mechanisms within the concrete specimens. As illustrated in Figure I.22, 

the numerical model revealed stress concentrations around the sides of the internal hole, with 

tensile stress concentration increasing as the hole diameter increased. Additionally, tensile cracks 

were observed to initiate and propagate along the horizontal plane experiencing maximum tensile 

stress. 

 

Figure I.22: Stress distribution in the concrete sample [107]. 
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2. The Strut-and-Tie Methodology by Liao et al  

The proposed method in this study is based on the strut-and-tie methodology as a novel 

approach for evaluating the tensile strength of concrete [93]. This method offers several 

advantages over traditional methods. It does not require special molds for casting the specimen, 

making preparation and handling easier. As shown in Figure I.23, the same loading equipment and 

testing setup used in flexural tests can be utilized, simplifying the process. 

      

(a)                       (b) 

Figure I.23: The strut-and-tie method: a) force mechanism; b) test setup [93]. 

The study found that the optimal width of the opening in the strut-and-tie beam is 175 mm, 

ensuring uniform distribution of tensile stresses on both the upper and lower surfaces of the 

concrete tie member. The thickness of the tie member was set at 30 mm, based on the maximum 

size of aggregate used in the concrete. The geometry of the strut-and-tie beam specimen is shown 

in Figure I.24. The results indicate that this method has a high level of accuracy, with findings 

very close to those obtained from direct tension tests, showing only about a 9% variation. 

Additionally, the variation in test results using the strut-and-tie method is significantly lower than 

indirect tensile methods, with the variation in tensile test results about 40% and 70% in the splitting 

tensile test and flexural test, respectively. 

 

Figure I.24: The geometry of the proposed strut-and-tie beam [93]. 
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3. A novel Strut-and-Tie Method by Sa’ad Fahad Resan et al  

In the study "New approach of concrete tensile strength test" by Sa’ad Fahad Resan et al., 

a novel method for testing the tensile strength of concrete is introduced [108]. This approach 

addresses the limitations of traditional methods, which often face challenges such as load 

eccentricity, non-uniform stress or strain, and stress concentration at the specimen ends. The 

proposed model transforms the biaxial stress state into a controlled loading alignment and specific 

gauge length, resulting in a pure tensile stress state similar to a strut-tie model. The test setup and 

the failure mode of specimens using the proposed method are shown in Figure I.25 and Figure 

I.26. 

 

           

Figure I.25: Test setting of the proposed approach [108].      
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Figure I.26: Typical failure mode [108]. 

The experimental program conducted involved manufacturing and testing concrete 

specimens with different aggregate sizes and curing ages. The results showed that the tensile 

strength determined by the new method was higher than that of the Brazilian test (with ft/fs ratios 

ranging from 1.06 to 1.64) and lower than that of the flexural test (with ft/fr ratios ranging from 

0.56 to 0.92). The new method demonstrated less variation in results compared to the Brazilian 

test. Additionally, this method simplifies the determination of the tensile stress-strain curve and 

mitigates the drawbacks associated with traditional tensile testing methods. 

I.8. Tensile strength relationships 

At present, there is no established standard test method for measuring the direct tensile 

strength of concrete. Indications of tensile strength are achieved through the splitting and flexural 

test methods. It is known that splitting tensile and flexural strength are different from direct tension 

samples, and the results obtained from indirect tensile test methods are particular only to the 

employed method which cannot be used interchangeably. For example, the failure in flexural tests 

is controlled by the strength of the outermost fiber of the beam. By contrast, the splitting tension 

test failure can be initiated anywhere in the portion of the diametrical plane that is in tension. 

Consequently, the tensile strength of concrete was found to be extremely sensitive to many 

parameters such as the size and shape of the specimens, the testing techniques used, and so on. 



Chapter I Literature Review 

 

48 

 

According to previous research results [88,109–111], it was found that the splitting tensile 

strength of concrete is generally 35–50% lower than the flexural tensile strength, whereas it is 5–

12% greater than the direct tensile strength.  

Due to the simplicity of conducting compressive strength tests, empirical correlation 

equations have been developed to estimate the tensile strength from the compressive strength 

[112–114]. Raphael [62] examined a large number of tensile strength results taken from different 

tensile test methods and concluded that both the direct tensile and splitting tensile strengths are 

about 10% of the corresponding compressive strength, while the flexural strength is about 15% of 

the compressive strength. 

It has been noted that the compressive and tensile strengths are closely related. However, 

this relationship is influenced by many factors, including the type of tension test, testing age, 

curing conditions, concrete strength grade, and coarse aggregate properties [10]. Different 

empirical relations between compressive strength and tensile strength measured by different 

tension testing methods are discussed in the literature [10,115–120]. 

The empirical formula relating tensile strength to compressive strength, as suggested by 

researchers (see Table I.2), is as follows: 

𝑓𝑡 = 𝑘(𝑓𝑐)𝑛                                                     (5) 

Where:  

𝑓𝑡: the tensile strength, in Mpa; 

𝑓𝑐: the compressive strength of concrete cylinder, in Mpa; 

𝑘, 𝑛: regression coefficients. 

Different values of the experimental coefficients (k) and (n) were recommended by various 

researchers, as shown in Table I.2.  
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Table I.2: Values of the proposed experimental coefficients (k) and (n). 

Source Tensile test method 𝒌 𝒏 

Ahmad and Sahah [121] Flexural strength 0.44 0.50 

Xu and Shi [122] Flexural strength 0.39 0.59 

Perumal [123] Flexural strength 0.259 0.843 

Abbas et al [124] Flexural strength 0.25 0.81 

Oluokun [125] Splitting tension 0.294 0.69 

Nihal [126] Splitting tension 0.387 0.63 

Ahmad and Sahah [121] Splitting tension 0.462 0.55 

Choi and Yuan [114] Splitting tension 0.60 0.50 

Xu and Shi [122] Splitting tension 0.21 0.83 

Perumal [123] Splitting tension 0.188 0.84 

Abbas et al [124] Splitting tension 0.508 0.498 

Gardner [127] Splitting tension 0.47 0.59 

Raphael [62] Splitting tension 0.313 0.667 

Zheng [88] Direct tension 0.47 0.50 

Philips [128] Direct tension 0.45 0.50 

Lin [95] Direct tension 0.52 0.50 

Kim [103] Direct tension 0.34 0.50 

Li [129] Direct tension 0.34 0.50 

Furthermore, various regulations have proposed empirical equations for estimating tensile 

strength based on compressive strength. The following equations, determined by CEB-FIP MC-

90 [130], are based on the assumption that tensile strength has a linear relationship with the two-

thirds (2/3) power of the corresponding compressive strength, as follows: 

𝑓𝑡,𝑚𝑖𝑛 = 0.95 (
𝑓𝑐

10
)

2/3

                                                           (6) 

𝑓𝑡,𝑚𝑎𝑥 = 1.85 (
𝑓𝑐

10
)

2/3

                                                           (7) 

Where: 

𝑓𝑡,𝑚𝑖𝑛 and  𝑓𝑡,𝑚𝑎𝑥 : the upper and lower values of the characteristic tensile strength, in MPa. 
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𝑓𝑐: the characteristic compressive strength, in MPa. 

The mean value of the tensile strength is given by the relationship: 

𝑓𝑡,𝑚𝑒𝑎𝑛 = 1.40 (
𝑓𝑐

10
)

2/3

                                                           (8) 

According to the American Concrete Institute (ACI-318) [131], the tensile strength of 

concrete is proportional to the square root of its compressive strength, and is expressed as follows: 

𝑓𝑡 = 0.56√𝑓𝑐                                                                            (9) 

Recent researches suggest that the coefficients in ACI 318-2014 [132] depend on the 

general level of the compressive strength, overestimating the tensile strength for low-strength 

concrete and underestimating it for high-strength concrete [133]. Additionally, research findings 

indicate that the ratio of tensile strength to compressive strength in concrete is not constant; 

instead, it decreases as the compressive strength of the concrete increases [125,134–136]. 

Consequently, the 0.5 power relation used in ACI 318-2014 does not align well with the test 

results. 

Other regulations have suggested different relationships for estimating the tensile strength 

based on compressive strength. Equations 10 and 11 show the tensile strength according to 

BAEL91 modified 99 [137] and Eurocode 2 [138] standards, respectively. 

𝑓𝑡𝑗 = 0.6 + 0.06𝑓𝑐𝑗                                                                    (10) 

𝑓𝑐𝑡𝑚 = 0.30 𝑓𝑐𝑘

(
2

3
)
 (𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑐𝑙𝑎𝑠𝑠𝑒𝑠 ≤ 𝐶50/60)                   (11) 

With:  

𝑓𝑡𝑗 and 𝑓𝑐𝑡𝑚: the average tensile strength, in MPa; 

𝑓𝑐𝑗 and 𝑓𝑐𝑘: the average compressive strength, in MPa. 
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I.9. Conclusion 

In conclusion, this chapter has highlighted the importance of understanding the different 

strength properties of concrete and the factors affecting them. The discussion on the behavior of 

concrete under various stress states, including uniaxial compression, uniaxial tension, and shear 

stress, provides a comprehensive overview of how concrete responds to different loading 

conditions. The chapter also emphasizes the need for accurate testing methods to determine the 

tensile strength of concrete and how these methods can impact the observed results.  
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Chapter II: Development and Analysis of a Tensile Testing Device 

 

II.1. Introduction 

This chapter focuses on the design and development of a mechanical device for conducting 

direct tensile tests on cylindrical concrete specimens. Key design considerations include ensuring 

device rigidity and developing effective specimen gripping mechanisms. Through detailed 

analysis and validation, this study aims to enhance the capability to evaluate tensile properties in 

modern cementitious materials. 

II.2. Design  

II.2.1. Design requirements 

Direct tensile tests on concrete are less common compared to compression or flexural tests. 

However, in certain situations, direct tensile tests are essential to evaluate specific properties of 

concrete or for applications where assessing the tensile strength is crucial to ensure the 

serviceability and durability of structures. 

It is essential to highlight that the development of innovative cementitious materials 

through the addition of fibers, has significantly increased interest in tensile testing. This trend has 

emerged in response to the quest for innovative solutions offering enhanced strength and durability 

across a range of applications. Consequently, there has been a need to design testing devices 

specifically adapted to these new materials, capable of providing precise and reliable 

measurements of their tensile properties, such as the tensile stress-strain behavior, post-peak 

response, tensile modulus of elasticity, and tensile strength. 

To address this need and optimize the use of existing equipment, we have developed a 

mechanical device that can be inserted into the universal compression testing machine (Annexe 1)  

[139]. This device converts the compressive force of the press into a tensile force on the specimen. 

The primary technological challenges that must be overcome include: 

- The limited distance between the plates of the compression loading machine, which is 

350 mm; 

- The length of the standardized specimen to be inserted into the device, which is not less 

than 200 mm;
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- The rigidity of the device to ensure that its deformation under compression remains 

negligible compared to that of the specimen; 

- Selecting an effective method for gripping the specimen within the device. 

II.2.2. Design concept 

The present testing device is an innovative test tool designed for measuring the direct 

tensile strength of cylindrical concrete specimens. The primary design requirement of the device 

is to transform the load applied by the universal compression testing machine into a tensile load 

on the concrete samples. The obvious advantage of the developed device is that the compression 

machine can be used for load application, which is practically available in all civil engineering 

laboratories worldwide. 

II.2.3. Design Summary 

To overcome the abovementioned challenges, we developed a testing device based on our 

Conventional Compressive Testing Machine UTEST (see Annexe 2). The sketch of the device is 

shown in Figure II.1.  

 

Figure II.1: Sketch describing the kinematics of the device. 

The device consists of two rigid frames, one exterior and another one interior, which can 

slide relative to each other in an opposite direction under a compressive load (see Figure II.1). A 

compressive force on the two frames generates an inverse force (tension) on the specimen, which 

Movable platen of the machine 

Lower platen of the machine 

Exterior frame 

Interior frame 

Specimen 

Compressive force 
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is fixed to the jaws. Specific parts, such as the jaws, guiding axes, and the upper and lower steel 

plates of the frames, were constructed from hardened steel and machined using numerical control. 

Standard parts, such as screws and nuts, were commercially purchased. The total height of the 

device (upper frame and lower frame) must be less than 350 mm. 

II.2.4. Detail design 

II.2.4.1. Guiding axes dimensions 

To ensure sufficient rigidity of the device frames, each frame must withstand a compressive 

force ten times greater than that applied to the specimen. Assuming the cylindrical specimens with 

a diameter Dsp must withstand a maximum tensile stress 𝜎𝑡
𝑚𝑎𝑥, the force that the frame must 

withstand is: 

𝐹𝑓𝑟𝑎𝑚𝑒 = 10 (𝜎𝑡
𝑚𝑎𝑥 .

𝜋𝐷𝑠𝑝
2

4
) 

With:    𝜎𝑠𝑝
𝑚𝑎𝑥 = 5 𝑀𝑃𝑎 ;  𝐷𝑠𝑝 = 100 𝑚𝑚;  

We have:    𝑭𝒇𝒓𝒂𝒎𝒆 = 𝟑𝟗𝟑 𝒌𝑵 

 

Figure II.2: Outer frame of the device. 

The frame elements that need to withstand this force are two cylindrical bars made of 

construction steel (Figure II.2), with a yield strength of  𝜎𝑒 = 300𝑀𝑃𝑎. 

 

F frame 

Cylindrical bars 
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Each bar must withstand a force of: 

𝐹𝑓𝑟𝑎𝑚𝑒

2
= 𝜎𝑒 .

𝜋𝑑𝑏
2

4
 

Where: 

db: The diameter of the cylindrical bars of the two frames (inner and outer). 

This gives the minimum diameter for each bar as: 

𝑑𝑏
𝑚𝑖𝑛 = √2

𝐹𝑓𝑟𝑎𝑚𝑒

𝜋𝜎𝑒
= 28.9 𝑚𝑚 

For our device, we have included an additional safety margin with a bar diameter equal to: 

𝑑𝑏 = 32 𝑚𝑚 

With this bar diameter of 32 mm, the frame can withstand a maximum compressive force of: 

𝐹𝑓𝑟𝑎𝑚𝑒
𝑚𝑎𝑥 = 2 (𝜎𝑒

𝜋𝑑𝑏
2

4
) = 482.6 𝑘𝑁 

Considering a maximum service load half lower: 

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟 = 241.3𝑘𝑁     

The maximum tensile stress in the specimen is : 

𝜎𝑡
𝑚𝑎𝑥 =

4 𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟

𝜋𝑑𝑠𝑝
2

= 30.7 𝑀𝑃𝑎 

II.2.4.2. Displacement and deformation analysis 

          The mechanical properties of the material constituting the frame are illustrated in Table II.1: 

Table II.1: Mechanical properties of construction Steel C35E. 

    Characteristics Construction Steel C35E 

Density (Kg/m³) 7850 

Young's Modulus E (MPa) 2.0×105 

Poisson's Ratio 0.3 

Yield Strength (MPa) 300 
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For the displacement of the frame ends, considering a total height of the frame of 

300mm ( 𝐻𝑓𝑟𝑎𝑚𝑒 = 300 𝑚𝑚 ), and assuming the frame consists of a cylindrical bar with stiffness: 

𝑘𝑓𝑟𝑎𝑚𝑒 =
𝐸𝑠. 𝐴𝑓𝑟𝑎𝑚𝑒

𝐻𝑓𝑟𝑎𝑚𝑒
 

 Where: 

Es: The Young's modulus of the material constituting the frame; 

  Aframe: The total cross-sectional area of the two lateral cylindrical bars. 

In this case, the maximum displacement of the frame under the maximum service load is:  

𝑢𝑓𝑟𝑎𝑚𝑒
𝑚𝑎𝑥 =

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟

𝑘𝑓𝑟𝑎𝑚𝑒
=

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟 . 𝐻𝑓𝑟𝑎𝑚𝑒

𝐸𝑠. 𝐴𝑓𝑟𝑎𝑚𝑒
= 0.450 𝑚𝑚 

With a maximum longitudinal deformation of the frame of: 

𝜀𝑓𝑟𝑎𝑚𝑒
𝑚𝑎𝑥 =

𝑢𝑓𝑟𝑎𝑚𝑒
𝑚𝑎𝑥

𝐻𝑓𝑟𝑎𝑚𝑒
= 0.150% 

The two frames are arranged in series, and their equivalent stiffness is: 

𝑘𝑒𝑞 = 𝑘𝑓𝑟𝑎𝑚𝑒/2 

This allows for the calculation of the total displacement of the device under the 

compressive force of the compression loading machine: 

𝑢𝑑𝑖𝑠𝑝
𝑚𝑎𝑥 = 2

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟

𝑘𝑓𝑟𝑎𝑚𝑒
= 2

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟 . 𝐻𝑓𝑟𝑎𝑚𝑒

𝐸𝑠. 𝐴𝑓𝑟𝑎𝑚𝑒
= 0.900 𝑚𝑚 

The displacement of the specimen with a material having Young's modulus of                    

𝐸𝑠𝑝 = 32 . 103 𝑀𝑃𝑎 is: 

𝑢𝑠𝑝
𝑚𝑎𝑥 =

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟

𝑘𝑠𝑝
=

𝐹𝑓𝑟𝑎𝑚𝑒
𝑠𝑒𝑟 . 𝐻𝑠𝑝

𝐸𝑠𝑝. 𝐴𝑠𝑝
= 0.192 𝑚𝑚 

With a maximum longitudinal deformation of the specimen of: 

𝜀𝑠𝑝
𝑚𝑎𝑥 =

𝑢𝑠𝑝
𝑚𝑎𝑥

𝐻𝑠𝑝
= 0.096% 
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This deformation value is sufficient to cause tensile failure in cementitious materials with 

an ultimate stress lower than 25 MPa. 

II.3. Verification of the rigidity of the device by numerical simulation 

To verify the preliminary analytical calculations, the design elements (device components 

– specimen) were analyzed with a finite element modeling software using the commercial software 

ANSYS®. The entire assembly, including the frame and specimen, was fixed at the lower base 

while a progressive displacement was applied to the upper part. The applied displacement was set 

to 20% of the maximum displacement tolerated by the device, which is sufficient to produce tensile 

stress in the specimen exceeding 6.8 MPa. 

The specimen is assumed to be fully attached to the jaws, which significantly simplifies 

the simulation aimed at validating the rigidity of the frames. Figure II.3 provides a perspective 

view of the designed device with the mounted specimen. Assembly screws are omitted from the 

illustration to maintain clarity. 

 

 

 

 

 

 

 

 

Figure II.3: Perspective view of the device with mounted specimen. 

Figure II.4 illustrates the mesh used in the finite element analysis. We employed a 

combination of tetrahedral and hexahedral elements with a finite element size of 4 mm, resulting 

in 142064 elements and 380811 nodes. A contact condition, with a low friction coefficient, was 
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implemented between the cylindrical bars (guiding axes) of the inner frame and the guide holes in 

the steel plate of the outer frame. 

 

Figure II.4: Representation of the device after meshing. 

The output of the analysis is displayed in Table II.2 and depicted in Figure II.5 and       

Figure II.6. 

Table II.2: Simulation results obtained from Ansys analysis. 

Analysis results Device Specimen 

Maximum Equivalent Stress (MPa) 33.9 6.62 

Maximum Equivalent Strain (%) 0.0171 0.022 

Maximum Displacement in the loading direction (mm) 0.050 0.136×10-2 

 

Frictional sliding 
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(a) 

 

(b) 

 

(c) 

Figure II.5: Stress and strain distribution in the device: a) Equivalent Von-Mises Stress in MPa; 

b) Equivalent strain in mm/mm; c) Displacement in the loading direction. 
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(a) 

 

(b) 

 

(c) 

Figure II.6: Stress and deformation distribution in the specimen: a) Equivalent Von-Mises stress 

in MPa; b) Equivalent strain in mm/mm; c) Displacement in the loading direction. 
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II.4. Assembly of the testing device 

The design of the device was performed using the commercial software SolidWorks® 2018. 

Detailed drawings are provided in the Annexe 3. The frames are assembled using four screws, 

allowing for a modular and adjustable setup according to needs. The main characteristics of the 

device are given below: 

 

 

 

Figure II.7: Schematic view of the designed device. 

• Dimensions: 

- Height: 337.5 mm; 

- Length: 320.0 mm; 

- Width: 100.0 mm; 

• Weight: 24.54 kg (28.14 kg with specimen). 

• Materials: Construction steel (XC35). 

• Maximum supported load: 240 kN. 

• Specimen size:  

- Length: 200 mm; 

- Diameter 100 mm. 
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II.5. The adopted methods for clamping the specimen to the device 

To attach the specimen to the jaws of the device, two gripping methods were considered. 

The first involved using epoxy adhesive, while the second used embedded steel bars. 

Unfortunately, the use of epoxy did not yield the desired results, as failure consistently occurred 

at the interface between the adhesive and the specimen (detailed insights are provided in Chapter 

III). As for the second method, we proposed and tested three types of grips. For two of them, we 

observed a high concentration of stresses at the end of the embedded grips, resulting in failure at 

those points rather than in the middle of the specimen, as intended. Below, we present the results 

of numerical simulations conducted for these proposed grips. 

II.5.1. Welded threaded steel rod grips 

This type of grip involves using a steel threaded rod, 16 mm in diameter and 50 mm long, 

secured to the jaw by threading, onto which three rods of 5 mm in diameter and approximately 30 

mm long are welded (Figure II.8). 

 

Figure II.8: Welded threaded steel rod grips. 

For the numerical simulation, only half of the specimen was considered, and a stress of 3.5 

MPa was applied to the upper face of the jaw. 

Figure II.9 illustrates the distribution of equivalent stress in the specimen. The red areas 

indicate locations with a high-stress concentration. 
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Figure II.9: Distribution of equivalent stress: a) in the specimen, b) and in the welded steel rod 

grip. 

II.5.2. Threaded steel rod grip with nuts 

This type of grip involves using a threaded steel rod, 16 mm in diameter and 50 mm long, 

screwed into the jaw, onto which three nuts are mounted (Figure II.10). 

 

Figure II.10: Threaded steel rod grip with nuts. 

For the numerical simulation, we considered only half of the specimen and applied a stress 

of 3.5 MPa to the upper face of the jaw. Figure II.11 illustrates the distribution of equivalent stress 

within the assembly (specimen and grip). The red areas indicate locations with high-stress 

concentration. 

(a) (b) 
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Figure II.11: Distribution of equivalent stress: a) in the specimen, b) and in the proposed 

gripping method. 

II.5.3. Threaded steel rod grip 

This type of grip involves using a threaded steel rod secured to the jaw, 16 mm in diameter 

and 110 mm long (Figure II.12). For the numerical simulation, we considered only half of the 

specimen and applied a stress of 3.5 MPa to the upper face of the jaw. 

 

Figure II.12: Threaded steel rod grip. 

Figure II.13 illustrates the distribution of equivalent stress within the specimen and at the 

grip. The red areas indicate locations with high-stress concentration. 

It should be noted that this type of grip was selected for the experimental study because it 

exhibits a concentrated stress zone located specifically in the middle of the specimen. 

(a) (b) 
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(a)                                                                      (b) 

Figure II.13: Distribution of equivalent stress: a) in the specimen, b) and in the long-threaded 

rod grip. 

II.6. Conclusion  

This chapter detailed the design, development, and validation of a testing device for direct 

tensile tests of concrete specimens. Through rigorous analytical calculations and finite element 

simulations using ANSYS®, the capability of the device to convert compressive loads from a 

universal compression testing machine into tensile forces on the specimen was thoroughly 

validated. Further experimental studies will focus on evaluating the effectiveness of the testing 

device and the proposed gripping methods. 
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Chapter III: Experimental Procedure for Assessing the Proposed Testing Device 

 

III.1. Introduction 

This chapter presents an experimental program to evaluate the reliability of a new testing 

device using various gripping methods for direct tensile testing. The experimental work 

investigates three standardized test methods to validate and compared the results obtained: 

compressive strength test, flexural test, and splitting tensile test, using three types of concrete: 

Ordinary Concrete (OC) with a target compressive strength of 25 MPa, Self-Compacting Concrete 

(SCC), and Steel Fiber Reinforced Concrete (SFRC).  

III.2. Materials 

• Cement 

Ordinary Portland cement type II (CEM II/B 42.5N) produced at the Lafarge cement plant 

(Wilaya of M'sila, Algeria) was employed in the present study to prepare the concrete mixes, which 

complied with standard EN197-1 

• Fine aggregate 

Natural sand having a maximum size of 4 mm was employed as fine aggregate. 

• Coarse aggregate 

Two classes of natural coarse aggregates (gravel 3-8 mm, gravel 8-16 mm) were used. The 

physical properties of the aggregates used are given in Table III.1. 

Table III.1: Physical characteristics of aggregates. 

Characteristics Sand Gravel 3/8 Gravel 8/16 

Absolute density (g/cm3) 2.66 2.62 2.66 

Apparent density (g/cm3) 1.44 1.21 1.32 

Sand equivalent (%) 80 - - 

Fineness modulus 2.25 - - 
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• Steel fibers  

The hooked ended steel fibers were used for the steel fiber reinforced concrete (SFRC). 

The steel fiber was 50 mm long and 0.62 mm in diameter with a maximum tensile strength of 1270 

MPa. The mechanical and physical properties of the steel fibers used are summarized in Table 

III.2 and shown in Figure III.1. 

Table III.2:  Mechanical properties of fibers used. 

Type of fiber 
Diameter 

 d (mm) 

Length 

L (mm) 

Aspect ratio 

(L/d) 

Density Tensile strength 

(MPa) 

Elastic Modulus 

(GPa) 

Steel Fiber 0.62 50 80.64 7.8 1270 200 

 

     

Figure III.1: Physical appearance of fibers. 

• Admixture  

The superplasticizer Medaflow 30 manufactured by Granitex-NP, was used in the self-

compacting concrete (SCC) mixture as a high range water reducing agent. 

• Water  

Potable water was used in the mix design, which was also used for curing. 

III.3. Mixture compositions 

III.3.1. Ordinary concrete 

The “Dreux-Gorisse” formulation method was used for the concrete composition [140]. 

The targeted concrete has a compressive strength of 25 MPa with a slump of 8 cm which gives a 

plastic concrete.  The mix proportions of the ordinary concrete designed for this study are given 

in Table III.3. 
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Table III.3: Mix proportions of the ordinary concrete. 

Material Quantity 

Cement 350 kg/m3 

Sand 526 kg/m3 

Gravel 3/8 269 kg/m3 

Gravel 8/16 1016 kg/m3 

Water 175 kg/m3 

Water/cement ratio 0.5 

 

III.3.2.  Self-compacting concrete 

The general method suggested by Okamura [141] was adopted to formulate the SCC 

mixture. The mix proportions are presented in Table III.4. The results of the fresh property tests, 

including slump flow, V-funnel, segregation resistance, and L-box tests, are depicted in the Figure 

III.2 and summarized in the Table III.5. 

Table III.4: Mix proportions of the self-compacting concrete. 

Material Quantity 

Cement  519.23 kg/m3 

Sand  976.44 kg/m3 

Gravel 3/8 204.08 kg/m3 

Gravel 8/16 408.17 kg/m3 

Water 247.78 kg/m3 

Superplasticizer 5.71 kg/m3 

 

Table III.5: Fresh state properties of the SCC mix. 

Slump flow (mm) T500 (s) V-funnel (s) L-Box (%) Sieve stability (%) 

755 1.56 5.04 0.8 6.74 
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(a)                                                                        (b)   

                                      

                                    (c)                                                                         (d) 

Figure III.2: Methods for assessing the fresh properties of the SCC mixture: (a) Slump flow 

test; (b) V-funnel test; (c) Segregation resistance; (d) L-box test. 

III.3.3. Steel fiber reinforced concrete 

To investigate the tensile strength of steel fiber reinforced concrete (SFRC) using the 

proposed test method, four different steel fiber volume fractions were added to a reference ordinary 

concrete mix: 0.5%, 0.75%, 1.25%, and 1.5%, corresponding to 39 kg, 58.5 kg, 97.5 kg, and 117 

kg of steel fibers per cubic meter of concrete, respectively. The workability of both the ordinary 

and SFRC mixes was evaluated using the standard slump test, with slump values ranging between 

70 and 90 mm. The mix proportions for the concrete mixes are presented in Table III.6 . 
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Table III.6: Mix proportions of the steel fiber reinforced concrete. 

Concrete 

type 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

Gravel 3/8 

(kg/m3) 

Gravel 8/16 

(kg/m3) 

Water 

(kg/m3) 

Steel fiber 

 (kg/m3) 

Fiber volume 

  (%) 

Mix-0 350 526 269 1016 175 0 0.00 

Mix-0.5 350 526 269 1016 175 39 0.50 

Mix-0.75 350 526 269 1016 175 58.5 0.75 

Mix-1.25 350 526 269 1016 175 97.5 1.25 

Mix-1.50 350 526 269 1016 175 117 1.50 

 

III.4.   Specimen preparation 

A total of twelve specimens were cast and tested for each concrete mix and testing age. 

Nine cylindrical specimens (100 mm in diameter and 200 mm in height) were cast for compressive 

strength, splitting tensile strength, and direct tensile tests. Additionally, three prism specimens (70 

mm × 70 mm in cross section and 280 mm in length) were cast for the flexural strength test. The 

samples were stored in the laboratory for 24 hours. Afterward, the specimens were demolded and 

placed in a water tank for curing until the testing day (Figure III.3). It should be noted that the 

specimen sizes were selected according to standard EN 206-1 [142] for compressive strength and 

splitting tensile tests, and EN 12390/1 [143] for flexural strength test. 

  

(a) (b) 
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(c) 

Figure III.3: Specimen prepartion and curing condition: a) Fabricated specimens; b) Specimens 

after demolding; c) Specimens in water tank. 

To successfully avoid the drawbacks that could occur during the direct tensile test by the 

specimens, such as misalignment, slippage, load eccentricity, and bending moments [7], a 

particular new mold was designed to prepare the specimens for the proposed direct tensile test (see 

Figure III.4). This mold consists of four separable parts, i.e., a supporting base, a supporting head, 

screwing rods, and a plastic mold. The diameter and height of the mold are 100 mm and 200 mm, 

respectively. The parts are connected through a pair of screwing rods (Annexe 4). 

 

    

 

Figure III.4: Mold designed for the proposed direct tensile test setup. 
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As shown in the Figure III.5, to facilitate the alignment and centralization of the grips 

within the specimen, three holes were tapped in the middle and at the ends of the upper and lower 

steel parts of the mold. These tapped holes eliminated the need for washers and nuts to secure the 

grips. Then, a long-threaded rod (230 mm in length) was used, allowing for easy control of the 

alignment of the grips in the mold before casting. 

 

 

     

 

Figure III.5: The mold before adjustment. 

Based on the numerical results for tensile stress distribution discussed in Chapter II, an 

experimental investigation was conducted using various direct tension test setups to grip the 

specimens. The setups included the use of epoxy adhesive (Annexe 6), welded threaded steel rod 

grips, threaded steel rod grips with nuts, and standard threaded steel rod grips (more details are 

shown in the Figure III.6). 
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             (a)            (b) 

  

            (c)              (d) 

Figure III.6: Gripping methods used for the direct tensile test: (a) epoxy adhesive; (b) welded 

threaded steel rod grips; (c) threaded steel rod grips with nuts; (d) threaded steel rod grips. 

III.5. Test procedure (testing methods) 

III.5.1. Compressive strength test 

The compressive strength of the concrete was determined according to EN 12390-3 [144] 

by testing three cylinders of 100 mm in diameter and 200 mm in height, for each concrete mix and 

testing age. The tests were conducted using a UTEST universal compression testing machine 

(Figure III.7) with a capacity of 2000 kN, applying the load at a constant rate as specified by EN 

standards. 
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Figure III.7: Compressive strength test. 

 

III.5.2. Splitting tensile test 

The tensile splitting strength tests were performed on cylinders of standard size (200 mm 

in length and 100 mm in diameter) in accordance with EN 12390-6 [145]. To ensure even 

distribution of the load along the entire length of the specimen, the specimen was aligned in the 

loading machine using the aligning jig shown in Figure III.8. The load was applied continuously 

and uniformly at a rate of 0.04 MPa/s until the specimen failed. 

 
 

Figure III.8: Splitting tensile strength test. 
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III.5.3. Flexural tensile test 

The flexural strength test (modulus of rupture) was conducted using the UTEST testing 

machine in accordance with EN 12390-5 [146]. For each concrete mix, three prism samples (70 

mm × 70 mm in cross-section and 280 mm in length) were tested under three-point loading on a 

210 mm span (Figure III.9). The loading rate was controlled at 0.04 MPa/s during the test. 

 

Figure III.9: Flexural strength test. 

III.5.4. Direct tensile test (proposed test method) 

III.5.4.1. Technical details of the proposed device 

The direct tensile strength of the concrete was determined using the device and testing 

method developed in this study. The testing device consists of two rigid frames (one exterior and 

one interior) made from hardened steel. These frames are designed to slide relative to each other 

in opposite directions under a compression load. The mechanism for load conversion and 

application to the concrete specimen is detailed in Chapter II. Each frame includes an upper 

rectangular steel plate, a lower rectangular steel base, and two parallel guiding axes. 

The obvious advantage of the developed device is that the compression test machine can 

be used for load application, which is practically available in all civil engineering laboratories 

worldwide. 
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III.5.4.2. Device Assembly 

Figure III.10 shows all the components of the device. Figure III.11 provides an exploded 

view of the device, illustrating the various parts of the assembly. 

The following steps outline the procedure for setting up the testing device : 

1. Insert the parallel guiding axes (part N°. 01) into the lower steel bases (part N°.02 and part 

N°.08) ensuring they are firmly fixed. These axes will guide the movement of the upper 

frame ; 

2. Install the interior frame onto the exterior frame by aligning and connecting them using the 

guiding axes ; 

3. Place the upper rectangular steel plates (part N°. 07 and part N°04) onto the guiding axes ; 

4. Use the four screws (part N°. 05) to assemble all components together, securing the upper 

and lower frames in place ; 

5. Install the pair of jaws (part N°. 03) in the inner frame. These jaws are designed to securely 

hold the concrete specimen through threaded steel rods embedded in both ends of the 

specimen ;  

6. Use the pair of steel pins (part N°. 06) to attach the jaws to the steel bases of the device, 

ensuring the accurate positioning of the concrete specimen in the device. 

 

Figure III.10: Different components of the device. 
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Figure III.11: Exploded view of the device. 

III.5.4.3. Testing equipment and procedures 

The same hydraulic testing machine used for compression and splitting strength tests is 

also used to perform the direct tensile test. In this setup (shown in Figure III.12), the assembly 

(device – tested specimen) is placed inside the compression testing machine, which applies force 

from the bottom upward. The upward force exerted by the bottom platen of the machine pushes 

the inner frame of the device upward. This action generates a downward force on the upper steel 

plate of the exterior frame of the device (as illustrated in Figure III.13), and then the concrete 

specimen is subjected to equal and opposite tensile forces. 
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Figure III.12: The direct tensile test setup. 

 

Figure III.13: Representation of the load transmission in the device. 

The test is conducted at a constant loading rate of 0.04 MPa/s, which falls within the 

recommended range for splitting and flexural test procedures according to EN 12390-6 [147] and 

EN 12390-5 [146], respectively. The compressive load is applied continuously, without shock, and 

is controlled automatically using the control unit (Figure III.14).  

The tensile stress is calculated by dividing the maximum load indicated by the compression 

machine by the net cross-sectional area of the specimen. 
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Figure III.14: The control unit of the compression machine. 

III.5.4.4. Preliminary results 

Based on the determination of the most suitable test setup from different proposed gripping 

methods mentioned above, a batch of ordinary concrete (Table III.3) was cast for preliminary tests. 

The compressive strength of the tested concrete specimens at 28 days ranged from 26 to 28 MPa. 

For each test, three repeated experiments were conducted to verify the tensile strength obtained 

using the proposed device. Various failure modes were observed for each gripping method. The 

findings were as follows: 

• Specimens tested using epoxy adhesive and welded threaded steel rod grips, the cracking 

location was frequently concentrated at the top half of the specimen, as depicted in Figure 

III.15.a and Figure III.15.b. 

• The specimens tested using embedded steel rod grips and threaded steel rod grips with nuts 

showed failure occurring in the middle part of the specimen (Figure III.15.c and Figure 

III.15.d). Moreover, the specimens tested with embedded steel rods exhibited failure 

sections perpendicular to the direction of the applied load. This perpendicular failure 

suggests a more uniform stress distribution and a true tensile failure, indicating that this 

method is effective in accurately capturing the tensile strength of the concrete. 
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The tensile stress 

The cross-sectional area 
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(a) (b) 

  

(c) (d) 

Figure III.15: Failure modes of proposed gripping modes using: (a) epoxy adhesive; (b) welded 

threaded steel rod grip; (c) threaded steel rod grips with nuts; (d) embedded threaded steel rod. 

 

III.6. Conclusion  

Based on the experimental results, the embedded threaded steel rod gripping method was 

chosen for the direct tensile tests conducted in this study. This method was selected due to its 

simplicity in specimen preparation process and its ability to deliver consistent and reliable results.  
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Chapter IV: Experimental Results and Discussion 

 

IV.1.  Introduction 

In this chapter, the experimental investigation into the mechanical properties of Ordinary 

Concrete (OC), Self-Compacting Concrete (SCC), and Steel Fiber Reinforced Concrete (SFRC) 

under various tensile and compressive testing methods is presented. The primary focus of the study 

is the evaluation of direct tensile strength using a novel testing method, alongside conventional 

methods for compressive, splitting tensile, and flexural strength. The results of these tests are 

critical for understanding the mechanical behavior of concrete under direct tension and help 

validate the effectiveness of the proposed testing technique. 

IV.2. Failure modes  

The typical failure mode of specimens subjected to the direct tensile test using the 

suggested testing technique (direct tensile testing with embedded steel bars) is illustrated in Figure 

IV.1. As expected, all tested specimens (over 66 samples) fractured successfully in the middle 

portion once they reached their peak load. 

 

Figure IV.1: The concrete specimens after testing.
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Previous studies, such as those by Lin et al. [148], Faez Alhusainy et al. [149], and Wee et 

al. [8], explored the tensile behavior of concrete under direct tension using embedded steel rods to 

clamp the ends of the specimens. Their experiments revealed a failure mode similar to that 

observed in the current study. This consistency indicates that the present tensile testing method is 

effective in transmitting stress along the length of the specimens, ensuring uniform stress 

distribution. Moreover, the absence of unexpected damage at the ends of the specimens suggests 

that misalignment and stress concentration were effectively avoided with this test method. 

   

(a) (b) (c) 

Figure IV.2: Failure mode of tested specimens: (a) OC, (b) SCC, (c) SFRC. 

As shown in Figure IV.2, a single crack developed progressively until the failure of the 

tested specimens. This crack followed a linear path, with the applied load perpendicular to the 

fractured surface. Unlike the splitting test, the direct tensile test showed a sudden drop in load after 

reaching the peak, causing the sample to break into two parts. Each part was approximately 100 

mm long and remained connected by the embedded bar due to strong bonding. Additionally, there 

was no slippage between the embedded steel bars and the concrete throughout the test, indicating 

a stable and secure connection (Figure IV.3). 
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Figure IV.3: Fracture surface textures of ordinary concrete specimens. 

 

IV.3. Strength results for Ordinary Concrete (OC) 

IV.3.1. Test results 

The direct tensile strength values obtained from experimental testing of Ordinary Concrete 

(OC) were thoroughly analyzed to validate the developed direct tensile testing method. The Table 

IV.1 below summarizes the average results, including compressive strength (fcu), flexural strength 

(ffl), splitting tensile strength (fsp), and direct tensile strength (fdir), across various curing conditions 

and testing ages.  

The mechanical properties, including compressive, splitting, and flexural strengths were 

determined using standard concrete testing methods, while the direct tensile strength was measured 

using the novel testing method developed in this study.  

The concrete specimens were subjected to two distinct curing conditions: submersion in a 

water tank and storage in a laboratory room at a temperature of 23 ± 2°C. Specimens were kept 

under these conditions until the designated testing ages of 3, 7, 14, 28, 56, and 90 days. The 

compressive strength curves as a function of testing age are shown in Figure IV.4. 
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Table IV.1: Test results. 

Batch 

type* 

Test age 

(days) 

Compressive 

strength 

fcu (MPa) 

Direct tensile 

strength 

fdir (MPa) 

Splitting tensile 

strength 

fsp (MPa) 

Flexural     

strength 

ffl (MPa) 

I 

3 14.98 1.55 1.85 4.07 

7 21.37 2.31 2.45 5.48 

14 24.71 2.55 2.98 6.22 

28 27.18 3.21 3.17 6.59 

56 28.38 3.34 3.34 6.92 

90 28.64 3.35 3.46 7.00 

II 

3 14.17 1.43 1.76 3.94 

7 20.54 2.00 2.24 4.48 

14 21.22 2.23 2.50 5.01 

28 22.68 2.33 2.61 5.71 

56 23.40 2.40 2.61 5.95 

90 23.50 2.40 2.64 6.30 

*Batch type I: specimens cured in the water tank; Batch type II: specimens cured in the laboratory room. 
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Figure IV.4: Typical compressive strength curves of ordinary concrete during 90 days. 
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As shown in Figure IV.4, the compressive strength of the OC cylinders monitored at 90 

days of curing was found 28.64 MPa and 23.50 MPa for specimens cured in water tank and 

laboratory room, respectively. A similar trend was observed in both direct and indirect tension 

tests. For the same concrete mixture, both compressive and tensile strengths of specimens cured 

in water tank consistently exhibited higher values compared to those cured in the laboratory room 

due to the condition of curing in presence of water which influences the hydration reaction of the 

cement during the curing period. Typical tensile strength development curves of concrete samples 

for various curing conditions recorded from direct and indirect tensile tests are shown in the Figure 

IV.5 and Figure IV.6. 
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Figure IV.5: Tensile strength curves of ordinary concrete cured in the water tank. 
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Figure IV.6: Tensile strength curves of ordinary concrete cured in the laboratory room. 
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Regardless of the testing method used, the tensile strength development of OC specimens 

varied depending on the curing conditions. After 90 days, the average direct tensile strength for 

specimens cured in water tank was 3.35 MPa, while those cured in laboratory room exhibited a 

lower average of 2.40 MPa. For the split tensile test, specimens cured in water tank had an average 

strength of 3.46 MPa, compared to 2.64 MPa for those cured in the laboratory room. Similarly, the 

flexural strength was measured at 7 MPa for specimens cured in water tank, versus 6.30 MPa for 

those cured in the laboratory room. 

IV.3.2. Comparative analysis 

To confirm the reliability of the testing device and the proposed testing method for the 

direct tensile test, a comparative analysis was conducted between the conventional test methods 

and the newly developed model. The comparison between the strengths obtained from various 

testing methods are detailed in Table IV.2. 

Table IV.2: Result comparison. 

Batch 

type* 

Test age 

(days) 

Ratio: % 

(fdir /fcu)×100 (fsp /fcu)×100 (ffl /fcu)×100 (fdir /fsp)×100 (fdir /ffl)×100 

I 

3  10.35  12.35 27.17 83.78 38.08 

7  10.81  11.46 25.64 94.29 42.15 

14  10.32  12.06 25.17 85.57 41.00 

28  11.81  11.66 24.25 101.26 48.71 

56  11.77  11.77 24.38 100.00 48.27 

90  11.69 12.08 24.44 96.82 47.86 

II 

3  10.09  12.42 27.81 81.25 36.29 

7  9.74  10.91 21.81 89.29 44.64 

14  10.51  11.78 23.61 89.20 44.51 

28  10.27  11.51 25.18 89.27 40.81 

56  10.26  11.15 25.43 91.95 40.34 

90  10.21  11.23 26.81 90.91 38.10 

         *Batch type I: specimens cured in the water tank; Batch type II: specimens cured in the laboratory room. 
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As illustrated in the Table IV.2, the results show that the direct tensile strength of 

specimens tested using the proposed method, under various curing conditions, maintains a 

relatively constant ratio to the compressive strength over 90 days. Specifically, the direct tensile 

strength of specimens cured in either a water tank or a laboratory environment is approximately 

10-11% of the compressive strength. In comparison, the splitting tensile strength and flexural 

strength of these specimens are approximately 11-12% and 22-28% of the compressive strength, 

respectively.  Figure IV.7 and Figure IV.8 show the variation in the ratio of direct tensile strength 

to conventional standard tests across different testing age. 
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Figure IV.7: Variation of obtained direct tensile strengths of ordinary concrete specimens cured 

in the water tank with other testing methods. 
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Figure IV.8: Variation of obtained direct tensile strengths of ordinary concrete specimens cured 

in the laboratory room with other testing methods. 
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The direct tensile strength obtained using the proposed method was approximately 7-12% 

and 60-66% lower than the splitting tensile strength and flexural strength, respectively. This 

finding aligns with previous research, which indicates that the true tensile strength of concrete is 

around 5-12% of its splitting strength [150–152] and about 65-70% of its flexural strength         

[148] [153,154].  

The experimental data revealed considerable variability in the strength results obtained 

from direct and indirect tensile tests. Various studies have explained why tensile strength measured 

by indirect methods often tends to be higher than that obtained through direct methods [155]. One 

notable example is the flexural strength test of ordinary concrete (OC) beams using the center-

point loading method, which frequently overestimates tensile strength. This overestimation arises 

due to the formula used for calculating strength, which is based on Hooke’s law and assumes a 

linear elastic stress distribution along the cross-section up to the point of cracking. However, the 

actual stress distribution across the section is non-uniform and more accurately represented by a 

parabolic flexural stress-strain relationship. Consequently, under loading, the beam is 

simultaneously subjected to tensile and compressive stresses below and above the neutral axis, 

respectively. In this scenario, only the extreme bottom fiber is subjected to the maximum tensile 

stress. 

Although the splitting tensile strength is relatively close to the direct tensile strength, the 

method used to determine this strength is based on the assumption that uniform horizontal tensile 

stress is distributed along the longitudinal cross-section, which may not accurately reflect the true 

tensile behavior of concrete. In practice, this standard method subjects the specimen to a 

combination of stresses : high compressive stresses develop at the friction zones near the ends of 

the cylinder due to contact with packing strips, while tensile stresses increase along the plane of 

the applied load. Moreover, the test’s accuracy is significantly influenced by factors such as 

maximum aggregate size, which affects the stress distribution and failure behavior of the specimen 

under the Brazilian test conditions. 
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IV.3.3. Relationship between the mechanical properties of OC 

IV.3.3.1. Relationship between tensile and compressive strengths of OC 

This section of the study investigates the relationship between the tensile strengths and the 

corresponding compressive strength of ordinary concrete (OC) for various tensile test methods. 

Figure IV.9 and Figure IV.10 illustrate the relationships between tensile and compressive strengths 

of concrete specimens cured in a water tank and in laboratory conditions, respectively. 
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Figure IV.9: Relationship between tensile and compressive strengths from different test 

methods for OC (cured in water tank). 
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Figure IV.10: Relationship between tensile and compressive strengths from different test 

methods for OC (cured in laboratory room). 
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A linear relationship is observed between tensile and compressive strengths across both 

direct and indirect tensile tests, with 𝑅2 values exceeding 0.95 for both curing conditions. However, 

the 𝑅2 value for the relationship between flexural and compressive strength of concrete cured in 

laboratory conditions is 0.74, indicating greater variability and lower reliability in this correlation. 

This scatter in data points could result from factors not accounted for in the regression analysis, 

such as curing conditions, curing duration, and other variables. Therefore, the correlation between 

the results shows that it is possible to estimate the tensile strength from the compressive strength. 

IV.3.3.2. Relationship between direct tensile and splitting strengths of OC 

The relationship between direct tensile strength (fdir) and splitting tensile strength (fsp) of 

OC was analyzed using regression analysis for both curing conditions, as shown in Figure IV.11 

and Figure IV.12. The coefficients of determination (𝑅2) for the proposed relationships are 0.94 

and 0.99 for specimens cured in a water tank and in a laboratory room, respectively. These high 

𝑅2 values reflect a strong correlation between the two tensile strength measures, indicating that the 

proposed relationships are reliable and accurate for estimating direct tensile strength based on the 

splitting strength. 
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Figure IV.11: Relationship between direct tensile and splitting strengths of OC (cured in water 

tank). 
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Figure IV.12: Relationship between direct tensile and splitting strengths of OC (cured in 

laboratory room). 

IV.3.3.3. Relationship between direct tensile and flexural strengths of OC 

Figure IV.13 and Figure IV.14 present the relationship between direct tensile strength and 

flexural strength of ordinary concrete (OC). Regression analysis reveals R2 values of 0.94 and 0.78 

for specimens cured in a water tank and in a laboratory room, respectively. While the high R2 value 

for water-cured specimens suggests a reliable correlation, the lower R2 for laboratory-cured 

specimens indicates a higher variability, reducing the reliability of the proposed relationship in 

that environment. 
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Figure IV.13: Relationship between direct tensile and flexural strengths of OC (cured in water 

tank). 
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Figure IV.14: Relationship between direct tensile and flexural strengths of OC (cured in 

laboratory room). 

IV.4. Strength Results for Self-compacting concrete (SCC) 

IV.4.1. Comparative Analysis 

Table IV.3 summarises the mechanical properties of the SCC obtained from the proposed 

direct tensile test and standard tests. Two batches of SCC specimens were prepared and tested at 

7 and 28 days. The average strength was calculated for each test and used as the representative 

strength in all subsequent analyses. The results show a clear increase in all measured mechanical 

properties (compressive strength, direct tensile strength, splitting tensile strength, and flexural 

strength) as the concrete ages from 7 to 28 days. Compressive strength increased by approximately 

17%, direct tensile strength by 38%, splitting tensile strength by 25%, and flexural strength 

demonstrated the most significant relative increase of over 51%.  

It was observed that the direct tensile strength of SCC is lower than both the splitting tensile 

strength and flexural strength. Specifically, the average direct tensile strength was 2.21 MPa at 7 

days and 3.06 MPa at 28 days, whereas the splitting tensile strength values were slightly higher. 

Flexural strength, which measures an indirect form of tensile strength, reached 5.36 MPa at 7 days 

and 8.13 MPa at 28 days, producing significantly higher results than the direct tensile tests. 
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Table IV.3: Tests results. 

Test age 

(days) 

Compressive 

strength 

fcu (MPa) 

Direct tensile 

strength 

fdir (MPa) 

Splitting tensile 

strength 

fsp (MPa) 

Flexural     

strength 

ffl (MPa) 

7 30.79 2.21 2.72 5.36 

28 36.18 3.06 3.41 8.13 

The lower value of the direct tensile strength compared to the splitting and flexural 

strengths aligns with observations reported by Alhusainy et al. [9] for self-compacting concrete. 

The predicted direct tensile strength value, according to ACI 318-11 [21] was only 0.3 MPa higher 

than the experimentally obtained value at the age of 28 days. 

Table IV.4 provides a comparison of direct tensile strength, indirect tensile strength, and 

compressive strength as determined from the tests. 

Table IV.4: Result comparison. 

Test age 

(days) 

Ratio: % 

(fdir /fcu)×100 (fsp /fcu)×100 (ffl /fcu)×100 (fdir /fsp)×100 (fdir /ffl)×100 

7  7.18  8.83 17.41 81.25 41.23 

28  8.46  9.43 22.47 89.74 37.64 
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Figure IV.15: Variation of obtained direct tensile strengths of self compacting concrete 

specimens with other testing methods. 
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The results shown in the Figure IV.15 illustrate the variation in strength ratios of the 

proposed direct tensile test method across different testing ages compared to compressive and 

indirect tensile tests. The direct tensile to compressive strength ratio increases from 7.18% at 7 

days to 8.46% at 28 days, indicating that continued hydration and improved bonding between the 

aggregate and mortar contribute to enhanced tensile strength over time. 

Moreover, the ratio of direct tensile strength to splitting tensile strength shows a converging 

trend, increasing from 81.25% at 7 days to 89.74% at 28 days. This suggests that the proposed 

direct tensile test yields results that become more comparable to splitting tensile strength as the 

concrete gains strength over time. 

Conversely, the direct tensile to flexural strength ratio shows a slight decrease from 41.23% 

at 7 days to 37.64% at 28 days, indicating that flexural strength develops more rapidly compared 

to direct tensile strength during this period. 

IV.5. Strength results for Steel Fiber Reinforced Concrete (SFRC) 

IV.5.1. Comparative analysis 

All concrete mixes were tested for compressive strength, direct tensile strength, splitting 

tensile strength, and flexural strength after 7 and 28 days of curing. The results of the hardened 

concrete properties are summarized in Table IV.5. 

Table IV.5:  Test results. 

Concrete 

type 

Compressive strength 

fcu (MPa) 

 Direct tensile 

strength fdir (MPa) 

 Splitting tensile 

strength fsp(MPa) 

 Flexural strength       

ffl (MPa) 

7 days 28 days 7 days 28 days  7 days 28 days  7 days 28 days 

Mix-0 20.53 28.14  1.91 3.02  2.45 3.13  4.48 5.51 

Mix-0.5 20.97 29.23  1.98 3.12  2.95 3.69  5.50 6.11 

Mix-0.75 21.18 30.41  2.04 3.22  3.05 4.50  6.05 6.81 

Mix-1.25 23.92 32.48  2.20 3.32  3.75 4.82  6.38 7.81 

Mix-1.50 22.62 31.89  2.23 3.38  4.09 4.86  7.36 8.12 
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IV.5.1.1. Compressive strength 

As shown in the Table IV.5, the compressive strength of the five concrete mixes ranged 

from 20 MPa to 24 MPa at 7 days, and from 28 MPa to 32 MPa at 28 days. The results indicate a 

consistent increase in compressive strength as the volume fraction of steel fibers increased. 

Specifically, at 7 days, the compressive strength showed improvements ranging from 2.14% to 

16.53% compared to the reference mix with the inclusion of steel fibers. 

Similarly, at 28 days, the compressive strength followed the same trend, showing greater 

enhancement as the steel fiber content increased. The improvement in compressive strength for 

SFRC compared to the reference concrete ranged from 3.87% at 0.5% fiber content to a maximum 

of 15.42% at 1.25% fiber content. However, at 1.5% fiber volume, the compressive strength 

slightly decreased to 13.33%, which, while still significant compared to the reference mix, is 

slightly lower than the peak strength at 1.25%. This slight reduction may be attributed to issues 

such as reduced workability and the increase of air content in concrete with increase of steel fiber 

content, which can affect the overall strength development. The compressive strength results are 

graphically illustrated in Figure IV.16. 
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Figure IV.16: Variation in compressive strength of SFRC. 

IV.5.1.2. Comparison of tensile test methods  

The comparison of tensile strength results from different test methods (direct tensile, 

splitting tensile, and flexural tests) reveals significant variations. Across all concrete mixtures and 
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curing times, direct tensile tests consistently yield the lowest tensile strength values, while flexural 

tests provide the highest, as shown in Figure IV.17 and Figure IV.18. 

The splitting tensile test consistently overestimates the tensile strength compared to the 

direct tensile test, with this overestimation becoming more pronounced with curing time as the 

fiber content in the concrete increase. For example, in Mix-1.50, the splitting tensile strength at 28 

days is 4.86 MPa, about 43.8% higher than the direct tensile strength of 3.38 MPa. This trend is 

consistent across all mixes, likely due to the ductile behavior of steel fiber reinforced concrete 

(SFRC), which creates a larger compressive zone under the applied load in splitting test. 

The flexural strength tests yield significantly higher tensile strength values compared to 

other methods. For instance, Mix-1.50 shows a flexural strength of 8.12 MPa, approximately 140% 

higher than the direct tensile strength. This significant additional increase in flexural strength of 

SFRC is primarily due to the fibers' ability to resist tensile forces during bending. Under flexural 

stress, the steel fibers delay failure by either rupturing or pulling out at relatively higher tensile 

stresses. This action enhances the concrete's load-bearing capacity and helps prevent early crack 

formation. Additionally, the fibers improve stress distribution and add ductility, allowing the 

concrete to absorb more energy and resist cracking for longer periods, which greatly enhances its 

performance under bending stress. 
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Figure IV.17: Variation in 7 days tensile strengths of SFRC determined by various test methods. 
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Figure IV.18: Variation in 28 days tensile strengths of SFRC determined by various test methods. 

 

IV.5.2. Relationship between the mechanical properties of SFRC 

IV.5.2.1. Relationship between tensile and compressive strengths of SFRC 

As shown in the Figure IV.19, a regression analysis was conducted on the experimental 

data points of SFRC at 28 days, including both direct and indirect tensile strengths in relation to 

the corresponding compressive strength. Through this analysis, the following relationships were 

obtained: 

𝑓𝑑𝑖𝑟 = 0.078𝑓𝑐𝑢 + 0.8357                                   (1) 

                                               𝑓𝑠𝑝 = 0.406𝑓𝑐𝑢 − 8.1670                                     (2) 

                                               𝑓𝑓𝑙 = 0.5975𝑓𝑐𝑢 − 11.3122                                 (3) 

Where : 

 𝑓𝑑𝑖𝑟 , 𝑓𝑠𝑝, 𝑓𝑓𝑙  and 𝑓𝑐𝑢 are the direct tensile strength, splitting tesnile strength, flexural tensile 

strength and compressive strength, respectively. 

The coefficients of determination (R²) for these proposed relationships are 0.91, 0.91, and 

0.93 for direct tensile, splitting tensile, and flexural strengths, respectively, indicating strong 

correlations between these variables. 
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Figure IV.19: Relationship between tensile strength and compressive strength of SFRC. 

IV.5.2.2. Relationship between direct tensile and splitting tensile strength of SFRC 

In Figure IV.20, as previously described, the experimental data points of direct tensile 

strength (fdir) and splitting tensile strength (fsp) of SFRC at 28 days are plotted. Through regression 

analysis, the following empirical relationship was established: 

                                                 𝑓𝑑𝑖𝑟 = 0.1868𝑓𝑠𝑝 + 2.4271                            (4) 

The corresponding R2 of this proposed relation is 0.93, indicating a strong correlation 

between these two variables. 
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Figure IV.20: Relationship between direct tensile strength and splitting tensile strength of 

SFRC. 

IV.5.2.3. Relationship between direct tensile and flexural tensile strength of SFRC 

The correlation between the direct tensile strength (fdir) and flexural strength (ffl) of SFRC 

was also analyzed using regression analysis, as illustrated in Figure IV.21. The resulting empirical 

relationship can be expressed as follows: 

                                                𝑓𝑑𝑖𝑟 = 0.1316𝑓𝑓𝑙 + 2.3072                           (5) 

The R2 value for this proposed relationship is 0.98, indicating a strong correlation between 

these two mechanical properties. 
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Figure IV.21: Relationship between direct tensile strength and flexural strength of SFRC. 

IV.6. Conclusion  

This chapter presents a detailed analysis of the mechanical properties of Ordinary Concrete 

(OC), Self-Compacting Concrete (SCC) and Steel Fiber Reinforced Concrete (SFRC) using 

various testing methods, with a particular focus on direct tensile strength as measured by the novel 

test method. The experimental results indicate that the direct tensile strength values were 

consistently lower than those obtained from splitting and flexural tensile tests, emphasizing the 

significance of the proposed method in assessing the tensile behavior of concrete. It is important 

to note that the relationships established between different strength parameters are confined to the 
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scope of this investigation. As previously mentioned, this study is part of ongoing research on the 

development of direct tensile strength measurement. 
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Conclusions and Prospects 

 

This research aimed to develop a novel method for accurately determining the tensile 

strength of concrete through direct tensile testing. A new testing device was designed and validated 

to address the limitations of traditional indirect methods, such as the splitting and flexural tensile 

tests, which tend to overestimate tensile strength. The proposed device, along with a novel 

specimen preparation technique, was shown to effectively measure the tensile strength of concrete, 

with results closely aligning with its actual tensile strength and earlier findings. The following 

conclusions can be drawn: 

1. Three different types of tensile tests for concrete were studied, and a new method was 

proposed for evaluating the tensile strength of concrete. This new method was successfully 

developed, and the test results indicated that the proposed method produces reliable results. 

2. The main advantages of the proposed device over other testing techniques are as follows: 

the use of the same testing machine that is typically employed for compressive and splitting 

tensile tests,  easy to setup, use of a standardized-shaped specimen, and less-expensive.  

3. Experimental and numerical methods were used to support the designed device and 

proposed test setup. 

4. The mold proposed for preparing the specimen for the tension test overcomes the 

difficulties in centralizing and aligning the embedded bars within the specimen.  

5. The gripping method used for the concrete samples enhances the bond strength between 

the embedded bars and the concrete, and minimizes stress concentrations at the ends of the 

embedded bars.  

6. The proposed method consistently produced predictable tensile failure modes, with cracks 

forming at expected locations, which concentrated in the central part of the specimen. 

7. The accuracy of the results was confirmed by comparing them with those obtained from 

indirect testing methods, as well as with earlier research findings. 

8. Direct tensile strength values obtained from the three types of concrete (ordinary concrete, 

self-compacting concrete and steel fiber reinforced concrete) were consistently lower than 

those obtained from flexural tensile tests and closer to those from splitting tensile tests.
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9. The study established clear relationships between compressive, direct tensile, splitting 

tensile, and flexural strengths, providing valuable data for future concrete strength 

estimations. 

Perspectives 

• Further research is required to apply the developed testing device and procedure to 

determine the direct tensile strength of various types of concrete, including lightweight and 

high-performance concretes. 

• Further research should explore the applicability of this testing device for steel fiber-

reinforced concrete with higher fiber contents, especially to assess its potential for 

capturing hardening behavior. 

• Investigate the influence of unit weight on the cracking strength and cracking location in 

concrete specimens under uniaxial tension using the developed testing method and epoxy 

adhesive for specimen attachment. 

• Evaluate the impact of strain rate on the direct tensile strength of concrete using the 

proposed testing method. 

• Study the size effect of test specimens on the direct tensile strength of concrete to establish 

any scaling laws or corrections applicable to the test results. 
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Dispositif mécanique, permettant la mesure de la résistance en 

traction de matériaux cimentaires, adapté aux presses à béton 
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Titre de l’invention 

Dispositif mécanique, permettant la mesure de la résistance en traction de 

matériaux cimentaires, adapté aux presses à béton 

Domaine Technique auquel se rapporte l’Invention 

La présente invention se rapporte au domaine technique des essais mécaniques en 5 

génie civil, plus particulièrement, elle concerne les dispositifs permettant de 

mesurer la résistance en traction directe du béton sur des éprouvettes cylindriques. 

 But de l’invention 

La détermination de la résistance en traction des matériaux cimentaire, tel le 

béton, est majoritairement réalisée via des tests indirects tels la flexion trois ou 10 

quatre points ou par fendage (essai brésilien). Dans ces essais, l’estimation de la 

limite en traction du matériau est appréciée au moyen de formules dérivées de la 

théorie de l’élasticité. L’essai de traction direct est un test expérimental permettant 

de mesurer, de manière directe, la résistance à la traction et le module d’élasticité 

du matériau cimentaire, mais sa mise en œuvre nécessite des machines de grandes 15 

tailles adaptées aux dimensions importantes des éprouvettes. 

L’objectif de la présente invention est de fournir un dispositif à faible coût, adapté 

aux presses à béton, qui permet de réaliser l’essai de traction direct sur une 

éprouvette cylindrique et mesurer la résistance en traction du matériau. 

Ce système mécanique de traction est destiné aux organismes, publics ou privés, 20 

équipés de presses à béton (universités, laboratoires de recherche en génie civil 

laboratoires privés spécialisés dans les essais du béton…) et travaillant sur de 
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nouveaux types de bétons afin de déterminer leurs caractéristiques mécaniques en 

traction. 

 

 La mise en Œuvre de l’invention 

Le dispositif est composé de deux cadres rigides, l’un extérieur et l’autre intérieur, 5 

pouvant coulisser l’un par rapport à l’autre. Un effort de pression sur les deux 

cadres produit un effort inversé (une tension) sur l’éprouvette, fixée aux 

mâchoires. Les pièces spécifiques, comme les mâchoires, les axes de guidage, les 

traverses et les bases des cadres sont usinées à partir de brut d’acier par 

commande numérique. Les pièces standards comme les boulons et les écrous sont 10 

achetés dans le commerce.  

Etat de la technique antérieure  

L’essai de traction directe est le plus préconisé pour caractériser le comportement 

d’un matériau sous un effort longitudinal de traction. Cependant, La résistance à la 

traction sur des éprouvettes en béton reste l’une des caractéristiques des moins 15 

bien définies, notamment à cause de l’absence d’une technique expérimentale qui 

soit à la fois économique et fiable tout en restant parfaitement rigoureuse au point 

de vue mécanique. 

Une recherche étendue sur le net avec les mots clé « Direct tensile test of 

concrete», fait ressortir que les dispositifs d’essai de matériaux cimentaires ont été 20 

le sujet de plusieurs inventions brevetées dans divers pays. 
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Titre de l’invention N° de Brevet Date Titulaire 

Apparatus for testing material 
strength 

US 3975950 24/08/1976 Karoly Erdei 

A New Concrete Axial Tensile Test 

Device 
CN 211955007 U 17/11/2020 Liaocheng University 

A novel direct tensile test device for 
concrete sample 

CN 210108832 U 21/02/2020 Hu Liangpeng 

Apparatus for tensile test by 
compression 

US 2015/0377755A1 31/12/2015 Hasan Semsi 

Concrete tension-compression dual-
function dynamic creep test device 

 CN 111735706 02/10/2020 Jiang Heng 

 

Enoncé des figures 

Figure 1 : Vue assemblée du dispositif d’essai avec les repères des différentes 

pièces. 

Figure 2 : Vue éclatée du dispositif montrant les différentes pièces de l’ensemble. 5 

Présentation de l’invention et mode de réalisation 

Dans un mode de réalisation de l’invention, le dispositif proposé (Figure 1) est 

constitué d’un cadre extérieur et d’un cadre intérieur en acier. Chaque cadre 

comporte une base plate rectangulaire et une traverse, qui sont parallèles l'une à 

l'autre. Les deux cadres du dispositif sont assemblées par des axes de guidage (1) 10 

de même taille. Ces derniers sont reliés verticalement, entre la base (2) et la 

traverse supérieure (4), pour le cadre extérieur, et la base (7) avec la traverse 
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inférieure (8) pour le cadre inférieur, par l’intermédiaire des boulons (5) (détail sur 

figure 2). Les boulons (5), passent à travers les trous des traverses, sont vissés dans 

les bases (2 et 7) avec les axes de guidage (1) pour être rigidement liés.  

L’éprouvette utilisée pour le test est de forme cylindrique, selon la norme 

européenne NF EN 12390-1 (100 mm de diamètre sur 200 mm de hauteur). Cette 5 

dernière est fixée verticalement entre les deux bases (2) et (7) par l’intermédiaire 

des mâchoires (3) et des tiges filetées (9), ancrées dans l’éprouvette sur une 

profondeur de 50 mm. Les mâchoires (3) sont reliées aux bases (2) et (7) et à 

l'éprouvette au moyen des goupilles cylindriques (6). 

Pour effectuer le test de traction, le dispositif proposé est monté sur une presse 10 

hydraulique qui exerce un effort de compression sur ce dernier. A ce moment, le 

dispositif réalise une inversion de la force appliquée par la presse hydraulique de 

telle sorte que l’éprouvette s’étire. La mesure de la force de traction est 

déterminée par le système d’acquisition de la presse hydraulique.  

Dans un mode de réalisation de l’invention, l’éprouvette est équipée de jauges de 15 

contraintes permettant la mesure de la déformation longitudinale au moyen d’un 

pont de Wheatstone.  

 

 

 20 
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Revendications 

1- Dispositif d’essai de traction directe permettant des essais sur des 

éprouvettes cylindriques faites d’un matériau cimentaire. 

  

2- Dispositif selon la revendication 1, caractérisé en ce qu’il peut être monté 5 

sur une presse hydraulique et permet d’inverser la sollicitation de 

compression en effort de traction sur le corps de l’éprouvette. 

 

3- Dispositif selon la revendication 1, caractérisé en ce qu’il présente un 

encombrement réduit et peut être produit localement à coût réduit. 10 

 

4- Dispositif selon la revendication 1, caractérisé en ce qu’il est conçu pour 

tester des éprouvettes en béton de forme cylindriques de 100 mm de 

diamètre sur 200 mm de hauteur. 

 15 
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Abrégé descriptif 

La présente invention est un dispositif d’essai de traction directe sur éprouvettes 

en matériaux cimentaires. Les éprouvettes utilisées ont un diamètre de 100 mm et 

une hauteur de 200 mm. Ces dernières sont fixées aux mâchoires du dispositif à 

l’aide de tiges filetées ancrés dans les éprouvettes sur une profondeur de         50 5 

mm. Ce dispositif se compose de deux cadres, chacun comporte une base, une 

traverse et deux axes de guidage. Le dispositif selon l’invention se monte sur une 

presse à béton et réalise une inversion de la compression appliquée par la machine 

en tension appliquée sur le corps de l’éprouvette.  

 10 
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Figure 1  
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Figure 2 

 

 



 

 

 

 

Annexe 2 

Automatic compression testing machine 

 

 

 

 

 



 

 

 

 

Annexe 3

 



 

 

 

 

 



 

 

 

 

Annexe 4 

Schematic drawing of the mold 

 

 

 

  



 

 

 

 

Annexe 6 

Schematic drawing of the testing device 

 

 

  



 

 

 

 

Annexe 6 

Epoxy Adhesive  

 


