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ABSTRACT 

 

Material properties of concrete play an important role in the analysis of reinforced 

concrete RC members. One of the most commonly used material properties is the 

compressive stress strain  σ-ε relationship. Uniaxial compression tests on concrete cylinders 

are used to obtain these material properties of concrete in compression. These tests are 

effective up to peak stress, but have limited applicability post-peak stress, primarily due to 

the influence of size. These cause the absence of an accurate material softening stress-strain 

relationship.  Hence, the post-peak softening behavior of a reinforced concrete member is 

not been able to be simulated accurately since there is not an accurate softening σ-ε 

relationship for concrete.  An alternative approach is required.  

Recently, shear friction theory has been used to simulate the softening behavior of 

concrete. Shear friction theory quantifies the relationship between the shear stress, normal 

stress, displacement and separation of the softening concrete in relation to the adjacent (non 

softening) concrete. In this thesis, an approach is presented to extract the shear-friction 

softening properties of concrete from experimental tests on long concrete prisms. Empirical 

mathematical expressions are developed which quantify the relationship between the 

softening stress and the displacement of the softening wedge. These empirical stress-

displacement expressions are then applied to the analysis of eccentrically loaded concrete 

prisms. The theoretical analyses of these eccentrically loaded prisms agree well with the 

experimental results, indicating the applicability of using this approach to extract the 

softening shear-friction properties of concrete, from prism tests, and subsequently using 

these empirical expressions to simulate the post peak response of concrete.  
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Wedge based concrete compression failure in RC 
members 
R. Nurwidayati . M. Haskett . D. J. Oehlers . C. Wu 

 

Abstract It is generally accepted that the ductility of a reinforced concrete member is a very important 
parameter as it governs such things as moment redistribution, moment magnification and the ability to 
absorb energy. Quantifying the ductility of RC members has been an almost intractable problem for a 
number of reasons, one of which is that it is difficult to replicate the behaviour of the compression wedge 
that is formed when concrete softens. A common approach used to quantify the ductility is to use concrete 
softening stress-strain relationships in conjunction with hinge lengths both of which have to be derived 
empirically. However these softening stress-strain relationships, that are derived from cylinder tests, have 
been found to be both size and shape dependent and it has been even more difficult to find empirically 
derived hinge lengths that are generic. An alternative approach is described in this paper in which the 
behaviour of the compression wedges are measured directly from simple tests on uniaxially loaded prisms of 
varying dimensions. It is shown how these prism tests in which there is a uniform strain can be used in the 
analysis of the compression zone of flexural members in which there is a strain gradient and without the 
need for hinge lengths. It is suggested that this may be a useful approach in developing new concrete 
products such as very high strength concrete or fibre concrete, as the effect of the new concrete product on 
the ductility of flexural members of any cross-sectional properties can be ascertained through a relatively 
few simple experimental prism tests.  

 

Keywords Reinforced concrete . Reinforced concrete ductility . Concrete . Concrete softening 

 

1. Introduction 
 

Tests of reinforced concrete members clearly shows that failure of the concrete in 

compression, that is the softening of concrete, is associated with the formation of 

compression wedges [1-3] as in Fig. 1 and researchers have studied this directly through 

tests on eccentrically loaded prisms [4,5]. However, it is common in research practice not 

to quantify concrete compressive failure directly through measuring the behaviour of the 

wedge, but indirectly through the stress-strain relationships from compressive cylinder tests 

whilst softening [6,7,8]. Unfortunately this indirect approach of using softening stress-

strain relationships has been found to be both size and shape dependent [9-13] which limits 

its application. Furthermore, the use of these empirically derived softening stress-strain 
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relationships in the analysis of RC members necessitates the use of empirically derived 

hinge lengths [14-18] which are themselves difficult to quantify [18]. 

To overcome the problems mentioned above that are associated with concrete 

softening, an alternative approach is proposed in this paper for quantifying the softening of 

concrete. It is shown how the behaviour of compression wedges can be measured directly 

from compression tests on axially loaded rectangular prisms of varying dimensions in 

which the deformation or effective strain profile is uniform. Furthermore, it is shown how 

these results can be used to quantify the behaviour of compression wedges in flexural 

members where the deformation or effective strain profile is no longer uniform but varies 

linearly. Hence the effect of the concrete on the ductility, that is the rotation at a hinge, can 

be quantified from a relatively few number of simple prism tests and used to simulate the 

formation of  hinges in RC members of any cross-section. It is suggested that this may be a 

useful approach in the development of new concrete products, such as high strength 

concrete, concrete made from pulverised fly ash or concrete with steel or polymer fibres, if 

the effect of the concrete on the member ductility is important.  

 The fundamental principles that govern this wedge based approach are first 

described for uniformly loaded rectangular sections and it is then shown how it can be 

applied to flexurally loaded members such as in beams. In order to illustrate this approach, 

a series of tests for quantifying the wedge behaviour are then described and the results used 

to analysis the compression region in beams as occurs in eccentrically loaded prisms [4,5]. 

The aim of this paper is not to specifically quantify the behaviour of concrete softening 

wedges but to illustrate how the wedge behaviour can be quantified and the results used in 

flexural members to quantify their rotational capacity. 

   

2. Wedge based model 
 

The wedge based model assumes that the concrete material remains linear elastic, that is it 

has a constant modulus of Ec, and that any non-linearity that might occur is due to micro-

cracking along planes that allows shear deformations associated with shear-friction theory 

[19-22]. The wedge base model is first explained in the context of a prism as in Fig. 2(a) 

where the displacements δa are applied uniformly along the width of the prism 2dw such 
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that the effective strain δa/Ldef is uniform across the prism width. The wedge based model is 

then applied to an eccentrically loaded prism where the displacement δ and effective strain 

δ/Ldef vary linearly as occurs in flexural members. 

 

2.1 Rectangular axially loaded prisms 

 

Consider the prism in Fig. 2(a) of height 2Ldef and width 2dw. Let us assume that the depth 

of the prism into the page is very large so that the behaviour of cross-sections within the 

page are identical which simplifies this to a two-dimensional behaviour. A uniform 

pressure σ is applied to the horizontal surface which induces a contraction 2δa over the 

depth 2Ldef. Each half of the prism behaves identically being subjected to a contraction δa 

over a length Ldef. 

The prism in Fig. 2(a) can be tested to failure and the results plotted as in Fig. 3 

where the abscissa will be referred to as the effective strain εeff which is the measured 

overall contraction over the prism length that is δa/Ldef in Fig. 2(a). On loading in Fig. 3, the 

stress/effective-strain relationship may be considered to follow a linear path O-A, with a 

modulus Ec up to a stress αfp, after which non-linearity occurs in the ascending portion A-

C, where the strength peaks at fp, followed by a descending portion C-D which is often 

referred to as softening. In the wedge based model, this non-linearity is associated with the 

formation of micro-cracks in the region of inclined wedge shaped planes as in Fig. 2(b) 

which allow shearing across the inclined planes to accommodated the non-linearity shown 

in Fig. 3. For example, the plane A-F in Fig. 2(b) which contains both B-C and D-E on 

opposing sides of potential sliding planes, will deform through micro-cracking to allow the 

deformation shown in Fig. 2(c) where sliding of the wedge from B to C shortens the prism 

by Sw such that the effective strain due to sliding Sw/Ldef is the non-linear strain in Fig. 3 

which in the ascending branch is shown as εn-mic-asc and that in the descending branch as εn-

mic-des. It can be seen in Fig. 2(c) that this sliding action must be accommodated by localised 

crushing as shown to allow the wedges to move sideways which is the dilation of the 

member which can be measured [23] but is not the subject of this paper.  

 In summary, the effective strain εeff in Fig. 3 consists of the material strain εmat and 

that due to micro-cracking εmic. Another way of visualizing this behaviour is that the 
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components of the prism A-B, C-D and E-F in Fig. 2(c) when subjected to a stress σn can 

only contract through material contraction δmat by εn-matLdef where εn-mat is σn/Ec and the 

remaining deformation δS can only be accommodated by wedge sliding Sw such that εn-mic is 

equal to Sw/Ldef. Hence the total deformation δ in Fig. 2(c) is the sum of δmat and δS. 

  The prism in Fig. 2(c) consists of four wedges. Let us consider the single wedge in 

the upper right quadrant which is shown in Fig. 4. The distance Ldef is any convenient 

distance that encapsulates the length of the wedge Lw and dw is now the depth of the wedge. 

It can be seen that the uniform displacement δn which imposes a stress σn causes a uniform 

slip along the sliding plane that causes a contraction Sn. It can also be seen that the effects 

of micro-cracking which occurs over a finite region are represented by a sliding action 

along a plane which is referred to as shear-friction theory. The effective strain εn-eff in the 

quadrant in Fig. 4 is δn/Ldef which comprises that due to the elastic deformation εmat that is 

σn/Ec and that due to the contraction due to micro-cracking Sn/Ldef. Hence the contraction 

due to micro-cracking is given by 

 

                                                                          (1) 

 

Equation 1 can be used to convert the effective strains which can be measured 

experimentally, to contractions S due to micro-cracking as in Fig. 5 where Sp is the 

contraction at the peak stress fp. Hence the variation in Fig. 5 can be obtained directly from 

prism tests as in Fig. 2 and used to determine the behaviour of wedges in prisms as in Fig. 4 

where the deformation is uniform. However, in beams the deformation is not uniform 

which is the subject of the following section.  

  

2.2 Flexurally loaded beams 

 

The prism in Fig. 2(a) which is subjected to a concentric load is now subjected to an 

eccentric load as in Fig. 6. Because of the eccentricity of load, the deformation δ is now no 

longer uniform but varies from δL on the left to δR on the right so that there is a linear 

variation in the effective strains δ/Ldef and a rotation θ. Because of the eccentricity of load, a 
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wedge first forms on the loaded side of the prism as shown in which the depth of the wedge 

dw is no longer equal to half the width of the prism d. 

The bottom half of the prism in Fig. 6 is shown rotated by 90o in the clockwise 

direction in Fig. 7(e). The surface of the prism, A-A in Fig. 7(d), is now subjected to a 

compressive deformation at the top δT and a tensile deformation at the bottom δB such that 

there is a linear variation of the effective strain εeff in Fig. 7(c) from δT/Ldef at the top to 

δB/Ldef at the bottom. Micro-cracking starts at a stress αfp in Fig. 3; this stress αfp is shown 

in Fig. 7(b), the  accompanying strain αfp/Ec in Fig. 7(c), and the accompanying 

deformation (αfp/Ec)Ldef in Fig. 7(d) which is shown as line B-B. Hence any deformation 

within the prism that is greater than the deformation of line B-B requires micro-cracking. 

Hence any deformation above point C in Fig. 7(d) requires micro-cracking which, 

therefore, fixes the depth of the wedge dw as shown.    

 Let us first consider the behaviour below point C in Fig. 7(d). The linear 

deformation C-E produces the effective linear strain distribution F-G-H in Fig. 7(c). If the 

concrete cracks in tension at εct at level G, then the strain distribution F-G is a real strain 

distribution, that is it is a material strain distribution. Hence, the stresses in this region F-G 

in Fig. 7(b) can be determined from the concrete modulus. Subsequently, the forces in this 

region can be determined as in Fig. 7(a) where Fel.c is the force in the elastic concrete 

compression region and Fel.t is the force in the elastic tension region. If the concrete cracks 

in tension at level G in Fig. 7(c), then G-H is an effective strain. If reinforcing bars 

intercepted this crack, then the force in the reinforcing bar Fr would depend on both the 

crack width Δr in Fig. 7(d) and the bond-slip properties, which is dealt with elsewhere using 

partial-interaction theory [24-29] as this paper is only dealing with concrete under 

compression. 

 Let us now consider the behaviour in the micro-cracking region in Fig. 3 that is 

above point C in Fig. 7(d). Consider level n where the prism must accommodate the 

deformation H-I. Part of this deformation H-J is accommodated by concrete material 

straining εmat as shown in Fig. 7(c) such that the deformation due to material straining H-J 

is given by (σn/Ec)Ldef and the remaining deformation J-I is due to micro-cracking 

contraction Sn at the wedge interface as shown in Fig. 7(e). It is simple a question of finding 

the stress σn such that the material contraction σnLdef/Ec plus the micro-cracking contraction 
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from Fig. 5, Sn-asc or Sn-des, depending on whether it is in the ascending or descending 

branch, equals the required deformation H-I in Fig. 7(d). From this analysis of the wedge, 

where the depth of which dw is usually divided into segments in which each segmental is 

assumed to have a uniform stress, the resulting force in the wedge and its position Fw in 

Fig. 7(a) can be determined. 

 The resultant of the forces in Fig. 7(a) and its position can now be determined. If the 

eccentrically loaded prism in Fig. 6 is being analysed, then the resultant of the forces in Fig. 

7(a) needs to be in line with P and this can be obtained by pivoting the displacement D-E in 

Fig. 7(d) about D until the resultant force is in line. If a beam were being analysed, then it 

is simply a question of pivoting about D until the resultant force was zero.   

 

3. Rectangular prism tests 
 

These tests [23] were performed simply to illustrate how the wedge properties required for 

the flexural analysis depicted in Fig. 7 could be obtained from prism tests as depicted in 

Fig. 2; as such they are not meant to be a comprehensive quantification of the wedge 

properties.  

Four different sizes of prisms were chosen [23] with a width (2dw in Fig. 2(a)) to 

height (2Ldef) to depth ratio of 1:2:4 as shown in Table 1 and in Fig. 8. Theoretical shear-

friction research on the formation of wedges [19] would suggest that the wedge can be 

contained within prisms of width to height ratio of 1:2 as in Fig. 8(a). If the height were any 

less with respect to the width then the platen restraints at the ends would affect the angle of 

wedge that is α in Fig. 7(e). Wedges form as shown in Fig. 8(a) where the wedge forms into 

the width (2dw) and over the depth of the specimen. However, they also form at the ends 

and into the depth and over the width (2dw) of the specimen. Deep specimens, that is 

specimens as in Fig. 8(b) where the depth was much greater than the width, were chosen so 

that the wedge formation as in Fig. 8(a) would dominate the behaviour so that the 

behaviour could be assumed to be two-dimensional.  

The elastic modulus of the concrete material was derived from standard cylinder 

tests [23]. The contraction of the specimens were measured with transducers [23] so from 

Eq. 1 can be derived the contraction due to wedge slip S. Three or four specimens of each 
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size were tested and the average of the results for each size is plotted in Fig. 9. The average 

peak stress fp and contraction at peak stress Sp are recorded in Table 1 and these were used 

to non-dimensionalise Fig. 9 as shown in Fig. 10. Curve fitting of Fig. 10 gave the 

following expression for micro-cracking displacement S for a given stress � 

 

(2) 

 

where fp had an average value of 43 MPa and sp was found to be a function of depth of 

wedge dw as follows  

 

                                                                             (3)   

   

Equation 2 provided an accurate fit to the experimental results, as shown in Fig. 11. 

 

4. Analysis of eccentrically loaded prism tests 
 

The analysis depicted in Fig. 7 and using the wedge properties in Eqs. 2 and 3 was applied 

to Daniel et al’s test specimens [5]. The specimens as represented in Fig. 6 had a width d of 

300mm, height 2Ldef of 360 mm, depth into the page of 180 mm, an average concrete 

strength of 33 MPa and were tested at eccentricities e of 60, 70 and 85 mm. It may be worth 

noting that the average concrete strength of the prism used to derive Eqs. 2 and 3 was 43 

MPa, hence, the shape of the variations in material properties given by Eqs. 2 and 3 and 

illustrated in Fig. 11 are really only applicable to this strength of concrete. However, to 

illustrate this analysis technique it has been applied to Daniel et al’s specimens which were 

a bit weaker at 33 MPa. 

A typical comparison of the moment-rotations is shown in Fig. 12. Two 

experimental tests were performed at this eccentricity and these are shown as unbroken 

lines; the difference between these tests is a gauge of the scatter that can be expected even 

from supposedly identical specimens and tests. The test results have been compared with 

the results of theoretical analyses with variations in concrete strength from 43 MPa to 



 

xiii 

 

28MPa and which are shown as broken lines. Bearing in mind the scatter between the test 

results, it is suggested that the shape of the theoretical results compare well with those of 

the tests. It can be seen that this new approach can simulate the moment-rotation softening 

without the need for empirical hinge lengths nor softening stress-strain relationships.     

 The main interest of this research is the non-linearity due to micro-cracking as 

already illustrated in Fig. 5 for prism tests. Dividing the abscissa θ of Fig. 12 by Ldef gives 

the curvature χ. In which case, the initial stiffness or tangent stiffness of the rising branch in 

Fig. 12 would be the elastic flexural rigidity EI and divergence from this would be due to 

flexural cracking and micro-cracking. This divergence due to cracking which is the main 

interest of this research has been plotted in Figs. 13 to 15 for each test specimen in which 

the eccentricities were 60, 70 and 85mm. It is suggested that the results show that the 

model can closely represent softening.  

 The above wedge based analyses have been applied to eccentrically loaded flexural 

members without any reinforcement as illustrated in Fig. 6. As already explained in the 

wedge based analyses depicted in Fig. 7, these analyses could also have been applied to 

reinforced flexural members where the force in the longitudinal reinforcement is a function 

of Δr in Fig. 7(d) [26, 27 and 29]. It can, therefore, be seen that once the wedge properties, 

such as those in Eqs. 2 and 3, have been derived from prism tests, as in Fig. 8, they can be 

used to derive the ductility of any reinforced concrete beam such as that in Fig. 1. 

 

5. Conclusions 
 

Quantifying concrete softening and the region over which softening occurs using softening 

stress-strain relationships and empirical hinge lengths has proved to be a very difficult 

problem. An alternative approach is described in which the concrete softening behaviour is 

measured directly through prism tests; it is shown how the results of these prism tests can 

be used in the analysis of flexural members without the need for softening stress-strain 

relationships and without the need for empirical hinge lengths. This approach is unique as it 

does not require stress-strain softening relationships but stress-sliding relationships that can 

be obtained directly from prism tests. This new wedge based approach has been compared 

with tests on eccentrically loaded prisms giving good simulation of the softening behaviour 
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due to micro-cracking. It is suggested that this direct approach may be useful in the 

development of new concrete materials such as fibre concrete and maybe also be useful in 

the refinement of existing ductility models for ordinary reinforced concrete. 
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Table 1 Detail of concrete prisms 

Prism 
  

Width 
[2dw] 
(mm) 

Height 
[2Ldef] 
(mm) 

Depth 
(mm) 

Sp 
(mm) 

fp 
(mm) 

Test-50 50 100 200 0.04 45 
Test-75 75 150 300 0.11 48 

Test-100 100 200 400 0.12 42 
Test-125 125 250 500 0.15 39 
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Fig. 1 Compression wedge in a beam [2] 
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Fig. 2 Concentrically loaded prism 
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Fig. 3 Measured concrete material properties 
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Fig. 4 Deformation of a single wedge 
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Fig. 5 Wedge contractions 
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Fig. 6 Eccentrically loaded prism 
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Fig. 7 Wedge based flexural analysis 
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     (a). Width (2dw) to height (2Ldef)                                 (b). depth to height 

Fig. 8 Typical formation of wedges 
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Fig. 9 Test results  
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Fig. 10 Non-dimensionalised test results 

 

  



 

xxix 

 

 

Fig. 11 Stress-slip comparison 
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Fig. 12 Typical moment-rotation comparison 
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Fig. 13 Non-linear rotation at e = 70 mm 
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Fig. 14 Non-linear rotation at e = 60 mm 
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Fig. 15 Non-linear rotation at e = 85 mm 
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Chapter 1: INTRODUCTION 

Structure members such as reinforced concrete (RC) slabs and beams bend under 

external loads. The flexural cracks occur when tensile stresses due to bending exceed the 

flexural strength of concrete. After formatting the crack, the reinforced bar carries the 

tensile force to support the applied load. When the load is increased further, the crack 

become wider and the reinforced bar slip relative to the surrounding concrete.  

A moment curvature, M-χ approach currently is used to simulate the reinforced 

concrete members in flexure.  To simulate M-χ approach analysis, material properties of 

concrete and reinforced bar such as stress strain σ-ε relationship of concrete in 

compression and σ-ε relationship of reinforcement are required. Full interaction between 

reinforcement and the concrete is assumed in this approach. 

To simulate failure in this analysis, it is assumed that concrete crushing occurs at 

maximum strain concrete equal to the peak strain at stress strain relationship. This 

provides an approximation of the flexural capacity at failure, but does not allow for the 

gradual progression of failure or softening behaviour to be simulated. 

To simulate the gradual progression of failure the softening stress strain 

relationship is used but these are highly size and shape dependant which limits its 

application.   Recently, shear friction theory has been applied to the simulation of the 

softening behavior of concrete. Shear friction theory quantifies the relationship between 

shear stress, normal stress, displacement, and separation of the softening wedge across 

the crack plane.  

In this thesis an alternative mechanism is proposed to simulate the gradual 

softening of concrete directly from compression tests on axially loaded rectangular 

prisms of varying dimension and slenderness. The behaviour of concrete crushing in 

compression prior to peak stress can be measured directly from compression tests, and 

the deformation or effective strain profile is uniform across the concrete cylinder.  

At maximum compressive stress, localised deformation of concrete occurs and 

this localised deformation is responsible for the softening stress-strain relationship 

concrete post peak strain. 
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The goal of this thesis is to study experimentally this localised damage region 

and develop an empirical stress-deformation expressions to simulate the concrete 

softening mechanism and the subsequently use these empirical expressions in a beam 

analysis. 

The thesis talks the following form: 

In Chapter 1, the background and the objectives of this research are introduced. 

Chapter 2 presents relevant literature related to softening mechanisms in 

unreinforced concrete. The stress-strain properties of concrete in compression is 

described initially and followed by shear friction theory. 

Chapter 3 presents the first set of experimental tests on rectangular concrete 

prisms of varying dimensions under uniaxial compression, where the compression 

strength is 38MPa. Empirical expressions are developed in terms of stress and 

deformation of the wedges in axial and lateral direction (slip wedge and wedge 

expansion) which are used subsequently in Chapter 5. 

Chapter 4 presents the second set of experimental tests. The steps and the 

analysis of these experimental tests are the same as the first set of experimental tests. 

This test is different from first set test in Chapter 3 where the compressive strength of 

concrete is 23 MPa and the effect of slenderness ratio is analyzed.  

Chapter 5 presents the moment rotation analysis of an eccentrically loaded 

prism. The theoretical moment rotation response is then compared to the experimental 

test.  

Chapter 6 presents the conclusion of this research. 
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Chapter 2: LITERATURE REVIEW 

2.1 Stress-Strain Properties of Concrete in Compression 

The stress-strain curve of concrete under uniaxial compression is an essential 

requirement for ultimate strength design and in the analysis of reinforced concrete members. 

A compression test on concrete cylinders or cubes is commonly used to quantify a complete 

the stress-strain σ-ε relationship. A typical stress-strain relationship under uniaxial 

compression is presented in Figure 2.1. The stress strain relationship can be characterized by 

two regions: pre-peak and post-peak. The pre-peak region is initially elastic and reflected in 

a linear stress-strain response under low loads. This pre-peak behaviour is considered to be a 

material property and can be determined directly from experimental test on concrete 

cylinders.  

 

 
Figure 2.1: A typical compression stress-strain relationship of concrete 

 

The stress-strain behaviour of the concrete becomes nonlinear and inelastic as 

micro-cracking develops at the interface zone between the aggregate and mortar (Van Vliet 

and Van Mier, 1996). This occurs when the stress reaches approximately (0.45-0.7) fp where 

fp is peak stress of concrete (Park and Paulay 1975, Palmquist and Jansen 2001). The 

process of continuing micro-cracking continues up to peak stress. These micro-cracks 

propagate and coalesce to eventually form a macro-crack in the mortar. A large crack is 
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formed when peak stress is reached, therefore, the deformations seems to localise in a 

narrow zone (Van Vliet and Van Mier, 1996). Then the stress gradually decreases with an 

increase in axial deformation which is commonly referred to as strain-softening (Van Mier 

and Man 2009).  

2.1.1 Material Deformation  

Various models have been proposed by many researchers to accurately represent the 

form of the ascending and descending branches of the stress-strain curve through uniaxial 

compression tests on unconfined concrete specimens (Hognestad 1951, Saenz 1964, 

Barnard, 1964, Sargin 1971, Popovics 1973, Carreira and Chu 1985, Yip 1998, Kumar 

2004). 

Hognestad (1951) modelled the ascending branch up to the peak stress of the stress-

strain relationship that is along O-A in Figure 2.1as a parabola  
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where εp the strain at the peak stress of unconfined concrete given by 
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 Eq. 2.2 

where σ is stress at a strain of εc; fp and εp are the peak stress and the strain at the peak 

stress of unconfined concrete respectively, Ec is Young’s modulus of concrete (MPa) 

that can be determined as a function of compressive strength of concrete fc (ACI 

Committee 363 1992)  

              69003320 �� cc fE Eq. 2.3 

Sargin (1971) proposed the stress-strain relationship of compression concrete as 
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Where the empirical constants a, b, and c were  determined from the boundary 

conditions of the pre-peak portion of the stress-strain curve while the constant d was 

determined from post-peak portion of the curve. Sargin (1971) used the same constants 

for both the ascending and descending branch.  

It should be mentioned that Eq.2.1 and Eq.2.2 are only valid for standard 

specimens with a height-to-width ratio equal to or greater than 2 when the load is a 

short-term load applied at a rate that produces a constant strain in the specimen that is 

loaded for displacement or deformation control (Popovics 1973, Palmquist and Jansen 

2001). 

2.1.2 Strain Softening 

The strain softening occurs before peak stress when micro-cracking begin to form 

during the pre-peak portion of stress strain curve (Jansen and Shah, 1997) or after peak 

stress where the stress decrease gradually as increasing axial deformation (Van Mier and 

Man, 2009). The post-peak region of stress-strain curve in Figure 2.1 or strain softening is 

not a material property and its behaviour is affected by many factors. Some significant 

factors which influence the post-peak behaviour are slenderness ratio which is height to 

width ratio of prism or height to diameter of cylinder specimens, specimen geometry or 

shape and size of specimens, frictional restraint between loading platens and specimen 

surface, loading rate, rigidity of the platens (Sangha and Dhir 1972, Kotsovos 1983, Shah 

and Sangkar 1987, Palmquist and Jansen 2001, Jansen and Shah 1997, Van Mier 1984, 

1986, Van Mier et al. 1997, Van Vliet and Van Mier 1996, Choi et al. 1996, Van Geel 1998, 

Kim et al. 1999, Vonk 1992).  

Wang et al. (1978) observed one constant only (constant d in Eq. 2.4) is not 

sufficient to determine the descending portion of stress-strain curve accurately. Hence 

Wang et al. (1978) modified Eq.2.4 and quantified two sets of the empirical constants a, 

b,c, and d, for pre-peak and post-peak portions of stress strain relationship.  

A post-peak stress-strain relationship that is along A-B in Figure 2.1, has been 

developed by Popovics (1973) as 
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Eq. 2.5 

Where σ is axial stress for a given strain εc, fp and εp represent peak axial stress and the 

corresponding axial strain of confined concrete respectively. Carreira and Chu (1985) 

defined the material parameter n in Eq.2.5 as 
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Eq. 2.6 

The shape of post-peak portion of the stress-strain relationship is affected by the 

material parameter n (Figure 2.2). The higher value of n causes the steeper slope of 

descending branch of curve.  

 
Figure 2.2: Effect of parameter n to stress strain relationship 

 

The form of the stress-strain relationship that is suggested by Popovics (Eq. 2.5) 

only requires three parameters fp, εp and Ec that can be determined from compression 

tests. 

2.1.2.1 Localisation in Compression 

Over many years compressive post-peak behaviour has been recognised as 

localised phenomenon. Localization means that the descending branch of stress strain 

curve becomes specimen size dependant and not be regarded as a pure material property 

Decreasing the 
value of n 
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(Markeset and Hillerborg 1995). The localisation of deformation occurs in the post peak 

region in uniaxial compression test (Van Mier 1984, Jansen and Shah 1997, Van Vliet 

and Van Mier, 1996) and also occurs in practice (Weiss et al. 2001, Kim et al. 2001, 

Borges et al. 2004, Lertsrisakulrat et al. 2002). The localisation commence in 

compression just prior to peak stress (Shah and Sangkar 1987, Palmquist and Jansen 

2001) or at peak stress (Torrenti et al.1993, Van Mier 1984). Because of strain 

localisation, the post-peak region of stress-strain curve is dependent on specimen size 

and slenderness and is not a material property. The post-peak response of longer 

specimens is more brittle. 

Consider Figure 2.3, the prism of width W and height H subjected to uniaxial 

compression load. The increasing load causes the cracks occur in portion of prism height 

refers as a localised zone or damage zone of length Hd as shown shaded, while the 

remainder of the specimen (bulk zone) can be considered undamaged.  

 
                (a)                      (b)  

Figure 2.3: Localisation behaviour of concrete in compression 

 

The damage zone length Hd of the centrically loaded specimen is equal to the 

width W of the specimen at peak load (Palmquisr and Jansen 2001), equal to 2 times 
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(Palmquisr and Jansen 2001) or 2.5 times (Markeset 1993, Markeset and Hillerborg 

1995) of the smallest lateral dimension of the specimen cross section when the 

specimens failed. Hence for shorter specimens, the damage zone as shown shaded is 

almost the whole specimen height as shown in Figure 2.3 (b). 

The stress strain relationship for undamaged zone (bulk zone) can be defined by 

Hognestad (1951) in Eq.2.1. Meanwhile, Palmquist and Jansen (2001) proposed the 

post-peak stress strain relationship for unreinforced concrete specimens with slenderness 

ratio equal or greater than 2 which take into consideration the length of the damage zone 

Hd as  
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Where  
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Eq.2.8 

And  

db HHH �� Eq.2.9

 

Where εc is strain for a given stress σ, fp and εp represent peak axial stress and the 

corresponding axial strain respectively, Ec is Young’ s modulus, W and H are the width 

and the height of the prism respectively, Hb is the bulk zone length, Hd the damage zone 

length, a, b and c are empirical constants.  

Lertsrisakulrat et al. (2001) evaluate effect of specimen geometries, such as the 

slenderness ratio, size and shape to the damage zone length Hd based on experimental 

test for compressive strength 45MPa. The results reveal that at the same cross section, 

the damage zone length Hd is not significantly affected by the slenderness ratio and the 

shape of specimen. On the other hand, increasing the cross sections area leads to 

decrease the damage zone Hd. More detail about slenderness ratio is in Section 2.1.2.2. 

Consider Figure 2.3(c) and (d), after the peak load reached, the deformation in 

the damage zone still increases while the deformation in undamaged zone decreases due 

to reduction in stress. The concrete cannot be regarded as a continuum anymore due to 
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the localisation of damage (Van Vliet and Van Mier 1996). Hence the post peak stress-

deformation relationship is more suitable used to analyse the softening behaviour instead 

of stress-strain relationship because softening portion of the curve is not material 

property but structural response as RILEM recommendation (RILEM TC 148-SSC 

2000). 

The post peak deformation is calculated by subtracting pre-peak deformation 

from total deformation of the specimens. Figure 2.4 illustrates the relative or normalised 

stress in terms of post peak displacement response, where d is referred to the lateral 

dimension W. Normalised or relative stress is used to obtain a good comparison between 

the curves. Normalised or relative stress is stress divided by the peak stress. 

  

 
Figure 2.4:  Relationship between relative/normalised stress and post peak deformation 

(Jansen and Shah, 1995 and Van Vliet and Van Mier 1996) 

 

The graphs indicate that slenderness ratio affected to strain softening of concrete. 

The stress-post peak deformation curve indicates that a localisation of deformation 

occurs in softening region. The post-peak response or strain softening in compression 

has to be defined by means of a stress-post peak deformation (Van Mier 1984, Jansen 

and Shah 1995, Van Mier et al. 1997, Fantilli et al.2007).  

(a) (b) 

Relative Stress, σ/fp 

Post-peak displacement (mm) Post-peak displacement (μm) 

Relative Stress, σ/fp 
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2.1.2.2 Slenderness Ratio 

The effect of slenderness of prisms and cylinders to the compressive strength in 

Round Robin test is depicted on Figure 2.5. In high friction between loading plate and 

specimen, the compressive strength of all specimens in both normal and high strengths 

concrete indicate increasing significantly as the slenderness ratio of specimen decreases. 

The compression strength of DUT prism increases significantly when the slenderness 

ratio decrease from 0.5 to 0.25. However, Schickert (1980) carried out numerous load 

controlled compression tests on prism with slenderness ranging between 0.25 and 4 and 

found that decreasing the concrete strength stops when the slenderness ratio is larger 

than 2 (Schickert 1980, Kotsovos 1983) or larger than 2.5 (Sangha and Dhir 1972, 

Newman and Lachance 1964). The same behaviour is shown on ACBM cylinders in 

Figure 2.5. The compressive strength of cylinder increases slightly with a decreasing of 

the slenderness ratio from 3 to 2. The specimen strength increases very slightly when 

increasing slenderness ratios larger than 2 because other mechanisms such as buckling 

will become more prominent (Schickert 1980). Watanabe et al. (2004) evaluated the 

effect of slenderness ratio on compressive strength of concrete and found that 

compressive strength of concrete cylinder is not affected by slenderness ratio between 2 

and 8 when friction reducing pad is used. 
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Figure 2.5: The compressive strength for different slenderness ratio (Van Mier et al. 1997) 

The frictional restraint occurs between loading platen and specimen causes a 

horizontal confinement of the specimens which decreases with increasing distance from 

the specimens ends as explained many researchers, e.g. Schickert (1980), Kotsovos 

(1983), König et al. (1994), Van Vliet and Van Mier (1996). This phenomenon is shown 

schematically in Figure 2.6. In short specimens the confined zone as shown shaded 

occurs over almost the whole specimens’ volume whereas relatively large unconfined 

area develops in higher specimens. The initial crack occurs and propagates in the 

unconfined area at lower load. The higher concrete strength occurs on the lower 

slenderness of specimen as shown on THD cylinders in Figure 2.7. Hence the concrete 

strength is affected by the slenderness ratio.  

In contrast, the concrete strength is not affected by increasing the specimen 

slenderness ratio in low friction (Van Mier 1984, König et al. 1994, Van Vliet and Van 

Mier 1996, Van Mier et al. 1997). Effect of frictional restraint between loading platen 

and specimens to concrete strength not discuss here because it is not within the scope of 

this thesis.  

  
                                          NOTE:   
   This figure is included on page 11 of the print copy of  
     the thesis held in the University of Adelaide Library.
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Figure 2.6:  Confined zones due to frictional restraint for specimens of different 

slenderness (Van Vliet and Van Mier 1996) 

Figure 2.7: Effect of slenderness ratio and frictional restraint (König et al 1994) 

In terms of stress and strain relationship, the strain at the peak load increase as 

decreasing the slenderness ratio at high friction is observed as depicted in Figure 2.7. In 

the post-peak region, the ductility increases with decreasing the slenderness ratio. Hence 

in strain softening behaviour, decreasing the specimen slenderness causes an increase of 

the ductility.  

σ

σ

τ

τ

  
                                          NOTE:   
   This figure is included on page 12 of the print copy of  
     the thesis held in the University of Adelaide Library.
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2.1.2.3 Size and Shape Effects 

The uniaxial compression tests on cube or cylinder concrete are commonly used to 

estimate the concrete strength of structure members such as beam, slab or column. Different 

countries use different standard specimens for concrete compression test. 150mm diameter 

and 300mm height concrete cylinders are used in Australia, Canada, France, New Zealand 

and the United States while 150mm or 100mm concrete cubes are used throughout the 

Europe, including Great Britain and Germany (Neville 1988).  

To compare the strength between different shape and size of specimens test Neville 

(1966) developed the general relationship of concrete strength of between specimens for 

different shape.  

Neville (1966) postulated that the compressive strength of concrete is a function of 

the specimen volume V, maximum lateral dimension W and slenderness ratio. A 6-inch 

(150mm) cube was chosen as a specimen standard to make comparison to other size or 

shape specimens. The mathematical expression is developed in British unit as 

W
H

HW
V

�
��

6

697.056.0
6�

�

 

Eq.2.10

 

 

Where σ is compressive strength of concrete, σ6 is compressive strength of 6-inch 

cube, V  and H are volume and height of specimens respectively, W is maximum lateral 

dimension or diameter (cylinder) or width (prism or cube). 

Eq.2.10 is used to obtain the comparison between 6 inch (150mm) cube to 6x12 

inch (150×300mm) cylinder. The ratio between the strength of 150×300mm concrete 

cylinder and 150mm cube is 0.81 (Neville 1966), 0.91 (ASTM Standard C42) and 0.75 

(British Standard B.S. 1881:1952).  

The compressive strength is influenced by the volume of specimen. The greater 

volume causes the greater weak region that can reduce the strength. The stress relatively 

more uniform throughout the specimen on the greater volume and leads increasing the 

changes of premature failure. A 150×300mm cylinder has a volume approximately 1.65 

times than 150mm cube volume. Hence, the compressive strength of cylinders exhibits 

lower than cubes.  
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Furthermore, the friction between loading platen and specimens provide some 

kind of confinement on the specimen. For cubes, almost throughout the specimens were 

confined while for cylinders, the confinement area reduces some part in central region. 

The cubes demonstrate the higher strength compare to cylinders (Sigvaldason 1966). 

Del Viso et al. (2007) observed effect of shape to compressive strength. The 

results reveal that the peak stress of 100mm cube is higher approximately 7% than 

100×200mm cylinder while the strain at peak stress of higher significantly. A 

comparative study between cylinder and prism with the same slenderness ratio indicates 

that the peak stress and the strain at the peak stress of prisms are slightly larger than 

cylinders (Chin et al. 2007). The same phenomenon also occurs in Round Robin test. 

The cylinder has a lower strength than prism (Van Mier et al. 1997).  

On the other hand, the compressive strength tends to decrease with increasing the 

size of specimens which is well known as size effect. This phenomenon commonly 

occurs on quasi brittle materials such as concrete, rock, ice, ceramic, and composite 

materials (Markeset 2008, Read and Hegemier 1984).  

Many investigations have been done by researchers to evaluate the influence of 

size of the specimen on uniaxial compressive concrete strength (Neville 1956, 1988, 

Malhotra 1976, Kim et al. 1999, Chin et al. 1997, Yi et al. 2006, Del Viso et al. 2007) 

and on flexural compressive strength (Kim et al. 2000 and Yi et al. 2002). The 

compressive concrete strengths of 70mm  cubes are considerably higher than 125mm 

and  150mm cubes for compressive strength between 13MPa to 48MPa (Neville 1988). 

Malhotra (1976) obtained the similar results on cylinder tests for compressive strength 

between 7 to 48MPa. The results show the compressive strength of 100 × 200mm 

cylinders are higher than 150 × 300mm cylinders.  

An increase in the size of specimen, on both cylinder and prism with the same 

height to width, leads to a reduction in compressive strength. Del Viso et al. (2007) 

studied the size and the shape effect by using four different lengths of cubes, 33, 50, 67, 

and 100mm and two different sizes of cylinder 75×150mm and 100×200mm for high 

strength concrete. The results revealed that concrete strength of cubes increase with 

decreasing the size while there is no significant effect of the size on cylinder tests. From 

the results of the tests over 280 cylinders, cubes and prisms for compressive strength 
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between 50 to 120MPa where used the same ratio of height to width of 2, Chin et al.

(1997) found that the compressive strength of prisms 75×75×150 mm and 

100×100×200mm are the same while the larger prism 125×125×250mm has lower 

compressive strength.  

A part of the Round Robin test (Van Mier et al. 1997), the variation of the size of 

prism is evaluated by Gobbi and Ferrara (1995) as shown in Figure 2.8. The prisms with 

cross section 50×50mm, 100×100mm and 150×150mm and three different slenderness 

ratios (0.5, 1.0, and 2.0) are used. The graph indicates that there is the behaviour of all 

prisms slightly difference at the same slenderness ratio. 

Figure 2.8:  Comparison of stress-strain relationship of prisms of different size and slenderness 
ratio and loaded between rigid steel platens (Gobbi and Ferrara (1995) 

2.2 Shear Friction Theory 

The concrete crushed on the compression region is recognised as the concrete 

softening wedge is shown shaded in Figure 2.9 (b). The concrete softening wedge can be 

simulated using shear friction theory (Mattock and Hawkins 1972, Walraven and 

Reinhardt 1981, Walraven et al. 1987, Oehlers et al. 2007, Mohamed Ali et al. 2010, 

Haskett et al. 2011a, 2011b). Shear friction theory is used to calculate the shear capacity 

of interfaces between precast member and cast-in-place concrete in the design of precast 

concrete structural connectors (Walvaren et al. 1987), to determine the residual strength 

and the residual strain capacity of confined concrete cylinders (Mohamed Ali et al.

  
                                          NOTE:   
   This figure is included on page 15 of the print copy of  
     the thesis held in the University of Adelaide Library.
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2010), to quantify the behaviour of the softening stress-strain relationship on an 

eccentrically loaded concrete prism (Debernardi and Taliano 2001, Fantilli et al. 2002, 

Daniell et al. 2008), to quantify the rotational capacity of reinforced concrete beams 

(Oehlers et al. 2008, Haskett et al. 2009), to derive the shape of the softening wedge and 

effect of confinement (Oehlers et al. 2008), to simulate the formation of the wedges in 

reinforced concrete beam with multiple crack (Visintin et al. 2011), to investigate the 

shear transfer behaviour in reinforced concrete (Mansur et al. 2008 and Rahal 2010). 

The shear causes cracks along the sliding plane. The two rough and irregular 

surfaces of sliding plane are forced to slide relative to the other and cause separation 

along the crack surfaces or sliding plane. The separation or the widening the crack 

causes the reinforcement to be stressed. The force will be resisted by friction of 

confinement and the shear force is transferred across the sliding plane (Haskett et al. 

2011a, 2011b and Mansur et al. 2008). The applied shear force is transferred by dowel 

action of the reinforcement crossing the crack and by friction between the two sliding 

surfaces or shear friction. 

Now consider a prism in Figure 2.9 of height H, width W and of the depth into 

the page is very large so than the behaviour can be considered as two dimensional. A 

uniform pressure σ is applied to the prism which induces a deformation δa over the prism 

height H. The stress strain relationship for this condition is on ascending region O-A as 

shown in Figure 2.1. The material property can accommodate the deformation. 

After peak stress is reached at point A in Figure 2.1, localised damage develops, 

strain softening commences, and softening wedge start to form as shown in Figure 2.9 

(b). It is assumed the wedges develop like shown in Figure 2.9 (b). The material cannot 

accommodate the deformation and now depend on the shear friction properties. The 

shear stress τN and normal stress σN are transferred across the sliding plane.  
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(a)                               (b)                                         (c) 

Figure 2.9: Concrete softening wedge 

 

As the load increase, the axial deformation δ increase. The wedge as shown 

shaded in  Figure 2.9 (c) develop at an angle α, the depth dw that is assumed half on 

prism width W and separation of the softening wedge across the crack plane hcr (Haskett 

et al. 2011a and 2001b). The angle of the sliding plane α depends on the cohesive and 

frictional properties of the concrete. The additional deformation δ must be 

accommodated by sliding of the crack Δ. The shear τN and normal stress σN that can be 

transferred across the sliding plane as a function of the sliding the crack Δ and 

separation of the crack hcr ( Walraven and Reinhardt 1981) are given in Eq. 2.11 and 

2.12 respectively.   
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Where τN and σN are the shear and normal stress respectively, fco is the 

unconfined compressive strength of cube (MPa), fcc is the confined concrete strength 

(MPa), hcr is crack separation (mm) and Δ is sliding of the crack. Based on Eq.2.11 and 

Eq. 2.12, Haskett et al. (2011a) develops a family curves of the shear stress τN and crack 

separation hcr response for a given normal stress σN and displacement Δ as for concrete 

strength fco = 50MPa as shown in Figure 2.9. 

  

 

 Figure 2.9:  The shear stress and crack separation for a given normal stress and sliding the crack 

 

The graph indicates that for a given normal stress σN, the shear stress τN 

decreases and the crack separation hcr increases gradually with an increasing the 

displacement Δ. For an example, the shear stress is approximately 15MPa and there is no 

crack separation (hcr=0) for a normal stress across the sliding plane 10% when the 

displacement 0.1mm. The displacement increases to 2.0mm, the shear stress is 7MPa 

and crack separation increase to 0.9mm. 
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Chapter 3: PRISM SOFTENING EXPERIMENTS-fc=38MPa 

3.1 Introduction 

This chapter explains the uniaxial compression tests on concrete prisms. These 

tests were carried out in order to determine the axial and lateral deformation, to simulate 

softening behaviour and to quantify the wedge behaviour of the prisms. These 

experimental tests were conducted on four different sizes of concrete prisms with the 

same width: height: length ratio of 1:2:4. Details of specimen geometry, number and 

size, material properties, and the test rig and instrumentation are described in the 

following sections in this chapter. Then the observations of each test prism are 

represented in the test result and finally the analyses of these results are described. 

3.2 Design of Specimens 

In this section concrete, mortar and aggregate cylinders compression tests to 

quantify the material properties are described initially. In order to know the material 

properties of the relative constituents of the concrete, mortar and aggregate core 

specimens were obtained. After that the details of concrete prism specimens, the size and 

number are explained and followed by information about the test rig and 

instrumentation.  

It should be mentioned that only material properties of concrete cylinders were 

required and used in this research. The mortar and aggregate properties were used in a 

meso-scale simulation research which is a parallel research project at the University of 

Adelaide. These results are presented here just for complete the report of material 

properties.  

3.2.1 Material Properties 

100×200 concrete and mortar cylinders and 58×150mm core aggregate cylinders 

were tested under uniaxial compression test to determine their material properties such 

as Young’s modulus and compressive strength. Details of compression tests are 

provided in the next section followed by the results of these material tests. 
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3.2.1.1 Concrete  

Six concrete cylinders of 100×200 mm that had the same curing condition as the 

concrete prisms (discussed later) were subjected to axial compressive loads in order to 

quantify material properties such as the compressive strength and Young’s modulus of 

concrete. These experimental tests used a Seidner compression machine with maximum 

load of 1500kN as depicted in Figure 3.1(a). To quantify Young’s modulus, the load 

applied was approximately 40% of the maximum load and unloads to the zero three 

times, and then loaded again until the cylinder failed. Three cylinders were tested one 

day before prism testing started, and three cylinders were tested one day after all prism 

testing had been completed.  

  
(a) (b) 

Figure 3.1: (a) Seidner Compression Testing Machine; (b) concrete cylinder 

 

To measure the axial deformation 30 mm strain gauges 1 (SG-1) and 2 (SG-2) 

were located axially on both side of the cylinder to provide the information related to 

Young’s modulus. Two others strain gauges, strain gauges 3 (SG-3) and 4 (SG-4) were 

placed opposite each other to monitor the lateral deformation as depicted in Figure 

3.1(b) and Figure 3.2. The position of all these strain gauges was half the cylinder 

height.  
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(a) (b) 

Figure 3.2: The diagram of transducers and strain gauges layout: (a) side view; (b) top view 

 

Beside these strain gauges, in these tests the transducers were also placed on the 

cylinder specimens to measure axial deformation and lateral deformation. There were 

three LVDTs for axial deformation (LVDT-1, LVDT-2 and LVDT-3) and three LVDTs 

for lateral deformation (LVDT-4, LVDT-5 and LVDT-6). The axial and lateral LVDTs 

were located at 120° spacing. The lateral LVDTs were placed adjacent to strain gauges 

as shown in Figure 3.2 (b).  

3.2.1.2 Mortar 

The mortar was produced by separating the aggregate from the concrete. In this 

research a sieve with an aperture of 4.75mm was used to sieve out the aggregate from 

the concrete at the time of the pour as shown in Figure 3.3(a). The fresh concrete poured 

off into the 4.75mm sieve and stirred using hand. The mortar passed through the sieve 

and the aggregate detained on the sieve as represented in Figure 3.3(b) and Figure 3.3(c) 

respectively. Then the mortar was molded into a 100mm×200mm cylinder. 

The transducers and strain gauges were placed in axial and lateral direction along 

the perimeter of the cylinder to obtain the lateral and axial deformation of mortar. The 

LVDTs and strain gauges position of mortar cylinders had similar to the LVDTs and 

strain gauges of concrete cylinders as depicted in Figure 3.2 and Figure 3.3(d). 30 mm 

strain gauges 1 (SG-1) and 2 (SG-2) were located axially on both side of the cylinder 

and strain gauges 3 (SG-3) and 4 (SG-4) were placed laterally opposite each. The 

SG-1
(Axial)

h

SG-4
(Lateral)

LVDT-4
(Lateral)

LVDT-5
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LVDT-6
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position of all these strain gauges was half the cylinder height. LVDT-1, LVDT-2, and 

LVDT-3 were placed to record axial deformation and three LVDTs for lateral 

deformation (LVDT-4, LVDT-5, and LVDT-6). The LVDTs were located at 120° 

spacing. Two mortar cylinders were tested one day before prism testing started, and 

three mortar cylinders were tested after all prism testing was completed.  

 
(a) (b) 

  
(c) (d) 

Figure 3.3: (a) how to produce the mortar; (b) fresh mortar; (c) separate 

aggregate; (d) 100mm×200mm mortar cylinder 

3.2.1.3 Aggregate  

The mechanical properties of the aggregate were provided by the CEMEX 

Ready-mix laboratory. Other mechanical properties such as the compressive strength 

and elastic Young’s modulus were quantified by taking core specimens from rock 

sample as shown in Figure 3.4(a). These tests were conducted at the Rock Mechanics 

Laboratory, The University of Adelaide. The procedures were used to determine the 

compressive strength of the aggregate comply to Australian Standard AS 4133.4.3.1-

2009. The ratios of length to diameter are 2.5 to 3.0 and the diameter not less than 
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50mm. Hence, in this research five aggregate core specimens of 150mm length and 

58mm diameter were constructed and tested as depicted in Figure 3.4(b).  

 

(a) (b) (c) 

Figure 3.4: (a) rock sample; (b) 58mm diameter and 150mm length core aggregate 

cylinder; (c) aggregate test set up 

 

Similar to the material tests of the concrete and mortar in the previous section, 

the axial and lateral deformations were also measured by using LVDTs along with strain 

gauges attached to the core specimens. The axial and lateral transducers and the strain 

gauges of these aggregate cylinders used the same location and position as was used for 

the concrete cylinder test (see again Figure 3.2). The test also used the Seidner 

Compression Machine with a maximum load of 1500kN. The aggregate cylinder test 

setup is depicted in Figure 3.4(c), and is identical to that used on the mortar only 

cylinders [Figure 3.3(d)] and the concrete cylinders [Figure 3.1(b)]. 

3.2.1.4 The Result of Material Properties 

The material properties of the concrete, mortar, and aggregate were obtained 

from experimental testing, and are described one by one below. In this experimental test, 

elastic Young’s modulus was achieved from strain gauges value readings. The method to 

determine the elastic Young’s modulus using strain gauges can be found in Australian 

Standard 1012.17-1997.  

The first material properties result analysis is concrete. The ultimate load, 

ultimate stress and elastic Young’s modulus of six concrete cylinders are listed in Table 
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3.1. It can be seen that the average of ultimate stress σult and elastic Young’s modulus Ec 

was 37.9MPa and 32,368MPa respectively.  
 Table 3.1: Material properties of 100mm×200mm concrete cylinders 

Specimens 
Age Ultimate Load, Pult Ultimate Stress, σult Elastic Young’s Modulus,Ec 

(days) (kN) (MPa) (MPa) 

R1 51 291.0 36.7 30,906 

R2 51 294.5 37.1 31,534 

R3 51 299.0 37.7 34,653 

R7 64 306.4 39.0 32,948 

R8 64 296.8 37.8 32,897 

R9 64 310.1 39.5 31,269 

Average 37.9 32,368 

 

It should be mentioned that the concrete cylinders R4, R5 and R6 have been used 

to estimate the ultimate stress capacities fc and therefore used that information to get 

40% of that for concrete cylinders R1, R2, R3, R7, R8 and R9. 

The stress and axial strain responses of six concrete cylinders are depicted in 

Figure 3.5. The responses are quite similar on the ascending region, however a little 

scatter occurred on the descending region. The average curve of these responses is 

required.  

 
Figure 3.5: Stress-axial strain relationship of six concrete cylinders. 

 

Figure 3.6 shows the average of axial stress-axial strain relationship of concrete. 

The average value is obtained by making the same interval of axial strain such as 0.0001 
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of all responses in Figure 3.5. Then the average stress was calculated as 

(σR1+σR2+σR3+σR7+σR8+σR9)/6 where σR1, σR2, σR3, σR7, σR8 and σR9 were the stress of 

concrete R1, R2, R3, R7, R8 and R9 respectively for a given axial strain. The peak 

stress, based on the average curve is 37.7MPa corresponding to axial strain of 0.0030. 

 
Figure 3.6: The average of the six stress-axial strain relationship curves of concrete cylinders. 

 

The failure pattern of a concrete cylinder subjected to uniaxial compression load 

is depicted in Figure 3.7. Vertical and incline cracks propagated until the specimens 

failed. 

 
Figure 3.7: Failure pattern of concrete cylinder 

 

The second material properties result analysis is mortar. The material properties 

of mortar such as the ultimate load, ultimate stress and elastic Young’s modulus are 
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summarised in Table 3.2. From that table, the average of ultimate stress σult and elastic 

Young’s modulus Ec are 41.6MPa and 24,464MPa respectively.  
Table 3.2: Material properties of five mortar cylinders 

Specimens 
Age 

Ultimate Load, 
Pult 

Ultimate Stress, 
σult 

Elastic Young’s Modulus,  
Ec 

(days) (kN) (MPa) (MPa) 

M1 51 323.8 40.8 24,029 

M2 51 322.9 40.7 25,082 

M4 64 338.5 43.1 25,029 

M5 64 318.1 40.5 23,656 

M6 64 336.9 42.9 24,523 

Average 41.6 24,464 

 

It should be noted that the ultimate stress capacity of mortar has been determined 

by using mortar cylinder M3. Then 40% of that ultimate stress capacity is used for 

specimens M1, M2, M4, M5 and M6 to quantify the elastic Young’s modulus. 

The axial stress-axial strain response of mortar cylinders is shown in Figure 3.8. 

The responses are very similar on the ascending and descending branch. However, only 

mortar cylinder M2 has small scatter on the descending branch of the curve. The mortar 

cylinders were very brittle. They failed immediately after the peak stress was reached. 

Only axial strain on the descending branch of cylinder M2 was captured. The average 

curve is needed.  

 
Figure 3.8: Stress-axial strain response of five mortar cylinders. 



 

27 

 

 

Figure 3.9 shows the average curve of the stress strain relationship of the mortar 

cylinders. This curve is the average of the curves in Figure 3.8. The average curve is 

obtained by using the same method as was used for the concrete cylinders. First the 

same interval of axial strain of every curve in Figure 3.8 is determined; then the average 

stress is quantified for a given axial strain. The average stress is 

(σM1+σM2+σM4+σM5+σM6)/5 where σM1, σM2, σM4, σM5 and σM6 was the stress of M1, M2, 

M4, M5 and M6 respectively at the same value of axial strain. Based on the average 

curve, the ultimate stress is 41.3MPa and the axial strain at the ultimate stress is 0.0041.  

 
Figure 3.9: The average of stress – axial strain relationship of mortar cylinders. 

The failure pattern of mortar cylinders is shown in Figure 3.10. The splitting 

failure occurred on both mortar cylinders. 

 
Figure 3.10:  Failure pattern for mortar cylinders 
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The third material properties result analysis is aggregate. Table 3.3 summarises 

the material properties of five core aggregate cylinders. The average ultimate stress is as 

high as 106.0MPa and elastic Young’s modulus is 46,498MPa.  

 
Table 3.3: Material properties of core aggregate cylinders 

Specimens 
Ultimate Load, 
Pult (kN) 

Ultimate Stress, 
σult (MPa) 

Elastic Young’s modulus, Ec 
(MPa) 

A 237.0          88.3 42,803 

B 261.5          97.3 43,941 

C 269.5        100.4 51,009 

D 296.5        110.5 44,435 

E 358.5        133.5 50,304 

Average        106.0 46,498 

 

The relationship of stress and axial strain of five core aggregate cylinders is 

depicted in Figure 3.11. The responses of all cylinders are very similar and perfectly 

linear curves. The graph describes the axial strain increase as the stress increase.  

 
Figure 3.11: Stress–slip wedge response of five core aggregate cylinders. 

 

Figure 3.12 shows the average relationship of the stress-axial strain of core 

aggregate cylinders. The same method was used to determine the average curve as 

described previously. The same interval of axial strain of every curve was determined 

initially and for a given axial strain, the average stress was quantified as 
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(σA+σB+σC+σD+σE)/5 where σA, σB, σC, σD and σE were the stress of aggregate A, B, C, 

D and E respectively. The ultimate stress based on the average curve was 106MPa 

relative to the ultimate strain 0.0026. 

 
Figure 3.12: The average curve of stress-slip wedge response of core aggregate cylinders. 

 

Figure 3.13 display the failure pattern of three different core aggregate cylinders, 

all with the same cracking pattern. Splitting failure can be seen clearly on the images in 

Figure 3.13. The aggregate core was very brittle and an “explosive” failure occurred 

when the core aggregate reached peak stress. The specimens broke suddenly into two or 

three pieces parallel to the applied load.  

 

 
Figure 3.13: Failure pattern of core aggregate cylinders. 
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The last analysis is comparison of all material. The average curve of concrete, 

mortar and aggregate is compared and analysed as shown in Figure 3.14. It shows that 

aggregate has a steeper slope because elastic Young’s modulus of aggregate is much 

higher than the other materials. The ultimate stress of mortar is higher than concrete. 

The ultimate stress of mortar 41.3MPa with an axial strain of 0.0041, compared to the 

ultimate stress of concrete 37.7MPa with an axial strain of 0.0030 (Figure 3.6). The 

difference in the ultimate stress between mortar and concrete is because of the nature of 

the interfacial transition zone, the zone between mortar and aggregate, which is the 

weakest region in concrete. 

 
Figure 3.14: Comparison the stress-strain of concrete, mortar and aggregate. 

 

It should be noted that the stress-axial strain relationship for all the individual 

materials was required and used in a parallel research project at the University of 

Adelaide. Only the material properties of concrete were investigated in the current 

research and subsequently repeated in this thesis. 

The next section is about specimen details, the test machine and instrumentation 

which were used in these prism experimental tests. The tests were carried out in order to 

gather information about the axial and lateral deformation on the long concrete prism 

under uniaxial compressive load. The cylinder and cube were not chosen as an 

experimental specimen because the circumferential expansion always occurred along 

with axial deformation when the specimen was compressed. 
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3.2.2 Specimens Detail 

Uniaxial compression tests were carried out on different sizes of concrete prisms. 

The geometry of the prism can be seen in Figure 3.15. The long prisms were chosen as 

specimens in order to avoid the circumferential expansion that always occurs in the 

cylinder or cube specimens. In addition, the behaviour of the cross section along the 

length of the prism can be considered as two-dimensional behaviour. The notation of W, 

H and S in Figure 3.15 are width, height and length of the concrete prism respectively.  

 

 
Figure 3.15: The geometry of the concrete prism. 

 

When the prisms were tested, wedge failure occurred along the length of the 

prism. The maximum length of the concrete prism was limited to 500mm because the 

size of the loading platen machine on the Amsler Compression Testing Machine that 

was used in this research was 500mm × 500mm. Thus the length (S) in Figure 3.15 was 

in the range 200mm to 500mm. The width W of the prisms was between 50mm to 

125mm, and the slenderness ratio of height/width (H/W) of all prisms was 2.  

Shear-friction research on the formation of the wedges suggested that the wedge 

could be contained within prisms of a height to width ratio of 2:1 (Ali et al. 2010). The 

notation adopted for the four different sized prisms reflected the prism width; Test-125 

H 

W

S 

Loading 
plate 

Concrete 

Loading 
plate 

Side of prism 

Face of prism 
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refers to prisms which are have dimension 125mm width, 250mm height and 500mm 

long, Test-100 refers to prisms which are have dimension 100mm width, 200mm height 

and 400mm long, Test-75 refers to prisms which are have dimension 75mm width, 

150mm height and 300mm long and Test-50 refers to prisms which are have dimension 

50mm width, 100mm height and 200mm long.  

There were three prisms of each size except the largest, Test-125 

(125×250×500), which had four concrete prisms. The prisms in Test-125 are named 

Test1-125, Test2-125, Test3-125 and Test4-125. The prisms in Test-100 are named 

Test5-100, Test6-100 and Test7-100. The prisms in Test-75 are named Test8-75, Test9-

75 and Test10-75 and the prisms in Test-50 are named Test11-50, Test12-50 and 

Test13-50. The details of name and specimen size can be seen in Table 3.4. To assist the 

load distribution, the specimens were set up with steel loading plates exactly matching 

the size of the specimens pasted top and bottom as shown in Figure 3.15. The thickness 

of this steel plate was 10 mm. 

 
Table 3.4: Detail of concrete prism. 

Specimen Size (WxHxS) Specimens number 

Test-125 125x250x500 4 

Test-100 100x200x400 3 

Test-75 75x150x300 3 

Test-50 50x100x200 3 

 

3.2.3 The Test Rig and Instrumentation 

The Amsler Compression Testing Machine used for the concrete prism test can 

apply a maximum load of 5000kN. The testing machine is shown in Figure 3.16. A 

computer was used to perform data acquisition for the LVDTs and loading cells. When a 

specimen was ready to be tested, it was placed in the rig as shown in Figure 3.16(a). The 

load was applied axially to the machine platens and loading plate until failure. These 

tests were undertaken at the Chapman Laboratory, University of Adelaide.  



 

33 

 

   

(a) (b) (c) 

Figure 3.16: Amsler Compression Test Machine. 

 

Four vertical LVDTs were fixed on every edge of the loading platens to measure 

the axial contraction of the prism (Figure 3.17). These axial LVDTs were placed 

between the platens machine. These transducers measured the axial deformation of each 

edge of the concrete prism. The axial deformation of the prism was taken as the average 

of these four individual axial transducers. The instrumentation of all concrete prisms was 

identical. 

    
(a) Front view               (b) Plan view 

Figure 3.17: Diagram of axial and lateral transducer layout on prism. 

Axial LVDT-1 

Axial LVDT-3 Axial LVDT-4 

Lateral 
LVDT-8 

Lateral 
LVDT-6 

Lateral LVDT-
10 

Lateral 
LVDT-5 

Lateral 
LVDT-9 

Lateral 
LVDT-7 

Axial LVDT-2 

Axial LVDTs 
Axial 
LVDTs 

Loading 
platen 
machine 

Loading plate 
t=10mm 

500m

100mm 

Lateral 
LVDTs 

Lateral 
LVDTs 

Concrete prism 



 

34 

 

 

Meanwhile lateral deformations were monitored using three horizontal LVDTs 

on each side of prism as depicted in Figure 3.17(b) and Figure 3.18. The lateral LVDTs 

were placed at half the prism height (H/2). LVDT-7 and LVDT-8 were placed in the 

middle of the each side. While LVDT-5, LVDT-6, LVDT-9 and LVDT-10 were placed 

10mm from every edge of the prism. These four LVDTs were placed so close to the 

edges of prism that they were affected by the failure of the face of prism. Hence the 

lateral deformation result from sensors LVDT-5, LVDT-6, LVDT-9 and LVDT-10 were 

neglected. Only the data from LVDT-7 and LVDT-8 were used, since it is more 

reflective of the actual average lateral expansion of the prism. 

It is important to note that nine strain gauges were applied axially on each front 

side of the prism to measure axial deformation as shown in Figure 3.18. The reading 

values from these strain gauges were not used in this current research, however, since 

the strain gauge reading values had been obtained during a parallel research project at 

the University of Adelaide, and were not relevant at this point but were obtained for 

future research projects. 

The 10mm thick steel plates were applied on top and bottom of the specimens to 

ensure that the applied load was evenly distributed to the prism surface and Kaffir D 

dental paste was applied between specimens and loading plates. 

 
Figure 3.18: Prism uniaxial compression test setup. 
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The focus of this research was the descending branch of the load-displacement 

curve in order to evaluate the softening concrete. Displacement control was, therefore, 

particularly important, and loads were applied steadily and carefully in order to 

maximise the amount of data captured from the descending branch. Up to peak load, the 

loads applied on load control to the loading plates were dependent on the size of the 

specimens. The load rates were 10kN/min, 20kN/min, 30kN/min and 50kN/min for 

Test-50, Test-75, Test-100 and Test-125 respectively. The loading was switch from load 

control to displacement control immediately after the peak load reached. Hence a rate of 

2 × 10-4mm/s was applied at post peak load for all concrete prisms.  

3.3 Test Results 

Raw results of all uniaxial compression tests on the concrete prisms are 

described in this section. Deformation occurred in axial and lateral directions when an 

axial load was applied on the top and bottom of the concrete prisms as illustrated in 

Figure 3.19. The figure shows the front view of a concrete prism with width W and 

height H. The load which was applied to the concrete prism is represented by total axial 

load L in kilo Newton (kN). Displacement in the axial and lateral directions is 

represented by contraction and dilation respectively in millimeters (mm) and shown a 

C/2 and D1 and D2 respectively.  
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Figure 3.19: Total axial load (L) applied to the prism. 

 

Figure 3.19 depicts the deformation using a thick solid line. Total axial 

contraction C is the contraction of the whole prism, that is, the average contraction from 

the value of LVDTs reading. Total lateral expansion E is the total dilation of the whole 

prism that is the algebraic sum of the two dilations from the values of lateral LVDT-7 

and LVDT-8 readings. 

The axial transducer recorded the axial deformation or contraction between the 

steel platens and therefore included the bedding down and contraction of the dental 

paste. The experiment result was adjusted to remove this bedding down and dental paste 

contraction that will be discussed in more detail in Section 3.4.1. While each lateral 

transducer showed the lateral deformation or dilation on one side of the prism. D1 was 

dilation on one side of the concrete prism and D2 was dilation on the other side (see 

again Figure 3.17 and Figure 3.19).  

A positive LVDTs’ reading indicates axial contraction and a negative value 

indicates axial expansion. When the axial load was applied uniformly to the loading 

platen machine, sometimes a slight eccentric load application occurred accidently. This 

was more likely at low load levels. 

C/2
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L
D1 D2W
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 The dilation as recorded by lateral LVDT is positive, it indicates that the prism 

expanded on the side where the LVDT was placed or “moved out”. A negative dilation 

value indicates that the prism contracts or “moves in”, as shown in a dashed line in 

Figure 3.20. The position of axial LVDTs-1, -2,-3 and -4 and lateral LVDTs-7 and -8 

can be seen again in Figure 3.17.  

 
Figure 3.20: The dilation of the prism (top view of prism) 

 

The next 36 sets of images and graphs, Figure 3.21 to Figure 3.56 show the total 

axial load L against contraction graphs, the total axial load L versus lateral deformation 

or dilation graphs and the failure pattern of all concrete prisms is depicted one by one.  

 

TEST1-125 

Figure 3.21 shows the values of axial LVDTs’ reading for Test1-125. The graph 

illustrates the fact that the value of LVDT-1 (refer Figure 3.17) has a negative value thus 

the edge where LVDT-1 was placed is slightly in tension while the other edges of prism 

are in contraction. This might happen because the axial load being eccentrically 

accidently at low load. A slight eccentrically load pulls up the platen load a little bit at 

one edge, where the LVDT-1 was placed, and pushes the platen load at the others edges. 

The values of LVDT-1 and LVDT-3, these are on the same side as each other 

too, are decrease as the load increases until the load approximately 200kN. After that 

point, contraction at all edges of the prism increases as the load increases, except the 

edge where LVDT-1 was positioned, which is still in tension. The dial on LVDT-1 

becomes positive when the load reaches approximately 2200kN, and LVDT-1 enters a 

LVDT-7 LVDT-8

Negative dilation Positive dilation
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state of contraction. The contractions on the face where the LVDTs-3 and -4 are placed 

are higher than the other face of prism. 

 
Figure 3.21: Relationship between total axial load and contraction graph of Test1-125. 

 

The response of the total axial load and the dilation of Test1-125 is illustrated in 

Figure 3.22. The graph indicates the side of prism where lateral LVDT-7 was placed is 

move out or expands while the value of lateral LVDT-8 reading still around zero. It 

means that the prism expand only one side until the load is approximately 1800kN. After 

that point, the both sides of prism expand however dilation of LVDT-7 increases more 

significantly after peak load. 

 
Figure 3.22: Total axial load – dilation response of Test1-125. 
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The failure pattern of Test1-125 is shown in Figure 3.23. The images show the 

concrete has softened and fallen away on both sides of prism and the wedges develop 

almost along the length of prism. The failure occurred just on one face of the prism 

where LVDTs-3 and -4 are placed [Figure 3.23 (a)]. The contraction on this face is 

higher than the other face (see again Figure 3.21). An “explosive” failure occurred. 

 

 
(a) (b) 

Figure 3.23: Failure pattern of concrete prism Test1-125; (a) failure on one face; (b) side 

view 

 

TEST2-125 

Figure 3.24 shows the relationship between total axial load and contraction of 

Test2-125. The edges of prism, where LVDT-2, LVDT-3 and LVDT-4 are positioned, 

are in contraction while the edge, where LVDT-1 is placed, is slightly in tension. 

Accidentally the eccentrically load occurred at low load. The value of LVDT-1 is in 

contraction when L is about 2000kN. A large contraction occurred on the face of prism 

where LVDT-3 and LVDT-4 were placed. 



 

40 

 

 
Figure 3.24: The response of total axial load and contraction for Test2-125. 

Figure 3.25 illustrates how the prism of Test2-125 expands when the prism is 

subjected to a uniaxial compression load. The graph indicates that one side of the prism 

contracts (LVDT-7) while other side of prism moves out or expands (LVDT-8). 

However, when the load higher than 2,000kN, the both side of the prism move out or 

expand until the prism failed and the wedge developed. 

 
Figure 3.25: Total axial load – dilation response of prism Test2-125. 

 

The failure pattern of prism Test2-125 is shown in Figure 3.26. The failure 

occurred only in one face where LVDTs-3 and -4 are placed. The wedges can be 

observed on both sides of the prism in these images. The wedge on the right side of the 

prism almost broke completely away from the body of the prism. The crack almost 

occurred along the whole prism. An “explosive” failure also occurred in this prism. 
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(a) (b) (c) 

Figure 3.26: Failure pattern of concrete Test2-125: (a) front view; (b) side view; (c) top view 

 

TEST3-125 

The contraction of Test3-125, as recorded by all axial LVDTs, appears very 

similar at the beginning of loading (Figure 3.27). Quite slight scatter occurs as the load 

increases. This pattern means that from the start of the test, the applied load was evenly 

distributed on the whole prism and the whole prism is in contraction. The contraction of 

the prism where LVDTS-3 and -4 were placed is higher than the other face. 

 
Figure 3.27: Total axial load-contraction response of prism Test3-125. 

 

 The relationship total axial load and dilation of Test3-125 is shown in Figure 

3.28. The graph indicates both sides of prism expand at the load is approximately 900kN 

and increase significantly after peak load until the prism failed. 
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Figure 3.28: Total axial load – dilation response of prism Test3-125. 

 

The concrete prism Test3-125 failed with an “explosive” sound. The concrete 

prism softened and the wedge developed almost along the whole length on both sides of 

the prism as depicted in Figure 3.29. The prism failed on the face where LVDTs-3 and 4 

were placed. 

 

  
(a) (b) 

Figure 3.29: Failure pattern of concrete prism Test3-125; (a) front view; (b) side view. 

 

TEST4-125 

The relationship between the total axial load and the contraction of Test4-125 

that was obtained when observing the values of the LVDTs is illustrated in Figure 3.30. 
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From the beginning of loading, the whole prism was in contraction. A large contraction 

occurred at the edges of prism where the LVDT-2 and LVDT-4 were placed. This means 

that side where these LVDTs were located failed [see again Figure 3.17(b), as can be 

observed in Figure 3.32(a) and (b)]. 

 
Figure 3.30: Total axial load (L) contraction response of prism Test4-125. 

 

The dilation as recorded by using lateral LVDTs of Test4-125 is depicted in 

Figure 3.31. The prism start to expand in the both sides when the load 500kN.  

 
Figure 3.31: Total axial load– dilation response of prism Test4-125. 

The concrete prism of Test4-125 failed on both face and the wedges developed 

along the whole length on both side of prism (Figure 3.32). Only one wedge was fallen 

away that is the side where LVDT-2 and LVDT-4 placed. The other wedge formed but 

not fallen away [(Figure 3.32(c)]. An “explosive” failure also occurred.  
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(a) (b) (c) 

Figure 3.32: Failure pattern of concrete prism Test4-125; (a) front view; (b) side view; (d) top view. 

 

TEST5-100 

The total axial load and individual contraction response of prism Test5-100 is 

shown in Figure 3.33. The contraction is measured by using axial LVDT dials. The 

graph indicates that the face where LVDT-3 and LVDT-4 were placed failed [see again 

Figure 3.17(b)]. A large contraction occurred at that face, meaning that more 

compression had been applied than to the opposite face, accidently the eccentrically load 

occurred. It is worth noting that this was the same result as in Test4-125. 

 
Figure 3.33: Total axial load - contraction response of Test5-100 
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Figure 3.34 shows dilation response of Test5-100. The graph indicates up to peak 

load the both side of prism expand slightly up to peak load. However, after this point 

only the side, where LVDT-7 placed expands significantly as the load decrease.  

 
Figure 3.34: Total axial load – dilation response of prism Test5-100 

 

Figure 3.35 shows the failure of concrete prism Test5-100. The diagonal crack 

occurred on both faces. An “explosive” failure did not occur in this prism. The face 

[Figure 3.35(a)] was the side where LVDT-3 and LVDT-4 were placed (see also Figure 

3.33) while Figure 3.35(b) illustrates the diagonal crack on the face where LVDT-1 and 

-2 were placed. 

  
(a) (b) 

Figure 3.35: Failure pattern of concrete Test5-100 
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TEST6-100 

The individual contraction from all LVDTs against the total axial load of Test6-

100 is represented in Figure 3.36. From the start the whole prism was under 

compression. Before peak load the contraction on all four sides was quite similar. After 

peak load was reached, the contraction on the side where LVDTs-1 and 2 were placed 

increased as the load decreased, while the contraction on the side where LVDTs-3 and 4 

were placed decreased. This result means that after peak load more pressure was applied 

on the side where LVDTs-1 and 2 were placed because after the side on which LVDT-3 

and -4 were placed had cracked, the sound concrete bore the full compressive force of 

the testing plate. A large contraction, therefore, occurred on that face, followed by 

failure (see also Figure 3.38).  

 
Figure 3.36: Relationship between total axial load and contraction for prism Test6-100. 

 

Relationship dilation and load of Test6-100 is depicted in Figure 3.37. The side 

where LVDT-8 placed does not expand until load reaches around 1600kN, however, this 

side expands significantly after peak load reached until the prism failed. 
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Figure 3.37: Total axial load – dilation response of prism Test6-100. 

 

The failure of the prism in Test6-100 is shown in Figure 3.38. It shows the 

diagonal crack as well as formation of the wedges but not along the whole prism length. 

The failure occurred just on one face. The face where LVDTs-1 and 2 placed. 

  
(a) (b) 

Figure 3.38: Failure pattern of concrete Test6-100; (a) front view; (b) side view. 

 

TEST7-100 

The response of total axial load and individual contraction on four edges of the 

prism Test7-100 is depicted in Figure 3.39. The pattern of the graph is almost same as in 

Test6-100 described previously. Up to peak load the trend of the response remains quite 

similar. After peak load, the contraction of LVDT-1 and LVDT-2 increase significantly 

until it reaches 8mm as the load decreases.  
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Figure 3.39: The relationship between total axial load and contraction of prism Test7-100 

 

The prism Test7-100 expands just one side that is the side where LVDT-7 were 

placed (Figure 3.40). The prism expands slightly up to peak load but increase 

significantly after the peak load reached (see also Figure 3.41).  

 
Figure 3.40: Total axial load–dilation response of Test7-100 

 

The failure pattern of prism Test-100 is shown in Figure 3.41. The failure 

occurred where LVDTs 1 and 2 were placed. The diagonal crack and the wedges are 

clearly seen. The images show the wedge occurred along the whole length of prism in 

one side and the other side the wedge occurred along less than half of prism length. 
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(a) (b) (c) 

Figure 3.41: Failure pattern of concrete prism Test7-100; (a) front view; (b) and (c) sides view 

 

TEST8-75 

Figure 3.42 shows that three edges of the prism, where LVDT-1, LVDT-3 and 

LVDT-4 were set up, are in compression while another edge is in tension. When the load 

reaches approximately 650kN, all edges are in compression. The value of LVDT-3 and 

LVDT-4 decreases immediately after peak load is reached. While the value of LVDT-1 

and LVDT-2 still increases as the load decreases. Failure continues on this side of the 

prism as shown in Figure 3.44. 

 
Figure 3.42: Total axial load-contraction response of Test8-75 
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When the load below 1000kN, one side of prism Test 8-75 is move in and the 

other side is move out. From that point, both sides of prism expand. The side where 

LVDT-7 placed expands significantly while the other side expands slightly.  

 
Figure 3.43: Total axial load–dilation response of Test8-75. 

 

Figure 3.44, shows the wedges and the diagonal crack that formed during the 

test. Significant failure occurred only on one face where LVDT-1 and LVDT-2 were 

positioned. No visual crack could be seen on the other face.  

  
(a) (b) 

Figure 3.44: Failure pattern of concrete prism Test8-75; (a) front view; (b) side view 

 

TEST9-75 

The values of the contraction of the LVDTs’ are shown in Figure 3.45. The 

graph indicates that the contraction occurred on the whole of prism. The compression 
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load was distributed uniformly to the whole prism. The values of all LVDTs’ are almost 

the same. After peak load was reached, the contraction increased as the load decreased.  

 
Figure 3.45: Total axial load-contraction response of prism Test9-75. 

 

Similar dilation responses up to peak load are shown in Figure 3.46. The dilation 

on one side of prism Test9-75 increases significantly (the side of prism where LVDT-7 

placed) as the load decrease while the other side of prism increases slightly.  

 
Figure 3.46: Total axial load-dilation response of prism Test9-75. 

 

The failure images of prism Test9-75 are shown in Figure 3.47. The prism failed 

on both faces. The diagonal crack occurred on one face and the other face, splitting 

crack occurred clearly. 
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(a) (b) (c) 

Figure 3.47: Failure pattern of concrete prism Test9-75; (a) and (b) front view; (c) side view 

 

TEST10-75 

The graph in Figure 3.48 indicates that contraction occurred on the whole prism 

as can be seen in the ascending branches up to peak load. After that point, the 

contraction at the edges where LVDT-1 and LVDT-2 set up, increase with a decrease of 

the load. While the contraction on other edges of the prism decrease.  

 
Figure 3.48: The relationship of total axial load-contraction of prism Test10-75 

 

The load and dilation response of Test10-75 (Figure 3.49) is quite similar with 

the response of Test6-100 (see again Figure 3.37). One side of prism expands slightly 

since the beginning while the other side does not expand. Dilation the side where the 

LVDT-8 placed as larger as 1.8mm while the other side just around 1.3mm. 
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Figure 3.49: Total axial load–dilation response of Test10-75. 

 

The splitting failure occur only one face of prism Test10-75, where LVDT-1 and 

LVDT-2 placed as shown in Figure 3.50(a). No visual crack seen on the other face. 

  
(a) (b) 

Figure 3.50: Failure pattern of concrete Test10-75; (a) front view; (b) sides view. 

 

TEST11-50 

Initially, the edges where LVDT-1 and LVDT-2 applied are in tension while the 

edges where LVDT-3 and LVDT-4 set up are in compression (Figure 3.51). The 

eccentrically load occurred on the prism accidently. The dial of LVDT-1 becomes 

positive when L is around 50kN. The pattern of the curves is almost same. LVDT-2 

reading value still in negative until the prism near to fail. The crack occurred on both 

faces of the prism as shown in Figure 3.53. 
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Figure 3.51: Total axial load and contraction response of Test11-50. 

 

Figure 3.52 shows the both sides do not expand until the load is around 300kN. 

After that point, the side where LVDT-8 placed expands slightly and expands 

significantly after the peak load reached. While the other side increase slightly on 

descending branch.  

 
Figure 3.52: Total axial load (L) – dilation response of Test11-50. 

 

Three images in Figure 3.53 show the failure pattern of concrete prism Test11-

50. The cracks occurred on both faces of prism. The diagonal and splitting failure 

occurred.  
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(a) (b) (c) 

Figure 3.53: Failure pattern of concrete test11-50; (a) and (b) both faces failed; (c) side view. 

 

TEST13-50 

Figure 3.54 shows the pattern of total axial load-contraction response of Test13-

50 is almost same with response of Test11-50 (see again Figure 3.51). The graph 

indicates one face in tension at low load, while the other face in compression. When the 

load reaches 350kN, the whole prism is in compression. The contraction of LVDT-3 and 

LVDT-4 reading values is larger than the others.  

 
Figure 3.54: Total axial load and contraction response of Test13-50. 

 

 One side of prism Test13-50 move in and the other side move out until just 

before peak load reached around 442kN (Figure 3.55). After that the both sides move 

out until the prism failed.  
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Figure 3.55: Total axial load–dilation response of Test13-50. 

 

Figure 3.56 shows the failure pattern of concrete prism Test13-50. The images 

illustrates the diagonal cracks occurred on both faces of the concrete prism.  

 

   
(a) (b) (c) 

Figure 3.56: Failure pattern of concrete Test13-50 

 

It is important to mention that experimental test of prism Test12-50 was failed 

therefore the results are not presented in this thesis.  

 The raw data of 12 concrete prisms as recorded by using axial and lateral 

transducers have been described previously. These raw data are analysed in the next 

section. The tests data are divided and analysed into two deformation directions: axial 
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and lateral. The analyses are the same on both directions of deformation. Step by step is 

explained more detail below. 

3.4 Analysis of Test Results 

3.4.1 Method of analysis 

The raw data in Section 3.3 described the axial contraction and the lateral 

dilation of every specimen under increasing axial load. In this section the results for 

every concrete prism that was tested are analysed, first to understand axial deformation 

or contraction and then lateral deformation or expansion for each prism. The next 

section of this analysis compares the results across the different sizes of concrete prism 

in the axial direction, then in the lateral direction in order to determine the influence of 

prism size on the softening behaviour. 

3.4.1.1 Axial Deformation 

The technique of analysis in axial deformation is described below. There are 5 

steps of the analysis; firstly quantifies the deformation the whole prism for a given 

applied load; then determines the behaviour of one single wedge only which is the axial 

load in terms of axial deformation. The non-linear deformation is quantified in the next 

step. After that the load per millimeter wedge thickness is determined and followed by 

quantifying the slip wedge for a given stress wedge.  

The first step of axial deformation analysis develops the total axial contraction C 

against total axial load L on each concrete prism. As described previously, L is the total 

axial load that applied to the prism and C is the total axial contraction of the whole 

concrete prism. The contraction which is obtained and recorded by axial LVDTs as 

described previously is contraction that occurred in one edge of prism. Hence total axial 

contraction of the whole prism C is the average of the individual contraction values 

recorded by the axial transducers, found using the Eq.3.1 

 

4
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Eq. 3.1 

 



 

58 

 

where LV-1, LV-2, LV-3, LV-4 are the values in mm recorded by transducer-1, transducer-

2, transducer-3 and tranducer-4 respectively. The position of LVDTs-1, -2, -3 and -4 are 

shown in Figure 3.57.  

 
Figure 3.57: The concrete prism under compression load 

A typical L-C response of concrete prism is shown in Figure 3.58. The graph 

indicates that at initial loading, the “settle down the position” occurred as shown in a 

dash line. This condition occurred just at low load because the concrete prism surface 

was not exactly flat thus when the concrete prism is subjected to the load, the prism 

needed to “settle”. As the load increased the whole prism uniform compressed. This 

means that the prism surface is already flat. To obtain the actual total axial contraction 

of the prism C, the contraction that is caused by “settle down the position” is removed 

from the L-C response by determining a new origin point O. 

 
Figure 3.58: A typical of total axial load and total axial contraction of concrete prism 
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Initially a straight line is extended along the curve, as shown in Figure 3.59. The 

intercept of this line and the x-axis form the new origin point O (0,0). Then the total 

axial contraction C is subtracted by m, where m is the distance between O’ and new 

origin point O or the total axial contraction that is caused by “settle down the position” 

as shown in Figure 3.59. Hence a new x-y axis is obtained. Figure 3.58 is refined into 

Figure 3.60. 

 
Figure 3.59: The correction of total axial contraction due to settling down 

 

 
Figure 3.60: A typical of L-C response after correction the x-axis 
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The second part of the analysis determines the response of load and deformation 

for one wedge only. The compression concrete wedge and the definition of one single 

wedge of the prism are explained initially. Let us consider Figure 3.57, the prism with 

height H and width W and the length of S, which is four times the width, meaning that 

the behaviour of the prism under pressure can be considered to be two-dimensional. 

Four axial LVDTs are placed on every edge of prism. The concrete prism is subjected to 

uniform axial compression load L on top and bottom of the prism that cause part of 

concrete prism softened, crushed and failed as shown shaded in Figure 3.61. This 

softening region of the concrete prism referred to as the compression concrete wedge. 

The wedges idealisation is very important to simulate the compression concrete wedges. 

The wedges form in compression zone of concrete prism is idealised in Figure 3.61. This 

research analyse what happen after the wedge form not prior to the wedges form.   

 
Figure 3.61: Idealised wedges of the prism 

 

 Figure 3.61 illustrates that the remaining concrete is referred to body of concrete 

prism is shown unshaded area and the compression concrete wedges on both sides and 

along the length of prism S are shown shaded area. A typical compression failure also 

occurrs on cylinder where the remaining concrete has formed a pair of truncated cones 

and outside these truncated cones has softened (Martinez et al. 1984, Mander et al. 

1988, Xie et al. 1995, and Ali et al. 2010). However, the compression failure on cylinder 
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is affected by circumferential expansion. The compression concrete wedge has been 

observed by many researchers in cylinders (Ali et al. 2010), in the eccentrically loaded 

short prism (Debernardi and Taliano 2001, Daniel et al. 2008), in the concentrically 

loaded FRP confined rectangular prism (Deric et al. 2007). 

 The total axial contraction C and total lateral expansion E (more detail in lateral 

deformation in next section) occurred when the total axial load L applied to the prism 

and caused wedges form on both sides of prism. Each wedge expanded E/2 and 

contracted C under compression axial load P on top and bottom. The axial load, P was 

equal to L/2 where L referred to total axial load, which was the total load applied to the 

whole of the concrete prism, and L/2 referred to half the load. However, due to the 

symmetry of the wedges, the half on one wedge was considered to one wedge. Hence a 

quarter of the prism with a width W/2, height H/2 and length S now referred as a single 

wedge as shown in Figure 3.62. 

 
Figure 3.62: Idealised one wedge of prism 

 

Figure 3.62 illustrates one single wedge contracts half of total axial contraction, 

C/2 and expands half of total lateral expansion E/2 under compression axial load P 

(more detail about total lateral expansion E is discussed in lateral deformation in Section 

3.4.1.2.). The axial load P versus the total axial contraction for one wedge C/2 is 
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analysed for each prism. Hence this is the behaviour within the concrete zone in which 

one wedge forms.  

The C was measured between platens therefore contains bedding down, 

contraction of the dental paste and the elastic contraction of concrete. This is a single 

wedge analysis hence P is half the applied load L and C/2 is the deformation of a single 

wedge as shown in Figure 3.62. Consequently the total axial contraction of one wedge, 

C/2 comprises the slip wedge Sw, the material contraction, bedding down and contraction 

of dental paste, where the total amount of material contraction, bedding down and 

contraction of dental paste resulting to B as illustrated in Figure 3.63. 

Figure 3.63 illustrates that on loading, the load-contraction relationship may be 

considered to follow a linear path O-D with slope k up to a load of αP. Along the line 

OA, only elastic contraction occurs, the wedge not develops yet. After this point, non-

linearity occurs in the ascending portion A-E, where the load peaks as Pp, followed by 

descending portion E-F which is often referred to as softening. This non-linearity is 

associated with micro-cracking along inclined wedge shaped plane which allow shearing 

across the inclined planes to accommodate the non linearity. 

 
Figure 3.63: The axial load and total axial contraction over one single wedge response 

 

The P-C/2 response gradually becomes non linear due to the micro-cracking 

within the prism. Some researchers determined the point where this non-linearity start α 

that is vary between 45% - 70% of peak load (Park and Paulay, 1975, Palmquist and 

Jansen 2001). The non-linearity should be occurred over 40% because Elastic Young’s 
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modulus tests always taken up to 40% of peak load that is considered as elastic condition 

of concrete. In this research, α is considered to be 60%.  

The total axial contraction C which was measured experimentally can be 

converted to the total axial contraction of a single wedge, and referred to as C/2 as 

shown in Figure 3.63. This contraction consists of the material contraction, the bedding 

down and the contraction of dental paste and that due to the micro-cracking or slip 

wedge Sw as shown in Figure 3.63, where the elastic deformation B is equal to the total 

amount of material contraction, dental paste contraction and bedding down.  

Up to the load αPp there is no deformation due to micro-cracking or deformation 

of the wedge. Only elastic contraction B occurs as shown a straight line O-A in Figure 

3.63. The elastic contraction B is the sum of material and dental paste contractions and 

bedding down that is equal to 

p

k

P
CPB

�
 

�
 

Eq.3.2 

Where B is elastic contraction, P is the applied load of one single wedge, α is a constant 

when the non-linearity start and in this research equal to 60%, Pp is the peak axial load 

of one wedge and Ck is the contraction corresponding to αPp (Figure 3.63).  

After the load αPp, the slip of the wedge Sw starts to develop in ascending portion 

A-E and in descending portion E-F in Figure 3.63. The slip wedge Sw in mm given by 

BCSw ��
2  

Eq. 3.3 

Where C is total axial contraction of the whole prism and B is determined by using Eq. 

3.2.  

After remove the elastic contraction B due to material and dental paste contractions and 

bedding down, a typical relationship between the slip wedge Sw and the axial load of one 

wedge P is shown in Figure 3.64.  
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Figure 3.64: A typical of the relationship axial load P and the slip wedge Sw 

 

 Figure 3.64 indicates that as expected up to the load αPp there is no micro-

cracking or slip wedge because the wedge deformation has just started to form and the 

only deformation is elastic deformation due to the material shortening, bedding down, 

and dental paste contraction.  

The response of the slip wedge Sw over the load wedge Pw is presented in the 

third part of this analysis. Let us see again Figure 3.62, one single wedge with a width 

W/2, height H/2 and length S is sliced 1 millimeter thickness as shown. The result shows 

in Figure 3.65. The figure illustrates a single wedge of height H/2, width W/2, and 1 mm 

thickness into the page.  

It is assumed when the wedge is fully developed, all the concrete along the 

localised crushing line in Figure 3.62 is softening. Hence, the depth of the wedge dw 

equals to half the width of prism, that is W/2. The load which is applied to the 1 mm 

wedge thickness and the depth of the wedge dw refers to the wedge load Pw as shown in 

Figure 3.65. Pw is obtained by dividing axial load P over the length of concrete prism S. 

Sw is the slip wedge that is occurred in this one wedge in axial direction. A typical curve 

of the slip wedge Sw against the wedge load Pw is shown in Figure 3.66. 

Sw  

P  

αPp  

Totally vertical 

Pp  

The micro-cracking has 
just started to develop 



 

65 

 

 
Figure 3.65: Idealised the wedge per 1 millimeter thickness 

 
Figure 3.66: A typical response of the wedge load Pw and slip wedge Sw 

 

The last part of the axial deformation analysis determines the relationship 

between the wedge stress σw and the slip wedge Sw as shown in Figure 3.67. The wedge 

stress is determined by dividing the wedge load Pw by the depth of the wedge dw given as 

Eq. 3.4.  
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Figure 3.67: The typical of wedge stress – slip wedge response 

 

w
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w d
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Eq. 3.4 

where σw is wedge stress, Pw is the the wedge load and dw is the depth of the wedge that 

is half of the prism width, W/2. 

 After finishing analysis in axial deformation, next step is to determine the lateral 

deformation. The analyses use the same methods that were used in axial deformation 

previously. More details are described below. 

3.4.1.2 Lateral Deformation 

The first part of the analysis in lateral deformation quantifies the relationship 

between the total axial load L and total lateral expansion E on each concrete prism. The 

total axial load L is the axial compression load that applied to the whole prism and the 

total lateral expansion E is the total expansion of the whole concrete prism.  

The uniform axial compression load L is applied to the concrete prism to on top 

and bottom of the prism that the prism expands on both sides of prism. Two lateral 

LVDTs are placed in the middle of every side of prism as shown in Figure 3.20 to record 

the dilation that was occurred. The dilation which is obtained and recorded by lateral 

LVDTs as described in Section 3.3 is expansion that occurred in one side of prism. 

Hence total lateral expansion E is the algebraic sum of the two lateral LVDTs reading 

value that is given in Eq. 3.5. 
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21 DDE ��   
Eq. 3.5 

where E is total lateral expansion, D1 and D2 are dilation on each side of prism that are 

recorded by LVDT-7 and LVDT-8 respectively as explained earlier (see again Figure 

3.17 and Figure 3.20).  

 
Figure 3.68: A typical total axial load (L) and total lateral expansion (E) response 

 

The second part of the analysis in lateral deformation determines the response of 

load and lateral deformation for one wedge only. The definition of compression concrete 

wedge and definition of one single wedge of the prism were explained clearly in axial 

deformation previously in Section 3.4.1.1.  

Let us see again Figure 3.62 that illustrates one single wedge contracts axially 

and expands laterally under uniform compression load of one single wedge P where P is 

half of total axial applied load L. The single compression concrete wedge expands half 

of total lateral expansion of the whole prism refers to as E/2. A typical response of P-E/2 

is shown in Figure 3.69. 
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Figure 3.69: A typical response of the axial load and total lateral expansion of one single wedge 

 

The initial of loading, the load and deformation response of one wedge is 

considered linear as shown a straight line O-I with slope x as depicted in Figure 3.69. 

Point I corresponds to αPp, where α is assumed 60% and Pp is the peak of axial load. Up 

to the load αPp there is no lateral deformation due to micro-cracking or expansion of the 

wedge, only elastic expansion G occurred. The elastic expansion G due to Poisson’s 

ratio along the line O-I in Figure 3.69 is equal to 

pP
RPG
 
 x

�
�

   
  Eq. 3.6 

Where P is applied load of one single wedge, Pp is the peak of axial load of one single 

wedge. Rx is lateral expansion corresponds to αPp.  However, after the load αPp, non-

linearity gradually occurs in the ascending portion of I-N and continues in the 

descending portion of N-M. This non-linearity behaviour is due to micro-cracking start 

to form in lateral direction and the wedge is gradually expands. Hence the total lateral 

expansion of one single wedge E/2 consists of elastic expansion due to Poisson’s ratio G 

and the wedge expansion Vw as shown in Figure 3.70. The lateral expansion due to 

micro-cracking or wedge expansion Vw is given by 

GEVw ��
2  

  Eq. 3.7 

Where E is total lateral expansion of the whole concrete prism and G is elastic expansion 

that determines using Eq. 3.6. A typical response of axial load P and wedge expansion 
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Vw is depicted in Figure 3.70. The graph indicates that the wedge does not expand up to 

the load αPp as shown a vertical line up to the load αPp because only elastic expansion 

occurs. The wedge expansion occurs just after the load αPp.  

 
Figure 3.70: A typical of the relationship axial load and the wedge expansion Vw 

  

After analysis one single wedge, the next part of analysis determines the load and 

the wedge expansion only in one millimeter wedge thickness. A single wedge in Figure 

3.62 is sliced 1 millimeter thickness thus the load which applied to 1 mm wedge 

thickness is referred as the wedge load Pw. Pw equals to the load of one wedge P divided 

by the prism length S. The wedge expansion Vw occurs when the wedge load Pw applied 

to 1 mm thickness of the wedge reaches αPw as shown in Figure 3.65. A typical curve of 

the wedge expansion Vw against the wedge load Pw is depicted in Figure 3.71.  

 
Figure 3.71: A typical response of the wedge load and wedge expansion 
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The last part of analysis in lateral deformation quantifies the wedge stress σw for 

given the wedge expansion Vw. The stress wedge σw is determined by using Eq. 3.4. A 

typical relationship of stress wedge and wedge expansion is depicted in Figure 3.72. 

 
Figure 3.72: A typical response of the stress wedge and wedge expansion 

  

The methods and processes of analysis in axial and lateral deformation have been 

explained and discussed in detail previously. In the following section, by using those 

processes the result experiment test of the individual concrete prism is analysed one by 

one.  

 

3.4.2 Individual tests 

3.4.2.1  Tests at 125mm width (125×250×500) 

TEST1-125  

Following the procedures outlined in Section 3.4.1, the behaviour of an 

individual wedge was extracted from the behaviour of the prism as a whole. The average 

of individual contraction as recorded by axial LVDTs is used to obtain the total axial 

contraction C of Test1-125 by using Eq. 3.1. The relationship between L-C is shown in 

Figure 3.73. The total axial contraction C increases significantly at low load. The total 

axial contraction continued to increase as the load increased, however this value is not 

the real total axial contraction of the concrete prism, as this also includes the setting 

down of the platens and dental paste contraction. 
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“Settle down the position” occurred at the early of loading is depicted by using a 

dash line in Figure 3.73. The concrete prism surface is not exactly flat thus when the 

concrete prism is set on the loading platen and applied the load, the prism needs to 

“settle”. Therefore correction of the total axial contraction is required to remove the 

contraction that is caused by “settle down the position”.  

 
Figure 3.73:  The relationship between total axial load and total axial contraction 

of prism Test1-125. 

 

The curve is refined by determines a new origin point O. Initially a straight line 

is extended along the curve as shown in Figure 3.73. The intercept of this line and x-axis 

at a new origin point O (0,0). Then the total axial contraction C is subtracted by m. m is 

a distance between O’ and new origin point O or the total axial contraction that is caused 

by “settle down the position”. Hence a new x-y axis is obtained. Figure 3.73 is refined 

into Figure 3.74. The graph indicates Lp is the peak of total axial load corresponds to 

total axial contraction at peak load Cp. Lp is 2436kN at Cp is approximately 1.04mm. 
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Figure 3.74: The total axial load-total axial contraction response of prism Test1-125 (new axis). 

 

The graph in Figure 3.75 is the graph in Figure 3.74 divided by two because 

Figure 3.74 shows the responses of load and total axial contraction L-C of the whole 

prism that is two wedges form, while Figure 3.75 shows the responses of load and total 

axial contraction P-C/2 of one wedge only.  

Up to the load αPp, where α is 60% and Pp is the peak of axial load, only elastic 

contraction occurred on the prism, the deformation of the wedge not occurs. The elastic 

contraction is obtained by using Eq. 3.2. After the load αPp axial micro-cracking starts to 

form. Hence the slip wedge Sw is obtained by using Eq. 3.3 and shown in Figure 3.75. 

The graph indicates the peak of axial load of one wedge Pp is 1218kN at the total axial 

contraction over one wedge Cp/2 is 0.52mm. The micro-cracking start to develop when 

the load αPp is 731kN at Ck is 0.22mm. 

 

C

Lp 
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Figure 3.75: The axial load -total axial contraction over a single wedge response of prism Test1-125. 

  

The relationship of axial load of one wedge P and slip wedge Sw is obtained after 

remove the elastic contraction from the graph P-C/2 and only considering the slip of the 

wedge (Figure 3.75). The result is shown Figure 3.76. The graph indicates there is no 

deformation due to micro-cracking or slip of the wedge up to the axial load 731kN 

because all the contraction is in elastic. The slip wedge at peak load Swp is approximately 

0.15mm. 

 
Figure 3.76: Axial load over one wedge-slip wedge response of prism Test1-125. 

 

Figure 3.77 shows the slip wedge Sw against the load wedge Pw. Pw equal to the 

axial load over one wedge P divided by prism length S, S is 500mm. Figure 3.77 is the 
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same with Figure 3.76 but the load is per millimeter depth of wedge. The peak of load 

wedge refers to Pwp is 2,44kN/mm. Pwp is Pp divided by S. 

 
Figure 3.77: Load wedge–slip wedge response of prism Test1-125. 

 

Figure 3.78 illustrates wedge stress-slip wedge response. This is the last analysis 

in axial deformation. Eq. 3.4 is used to determine the stress wedge. The micro-cracking 

occurred when stress wedge approximately 23MPa. The micro-cracking propagates as 

the load increase up to peak of stress wedge σwp is 39MPa.  

 
Figure 3.78: The stress wedge-slip wedge response of prism Test1-125. 

 

In lateral deformation analysis, total lateral expansion E is expansion of the 

whole prism. The total lateral expansion E is obtained from the values of lateral LVDTs-

7 and -8 readings and used Eq. 3.5 as shown in Figure 3.79. At peak load, there not 

Swp 

σwp 
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much different between total axial contraction C and total lateral expansion E (see again 

Figure 3.74). Total lateral expansion at peak load Ep is approximately 1.13mm.  

 
Figure 3.79: Total axial load-total lateral expansion response of prism Test1-125. 

 

Relationship of load and lateral deformation over one wedge is depicted in 

Figure 3.80. The lateral deformation which is occurred less than Rx is elastic expansion 

that is obtained by using Eq. 3.6, after this point the deformation due to the micro-

cracking developed. Eq. 3.7 is used to determine the expansion that is only caused by 

micro-cracking or wedge deformation. The graph indicates that the lateral expansion at 

the micro-cracking starts to form Rx is 0.05mm. At the peak of axial load, the total 

lateral expansion of one single wedge Ep/2 is 0.56mm.  

 
Figure 3.80:  The axial load -total lateral expansion over a single wedge 

response of prism Test1-125 
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The response of axial load P and wedge expansion Vw is obtained by removing 

the elastic expansion G from the graph in Figure 3.80 and using Eq. 3.7. The graph in 

Figure 3.81 indicates deformation due to micro-cracking in lateral direction increase 

slightly as the load increase up to peak load. The wedge expansion at peak load Vwp is 

0.47mm. This value is much higher than slip wedge at peak load Swp that is only 

0.15mm. After peak load, the wedge expansion increases significantly as the load 

decrease slightly and the prism failed when Vw is around 1.37mm. 

 
Figure 3.81:Axial load-wedge expansion of prism Test1-125. 

 

The graph in Figure 3.81 shows the load and wedge expansion in a single wedge 

while the graph in Figure 3.82 illustrates the load and wedge expansion per millimeter 

depth of wedge. The P in Figure 3.81 is divided by prism length S equal to Pw in Figure 

3.82. 
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Figure 3.82: The wedge load-expansion per mm thickness of the wedge for Test1-125 

 

The last analysis for prism Test1-125 is stress wedge σw and wedge expansion Vw 

response. The graph in Figure 3.83 indicates the wedge expansion increase slightly as 

the load increase up to peak load of 39MPa. After this point, the wedge expansion still 

increase considerably with a decrease of the stress.  

 
Figure 3.83: Wedge stress - wedge expansion of prism Test1-125. x 

  

The important parameters such as Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp 

of prism Test1-125 are clearly explained previously and shown graphically in Figure 

3.73 to Figure 3.83. Those parameters are summarised in Table 3.5. It should be noting 

that the analysis of all others prisms below follows the analysis of Test1-125.  
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TEST2-125  

Figure 3.84 shows the average of contraction of individual axial LVDTs’ dial 

reading. A “settle down the position” shown in a dash line occurred on prism Test2-125 

up to total axial contraction C reach approximately 1.7mm. After that the actual total 

axial contraction occurred. Thus Figure 3.84 is refined into Figure 3.85.  

 
Figure 3.84: Total axial load-total axial contraction response of prism Test2-125.  

 

Figure 3.85 is obtained by removing the “settle down the position” region in 

Figure 3.84. A new response of L-C shows a peak of total axial load Lp is 2505kN 

corresponds to total axial contraction Cp is 1.06mm. This value is almost same with Cp 

for Test1-125 (see again Figure 3.74). 

 
Figure 3.85: Total axial load-total axial contraction of prism of Test2-125 (new axis).  
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The P-C/2 graph in Figure 3.86 is the L-C response divided by 2. Because the L-

C graph is analysis for the whole prism which in terms of two wedges form while the P-

C/2 is analysis for one wedge only. The peak of axial load Pp is 1253kN corresponds to 

Cp/2 is 0.53mm. 

The elastic contraction B in a single wedge occurred until approximately 0.19mm 

and the load reach 752kN (Figure 3.86). After this point, the deformation due to micro-

cracking occurred in a wedge. The slip of wedge Sw is achieved by removing the elastic 

contraction B from the P-C/2 graph and by using Eq.3.2 and Eq.3.3. As a result the 

relationship between axial load P and slip wedge Sw of prism Test2-125 is shown in 

Figure 3.87. 

 
Figure 3.86: The axial load and total axial contraction over one wedge response of prism Test2-125.  

 
Figure 3.87: Axial load-slip wedge response of prism Test2-125. 
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Figure 3.87 shows the load and slip wedge for one whole wedge, while Figure 

3.88 shows the load and slip for one mm wedge thickness only. The load Pw in Figure 

3.88 is P divided by the prism length S. The micro-cracking start to form when load 

wedge Pw around 1.5kN/mm. When the peak of wedge load Pwp reaches 2.51kN/mm, 

slip wedge Swp is around 0.22mm.  

 
Figure 3.88: Load and slip of wedge response of prism Test2-125 

 

Figure 3.89 illustrates the relationship between the stress wedge and slip wedge 

of Test2-125. The wedge stress reaches its peak σwp 40MPa corresponds to slip wedge 

approximately 0.22mm. 

 
Figure 3.89: Stress wedge-slip wedge response of prism Test2-125 
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After described the axial deformation, the lateral deformation of prism Test2-125 

is described below. The total axial load L and total lateral expansion E response of prism 

Test2-125 shows the total lateral expansion of the whole prism at the peak load Ep is 

1.39mm (Figure 3.90). This expansion increases considerably as the load decrease until 

the prism failed at total axial load L approximately 1830kN.  

 
Figure 3.90: Total axial load-total lateral expansion response of prism Test2-125 

 

The analysis of total lateral expansion of one wedge against the axial load is 

depicted in Figure 3.91. This P-E/2 response is L-E response divide by 2. Hence at peak 

load, the total lateral expansion over a single wedge Ep/2 is 0.68mm. The micro-cracking 

start to develop when lateral expansion over one wedge Rx is approximately 0.08mm. 

Before that point, only elastic expansion B occurred.  

 
Figure 3.91: Axial load-total lateral expansion over one wedge response of prism Test2-125. 
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Figure 3.92 shows the axial load P and the wedge expansion Vw response that is 

obtained by subtracting the elastic expansion from Figure 3.91. Wedge slip Sw and 

wedge expansion Vw occurred at the same time, when the axial load P reaches 707kN. 

Wedge expansion at peak load Vwp approximately 0.55mm. 

 
Figure 3.92: Axial load-wedge expansion response of prism Test2-125. 

 

Figure 3.93 shows wedge expansion approximately 0.55mm when the load 

wedge over 1 mm depth of wedge reached its peak load. This wedge expansion is much 

higher than slip wedge that is just 0.22mm (see again Figure 3.88). This means that 

wedge slip and expand at the same time but the wedge expansion increase significantly 

up to peak load.  

 
Figure 3.93: Load wedge–wedge expansion response of prism Test2-125. 
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Figure 3.94 shows the relationship between stress and expansion of wedge. The 

wedge starts to expand due to micro-cracking when stress wedge approximately 24MPa. 

Before this point only elastic expansion occurred. 

 
Figure 3.94: Stress wedge – wedge expansion response of Test2-125 

The peak values of load, stress, axial and lateral deformations of Test2-125 such 

as Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp are clearly described previously. 

Those parameters are summarised in Table 3.5.  

 

TEST3-125  

The next eleven graphs illustrate the axial and lateral deformation of concrete 

prism Test3-125. Initially axial deformation is analised and followed by lateral 

deformation. The same as the previous prism, the “settle down the position” as shown in 

a dash line also occurred in prism Test3-125 (Figure 3.95). The total axial contraction C 

of the prism is corrected by subtract as long as 1.27mm. The L-C graph after the 

correction is shown in Figure 3.96.  
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Figure 3.95: Total axial load-total axial contraction response of prism Test3-125. 

 

Figure 3.96 is obtained by removing the “settle down the position” on L-C graph 

in Figure 3.95. The peak of total axial load Lp of Test3-125 is 2357kN at total axial 

contraction Cp is 1.08mm. 

 
Figure 3.96:  Total axial load-total axial contraction response of prism Test3-125  

 

The L and C values in Figure 3.96 divide by 2 equal to the P and C/2 values 

respectively in Figure 3.97. The pattern of those graphs is same with Figure 3.96 but the 

value is half than Figure 3.96. Hence the peak of axial load Pp is 1179kN and Cp/2 is 

0.54. The axial load of one wedge around 707kN that is 60% of peak load when micro-

cracking begin to develop correspond to Ck is around 0.23mm.  
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Figure 3.97: Axial load – C/2 slip response of prism Test3-125.  

  

Figure 3.98 shows the slip wedge Sw start to develop when the axial load P 

around 707kN. The relationship between the load wedge Pw and slip wedge Sw is 

obtained by dividing P with S where S is 500mm as depicted in Figure 3.99.  

 
Figure 3.98: Axial load-slip wedge response of Test3-125 

 

Figure 3.99:  Load wedge-slip wedge response of prism Test3-125.The graph 

indicates the micro-cracking starts to form when load wedge is 1.41kN/mm. The peak of 

wedge load over 1 mm thickness Pwp is 2.36kN/mm at Swp is 0.16. The graph in Figure 

3.100 indicates that the stress wedge σwp of Test3-125 is 38MPa at Swp is 0.16.  
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Figure 3.99:  Load wedge-slip wedge response of prism Test3-125.  

 
Figure 3.100: Stress wedge-slip wedge response of prism Test3-125 

 

In lateral deformation, the response of total axial load L and total lateral 

expansion E of Test3-125 is depicted in Figure 3.101. The graph indicates at initial of 

loading no expansion occurred up to the load approximately 500kN. After that point the 

prism expand on both sides of prism until the prism failed. The total lateral expansion at 

the peak total axial load Ep is approximately 0.74mm 
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Figure 3.101:  Total axial load-total lateral expansion response of prism Test3-125.  

 

The relationship of load and expansion over a single wedge is depicted in Figure 

3.102. The straight line is drawn between origin point (0,0) and (Rx,αPp). The lateral 

expansion less than Rx is elastic expansion G and more than Rx is wedge expansion Vw. 

Using this graph and Eqs. 3.2 and 3.3. Hence the wedge expansion Vw is obtained and is 

shown in Figure 3.103.  

 
Figure 3.102: Axial load – E/2 response of prism Test3-125 

 

Figure 3.103 shows load and expansion in a single wedge of Test3-125. At peak 

load the wedge expansion Vwp approximately 0.3mm. This value is smaller than other 

prisms in Test-125 (refer to Figure 3.81 and Figure 3.92).  

(Rx,αP
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Figure 3.103: Axial load-wedge expansion response of prism Test3-125 

 

The graph in Figure 3.103 is same with the graph in Figure 3.104 but the load in 

Figure 3.104 is the wedge load in 1 mm wedge thickness Pw. The slip wedge and wedge 

expansion start to form when Pw is 1.41kN/mm. However at peak load, wedge expansion 

Vwp is higher than slip wedge Swp. This means that after the micro-cracking occurred, the 

crack propagate in perpendicular to the load direction is higher than in parallel to the 

load direction. The relationship between wedge stress σw and wedge expansion Vw is 

depicted in Figure 3.105.  

 
Figure 3.104: Load wedge-wedge expansion response of prism Test3-125 
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Figure 3.105: Axial stress - wedge expansion response of prism Test3-125 

 

The peak values that are the important parameters of Test2-125 such as Lp, Pp, 

Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp are clearly described previously. Those 

parameters are also listed in Table 3.5.  

 

TEST4-125  

Test4-125 is the last prism in the Test-125. The next eleven figures is described 

the behaviour of Test4-125. Figure 3.106 illustrates the relationship of L-C before 

refined into Figure 3.107 because of a “settle down the position” occurred in this prism 

(shown in a dash line). The distance between an origin point O to O’ (refer to Figure 

3.59) or m is approximately 0.27mm. A refined relationship of L-C is obtained by 

subtracting total axial contraction C with m.  
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Figure 3.106: Total axial load-total axial contraction response of prism Test4-125 

 

The graph in Figure 3.107 indicates the total axial contraction Cp is 1.04 mm 

when the total axial load reached the peak Lp of 2,468kN.  

 
Figure 3.107: Total axial load-total axial contraction response of Test4-125 (new axis) 

 

Figure 3.108 shows how to get the slip of the wedge Sw, 60% of Pp is 

approximately 740kN corresponding to Ck is 0.21mm. Before this point only elastic 

contraction occurred. The micro-cracking starts to develop axially when C/2 more than 

0.21mm. Slip wedge Sw is obtained by using Eqs. 3.2 and 3.3. The slip wedge of Test4-

125 is shown in Figure 3.109. The peak of axial load in one wedge Pp is 1234kN at slip 

wedge 0.17mm. 

 
Figure 3.108: Axial load – C/2 response of prism Test4-125 
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Figure 3.109: Axial load-slip wedge response of Test4-125 

 

The load of wedge Pw is axial load P in Figure 3.109 divided by the prism length 

S. S for Test4-125 is 500mm thus the relationship of Pw-Sw can be seen in Figure 3.110. 

The slip wedge starts to form when the load of the wedge Pw is approximately 

1.48kN/mm, before this load only elastic contraction occurred. The load increases as the 

slip increases and peak load Pwp reached approximately 2.47kN/mm.  

 
Figure 3.110: Load wedge-slip wedge response of Test4-125 

 

The wedge stress and slip wedge relationship is shown in Figure 3.111. The stress 

wedge is calculated by using Eq. 3.4. The micro-cracking starts to form when wedge 

stress is approximately 24MPa. The peak of wedge stress σwp approximately 40MPa 

relates to slip wedge Swp is 0.17mm. 
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Figure 3.111: Axial stress - slip wedge response of prism Test4-125 

 

In lateral deformation analysis, the total lateral expansion E of Test4-125 is 

obtained by using Eq. 3.5 as shown in Figure 3.112. At the peak total axial load, total 

lateral expansion Ep is 1.08mm. This value is almost same with total axial contraction Cp 

is 1.04mm. (See again Figure 3.107).  

 
Figure 3.112: Total axial load-total lateral expansion response of prism Test4-125 

 

The lateral micro-cracking starts to develop when E/2 more than 0.08mm. Before 

this point only elastic expansion occurred on Test4-125 as shown in Figure 3.113. E/2 at 

the peak load is approximately 0.54mm. This graph is same with the graph in Figure 

3.112 divided by 2 because   P-E/2 is relationship of load and expansion only for one 

single wedge.  
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Figure 3.113: Load – E/2 response of prism Test4-125 

 

The wedge expansion Vw is calculated from the graph in Figure 3.113 and used 

Eqs. 3.6 and 3.7. The wedge expansion of Test4-125 is shown in Figure 3.114. The 

graph indicates that at peak axial load wedge expansion Vwp is 0.41mm. At peak load, 

Vwp is much higher than Swp that is only 0.17mm (see again Figure 3.109). The lateral 

micro-cracking develop more significant than axial micro-cracking. This means that 

after micro-cracking formed the crack propagate perpendicular to load direction.  

 
Figure 3.114: Load-wedge expansion response of prism Test4-125 

 

Figure 3.115 shows the relationship between load and expansion in one 

millimeter of the wedge of prism Test4-125. The graph is same with the graph in Figure 

3.114 but the axial load P divided by prism length S (500mm). Figure 3.116 illustrates 

the relationship between the stress wedge and the wedge expansion of prism Test4-125.  
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Figure 3.115: Load wedge-wedge expansion response of prism Test4-125 

 
Figure 3.116: Axial stress - wedge expansion response of prism Test4-125 

 

Prism Test4-125 is the last prism in Test-125. All the results of all individual 

tests in Test-125 are listed in Table 3.5. The average values of all parameters of Test-125 

is calculated based on those individual results test and listed in Table 3.5. It should be 

mentioned that those average values are based on the individual graph of Test1-125, 

Test2-125, Test3-125, and Test4-125 as described previously. These important 

parameter is of Test-125 is discussed in detail below. The results is compared with other 

sizes and explained graphically in Section 3.4.3 in terms of axial deformation and in 

Section 3.4.4 in terms of lateral deformation. 
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Table 3.5: The important parameters of prism Test-125 based on individual graph 

Prism 
Lp 

(kN) 

 

Pp 

(kN) 

 

Pwp 

(kN/mm) 

σwp 

(MPa) 

Cp 

(mm) 

Cp/2 

(mm) 

Swp 

(mm) 

Ep 

(mm) 

Ep/2 

(mm) 

Vwp 

(mm) 

1 2 3 4 5 6 7 8 9 10 11 

TEST1-125 2436 1218 2.44 39 1.04 0.52 0.15 1.13 0.56 0.47 

TEST2-125 2505 1253 2.51 40 1.06 0.53 0.22 1.39 0.68 0.55 

TEST3-125 2357 1179 2.36 38 1.08 0.54 0.16 0.74 0.37 0.30 

TEST4-125 2468 1234 2.47 40 1.04 0.52 0.17 1.08 0.54 0.41 

AVERAGE 2442 1221 2.44 39 1.06 0.53 0.17 1.09 0.54 0.43 

 

The data in column 2 and column 6 in Table 3.5 indicates that the peak of total 

axial load Lp and the total axial contraction at peak load Cp respectively for all prisms in 

Test-125. The results show the Lp and Cp for Test1-125, Test2-125, Test3-125 and test4-

125 are relative the same. The Lp varies between 2357kN to 2505kN while Cp varies in 

narrow range that is between 1.04mm to 1.08mm. The average values of Lp and Cp are 

2442kN and 1.06mm respectively. 

The values in columns 3 and 7 in Table 3.5 represent the peak of axial load of 

one single wedge Pp and total axial contraction of one single wedge at peak load Cp/2 

respectively.  The same behaviour also occurs on Pp and Cp/2 because these values are 

Lp and Cp divided by 2 respectively. The values of parameter Pp and Cp/2 are relative the 

same. The average values of Pp and Cp/2 are 1221kN and 0.53mm respectively.  

The load wedge Pw is determined by dividing the axial load P with prism length 

S while slip wedge Sw is quantified by removing the elastic contraction from the P-C/2 

response. The peak of wedge load Pwp and the slip wedge at peak load Swp values of all 

prisms in Test-125 are listed in columns 4 and 8 in Table 3.5. Those parameter are 

relative similar, however, small scatter occurs on the slip wedge at peak load Swp of 

Test2-125. Based on the individual result, the average values of Pwp and Swp are 

2.44kN/mm and 0.17mm respectively.  
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The peak of stress wedge σwp of all prisms in Test-125 is listed in column 5 in 

Table 3.5. The parameter of σwp is also quite similar, that varies between 38MPa to 

40MPa.  The average value based on this individual peak values is 39MPa.  

In lateral deformation, the total lateral expansion at peak load Ep of Test-125 is 

between 0.74mm – 1.39mm. This parameter is represented in column 9 in Table 3.5. A 

small scatter occurred on Test2-125 and Test3-125. The same pattern also occurred on 

the total lateral expansion of one wedge Ep/2 and wedge expansion at peak load Vwp 

those are listed in columns 10 and 11 in Table 3.5. The average of the total lateral 

expansion Ep, the total lateral expansion of one wedge Ep/2, the wedge expansion Vwp at 

peak load are 1.09mm, 0.54mm and 0.43mm respectively.  

 

3.4.2.2  Tests at 100mm width (100×200×400) 

TEST5-100 

Test5-100 is the first prism in Test-100. The same behaviour with the previous 

prisms in Test-125, a “settle down the position” as shown in a dash line in Figure 3.117 

also occurred on the total axial load L and the total axial contraction C response on this 

concrete prism. Figure 3.117 is required to refine. The total axial contraction is 

subtracted by the length of C that is caused by “settle down the position” and a result 

shown in Figure 3.118. 

 
Figure 3.117: Total axial load-total axial contraction response of prism Test5-100 
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Figure 3.118 depicts L-C response after correction the axis. The graph indicates 

the total axial contraction C is 0.81 mm when the total axial load reached the peak value 

of 1,699kN.  

 
Figure 3.118: Total axial load-total axial contraction response of prism Test5-100 (new axis) 

Figure 3.119 shows the relationship between axial load and total axial 

contraction of one wedge. This graph is obtained by divide the graph in Figure 3.118 

with 2. The graph indicates when the load for a single wedge approximately 510kN 

corresponds to C/2 is 0.17; the deformation due to micro-cracking starts to develop. 

Before this point elastic contraction occurred. The prism reaches the peak of axial load 

Pp of 849kN at Cp/2 approximately 0.40mm.  

 
Figure 3.119: Axial load – C/2 response of prism Test5-100 

 

To evaluate the slip of the wedge, elastic contraction B in Figure 3.119 should be 

removed from the L-C/2 response. Eqs. 3.2 and 3.3 are used to remove the elastic 
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contraction from total axial contraction. As a result, the relationship between axial load 

and slip wedge of Test5-100 is obtained and shown in Figure 3.120.  

 
Figure 3.120: Axial load-slip wedge response of prism Test5-100 

 

Figure 3.120 shows the relationship between axial load P and slip wedge of one 

single wedge Sw, while Figure 3.121 shows the relationship between load wedge and slip 

wedge Pw- Sw  hence the axial load in Figure 3.120 is divided by prism length S. Prism 

length of Test5-100 is 400mm. The prism reaches the peak of load wedge Pwp of 

2.12kN/mm at slip wedge Swp approximately 0.12mm.  

 
Figure 3.121: Load wedge-slip wedge response of prism Test5-100 
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The relationship of stress wedge σw and slip wedge Sw is depicted in Figure 

3.122. The graph indicates that the slip wedge is 0.12 when stress wedge reached the 

peak σwp of 43MPa.  

 
Figure 3.122: wedge stress - wedge expansion response of prism Test5-100 

 

The next four graphs illustrated the lateral deformation analysis. The total lateral 

expansion is expansion of the whole prism which is obtained by using Eq. 3.5. The 

relationship between total axial load L and total lateral expansion E of Test5-100 is 

depicted in Figure 3.123. The graph indicates that as the peak load reached, the total 

lateral expansion Ep occurred in this test was 0.34 mm. This value is much lower than 

total axial contraction Cp of 0.81mm (see again Figure 3.118).  

 
Figure 3.123: Total axial load-total lateral expansion response of prism Test5-100 
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The total lateral expansion of a single wedge E/2 is total lateral expansion 

divided by 2. Thus the graph in Figure 3.123 divided by 2 is the graph in Figure 3.124. 

E/2 at the peak load is approximately 0.17mm. When E/2 is 0.04mm and relates to axial 

load P 510kN, the deformation due to micro-cracking occurred in lateral direction. The 

wedge expansion starts to develop. To obtain the expansion of the wedge Vw, the elastic 

expansion is removed from P-E/2 response and Eqs. 3.6 and 3.7 are used. The result is 

shown in Figure 3.125. The wedge expansion at peak load Vwp is approximately 0.1mm.  

 
Figure 3.124: Axial load – E/2 response of prism Test5-100 

 

 
Figure 3.125: Axial load-wedge expansion response of prism Test 5-100 

 

Figure 3.126 shows the relationship between load wedge Pw and expansion over 

per millimeter thickness of the wedge. Pw is P in Figure 3.125 divided by prism length S. 

Meanwhile Figure 3.127 shows the stress of the wedge σw and wedge expansion Vw of 
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Test5-100. The wedge expansion Vwp is 0.1mm at peak of the wedge stress σwp is 

43MPa. 

 
Figure 3.126: Load wedge – wedge expansion response of prism Test5-100 

 

 
Figure 3.127: Stress wedge – wedge expansion response of prism Test5-100 

 

The individual results of Test5-100 are described previously. The important 

parameters that are the peak values such as Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and 

Vwp of Test5-100 are listed in Table 3.6.The second prism in Test-100 is described next. 

   

TEST6-100 

The first five graphs illustrate the axial deformation analysis of prism Test6-100. 

The concrete prism required to settle its position as shown in Figure 3.128. The total 

axial contraction which is caused by “settle down the position” (shown in a dash line) 



 

102 

 

required to remove in order to find the actual total axial contraction C. The length of the 

total axial contraction have to remove is approximately 1.6mm. The behaviour the prism 

after correction the axis was depicted Figure 3.129.   

 
Figure 3.128: Total axial load-total axial contraction response of prism Test6-100 

 

Figure 3.129 illustrates the relationship between total axial load P and total axial 

contraction over the whole prism C Test6-100. The graph indicates the total axial 

contraction is 0.85 mm when the total axial load L reached the peak value of 1,737kN.  

 
Figure 3.129: Total axial load-total axial contraction response of prism Test6-100 (new axis) 

 

Figure 3.130 illustrated the relationship between axial load and total axial 

contraction over one wedge that is equal to the L-C graph (Figure 3.129) divided by 2. 

Thus the total axial contraction for one single wedge at the peak load of 868kN is 

approximately 0.43mm. 
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The graph indicates up to αPp (520kN) only elastic contraction occurred on the 

prism. After this point the deformation due to micro-cracking start to develop. The slip 

wedge is obtained by remove the elastic contraction from P-C/2 response and use Eq. 

3.2 and Eq. 3.3. As result, the relationship between axial load and slip wedge is obtained 

as shown in Figure 3.131. 

 
Figure 3.130: Axial load – C/2 response of prism Test6-100 

 

The graph in Figure 3.131 indicates the slip wedge start to develop after the load 

reaches 520kN.  At the peak of axial load Pp of 868kN, the slip wedge Swp 

approximately 0.13mm.  

 
Figure 3.131: Axial load-slip wedge response of prism Test6-100 

 

(Ck,αPp) 
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The load of wedge per millimeter Pw is obtained by divide the axial load P in 

Figure 3.131 with prism length S (400mm). The micro-cracking starts to occur when the 

load per millimeter thickness of wedge Pw is 1.3kN/mm. The micro-cracking increases 

as the load increases up to peak load of 2.17kN/mm and after that point the micro-

cracking still increases as the load decreases until the concrete prism failed at slip wedge 

approximately 1.1mm. While Figure 3.133 shows the relationship between the stress 

wedge and slip wedge. The slip wedge is 0.13mm when stress reached the peak of 

43MPa.  

 
Figure 3.132: Load wedge-slip wedge response of prism Test6-100 

 

 
Figure 3.133: Stress wedge – slip wedge response of prism Test6-100 
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The next five graphs illustrate the lateral deformation analysis. Figure 3.134 

illustrates the relationship of L-E which is the total lateral expansion of the whole prism. 

At peak load, total lateral expansion Ep is 0.34 mm. This value is much lower than total 

axial contraction at peak load Cp (0.85mm). 

 
Figure 3.134: Total axial load-total lateral expansion response of Test6-100 

 

The graph in Figure 3.135 is Figure 3.134 divided by 2 because the total lateral 

expansion E is the expansion of the whole prism while   Figure 3.135 illustrate the 

relationship between load and expansion for one wedge only. When E/2 is 0.04mm, 

micro-cracking occurred in lateral direction. The wedge expansion starts to develop. E/2 

at the peak load is approximately 0.17mm. Eqs. 3.6 and 3.7 are used to obtain the 

expansion of the wedge, Vw. The result is shown in Figure 3.136. The wedge expansion 

at peak load Vwp is approximately 0.12mm.  

 
Figure 3.135: Axial load – E/2 response of prism Test6-100 
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Figure 3.136: Axial load-wedge expansion response of prism Test6-100 

 

Figure 3.137 shows the relationship between load wedge Pw and expansion in 

one millimeter of the wedge of prism Test6-100. The graph is same with the graph in 

Figure 3.136 but axial load P divided by prism length S (400mm). Figure 3.138 

illustrates the relationship between the stress wedge and wedge expansion of prism 

Test6-100. The peak stress wedge σwp is 43MPa corresponds to slip wedge Swp 

approximately 0.13mm 

 

 
Figure 3.137: Load wedge-wedge expansion response of prism Test6-100 
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Figure 3.138: stress wedge-wedge expansion response of prism Test6-100 

The response of stress wedge and wedge expansion is the last analysis in Test6-

100. The important parameters that are the peak values such as Lp, Pp, Pwp, σwp, Cp, Cp/2, 

Swp, Ep, Ep/2, and Vwp of concrete prism Test4-125 that are described previously, are 

listed in Table 3.6. The next Section is analysis in Test7-100. 

 

TEST7-100  

The first five graphs (Figure 3.139 to Figure 3.144) illustrate the axial 

deformation analysis. The analysis begin with total axial load – total axial contraction, 

L-C graph as depicted in Figure 3.139 that is required to adjust because the graph shows 

the “settle the position” (shown in a dash line) of the concrete. After adjustment the 

position, the total axial contraction is 0.77mm when the total axial load reached the peak 

load Lp at 1,638kN (Figure 3.140).  

 
Figure 3.139: Total axial load-total axial contraction response of prism Test7-100 
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Figure 3.140: Total axial load-total axial contraction response of prism Test7-100 (new axis) 

 

Figure 3.141 shows the total axial contraction over a single wedge Cp/2 is 

0.39mm as the load of a wedge reaches the peak of 819kN. This graph is the graph in 

Figure 3.140 divided by 2 because Figure 3.141 illustrates the relationship between load 

and total axial contraction for a single wedge only while Figure 3.140 illustrates load 

and total axial contraction for the whole prism. The elastic contraction occurred until 

C/2 approximately 0.17mm that is relates to axial load 491kN, after this point the micro-

cracking occurred on the prism. The deformation which is caused by micro-cracking is 

obtained by remove the elastic contraction from Figure 3.141. The result is shown in 

Figure 3.142. The slip wedge at peak axial load Swp is 0.11mm (Figure 3.142). 

 
Figure 3.141: Axial load – C/2 response of prism Test7-100 

(Ck,αPp) 
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Figure 3.142: Axial load-slip wedge response of prism Test7-100 

 

The relationship between the load wedge and slip wedge for 1 millimeter wedge 

thickness is illustrated in Figure 3.143. The graph illustrates the slip wedge Swp is 

0.11mm when the load wedge reached the peak Pwp approximately 2.05kN/mm.  The 

next figure (Figure 3.144) shows the relationship between the stress wedge and slip 

wedge (σw-Sw). The graph indicates that the peak stress wedge is 41MPa at slip wedge 

0.11mm 

 
Figure 3.143: Load wedge-slip wedge response of prism Test7-100 

 

(Ck,αPp) 
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Figure 3.144: Axial stress - slip wedge response of prism Test7-100 

 

The next five graphs show lateral deformation analysis of Test7-100. The graph 

illustrates total lateral expansion Ep is 0.27 mm when the peak of total axial load Lp 

reached (Figure 3.145). This load and expansion response is the response of the whole 

prism while Figure 3.146 illustrates the relationship between the load and expansion for 

a single wedge only. It can be seen the pattern of these two graphs are the same but the 

values of axial load P and total lateral expansion of one wedge is half than the load and 

expansion in Figure 3.145. At peak load E/2 is approximately 0.13mm (Figure 3.146). 

The graph in Figure 3.146 indicates the lateral micro-cracking occurred after the total 

lateral expansion for one wedge is approximately 0.02mm.  

 
Figure 3.145: Total axial load-total lateral expansion response of prism Test7-100 
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Figure 3.146: Axial load – E/2 response of prism Test7-100 

 

Figure 3.147 illustrates the expansion of the wedge against the axial load over a 

single wedge. At the peak of axial load Pp of 819kN, the wedge expansion Vwp 

approximately 0.1mm. This value is almost the same with the slip wedge at peak load 

Swp is 0.11 (see again Figure 3.142). The load P in Figure 3.147 is divided by the prism 

length S equal to load of wedge in 1 mm wedge thickness Pw as shown in Figure 3.148.  

 
Figure 3.147: Axial load-wedge expansion response of Test7-100 

 

(Rx, αPp) 
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Figure 3.148: Wedge load-wedge expansion response of Test7-100 

 

Figure 3.149 is the last figure in Test7-100. The graph illustrates the relationship 

of stress wedge and wedge expansion of Test7-100. The micro-cracking starts to form 

when stress approximately 25MPa. The lateral deformation due to micro-cracking or 

wedge expansion increases slightly up to peak stress wedge σwp of 41MPa and increases 

significantly as the stress wedge decreases until the prism failed. 

 
Figure 3.149: Stress wedge – wedge expansion response of prism Test7-100 

 

The individual results of Test7-100 are described previously. The important 

parameters that are the peak values such as Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and 

Vwp of Test7-100 are listed in Table 3.6. Test7-100 is the last prism in Test-100. 

The all results of concrete prisms Test5-100, Test6-100, and Test7-100 are listed 

in Table 3.6. The average values of those parameters are also listed in Table 3.6 based 
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on the individual results graph. The average parameters of Test-100 are also listed in 

Table 3.6.  

It should be noting that the average parameters are based on the individual graph 

of Test5-100, Test6-100, and Test7-100 as described individually previously. These 

important parameters of Test-100 are discussed in detail below and explained 

graphically in Section 3.4.3 for axial deformation and Section 3.4.4 for lateral 

deformation. 

 
Table 3.6: The important parameters of prism Test-100 based on individual graph 

Prism 
Lp 

(kN) 

 

Pp 

(kN) 

 

Pwp 

(kN/mm) 

σwp 

(MPa) 

Cp 

(mm) 

Cp/2 

(mm) 

Swp 

(mm) 

Ep 

(mm) 

Ep/2 

(mm) 

Vwp 

(mm) 

1 2 3 4 5 6 7 8 9 10 11 

TEST5-100 1699 849 2.12 43 0.81 0.40 0.12 0.34 0.17 0.10 

TEST6-100 1737 868 2.17 43 0.85 0.43 0.13 0.34 0.17 0.12 

TEST7-100 1638 819 2.05 41 0.77 0.39 0.11 0.27 0.13 0.10 

AVERAGE 1691 846 2.11 42 0.81 0.41 0.12 0.32 0.16 0.11 

 

Table 3.6 shows all parameters in axial and lateral directions of Test-100 are 

quite similar.  The peak of total axial load Lp varies between 1638kN to 1737kN 

corresponds to total lateral at peak load Cp varies between 0.77mm to 0.85mm. Lp and 

Cp for all prisms in Test-100 are listed in columns 2 and 6 in Table 3.6 respectively. The 

average values of Lp and Cp based on the individual results are 1691kN and 0.81mm 

respectively.  

The peak axial load of Pp and total axial contraction of one single wedge at peak 

load Cp/2 is Lp and Cp divided by 2 respectively those are summarised in column 3 and 7 

in Table 3.6. The average values of Pp and Cp/2 are 846kN and 0.41mm respectively.  

The peak of wedge load Pwp corresponds to the slip wedge Swp of Test-100 are 

quite the similar as shown in columns 4 and 8 in Table 3.6. The values of parameter Swp 

are between 0.11mm to 0.13mm. Based on the individual graph, the average values of 

Pwp and Swp are 2.11kN/mm and 0.12mm respectively. The peak of stress wedge σwp 
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(column 5 in Table 3.6) of all prisms in Test-100 is also quite similar, that varies in 

narrow range between 41MPa to 43MPa.  The average value based on this individual 

peak values is 42MPa.  

In lateral deformation, the parameter of Ep (column 9 Table 3.6) of Test5-100 

and Test6-100 is exactly the same of 0.34mm while Test7-100 is 0.27mm. The average 

of the total lateral expansion Ep, the total lateral expansion of one wedge Ep/2, the wedge 

expansion Vwp at peak load, those are presented in columns 9, 10 and 11 in Table 3.6 

respectively, are 0.32mm, 0.16mm and 0.11mm respectively.  

 

3.4.2.3  Tests at 75mm width (75×150×300) 

TEST8-75 

As the previous test, the relationship between the total axial load and total axial 

contraction L-C required to adjust as represented in Figure 3.150 because of “settle 

down the position” occurred on prism Test8-75 (shown in a dash line).  

 
Figure 3.150: Total axial load-total axial contraction response of Test8-75 

 

Figure 3.151 shows the relationship between total axial load and total axial 

contraction after remove the contraction which is caused by “settle down the position”. 

The contraction increases as the load increases until the peak load reached 

approximately 1099kN. The total axial contraction at the peak load is 0.74mm. This 

graph indicates the total axial contraction of the whole prism.  
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Figure 3.151: Total axial load-total axial contraction response of Test8-75 (new axis) 

 

The total axial contraction of one single wedge is determined by dividing the 

total axial contraction in Figure 3.151 with 2 and depicted in Figure 3.152. The total 

axial contraction over one wedge is 0.37 mm when the load reached the peak Pp at 

550kN. As the load approximately 330kN the axial micro-cracking start to occur 

correspond to Ck approximately 0.17mm.  

 
Figure 3.152: Axial load – C/2 response of prism Test8-75 

 

The axial deformation due to micro-cracking is obtained by using Figure 3.152 

and Eqs. 3.2 and 3.3 as shown in Figure 3.153. Slip of wedge is 0.09mm when the peak 

of axial load for a single wedge Pp reached.  

(Ck,αPp) 
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Figure 3.153: Axial load-slip wedge response of prism Test8-75 

 

 Figure 3.154 illustrates the relationship between load per millimeter wedge 

thickness Pw and slip wedge. Pw is P in Figure 3.153 divided by the prism length S 

(300mm). It can be seen that micro-cracking start to develop when Pw approximately 

1.1kN/mm. The last analysis in axial deformation is the relationship between the stress 

wedge and slip wedge is depicted in Figure 3.155.  The graph indicates that the peak of 

stress wedge of Test8-75 is 49MPa when slip wedge 0.09mm. 

 
Figure 3.154: Load wedge-slip wedge response of prism Test8-75 
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Figure 3.155: Axial stress - slip wedge response of prism Test8-75 

 

Figure 3.156 to Figure 3.160 described the lateral deformation analysis of Test8-

75.  Figure 3.156 shows the total axial load L and total lateral expansion E. This total 

lateral expansion is the algebraic sum of two values of LVDTs reading. The graph 

indicates the total lateral expansion increases slightly as the load increases. The total 

lateral expansion at peak load Ep is approximately 0.25mm. After that point the total 

lateral expansion increases significantly as the load decreases. 

 
Figure 3.156: Total axial load-total lateral expansion response of prism Test8-75 

 

Figure 3.157 shows the load and total lateral expansion over one single wedge. 

The graph is half than the graph in Figure 3.156 . Hence at peak load, the total lateral 
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expansion is half than E is approximately 0.13mm. Micro-cracking starts to develop 

when E/2 is 0.02mm.  

 
Figure 3.157: Axial load - E/2 response of prism Test8-75 

 

The graph in Figure 3.158 indicates that the lateral micro-cracking start to 

develop when load over one wedge P is 330kN. The wedges expand very slightly until 

the load reaches 430kN. After that point the wedges expand slightly up to the peak load. 

At peak load, wedge expansion Vwp is approximately 0.09mm. Then the wedges expand 

significantly as the load decrease until the prism failed. 

 
Figure 3.158: Axial load-wedge expansion response of prism Test8-75 

 

Figure 3.159 illustrates the relationship of Pw-Vw. This figure is the same with 

Figure 3.158 but the load is per millimeter thickness of wedge which is the axial load P 
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divided by prism length S. The last part of analysis Test8-75 is the relationship between 

stress wedge and wedge expansion as shown in Figure 3.160. The graph indicates the 

wedge expansion at peak stress wedge is approximately 0.09mm 

 
Figure 3.159: load wedge-wedge expansion response of prism Test8-75 

 
Figure 3.160: Axial stress –wedge expansion response of prism Test8-75 
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TEST9-75  

The relation between the total axial load and the total axial contraction of Test9-

75 can be seen in Figure 3.161. It shows that “the settle down the position” as shown in 

a dash line occurred at early stage of loading. The total axial contraction is required to 

refine in order to remove “settle down the position “. The distance between a new origin 

O and O’, m is 1.53mm (see again Figure 3.59). The total axial contraction in Figure 

3.161 is subtracted by m. The result is shown in Figure 3.162.  

 
Figure 3.161: Total axial load-total axial contraction response of prism Test9-75 

 

Figure 3.162 illustrates the response of L-C after correction the total axial 

contraction. The graph indicates total axial contraction is 0.86 mm when the peak of 

total axial load Lp reaches approximately 1,096kN. 

 
Figure 3.162: Total axial load-total axial contraction response of Test9-75 (new axis) 
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Figure 3.162 illustrates total axial load and total axial contraction of the whole 

prism, while Figure 3.163 illustrates axial load and total axial contraction of a single 

wedge. Thus Figure 3.163 is obtained by dividing Figure 3.162 with 2. The Cp/2 is 

0.43mm at peak axial load over a single wedge of 548kN. The micro-cracking starts to 

develop when axial load approximately 329kN at Ck is 0.19mm. Before this point elastic 

contraction occurred on the prism.  

 
Figure 3.163: Axial load – C/2 response of Test9-75 

To analyse one wedge of the prism, axial load and slip wedge is required. Figure 

3.164 shows the relationship between axial load and slip wedge which is obtained by 

using Figure 3.163 and Eqs. 3.2 and 3.3. The graph indicates the axial deformation due 

to micro-cracking start to form at the axial load P is 329kN.  

.  
Figure 3.164: Axial load-slip wedge response of Test9-75 

 

(Ck,αPp) 
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The load in 1 mm wedge thickness is obtained by dividing the axial load P in 

Figure 3.164 with prism length S of 300mm as shown in Figure 3.165. The micro-

cracking starts to develop when the load per 1 mm wedge thickness Pw is 1.1kN/mm. 

The slip wedge is 0.11mm at the peak load Pwp of 1.83kN/mm. The last analysis in axial 

deformation quantifies the relationship of stress wedge and slip wedge is depicted in 

Figure 3.166. The concrete prism reaches the peak of stress wedge approximately 

49MPa corresponds with slip wedge 0.11mm. 

 
Figure 3.165: Load wedge-slip wedge response of prism Test9-75 

 

 
Figure 3.166: Stress wedge – slip wedge response of prism Test9-75 

 

The next five graphs show the analysis in lateral deformation of test9-75. Figure 

3.167 illustrates the relationship between total axial load L and total lateral expansion E 

of Test9-75. Total lateral expansion at peak total axial load Ep is approximately 0.24mm.  
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Figure 3.168 shows the response of axial load P and total lateral expansion over 

a single wedge E/2 that is half of the L-E response. Thus at the peak of axial load, the 

total lateral expansion for one wedge is 0.12mm. The graph indicates the lateral micro-

cracking occurred when E/2 more than 0.02mm. The response of axial load and wedge 

expansion is quantified by using this graph and Eqs. 3.7 and 3.8. The result is shown in 

Figure 3.169. 

 
Figure 3.167: Total axial load-total lateral expansion response of Test9-75 

 

 
Figure 3.168: Axial load – E/2 response of Test9-75 

Figure 3.169 shows the wedge did not expand until the axial load P reaches 

approximately 470kN. After that point the wedge expands slightly until the peak load 

reached. The wedge increases significantly as the load decreases until the prism failed. 

(Rx,αPp) 
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Figure 3.169: Axial load-wedge expansion response of Test9-75 

 

Figure 3.170 illustrated the load per 1 mm wedge thickness. This graph is the 

graph in Figure 3.169 divided by the prism length S. S for Test9-75 is 300mm. The 

lateral micro-cracking starts to develop when the load per 1 mm wedge thickness Pw is 

1kN/mm.  

The relationship between stress wedge and wedge expansion is depicted in 

Figure 3.171. At peak of stress wedge the wedge expansion is 0.09mm. 

 
Figure 3.170: Load wedge-wedge expansion response of Test9-75 
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Figure 3.171: Stress wedge – wedge expansion response of Test9-75 

 

TEST10-75 

The analysis for Test 10-75 shows at the next eleven graphs. First graph, Figure 

3.172 shows the relation between total axial load L and the total axial contraction C that 

is occurred on Test1075. The graph shows “the settle down the position” of the 

specimen also occurred as shown in a dash line. Thus total axial load-total axial 

contraction in Figure 3.172 is corrected into the second graph (Figure 3.173).  

 
Figure 3.172: Total axial load-total axial contraction response of Test10-75 
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Figure 3.173 shows the total axial contraction of the whole prism.  The total axial 

contraction is 0.69mm when the peak of Lp reached 1,038kN. 

 
Figure 3.173: Total axial load-total axial contraction response of Test10-75 (new axis) 

 

Figure 3.174 shows the relationship between axial load and total axial 

contraction of one single wedge. This response is obtained by divide the graph in Figure 

3.173 with 2. When the total axial contraction over one wedge C/2 0.14mm and the load 

reaches of 311kN, the micro-cracking start to form. Before this point material 

contraction occurred. The slip wedge is obtained by removing the material contraction 

from Figure 3.174. A result is shown in Figure 3.175. 

 
Figure 3.174: Axial load – C/2 response of Test10-75 

Elastic contraction + 
bedding down + dental 
paste contraction 

(Ck,αPp) 
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The axial load and the slip wedge response of prism Test10-75 is shown in 

Figure 3.175. The graph indicates that the slip wedge at peak load Swp is 0.11mm when 

the peak load Pp is approximately 519kN. 

 
Figure 3.175: Axial load-slip wedge response of Test10-75 

 

The response in Figure 3.176 is the load P in Figure 3.175 divided by S. The 

micro-cracking starts to develop when the load wedge per mm wedge thickness Pw is 

approximately 1mm. The last analysis in axial deformation is stress wedge and slip 

wedge response as depicted in Figure 3.177. The stress wedge reaches the peak value of 

46Mpa corresponds to slip wedge 0.11mm. 

 
Figure 3.176: Load wedge-slip wedge response of Test10-75 
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Figure 3.177: Stress wedge – slip wedge response of Test10-75 

 

In lateral deformation analysis, the total lateral expansion is the expansion of the 

whole prism is shown in Figure 3.178. The graph shows on ascending branch, the total 

lateral expansion increases slightly until the peak load reached. After that, the prism 

expands significantly as the load decreases until the prism failed. The total lateral 

expansion at peak load is approximately 0.25mm. 

 
Figure 3.178: Total axial load-total lateral expansion response of Test10-75 
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Figure 3.179 shows the response of load-expansion of one single wedge which is 

half than the graph in Figure 3.178. When E/2 is equal to 0.03mm, the micro-cracking 

occurred in lateral direction. The elastic expansion occurred before that point.  

 
Figure 3.179: Axial load – E/2 response of Test10-75 

 

To analyse the wedge expansion, the elastic expansion is removed from Figure 

3.179. The result is shown in Figure 3.180. Wedge expansion at peak load Vwp is 

0.08mm.  

 
Figure 3.180: Axial load-wedge expansion response of Test10-75 
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Figure 3.181 shows the relationship between load and expansion over one wedge 

per millimeter thickness of the wedge. Pw is P in Figure 3.180 divided by prism length S.  

 
Figure 3.181: Load wedge-wedge expansion response of Test10-75 

 

The last part in analysis the prism Test10-75 is analysis the relationship between 

stress wedge and wedge expansion. At peak stress, the wedge expansion Vwp is 0.08mm. 

 
Figure 3.182: Stress wedge – wedge expansion response of Test10-75 

 

The all important parameters of concrete prisms Test8-75, Test9-75 and Test10-

75 are listed in Table 3.7. The average values of those parameters based on the 

individual graph are also listed in Table 3.7.   
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Table 3.7: The important parameters of prism Test-75 based on individual graph 

Prism 
Lp 

(kN) 

Pp 

(kN) 

Pwp 

(kN/mm) 

σwp 

(MPa) 

Cp 

(mm) 

Cp/2 

(mm) 

Swp 

(mm) 

Ep 

(mm) 

Ep/2 

(mm) 

Vwp 

(mm) 

1 2 3 4 5 6 7 8 10 11 12 

TEST8-75 1099 550 1.83 49 0.74 0.37 0.09 0.25 0.13 0.09 

TEST9-75 1096 548 1.83 49 0.86 0.43 0.11 0.24 0.12 0.09 

TEST10-75 1038 519 1.73 46 0.69 0.34 0.11 0.25 0.13 0.08 

AVERAGE 1078 539 1.80 48 0.76 0.38 0.11 0.25 0.13 0.09 

 

Table 3.7 shows the value parameters of Lp, Pp, Pwp, and σwp of Test8-75 and 

Test9-75 are quite the same while a small scatter occurs on Test10-75. The parameters 

of Swp, Ep, Ep/2, and Vwp for all prisms in Test-75 are really similar. A small scatter 

occurs on parameters Cp and Cp/2. 

The total axial contraction at peak load Cp of all prisms in Test-75 is higher than 

total lateral expansion at peak load Ep. The same pattern also occurs on Cp/2and Ep/2 

because these values are half than Cp and Ep respectively. However, the deformation due 

to micro-cracking in axial and lateral directions is almost the same. Swp varies in small 

range between 0.09mm-0.11mm and Vwp varies between 0.08-0.09mm.  

 

3.4.2.4  Tests at 50mm width (50×100×200) 

There are three concrete prisms in Test-50; Test11-50, Test12-50 and Test13-50. 

It should be noted that Test12-50 is not tested due to fracture. 

TEST11-50 

The total axial load applied to concrete prism Test11-50 against the total axial 

contraction that was occurred shown in Figure 3.183. The “settle down the position” of 

the specimen also occurred (shown in a dash line). Thus total axial load-contraction in 

Figure 3.183 is corrected into Figure 3.184. 
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Figure 3.183: Total axial load-total axial contraction response of Test11-50 

 

Figure 3.184 illustrates the total axial load L and total axial contraction C after 

correction. The total axial contraction Cp is 0.45 mm when the load reached its peak Lp 

of 464kN.  

 
Figure 3.184: Total axial load-total axial contraction response of Test11-50 (new axis) 

 

The relation of load and total axial contraction over a single wedge, P-C/2 is 

depicted in Figure 3.185. Elastic contraction occurred until C/2 approximately 0.11mm 

corresponds to 60% of Pp. After that point the micro-cracking occurred. Axial 

deformation due to micro-cracking or slip wedge Sw is obtained by using Eqs. 3.2 and 

3.3. The slip wedge of Test11-50 is shown in Figure 3.186. The peak of axial load in one 

wedge Pp is 232kN at slip wedge Swp is approximately 0.04mm. 
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Figure 3.185: Axial load – C/2 response of Test11-50 

 

 
Figure 3.186: Axial load-slip wedge response of Test11-50. 

 

The load wedge Pw is axial load P in Figure 3.186 divided by the prism length S. 

S for Test11-50 is 200mm thus the relationship of Pw-Sw can be seen in Figure 3.187. 

The slip wedge starts to form when the load of the wedge Pw is approximately 

0.7kN/mm. The load increases as the slip increases and peak load Pwp reached 

approximately 1.16kN/mm.  

The stress wedge σw and slip wedge Sw response shown in Figure 3.188. To 

determine the stress wedge Eq. 3.4 is used. The micro-cracking starts to occur when 

stress wedge is approximately 28MPa. The peak stress wedge is 46MPa relate to slip 

wedge 0.04mm. 
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Figure 3.187: Load wedge-slip wedge response of Test11-50 

 
Figure 3.188: Stress wedge – slip wedge response of Test11-50 

 

Figure 3.189 shows total axial load and total lateral expansion of Test11-50. The 

graph indicates up to the total axial load L 260kN, the prism did not expand. After this 

point the prism expands very slightly until the peak load reach approximately 464kN 

corresponds to total lateral expansion Ep is 0.09mm. After that the prism expands 

significantly as the load decreases.  
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Figure 3.189: Total axial load-total lateral expansion response of Test11-50 

 

Figure 3.190 shows the axial load and wedge expansion over one single wedge 

of Test11-50. This graph is the L-E response divided by 2. The graph indicates that the 

wedge not expand up to the axial load 130kN which is approximately 56% of peak axial 

load Pp of 232kN. As assumed previously at 60% Pp, the deformation due to micro-

cracking or slip wedge occurred. This means that the prism not expand up to 56% of Pp 

and it followed by wedge expansion. The total lateral expansion of one single wedge at 

peak load, Ep/2 is 0.04mm. 

 
Figure 3.190: Axial load - E/2 response of Test11-50 

Figure 3.191 illustrates the load and wedge expansion. It shows at peak load, 

wedge expansion Vwp is 0.04mm. This value is the same with the total lateral expansion 

of one single wedge at peak load, Ep/2 and slip wedge at peak load Swp.  
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Figure 3.191: Axial load-wedge expansion response of Test11-50 

 

Figure 3.192 shows the load and wedge expansion per 1 mm wedge thickness, 

while Figure 3.193 illustrates the stress wedge and wedge expansion of prism Test11-50.  

 
Figure 3.192: Load wedge-wedge expansion response of Test11-50 
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Figure 3.193: Stress wedge-wedge expansion response of Test11-50 

 

After described the analysis of axial and lateral deformation of Test11-50, the 

next analysis is for Test13-50.  

 

TEST13-50 

The relationship between total axial load L that applied to concrete prism Test13-

50 and the total axial contraction C is shown in Figure 3.194. The “settle down the 

position” of the specimen also occurred. Thus the L-C graph is required to refine. The 

result after correction is shown in Figure 3.195. 

 
Figure 3.194: Total axial load-total axial contraction response of Test13-50 
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Figure 3.195 illustrates the L-C after correction. The Cp is 0.57mm when the 

peak of total axial load Lp reached of 442kN.  

 
Figure 3.195: Total axial load-total axial contraction response of Test13-50 (new axis) 

 

Figure 3.196 shows the relationship between axial load and total axial 

contraction over one wedge P-C/2. This graph is obtained by divide the graph in Figure 

3.195  with 2. The graph indicates when the load for a single wedge approximately 

132kN corresponds to C/2 is 0.13; micro-cracking starts to develop. Before this point 

elastic contraction occurred. The prism reaches the peak load Pp of 221kN at Cp/2 

approximately 0.28mm.  

 

 
Figure 3.196: Axial load – C/2 response of Test13-50 
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The contraction due to micro-cracking is obtained by remove the elastic 

contraction from Figure 3.196. The result is shown in Figure 3.197. At peak load slip 

wedge Swp is 0.07mm. 

 
Figure 3.197: Axial load-slip wedge response of Test13-50 

 

The load wedge is load per 1 mm wedge thickness Pw in Figure 3.198 is axial 

load P in Figure 3.197 divided by prism length S. Thus the pattern of the response is the 

same but different load. Figure 3.199 shows the relationship between the stress wedge 

and slip wedge, σw - Sw The peak stress wedge is 44MPa corresponds to slip wedge Swp 

0.07mm. 

 
Figure 3.198: Load wedge-slip wedge response of Test13-50 
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Figure 3.199: Axial stress - slip wedge response of Test13-50 

 

The next explanation is about lateral deformation. Figure 3.200 shows the total 

axial load L and total lateral expansion E of Test13-50. This total lateral expansion is the 

algebraic sum of two values of LVDTs reading. The graph indicates the prism start to 

expand when the total axial load L is 370kN and then the prism expands slightly until 

reaches the peak load of 442kN. After that point, the prism expands significantly. The 

total lateral expansion at peak load Ep is approximately 0.3mm. This value is much 

larger that Test11-50 that is only 0.09mm.  

 
Figure 3.200: Total axial load-total lateral expansion response of Test13-50 

 

Figure 3.201 shows the axial load and wedge expansion over one single wedge 

of Test13-50. This graph is the L-E response in Figure 3.200 divided by 2. In analysis 

one single wedge, the wedge expands when the axial load of one wedge P reaches185kN 
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that is almost 84% of peak load Pp. This means that there is no deformation before 84% 

Pp. The total lateral expansion of one single wedge at peak load Ep/2 is approximately 

0.15mm. 

 
Figure 3.201: Axial load - E/2 response of Test13-50 

 

The graph in Figure 3.202 indicates that the deformation due to micro-cracking 

or wedge expansion start to develop when load over one wedge P is 185kN that is 

approximately 85% Pp. The peak of axial load Pp is 221kN and wedge expansion at peak 

load Vwp is approximately 0.15mm. 

 
Figure 3.202: Axial load-wedge expansion response of Test13-50 

 

Figure 3.203 shows the relationship between load and expansion per millimeter 

thickness of the wedge. Pw is P in Figure 3.202 divided by prism length S. S for Test13-
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50 is 200mm. Figure 3.204 shows the relationship stress wedge and wedge expansion of 

Test13-50. The peak stress wedge is 44MPa corresponds to wedge expansion Vwp 

0.15mm. 

 
Figure 3.203: Load wedge-wedge expansion response of Test13-50 

 
Figure 3.204: Stress wedge-wedge expansion response of Test13-50 

 

The parameters of concrete prisms Test11-50 and Test13-50 such as Lp, Pp, Pwp, 

σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp and the average values of those parameters are listed 

in Table 3.8.  

The important parameters of Test-50 are discussed in detail below and explained 

graphically in Section 3.4.3 for axial deformation and Section 3.4.4 for lateral 

deformation. 
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Table 3.8: The important parameters of prism Test-50 based on individual graph 

Prism 
Lp 

(kN) 

Pp 

(kN) 

Pwp 

(kN/mm) 

σwp 

(MPa) 

Cp 

(mm) 

Cp/2 

(mm) 

Swp 

(mm) 

Ep 

(mm) 

Ep/2 

(mm) 

Vwp 

(mm) 

1 2 3 4 5 6 7 8 10 11 12 

TEST11-50 464 232 1.16 46 0.45 0.22 0.04 0.09 0.04 0.04 

TEST13-50 442 221 1.10 44 0.57 0.28 0.07 0.30 0.15 0.15 

AVERAGE 453 226 1.13 45 0.51 0.25 0.06 0.20 0.10 0.10 

 

Table 3.8 compares the parameters between Test11-50 and Test13-50. The table 

shows there is a small scatter on the peaks values of total axial load Lp, axial load per 

one single wedge Pp, the load wedge Pwp, the stress wedge σwp, the total axial contraction 

Cp, the total axial contraction of one single wedge Cp/2, and the slip wedge at peak load 

Swp.  While a big scatter the peak values of total lateral expansion Ep, total lateral 

expansion of one single wedge Ep/2, and wedge expansion Vwp. This indicates that a big 

scatter occurs on lateral deformation. 

After described the individual graph of all prisms and compared the all 

parameters on the same size of prism. The next section compare the results test 

graphically all prisms on the same size and then compare to other size. 

3.4.3 Comparison of Axial Deformation 

After analyzing the individual results of all concrete prism tests in both axial and 

lateral deformations, in this section all analysis of test results in one size are plotted 

together in order to evaluate the experiment scatter of the results. Then the average curve 

of every size is determined and compared with other sizes. More details are described 

below. 

3.4.3.1 Total Axial Load – Total Axial Contraction Relationship 

The first part of comparison the results is the relationship between the total axial 

load and the total axial contraction. Figure 3.205 illustrates the total axial load L and the 

total axial contraction C responses of Test-125. It can be quickly observed that every 
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concrete prism in Test-125 has similar pattern of L-C response. The total axial 

contraction increased gradually until the peak of total axial load Lp reached and followed 

by decreasing the total axial load L with an increase of the total axial contraction C. The 

total axial contraction at the peak total axial loads of all concrete prisms in Test-125 is 

almost same. The average of Lp is 2442kN and the average of Cp is 1.06 (see again Table 

3.5). 

 
Figure 3.205: Total axial load-total axial contraction responses of prisms Test-125 

Figure 3.206 illustrates relationship between the total axial load L and the total 

axial contraction C of Test-100. The graphs indicate that the responses of all concrete 

prisms in Test-100 are very quite similar on ascending and descending portions of the 

curve. The values of total axial contraction at peak load Cp is almost same for the three 

prisms in Test-100. The average of Lp is 1691kN and the average of Cp is 0.81mm (see 

again Table 3.6). 

Cp 

Lp 
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Figure 3.206: Total axial load-total axial contraction response of Test-100 

 

The relationship of L-C of Test-75 is depicted in Figure 3.207. The pattern of the 

L-C response is the same with Test-125 and Test-100 which is described previously. The 

graphs indicate that all of the concrete prisms in Test-75 show the similar response. 

However, the small differences of the values of parameter the total axial contraction at 

peak load Cp for all prisms in Test-100 and the peak total axial load Lp for Test10-75 are 

occurred. The average of Lp is 1078kN and the average of Cp is 0.76mm (see again 

Table 3.7). 

 
Figure 3.207: Total axial load-total axial contraction response of Test-75 

 

Figure 3.208  shows the L - C responses of all prisms in Test-50. The two 

concrete prisms show the similar pattern. However the small scatter occurred in 

Cp 

Lp 

Cp 

Lp 
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descending portion of the L-C response. The small difference of the peak total axial load 

Lp and total axial contraction at peak load Cp also happened (see again Table 3.8). The 

average of Lp is 453kN and the average of Cp is 0.51mm. 

 
Figure 3.208: Total axial load-total axial contraction response of Test-50 

 

The average curve of every size is required in order to evaluate the size effect on 

this result. The average curve is obtained by making the same interval of total axial 

contraction such as 0.0001 of all curves (from Figure 3.205 to Figure 3.208). Then at 

every size of prism, the average of L for a given C is calculated. For example to 

determine the average curve of Test-125. The average of total axial load L is (L 1+ L 2+ L 

3+ L 4)/4 where L 1, L 2, L 3, and L 4 are the total axial load of prism Test1-125, Test2-125, 

Test3-125, Test4-125 respectively for a given total axial contraction C. Then calculate 

the average curve by using the same method for other sizes of prism. 
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Figure 3.209: The average of total axial load-total axial contraction graph 

 

The result of the average curve of L-C response is depicted in Figure 3.209. It 

can be seen that total axial contraction at peak stress Cp increase when size of prisms 

increase. Bigger prism has steeper curve than smaller prism. It means that axial 

deformation is influenced by specimen size.  

The peak of total axial load Lp corresponding to total axial contraction Cp for average 

graph of all sizes is listed in Table 3.9. The total axial contraction C at failure varies 

between 1.6mm to 2.2mm.  

3.4.3.2 Axial load – Total Axial Contraction of a Wedge 

The second part of the comparison is the relationship in one single wedge 

between axial load and total axial contraction. The P-C/2 graphs have the same pattern 

with L-C graphs because P-C/2 graphs are L-C graphs divided by 2 because The L-C is 

the response of load and total axial contraction of the whole prism in terms of two 

wedges while the P-C/2 is the response of load and total axial contraction over one 

single wedge.  

Figure 3.210 illustrates the relationship of P-C/2 of all experiment tests in prism 

Test-125. The average of Pp is 1221kN and the average of Cp/2 is 0.53mm. 
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Figure 3.210: Axial load-C/2 response of Test-125 

 

Figure 3.211 shows P-C/2 response of all prisms in Test-100. The average of Pp 

is 846kN and the average of Cp/2 is 0.41mm. 

 
Figure 3.211: Axial load-C/2 response of Test-100 

 

The relationship of P-C/2 of all prisms in Test-75 is depicted in Figure 3.212. 

The average of Pp is 539kN and the average of Cp/2 is 0.38mm. 

Cp/2 

Pp 

Cp/2 

Pp 
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Figure 3.212: Axial load-C/2 response of Test-75 

 

The relationship of axial load and total axial contraction over one single wedge 

P-C/2 of all prisms in Test-50 is illustrated in Figure 3.213. The average of Pp is 226kN 

and the average of Cp/2 is 0.25mm. 

 
Figure 3.213: Axial load-C/2 response of Test-50 

 

The average curve of P-C/2 responses of every size of prism is quantified by the 

same method as was used to determine the average curve of L-C responses. Figure 3.214 

shows the average graphs of every size. First the same interval of C/2 is determined for 

all graphs in Figure 3.210 to Figure 3.213. Then the average of P is calculated for a 

given C/2. For instance quantify the average of P-C/2 graph of Test-125. The average of 

P is (P 1+ P 2+ P3+ P 4)/4 where P 1, P2, P 3, and P 4 are the axial load for one wedge of 

Cp/2 

Pp 

Cp/2 

Pp 
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Test1-125, Test2-125, Test3-125, Test4-125 respectively for a given C/2. The same 

method is used to others size test and plotted in one graph. 

 
Figure 3.214: The average of axial load-C/2 graph 

 

The behaviour of P-C/2 response is the same with L-C response. The total axial 

contraction of one wedge at peak load, Cp/2 increases with an increase of the size of 

prism. The axial deformation is affected by the specimen size. 

The peak of axial load Pp corresponding to total axial contraction over a single 

wedge Cp/2 for average graph of all sizes is listed in Table 3.9. These parameters are 

obtained from the average curve. 

3.4.3.3 Axial Load – Slip of Wedge Relationship 

The slip wedge Sw of the concrete prisms is determined by subtracting the elastic 

contraction from the total axial contraction over one wedge C/2 (see again Figure 3.64). 

The relationship between axial load P and slip wedge Sw of Test-125 to Test-50 are 

depicted in Figure 3.215 to Figure 3.217 respectively.  

Figure 3.215 illustrates the axial load P and the slip wedge Sw responses of Test-

125. The graphs indicate that every concrete prism in Test-125 has similar pattern of P- 

Sw response. The value of the axial load P when the micro-cracking starts to develop for 

all prisms varies in a narrow range between 707kN to 752kN. The slip wedge at the peak 

axial loads Swp of concrete prisms Test1-125, Test3-125, and Test4-125 is almost the 
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same but small scatter occurred on Test2-125. It can be seen in Figure 3.215 that Test4-

125 has plateau prior to peak load. The average of Pp is 1221kN and the average of Swp 

is 0.17 (see again Table 3.5). 

 
Figure 3.215: Axial load-slip wedge response of Test-125 

 

Figure 3.216  illustrates relationship between the axial load P and the slip wedge 

Sw of Test-100. The graphs indicate that the responses of all concrete prisms in Test-100 

are very similar. The values of slip wedge at peak load Swp is almost same for the three 

prisms in Test-100. The average of Pp is 846kN and the average of Swp is 0.12mm (see 

again Table 3.6) 

 
Figure 3.216: Axial load-slip wedge response of Test-100 

Pp 

Swp 
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The relationship of P- Sw of Test-75 is depicted in Figure 3.217.The graphs 

indicate the similar response all of the concrete prisms in Test-75. The values of slip 

wedge at peak load Swp for all prisms in Test-75 are quite the same that is between 

0.09mm to 0.11mm while a scatter occurred on the parameter of the total axial 

contraction at peak load Cp (that is between 0.69mm- 0.86mm) and Cp/2 (that is between 

0.34mm-0.43mm) as described in Section 3.4.3.1 and 3.4.3.2. This means that the scatter 

on L-C response can be reduced by removing the elastic contraction. The average of Pp 

is 539kN and the average of Swp is 0.11mm (see again Table 3.7). 

 
Figure 3.217: Axial load-slip wedge response of Test-75 

 

 Figure 3.218 shows the Pp- Sw responses of two prisms in Test-50. The two 

concrete prisms show the similar pattern. However the small scatter occurred in 

descending branch of the Pp- Sw response. The small difference of slip wedge at peak 

load Swp occurred; Test11-50 is 0.04mm and Test13-50 is 0.07mm. The average of Pp is 

226kN and the average of Swp is 0.06mm (see again Table 3.8). 

Pp 

Swp 
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Figure 3.218: Axial load-slip wedge response of Test-50 

 

The average graph of axial load P and slip wedge Sw responses all sizes is 

determined by using the same method as was used for L-C response previously and 

compared to others sizes. The average graphs are shown in Figure 3.219. All size shows 

the same pattern. The deformation due to micro-cracking or the slip wedge Sw started to 

develop when the loads over one wedge P are 136kN, 322kN, 506kN, and 732kN for 

Test-50, Test-75, Test-100, and Test-125 respectively. Before this point, there is no slip 

wedge, only elastic contraction occurred on a wedge. The micro-cracking not occur at 

lower load for bigger size of prism. 

 
Figure 3.219: The average of axial load-slip wedge graph 

 

Pp 

Swp 
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The slip wedges at peak load Swp are 0.16mm, 0,12mm, 0.11mm and 0.05mm for 

Test-125, Test-100, Test-75, and Test-50 respectively. The slip wedges at peak load Swp 

increases with an increase the size of prism. 

The parameter of peak axial load Pp and slip wedge at peak load Swp based on the 

average curve above are listed in Table 3.9. 

3.4.3.4 Load Wedge – Slip of Wedge Relationship 

The load wedge Pw is the load per 1 millimeter wedge thickness which is 

obtained from axial load P divided by the length of concrete prism S. Hence the Pw - Sw 

graphs have the same pattern with P-Sw graphs.  

Figure 3.220 illustrates the relationship of Pw - Sw of all experiment tests in prism 

Test-125. The average of Pw is 2.44kN/mm and the average of Swp is 0.53mm. 

 
Figure 3.220: Load wedge-slip wedge response of Test-125 

 

Figure 3.221 shows Pw - Sw response of all prisms in Test-100. The average of Pw 

is 2.11kN/mm and the average of Swp is 0.12mm. 



 

155 

 

 
Figure 3.221: Load wedge-slip wedge response of Test-100 

 

The relationship of Pw - Sw of all prisms in Test-75 is depicted in Figure 3.222. 

The average of Pw is 1.80kN/mm and the average of Swp is 0.11mm. 

 
Figure 3.222: Load wedge-slip wedge response of Test-75 

 

The relationship of load per 1 mm wedge thickness and slip wedge Pw - Sw of 

two prisms in Test-50 is illustrated in Figure 3.223. The average of Pw is 1.13kN/mm 

and the average of Swp is 0.06mm. 
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Figure 3.223: Load wedge-slip wedge response of Test-50 

 

The average curves of Pw - Sw response of Test-50, Test-75, Test-100 and Test-

125 is determined first then compared to others sizes. To quantify the average curve, the 

same method is used as was used to determine the average curve of L-C earlier in this 

section. The comparison of the average value of those graphs is depicted in Figure 

3.224. 

 
Figure 3.224: The average of load wedge-slip wedge graph 

 

The loads wedge were 0.7kN/mm, 1.1kN/mm, 1.3kN/mm and  1.5kN/mm when 

the micro-crack begin to occur on the specimens Test-50, Test-75, Test-100 and Test-

125 respectively. The pattern of the curves is similar. The slip wedge increases slightly 
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up to peak load wedge, and increases significantly after the peak load until the prism 

failed. The peak of wedge load is represented by Pwp of Test-125 is 2.44mm, Test-100 is 

2.11mm, Test-75 is 1.79mm and Test-50 is 1.12mm as are listed in Table 3.9. 

3.4.3.5 Stress Wedge – Slip Wedge Relationship 

The individual stress wedge and slip wedge relationship is plotted in one graph 

and can be seen in Figure 3.225 to Figure 3.228. Figure 3.225  illustrates the relationship 

between stress wedge and slip wedge of Test-125. It can be seen that every concrete 

prism in Test-125 has similar pattern. The slip wedge increases as stress wedge increases 

until the peak stress wedge reached. The slip wedge still increases with a decrease of 

stress wedge. The slip of wedges of all prisms Test-125 starts to form when stress wedge 

between 23MPa-24MPa. The average of peak stress wedge σwp is 39MPa and the 

average of slip wedge at peak stress Swp is 0.17mm (see again Table 3.5). 

 
Figure 3.225: Stress wedge-slip wedge response of Test-125 

 

Figure 3.226 illustrates the relationship between the stress wedge σw and slip 

wedge Sw of Test-100. The quite similar pattern of the responses is shown on all 

concrete prisms in Test-100. The slip wedges or the deformation due to the micro-

cracking of all prism in Test-100 start to develop when the stress between 25MPa-

26MPa. The peak wedge stress σwp and the slip wedge at peak stress Swp of all prisms in 

Test-100 have quite the same values. The average of σwp is 42MPa and the average of 

Swp is 0.12mm. 
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Figure 3.226: Stress wedge-slip wedge response of Test-100 

 

The relationship of σw - Sw of Test-75 is depicted in Figure 3.227. The pattern of 

the σw - Sw response is the same with the others sizes test which were described 

previously. The graph illustrates all prisms in Test-75 show the similar response. 

However a small scatter occurred on descending branch and the small difference of the 

values of slip wedge at peak stress Swp is occurred. As the stress reached between 28MPa 

to 29MPa, the slip wedge of the prisms start to develop. The average of σwp is 48MPa 

and the average of Swp is 0.11mm (see again Table 3.7) 

 
Figure 3.227: Stress wedge-slip wedge response of Test-75 

 

The stress wedge σw and the slip wedge Sw responses of all prisms in Test-50 is 

depicted in Figure 3.228. The concrete prisms in this size show the similar pattern 
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response. However the small scatter occurred in descending branch of the σw - Sw 

response. The slip wedges start to form when the stress reaches between 27MPa to 

28MPa for all concrete prism in Test-50. The average of peak stress wedge σwp is 45MPa 

and the average slip wedge at peak stress Swp is 0.06mm (see again Table 3.8). 

 
Figure 3.228: Stress wedge-slip wedge response of Test-50 

 

The average curve of every size is required in order to evaluate the size effect on 

this result. The same method is used to determine the average curve as described 

previously. The same interval of slip wedge is determined such as 0.001 of all curves 

(from Figure 3.225 to Figure 3.228). Then the stress wedge is determined for a given 

slip wedge. For example to determine the average curve of Test-125. The average of 

stress  σ is (σ 1+ σ 2+ σ 3+ σ 4)/4 where σ 1, σ 2, σ 3, and σ 4 are the stress of Test1-125, 

Test2-125, Test3-125, Test4-125 respectively for a given slip wedge Sw. Then do the 

same method for other sizes of prism. Figure 3.229 shows the average graphs of all 

sizes.  

It can be seen that the smaller size of prism has higher peak stress of wedge σwp 

than bigger size of prism. It means that the peak stress of wedge increases as the size of 

prism decreases. Slip wedge corresponding to peak stress Swp increases with an increase 

of prism size. However peak stress of Test-50 is lower than Test-75. Figure 3.229 

indicates that the average of concrete stress of all prisms is 43MPa.  
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Figure 3.229: The average of stress wedge-slip wedge graph 

 

The peak stress wedge σwp corresponding to slip wedge Swp are listed in Table 

3.9. These peak values are used to develop expression between wedge stress and wedge 

slip as described next in wedge analysis in Section 3.4.5. It should be noting that the 

parameters of the concrete prism in Table 3.9 are based on the average curve. More 

detail about the stress wedge and slip wedge responses is discussed in Section 3.4.5.  

After analysed the comparison of axial deformation, the next section comparison 

in lateral deformation is analysed as describe in detail. 

3.4.4 Comparison of Lateral Deformation 

Step by step of the analysis to evaluate the test results in lateral deformation use 

the same method as was described previously in analysis the axial deformation.  

3.4.4.1 Total Axial Load – Total Lateral Expansion Relationship 

The relationship between the total axial load and the total lateral expansion of 

Test-125 is shown in Figure 3.230. The graph indicates that the curves of all specimens 

in Test-125 have similar pattern, no scatter on ascending region of the curve. However 

small scatter on descending region of the curve and the total lateral expansion at peak 

load Ep of Test3-125 and Test2-125 has a small difference. The average of total lateral 

expansion at peak load Ep is 1.09mm (see again Table 3.5) 
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Figure 3.230: Total axial load-total lateral expansion response of Test-125 

 

Figure 3.231 illustrates relationship between the total axial load L and the total 

lateral expansion E of Test-100. The graphs indicate that the responses of prisms in 

Test5-100 and Test7-100 are very quite similar. A small scatter occurred on Test6-100 

as shown in a dot line in Figure 3.231. The total lateral expansion at peak load Ep of 

prisms in Test5-100 and Test6-100 is exactly the same 0.34mm but small difference for 

the prism Test7-100 that is 0.27mm. The average of total lateral expansion of Test-100 

at peak load Ep is 0.32mm (see again Table 3.6). 

 
Figure 3.231: Total axial load-total lateral expansion response of Test-100 

 

Figure 3.232 shows the relationship of L-E of Test-75. The graph illustrates the 

pattern of the L-E response is quite the same for all test prisms in Test-75, the total 
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lateral expansion at peak load Ep of all prisms is between 0.24mm and 0.25mm. 

However a scatter occurs on the peak of total axial load Lp of Test10-75 is 1,038kN as 

shown in a dot line in Figure 3.232. The average total lateral expansion at peak load Ep 

is 0.25mm. 

 
Figure 3.232: Total axial load-total lateral expansion response of Test-75 

 

Figure 3.233 illustrates the relationship between total axial load and total lateral 

expansion of Test-50. The graph indicates that the two concrete prisms show the similar 

pattern however the scatter occurred. The small difference of the peak of the total axial 

load, Test11-50 464kN while Test13-50 442kN. A big scatter occurs on total axial 

contraction at peak load Ep, Test11-50 is 0.09mm and Test13-50 is 0.30mm (see again 

Table 3.8). The average of total lateral expansion at peak load Ep is 0.20mm. 

 
Figure 3.233: Total axial load-total lateral expansion response of Test-50 
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The average curve of every size is determined and compared as depicted in 

Figure 3.234. The average curve is obtained by using the same method as was used for 

another analysis previously. It can be seen that the slope of ascending branch of the 

curves is the same. Contrary to total axial load-total axial contraction L-C relationship 

where the slope of ascending branch depend on the prism size (Figure 3.209). It means 

that the ascending slope of the total axial load-the total lateral expansion response is not 

influenced by the size of prism. 

.  
Figure 3.234: The average of total axial load-total lateral expansion graph 

The peak of the total axial load Lp corresponding to total lateral expansion Ep of 

every size of prism is listed in Table 3.9. The next analysis is the response between load 

and lateral deformation on one single wedge.  

3.4.4.2 Axial load – Total Lateral Expansion of a Wedge 

Analysis over one wedge in lateral deformation that is relationship between load 

and total lateral expansion (P-E/2) is described. The next four figures illustrate the P-E/2 

relationship of every size (Figure 3.235 to Figure 3.238). The P-E/2 graph has same 

pattern with L-E graph because P-E/2 graph is L-E graph divided by 2. 

Figure 3.235 illustrates the relationship of P-E/2 of all experiment tests in prism 

Test-125. The average of total lateral expansion over one single wedge at peak load Ep/2 

is 0.54mm. 
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Figure 3.235: Axial load-E/2 response of Test-125 

 

Figure 3.236 shows P-E/2 response of all prisms in Test-100. The average of 

total lateral expansion over one single wedge at peak load Ep/2 is 0.16mm. 

 
Figure 3.236: Axial load-E/2 response of Test-100 

 

The relationship of P-E/2 of all prisms in Test-75 is depicted in Figure 3.237. 

The average of total lateral expansion over one single wedge at peak load Ep/2 is 

0.13mm. 

 



 

165 

 

 
Figure 3.237: Axial load-E/2 response of Test-75 

 

The relationship of axial load and total axial contraction over one single wedge 

P-E/2 of all prisms in Test-50 is illustrated in Figure 3.238. The average of total lateral 

expansion over one single wedge at peak load Ep/2 is 0.10mm. 

 
Figure 3.238: Axial load-E/2 response of Test-50 

 

The same method was used to quantify the average graph. The average graphs of 

all sizes of prism are shown in Figure 3.239. The graph indicates that the pattern of L-

E/2 responses is the same with the pattern of L-E responses as described previously. 

Total lateral expansion over one wedge at peak axial load Pp is represented by Ep/2. The 

graph indicates that the Ep/2 varies between 0.05mm to 0.42mm. These values are listed 

in Table 3.9.  



 

166 

 

 
Figure 3.239: The average of axial load-E/2 graph 

 

Figure 3.239 shows the slope of ascending branch of the curves is the same. It 

means that the ascending slope of the axial load-the total lateral expansion of one single 

wedge P-C/2 response is not affected by the size of prism  

 

3.4.4.3 Axial Load – Wedge Expansion Relationship 

In analysis over one wedge, total lateral expansion E is composed of wedge 

expansion that is represented by Vw and elastic expansion G as explained in the 

beginning of section 3.4 and illustrated in Figure 3.70.  

The relationship between axial load P and wedge expansion Vw of individual test 

are plotted in the same size of prism as shown in Figure 3.240 to Figure 3.243.  

Figure 3.240  illustrates the axial load P and the wedge expansion Vw responses 

of Test-125. The graph shows the responses are quite similar. The axial load when the 

micro-cracking starts to develop for all prisms is almost same. The small scatter 

occurred on wedge expansion at the peak axial loads Vwp. The average wedge expansion 

on peak load Vwp is 0.43mm. This average value is based on each individual graph in 

Test-125. 
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Figure 3.240: Axial load-wedge expansion response of Test-125 

 

Figure 3.241  illustrates relationship between the axial load P and the wedge 

expansion Vw of Test-100. The graph indicates that the responses of prism Test5-100 and 

Test7-100 are very quite similar while small scatter occurred on Test6-100. The values 

of wedge expansion at peak load Vwp is almost same for the three prisms in Test-100. 

The average of wedge expansion at peak load Vwp is 0.11mm. 

 
Figure 3.241: Axial load-wedge expansion response of Test-100 

 

The relationship of P- Vw of Test-75 is depicted in Figure 3.242.The graphs 

indicate the similar response all of the concrete prisms in Test-75. The values of wedge 

expansion at peak load Vwp are quite same. The average of wedge expansion at peak load 

Vwp is 0.09mm. 
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Figure 3.242: Axial load-wedge expansion response of Test-75 

 

Figure 3.243 shows the Pp- Vw responses of Test-50. The graph indicates a scatter 

occurred on the Pp- Vw response. The wedge expansion on Test11-50 increases very 

slightly while on Test13-50 increase more significant as the load increases up to peak 

load. On descending branch, the wedge expansion on both prisms increases significantly 

as a decrease of the load. The wedge expansion at peak load Vwp on Test11-50 is 

0.04mm and Test13-50 is 0.15mm. The average of these values is 0.10mm (see again 

Table 3.8).  

 
Figure 3.243: Axial load-wedge expansion response of Test-50 

The average curve of those figures is determined and illustrated in Figure 3.244. 

The wedge expansion at peak axial load Vwp of each size is summarized in Table 3.9. 

This table based on the average graph. 
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Figure 3.244: The average of axial load-wedge expansion graph 

  

The average values of wedge expansion at peak axial load in Table 3.9 show the 

bigger size of prism the larger the lateral expansion due to micro-cracking or wedge 

expansion at peak load.  

3.4.4.4 Load Wedge – Wedge Expansion Relationship 

The axial load from the previous section is divided by the length of the prism S 

equal to wedge load Pw in kN/mm. The next four figures (Figure 3.245 to Figure 3.248) 

present the load wedge Pw against wedge expansion Vw of every prism sizes. The 

average of individual curves at the same size is compared in the last figure (Figure 

3.249). Figure 3.245 illustrates the relationship of Pw - Vw of all experiment tests in 

prism Test-125. The pattern is same with P-Vw response. 

 
Figure 3.245: Load wedge-wedge expansion response of Test-125 
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Figure 3.246 illustrates the relationship between load and wedge expansion per 1 

mm wedge thickness of Test-100. The similar pattern occurred in this graph with P-Vw 

response before.  

 
Figure 3.246: Load wedge-wedge expansion response of Test-100 

The relationship between load and wedge expansion per 1 mm wedge thickness 

Pw- Vw of Test-75 is depicted in Figure 3.247. The graph illustrates the same pattern with 

P-Vw response of Test-75 in Section 3.4.4.3 previously.  

 
Figure 3.247: Load wedge-wedge expansion response of Test-75 

 

Figure 3.248 shows the response of load and wedge expansion for 1 millimeter 

wedge thickness. The same pattern is occurred between Figure 3.243 and Figure 3.248.  
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Figure 3.248: Load wedge-wedge expansion response of Test-50 

 

The graphs of each size that were described previously is used to determine the 

average graph of Pw–Vw response of all size as shown in Figure 3.249. The graph 

indicated that the micro-cracking start to develop in lateral direction when the wedge 

load Pw is around 0.7kN/mm, 1,1kN/mm, 1.3kN/mm and 1.5kN/mm for Test-50, Test-

75, Test-100 and Test-125 respectively. The values of Pw are same when micro-cracking 

in axial direction starts to occur (see Section 3.4.3.4). This indicated that micro-cracking 

occurs in axial and lateral direction at the same time.  

 
Figure 3.249: The average of load wedge-wedge expansion response of Test-125 
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The values of the peak of load wedge Pw and the wedge expansion Vw are listed 

in Table 3.9. The bigger size of prism the higher the peak of load wedge and larger the 

lateral deformation due to micro-cracking or wedge expansion at peak load.  

3.4.4.5 Stress Wedge– Wedge Expansion 

The individual stress-wedge expansion relationship of test results of the same 

size prisms is plotted in one graph to evaluate the trend of the curves which are 

represented in Figure 3.250 to Figure 3.253.  

The relationship between stress and wedge expansion of all prisms on Test-125 

is depicted in Figure 3.250. The graph indicates every concrete prism in Test-125 has 

similar pattern, the lateral deformations due to micro-cracking or the wedge expansion 

on the prism Test-125 occur almost the same stress wedge that is between 23MPa and 

24MPa. 

 The peak stress wedge σwp of all concrete prisms in Test-125 is almost the same 

that is between 38MPa to 40MPa but the wedge expansion at the peak stress Vwp has a 

small scatter that is between 0.30mm to 0.55mm. The average of wedge expansion at 

peak stress Vwp is 0.43mm (see again Table 3.5) 

 
Figure 3.250: Stress-wedge expansion response of Test-125 

 

Figure 3.251 illustrates the relationship between the stress wedge σw and the 

wedge expansion Vw of Test-100. The graph indicate that the responses are quite similar 

pattern on ascending branch of all prism, however, small scatter occurred on Test6-100 
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on descending branch. The peak stress wedge σwp and the slip wedge at peak stress Vwp 

of all prisms in Test-100 have quite the same value that is between 0.10mm to 0.12mm. 

The average wedge expansion at peak stress Vwp is 0.11mm. These important parameters 

can be seen in Table 3.6. 

 
Figure 3.251: Stress-wedge expansion response of Test-100 

 

The relationship of σw – Vw of Test-75 is depicted in Figure 3.252. The graphs 

illustrate all prisms in Test-75 show the similar response. The values of wedge 

expansion at peak stress Vwp is quite the same that is between 0.08mm to 0.09mm and 

the average of Vwp is 0.09mm (see again Table 3.7). 

 
 

Figure 3.252: Stress-wedge expansion response of Test-75 
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Figure 3.253 illustrates the σwp-Vwp responses of all prisms in Test-50. The graph 

indicates the small scatter occurs. There is a big difference wedge expansion at peak 

stress wedge happened (see again Table 3.8). The average wedge expansion based on 

each test in Test-50 Vwp is 0.10mm.  

 
Figure 3.253: Stress-wedge expansion response of Test-50 

 

The average of the results for each size is found out and depicted in Figure 3.254. 

It shown that wedge expansion at peak stress Vwp between 0.06mm to 0.31mm. The 

wedge expansion at peak stress Vwp increases when the prism size increases. It means 

that wedge expansion is affected by the size of prism. The peak stress σwp corresponding 

to slip wedge Swp are listed in Table 3.9. 

 
Figure 3.254: The average of stress wedge-wedge expansion graph 
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The values of Vwp are almost same with the values of Swp for all tests. However 

there is a difference for Test-125. For Test-125, Vwp is 0.31mm while Swp is 0.16mm. It 

means that at peak stress, deformations due to micro-cracking in lateral and axial 

direction are similar. More detail about the stress wedge and slip wedge responses is 

discussed in Section 3.4.5.  

After analysed the individual result, compared with the other size and evaluated 

the average graph all the prism, the wedge is analysed more detail in the next section.  
Table 3.9: The average of important parameters of all concrete prism based on average curves 

Prism 
Lp 

(kN) 

Pp 

(kN) 

Pwp 

(kN/mm) 

σwp 

(MPa) 

Cp 

(mm) 

Cp/2 

(mm) 

Swp 

(mm) 

Ep 

(mm) 

Ep/2 

(mm) 

Vwp 

(mm) 

1 2 3 4 5 6 7 8 9 10 11 

TEST-125 2438 1219 2.44 39 1.04 0.52 0.16 0.84 0.42 0.31 

TEST-100 1686 843 2.11 42 0.80 0.40 0.12 0.32 0.16 0.11 

TEST-75 1062 531 1.79 47 0.72 0.36 0.11 0.25 0.12 0.08 

TEST-50 442 221 1.12 44 0.45 0.23 0.05 0.09 0.05 0.06 

 

The important parameters of Test-125, Test-100, Test-75 and Test-50 from the 

average graphs are listed in Table 3.9. The parameter Lp corresponds to total axial 

contraction at peak load Cp. The parameter Cp is listed in column 6 in Table 3.9. The 

total axial contraction of prism increases as the size of prism increases. The parameters 

Lp and Cp are the load and contraction of the whole prism. To analyse the behaviour of 

one wedge, these values are divided by 2.  

In analysis one single wedge relates to Pp and Cp/2 response. The peak of axial 

load Pp and total axial load of one single wedge Cp/2 are represented in columns 3 and 7 

in Table 3.9 respectively. The pattern of Pp and Cp/2 are the same with Pp and Cp. The 

axial load increases and the contraction over one single wedge increases as the size of 

prism increases. 

The total axial contraction consists of elastic contraction and deformation due to 

micro-cracking or slip wedge. Hence the slip wedge is obtained by subtract the elastic 

contraction from the total axial contraction of one wedge C/2.  The parameter of slip 
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wedge is represented in column 8 in Table 3.9. The slip of the wedge varies and depends 

on the prism size. The slip wedge increase as the size of the prism increases.  

In lateral deformation the same phenomenon also occurs on total lateral 

expansion E, total lateral expansion over one single wedge E/2 and wedge expansion Vw. 

At peak load total lateral expansion Ep, total lateral of one single wedge Ep/2 and wedge 

expansion Vwp are increase as the size of prism increases. They can be seen in columns 

9, 10, 11 in Table 3.9.  

The load wedge Pw is calculated by dividing the axial load P with the prism 

length S. The load wedge refers to the load for one millimeter wedge thickness. The 

peak of the load wedge Pwp is represented in column 4 in Table 3.9. The pattern is also 

same with the total axial load L and axial load for one wedge P.  The load wedge 

increases as the size of the prism increases.  

Meanwhile, the peak stress wedge σwp increases as the size of prism decreases as 

shown in column 5 in Table 3.9. However, the parameter σwp in Test-75 is higher than 

Test-50. Based on individual result, a large scatter occurred in the results of Test-50. As 

described by Gobbi and Ferrara (1995), the smaller specimens were more difficult to 

centre in the compression machine.  

At peak stress, total axial contraction Cp of all prism size considerable higher 

than total lateral expansion Ep. This means up to peak stress total deformation in axial 

direction is much higher than total deformation in lateral direction. However, at peak 

stress there is no significant difference between axial deformation and lateral 

deformation due to micro-cracking that is Swp and Vwp. This means that elastic 

contraction give more influence to the axial total deformation. The elastic contraction 

consists of material contraction, dental paste contraction and bedding down. 

3.4.5 Wedges Analysis 

After analysed one by one of the results of all concrete prisms in axial and lateral 

deformation, quantified the average graph of every size and compared to others size of 

prism, in this section behaviour of the wedges is analysed more detail. Begin with slip 

wedge and the wedge expansion. 
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3.4.5.1 Stress Wedges – Slip Wedge Relationship 

The average graph of the stress wedge and slip wedge of all sizes prisms in 

Figure 3.229 is represented again here as shown in Figure 3.255. The focus of this 

research develops the generic expression to simulate the stress wedge for a given slip. 

The graph in Figure 3.255 and Table 3.9 clearly seen that the peak of stress wedge σwp 

and slip wedge at peak stress Swp are varies. Hence the normalised and non-

dimensionalised the stress wedge and slip wedge response is required. 

 
Figure 3.255: The average of stress wedge-slip wedge graph 

 

The normalises and non-dimensionalises of the stress and slip wedge is obtained 

by dividing the stress wedge and slip wedge with the peak of stress and peak of slip 

wedge respectively. Figure 3.256 represents the normalized and non-dimensionalised of 

stress-slip wedge curves for all size. The graph looks very similar, Test-75, Test-100 and 

Test-125 are in the same line only Test-50 slight outlie (as shown in a dot line) but still 

appropriate.  
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Figure 3.256: Non-dimensionalised stress-slip wedge 

 

Expression the relative normalised stress of the wedge σw/fp in terms of Sw/ Swp is 

given in Eq. 3.8 
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 Eq. 3.8 

 

where σw is the wedge stress, fp is the average of the peak stress wedge σwp that is 43MPa, Sw 

is slip wedge and Swp is slip wedge at peak stress.   

The slip wedge at the peak stress Swp varies and depends on the prism size as 

shown in Table 3.9. It was assumed that the depth of the wedge dw is half than prism 

width W. Figure 3.257 illustrates the relationship between Swp and dw. The graph shows 

the slip of the wedge at peak load depend on the depth of the wedge dw. The mathematic 

expression of the slip wedge Swp for a given depth of wedge dw as  

wwp dS 0025.0�   Eq. 3.9 
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Figure 3.257: Slip wedge at peak stress over depth of wedge graph 

 

The general expression of σw/fp in terms of Sw/ Swp in Eq. 3.8 provided an accurate 

fit to the experimental results, as shown in Figure 3.258, Figure 3.259 and Figure 3.260 

for Test-125, Test-100 and Test-75 respectively.  

 
Figure 3.258: Stress-slip comparison response of Test-125 
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Figure 3.259: Stress-slip comparison response of Test-100 

 

 
Figure 3.260: Stress-slip comparison response of Test-75 

 

As expected the expression in Eq. 3.8 not too much accurate but still acceptable 

for Test-50 as shown in Figure 3.261. This is because the response of Test-50 in not the 

same line as shown in Figure 3.256 and the expression is developed by using that line. 

Hence the general mathematical expression at Eq. 3.10 can be used. 



 

181 

 

 
Figure 3.261: Stress-slip comparison response of Test-50 

 

After analyse the response of the stress and the slip of the wedge, the next step 

analyse the stress and the wedge expansion. The same steps are used as were used in 

stress-slip wedge analysis.  

3.4.5.2 Stress Wedge – Wedge Expansion 

Figure 3.262 illustrates the average graph of the stress wedge and wedge 

expansion of all sizes prisms. The graph indicates that the peak stress of wedge σwp and 

wedge expansion at peak stress Vwp vary (see again columns 5 and 11 in Table 3.9). The 

stress wedge σwp varies between 39MPa to 47MPa and wedge expansion Vwp varies 

between 0.06-0.31mm. As same as in axial deformation, the mathematical expression is 

developed to simulate the stress wedge for a given wedge expansion. Hence the 

normalised the stress wedge and wedge expansion response is required. The normalises 

of the stress and wedge expansion is obtained by dividing the stress wedge and wedge 

expansion with the peak values of stress and wedge expansion respectively. 

 Figure 3.263 illustrates the normalized of the stress and the wedge expansion 

curves for all size. The responses of Test-50, Test-75, Test-100 and Test-125 are in one 

line and look very similar. The expression of the line that present the relative normalised 

stress of the wedge σw/fp in terms of Vw/ Vwp as given in Eq. 3.10. 
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where σw is the wedge stress, fp is the average of the peak stress wedge σwp that is 

43MPa, Vw is wedge expansion and Vwp is wedge expansion at peak stress. 

 
Figure 3.262: The average of stress-wedge expansion graph 

 

 
Figure 3.263: Non-dimensionalised stress-wedge expansion 

 

The wedge expansion at the peak stress Vwp varies and depends on the prism size 

as shown in Table 3.9 and Figure 3.262. As shown in Table 3.9, Vwp for Test-50, Test-75 

and Test-100 are similar while Vwp of Test-125 almost three times than other sizes hence 

Vwp of Test-125 is neglected. Figure 3.264 illustrates the relationship between Vwp and dw 

of Test-50, test-75 and Test-100.  The mathematical expression of the wedge expression 

Vwp for a given depth of wedge dw as  



 

183 

 

wwp dV 0022.0�
    

Eq. 3.11
 

 

 
Figure 3.264: Wedge expansion at peak stress over depth of wedge graph 

The general expression of σw/fp in terms of Vw/ Vwp in Eq. 3.10 provided an 

accurate fit to the experimental results, as shown in Figure 3.265, Figure 3.266, Figure 

3.267and Figure 3.268 for Test-125, Test-100, Test-75 and Test-50 respectively. 

 
Figure 3.265: Stress-wedge expansion comparison response of Test-125 
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Figure 3.266: Stress-wedge expansion comparison response of Test-100 

 
Figure 3.267: Stress-wedge expansion comparison response of Test-75 

 
Figure 3.268: Stress-wedge expansion comparison response of Test-50 
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The generic equations to simulate the deformation due to micro-cracking in axial 

and lateral direction were developed and those equations were fit with the experimental 

results. 
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Chapter 4: PRISM SOFTENING EXPERIMENTS-fc=23MPa 

4.1 Introduction 
In this chapter, the second set of experimental tests are described and analysed. 

This experimental test is same with the first set of experimental test but different 

concrete strength. The design of specimens is explained initially. It is consists of 

material properties test details and long concrete prism test details. The raw results of the 

tests in axial and lateral directions are described next, followed by the analysis of 

individual concrete prisms. After that the deformation in axial and lateral direction of 

each prisms are compared. Finally analysis of the wedges in axial and lateral direction is 

observed. 

4.2 Design of Spesimens 
Uniaxial compression tests of concrete, mortal and aggregate and tensile tests of 

concrete and mortar are described initially then the details of concrete block specimens 

including the test rig and instrumentation are given.  

4.2.1 Material Properties 

100mm×200mm concrete and mortar cylinders and 58mm×150mm core 

aggregate cylinders were used in order to determine the material properties of concrete, 

mortar and aggregate. To complete the results of material properties, in the second set of 

experiment test,  the tensile test was carried out in addition to the uniaxial compression 

test.  Details of the test and the instrumentation are described in the next section.  

4.2.1.1 Concrete and Mortar 

Nine concrete and nine mortar cylinders were subjected to axial compressive 

loads to quantify the compressive strength and Young’s modulus. Three cylinders were 

tested one day before prism concrete testing started, three cylinder were tested the same 

day with prism concrete tested and the last three were tested one day after all prism 

concrete testing had been finished. 
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A Seidner compression machine with maximum load of 1500kN also used in the 

second set of experimental test. The same method was used to produce the mortar as was 

used in the first set of experiment test.  

In the previous experiment test, strain gauges were used to quantify elastic 

Young modulus but in this test Young modulus rig was used instead of strain gauges as 

shown in Figure 4.1. The load applied approximately 40% of the maximum load and 

unloads to zero three times. To obtain the ultimate compressive stress, the cylinder is 

subjected until failed. Two lateral transducers were placed to measure lateral 

deformation at the middle of cylinders height up to the ultimate load. Strain softening of 

stress strain relationship of mortar and concrete was not determined.  

By using the same compression mechine, the tensile test was conducted on nine 

concrete and nine mortar cylinders to obtain the tensile strength. A method to determine 

indirect tensile strength of concrete follow to Australian Standard AS 1012.10-2000. 

Apply the load continuously and without shock until failure of the specimens. The 

concrete and the mortar cylinders were divided and tested in three different of times. 

One day before the concrete prism testing began, at the time of concrete prism testing 

dan one day after all conctere prism testing had been completed.  

 

    
(a) concrete (b) mortar 

Figure 4.1:  Concrete and mortar cylinders test set up.  
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4.2.1.2 Aggregate 

The 58mm×150mm core aggregate cylinders were tested under compression test 

to quantify material properties of aggregate. The 30mm strain gauge-1 (SG-1) and strain 

gauge-2 (SG-2) were located axially and two others strain gauges (SG-3 and SG-4) 

applied laterally to quantify axial and lateral deformation of aggregate up to peak stress 

as shown in Figure 4.2 (a). The position of all these strain gauges was half of cylinder 

height as shown in Figure 4.2(b).  

 

 

(a)  (b)  

Figure 4.2: (a) Agregate compression test set up; (b) The diagram of 
transducers and strain gauges layout of aggregate 

4.2.1.3 The Result  

The results of material properties tests of concrete, mortar and aggregate are 

summarized in Table 4.1, Table 4.2 and Table 4.3 respectively. On Table 4.1 and Table 

4.2 columns 1 to 5 show the result of compression test and Young’s modulus while 

columns 7 and 8 show the result of tensile test. 

The average compressive stress of concrete, mortar and aggregate are 23.2MPa, 

24.5MPa and 140.5MPa respectively. At low concrete strength, compression stress of 

mortar is slightly higher than concrete. Meanwhile at higher strength (see again section 

3.2.1) compressive stress of mortar is significant higher than concrete.  

 

 

 

 

SG-2
(Axial) LVDT-2

(Axial)

LVDT-1
(Axial)

SG-4
(Lateral)

SG-3
(Lateral)

SG-1
(Axial)

h

SG-1
(Axial)

SG-4
(Lateral)
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Table 4.1: Material properties of concrete 

Specimens 
Age 

Compression Young's 
modulus Specimens 

Tensile 
Load Stress Load Stress 

(days) (kN) (MPa) (MPa) (kN) (MPa) 
1 2 3 4 5 6 7 8 
C1 36 159.6 20.2 23,209 C4      81.8 2.6 
C2 36 165.8 21.0 22,725 C5      87.8 2.8 
C3 36 159.2 20.1 23,281 C6      88.0 2.8 
C7 50 191.0 24.1 22,963 C10      94.0 3.0 
C8 50 199.6 25.2 23,421 C11      94.8 3.0 
C9 50 195.4 24.4 23,693 C12    103.0 3.3 

C13 59 191.8 23.9 23,410 C16      93.8 3.0 
C14 59 187.2 23.5 23,280 C17    104.2 3.3 
C15 59 209.2 26.2 25,547 C18    111.4 3.5 

AVERAGE 23.2 23,500 AVERAGE     3.0 
 

Table 4.2: Material properties of Mortar 

Specimens 
Age 

Compression Young's 
modulus Specimens 

Tensile 
Load Stress Load Stress 

(days) (kN) (MPa) (MPa) (kN) (MPa) 
1 2 3 4 5 6 7 8 

M1 36 171.8 21.7 18,574 M4     77.6 2.5 
M2 36 173.2 21.8 19,518 M5     67.2 2.1 
M3 36 173.2 21.9 18,248 M6     67.0 2.1 
M7 50 201.8 25.4 19,286 M10     88.4 2.8 
M8 50 207.2 26.2 18,802 M11     80.2 2.5 
M9 50 193.4 24.4 17,404 M12     83.2 2.7 

M13 59 204.0 25.8 18,655 M16   101.4 3.2 
M14 59 214.6 27.2 19,427 M17   110.2 3.5 
M15 59 205.2 25.9 18,263 M18   106.8 3.4 

AVERAGE 24.5 18,686 AVERAGE 2.8 
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    Table 4.3: Material properties of aggregate 

Specimens 
Compression Young's 

modulus Load Stress 
(kN) (MPa) (MPa) 

A1 379.0 143.4 62,500 
A2 442.4 167.4 69,500 
A3 365.3 138.3 59,800 
A4 298.7 113.0 49,000 

AVERAGE 140.5 60,200 
 

The tensile stress of concrete and mortar were 3.0MPa and 2.8MPa respectively. 

Tensile stress of concrete depends on compressive stress as given: 

 (MPa)    6.0 cct ff �   
 Eq. 4.1 

Using Eq. 4.1 tensile stress of concrete fct was 3.4MPa. This value is almost same 

with the value was obtained from tensile test. Elastic modulus of concrete, mortar and 

aggregate are 23,500MPa; 18,686MPa and 60,200MPa respectively. Elastic Young 

modulus can be determined as 

69003320 �� cc fE    Eq. 4.2 

Using Eq.2.3, Young’s modulus of concrete Ec = 22,800MPa. The results of the 

experimental test of material properties show the accurate values. 

 

4.2.2 Specimens Detail  

The geometry of the concrete prism is the same as was used in the first set of 

experiment test that can be seen in Figure 3.15. The details of the concrete prism on this 

second set of experimental test are listed in Table 4.4. The size types of 2, 4, 5 and 6 are 

the same with the first set of experimental test where the ratio a width to height to length 

of 1:2:4. While the prisms with ratio a height to width (slenderness ratio) of 3, 2 and 1 

were also conducted (size types of 1, 2 and 3 in Table 4.4). This means that varying 

height and constant cross sectional (A=125×500 mm2).  

The name of the specimen is based on its size. For instance, Test (II)-

125×375×500, “II” indicates the second set of experimental test; and the following 

numbers show the prism size; width W=125mm, height H=375mm and length 
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S=500mm. Three each size of prisms are subjected to uniaxial compression load. The 

first concrete prism in Test (II)-125×375×500 is named Test (II)1-125×375×500; “1” 

indicates the first prism in the whole numbers of the test, the second prism is named Test 

(II)2-125×375×500 and the third prism is named Test (II)3-125×375×500.  The first 

prism in the Test (II)-125×250×500 was named Test (II)4-125×250×500; “4” indicate 

the fourth prism of the set of experiment. The name of the others concrete prism follow 

this rule.  

 
Table 4.4: Detail of concrete block 

Size 

Type 
Specimen Size (WxHxS) 

Specimens 

number 

1 Test II-125×375×500 125×375×500 3 

2 Test II-125×250×500 125×250×500 3 

3 Test II-125×125×500 125×125×500 3 

4 Test II-100×200×400 100×200×400 3 

5 Test II-75×150×300   75×150×300 3 

6 Test II-50×100×200   50×100×200 3 

T O T A L  18 

 

Total number of prism compression test is eighteen prisms. The next section the 

instrumentation and test rig. There is any the difference instrumentation set up between 

the first and the second sets of experimental test that is the position of lateral LVDTs.  

 

4.2.3 The Test Rig and Instrumentation 

The Amsler Compression Testing Machine is used for concrete prism tests (see 

again Figure 3.16). The position of four vertical LVDTs (LVDT-1, LVDT-2, LVDT-3 

and LVDT-4) is the same with the first set of experimental test was used as shown in 

Figure 3.17 to record the axial deformation (see also Figure 4.3). Only two lateral 

LVDTs were used in the first set of experimental test. While in the second set of 

experimental test, six horizontal LVDTs are placed to measure the lateral deformation, 
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three of the each side as depicted in Figure 4.3(b) and Figure 4.4. The lateral LVDTs-5, 

7 and 9 are placed in one side and LVDTs-6, 8 and 10 are placed in the other side. 

  
(a) Front view (face prism) (b)Top view 

Figure 4.3: Layout of the transducers and strain gauges of concrete prism. 

 

A strain gauge is placed laterally in both faces of the prism and two strain gauges 

are located axially in each side and placed between the transducers as illustrated in 

Figure 4.3 and Figure 4.4.  

A strain gauge is applied laterally on each face/front side of the prism to measure 

lateral deformation and two strain gauges are applied axially on each side of the prism to 

measure the axial deformation. It is important to note that the values of axial and lateral 

deformation as recorded by these strain gauges are not used in this current research, 

however, since the strain gauge reading values had been obtained during a parallel 

research project at the University of Adelaide, and are not relevant at this point. 

 

 

Axial LVDT-1 Axial LVDT-2 

Axial LVDT-3 Axial LVDT-4 
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(a)  (b)) (c)  

Figure 4.4: Concrete prism test set up; (a) side view (b) front view (face prism); (c) top view 

 

The load rates 10kN/min, 20kN/min and 30kN/min were used up to peak stress 

for Test II-50×100×200, Test II-75×150×300 and Test II-100×200×400 respectively 

while load rate was 50 kN/min for Test II-125×125×500, Test II-125×250×500 and Test 

II-125×375×500. After peak stress the loading was changed to displacement control. For 

all concrete prisms the load rate of 2 × 10-4mm/s was carried out on post peak stress. 

 

4.3 Test Results 
The raw experimental test results of 18 compressed concrete prisms are 

described below. The deformation in axial and lateral directions which is occurred in the 

concrete prism is illustrated in Figure 3.19. 

The next 54 of images and graphs, Figure 4.5 to Figure 4.58 show the failure 

pattern of the concrete prism, the relationships between total axial load L and contraction 

and between total axial load L and dilation of every concrete prism. The contraction is 

obtained from the values of the axial LVDT readings which were placed at each edges of 

concrete prism. The dilation is measured by using six lateral LVDTs. 

 

TEST(II)1-125×375×500 

The contraction of each edge of prism Test(II)1-125×375×500 increases 

similarly as the load increases up to peak load (Figure 4.5). This means the whole prism 
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under compression. The contraction of the edges of prism where LVDTs-1 and -2 are 

placed still increase after the peak load reached but contraction of the edges of prism 

where LVDTs-3 and -4 suddenly dropped.  

 
Figure 4.5: Total axial load – contraction response of prism Test (II)1-125×375×500 

 

Figure 4.6 illustrates the response of total axial load and dilation of Test(II)1-

125×375×500. The graph indicates the whole prism is expands since the beginning of 

loading. The responses are similar up to peak load. The values of lateral LVDTs 

recording are increase slightly as the load increases. After peak load, the dilation on the 

side of prism where LVDTs-5,-7 and -9 are placed increase significantly as the load 

decreases.  

 
Figure 4.6: Total axial load-dilation response of the prism Test (II)1-125×375×500 
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Test (II)1-125×375×500 is the first specimen of 125×375×500 prisms. A “non-

explosive” failure occurred. Figure 4.7 (a) shows the diagonal crack occurs on the face 

where the LVDT-1 and LVDT-2 are placed. The localization of damage is occurred in 

this test prism where the ratio of height to width is 3. Figure 4.7(b) shows the side views 

of concrete prism. The angle of the crack is recorded around 26°.  

  
(a) face/front view (b)side view 

Figure 4.7: Failure mode of concrete Test (II)1-125×375×500  

 

The response of contraction and dilation for a given total axial load L and the 

images of the concrete failure for the first prism in Test(II)-125×375×500 have been 

described. This raw data is discussed more detail in Section 4.4.2.  

 

TEST(II)2--125×375×500 

Figure 4.8 shows the edges of prism, where axial LVDTs-1 and -3 were placed, 

are in compression while the others edges are in tension. The eccentrically load happen 

accidently at low load. A slight eccentrically load pulls up the platen load a little bit at 

edges, where the LVDTs-2 and 4 were placed, and pushes the platen load at the others 

edges. When the load approximately 300kN, the edge of prism of LVDT-2 in 

compression. The values of contraction as recorded by axial LVDTs-3 and -4 suddenly 

drop as the peak load reached while LVDTs-1 and -2 increase significantly as the load 

decreases until the prism failed. 
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Figure 4.8: Total axial load – contraction response of the prism Test (II)2-125×375×500. 

 

Figure 4.9 illustrates the dilation of Test(II)2-125×375×500 from lateral LVDTs 

recording. Similar response occurred on all LVDTs recording before the peak load, 

however, after the peak load LVDT-10 suddenly failed, LVDTs-6,8 and 9 increase 

slightly and LVDTs-5 and 7 increase significantly until the prism failed. 

 
Figure 4.9: Total axial load-dilation response of the prism Test (II)2-125×375×500 

Figure 4.10 shows failure occurred on the face of prism Test(II)2-125×375×500 

where LVDTs-1 and -2 were placed while only crack surface occurred on the other face. 

A “non-explosive” failure occurred in this specimen. The wedge formed and the angle of 

the wedge was measured around 22°.  
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(a) face/front view (b) side view 

Figure 4.10: Failure mode of concrete Test (II)2-125×375×500 

 

The relationship between the total axial load L against contraction and dilation 

respectively and the images of the concrete failure of Test(II)2-125×375×500 have been 

described. This raw data is discussed more detail in Section 4.4.2. Next is raw data of 

Test(II)3-125×375×500. 

 

TEST(II)3--125×375×500 

Figure 4.11 illustrate the contraction response on Test(II)3-125×375×500. The 

whole prism is in compression. Before the peak load reached, more contraction occurred 

on the side of prism where LVDTs-1 and -3 were placed than the other side of prism 

where LVDTs-2 and -4 were placed. The values of LVDTs-3 and -4 readings drop 

suddenly as the peak load reached while the contractions of LVDTs-1 and -2 increase 

significantly as the load decreases. 

 
Figure 4.11: Total axial load - contraction response of the prism Test (II)3-125×375×500 
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The dilation response of prism Test(II)3-125×375×500 is illustrated in Figure 

4.12. The graph indicates more dilation (see LVDTs-5 and 6 in Figure 4.12) occurred in 

the area near the face of prism where axial LVDTs-1 and -2 were placed.  

The diagonal crack in the damage zone clearly seen on failure concrete specimen 

under compression as depicted in Figure 4.13 (a). The angle of the wedge was assessed 

around 22°. The concrete failed only in one face where LVDTs-1 and -2 were placed, 

surface crack occurred on the other face.  

 

 
Figure 4.12: Total axial load-dilation response of the prism Test (II)3-125×375×500 

 

  
(a) face/front view (b) side view 

Figure 4.13: Failure mode of concrete Test (II)3-125×375×500 
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The compressive failure results of prisms with ratio height to width is 3 [see 

again Figure 4.7(a), Figure 4.10 (a) and Figure 4.13 (a)] indicate a localized damage 

zone developed which is occurred in a portion of prism height. 

 

TEST(II)4--125×250×500 

The contraction responses of all edges of the prism are similar up to peak load 

(Figure 4.14). After this point, the contraction as recorded by the LVDTs-3 and -4 drop 

quickly while by the LVDTs-1 and -2 increase considerably with a decrease of load. The 

prism failed at the face where larger contraction occurred.  

 
Figure 4.14: Total axial load - contraction response of the prism Test (II)4-125×250×500 

 

At the beginning up to the peak load, the dilation on both sides of prism 

increases very slowly as the load increases. After reaches the peak load, the values of 

LVDTs-6,-8 and -10 drop quickly while the values of LVDTs-5, -7 and -9 increase 

rapidly as the load decreases. The large dilation occurred on the side of prism where 

LVDTs-5, -7 and -9 were placed.  
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Figure 4.15: Total axial load-dilation response of the prism Test (II)4-125×250×500 

 

A “non-explosive” failure happened in this specimen. The damage zone is 

occurred on the entire prism height. The wedge formed on the both sides of prism almost 

along the whole prism length that can be seen in Figure 4.16(a).The angle of the wedge 

was quantified approximately 22°.  

 
(a) front view (b)side view 

Figure 4.16: Failure mode of concrete Test (II)4-125×250×500 

 

The raw data of the first prism in Test (II)-125×250×500 have been described. 

Next the second prism in Test (II)-125×250×500 is described. 

 

TEST(II)5--125×250×500 

Figure 4.17 illustrates the contraction which is obtained from axial LVDTs 

reading. The whole prism is in compression until the peak load reached. The contraction 

on the edges where LVDTs-3 and -4 were placed increase significantly after the peak 
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load reached while the contraction on the others edges (where LVDs-1 and -2 set up) 

suddenly drop and in tension when the prism failed.  

 
Figure 4.17: Total axial load-contraction response of the prism Test (II)5-125×250×500 

 

The dilation response as shown in Figure 4.18 indicates that the prism did not 

expand until load is approximately 1200kN. After the peak load reached, the side of 

prism where LVDTs-5,-7,-9 and -10 expand significantly while the side where LVDTs-6 

and -8 expand very slowly until the prism failed.  

 
Figure 4.18: Total axial load-dilation response of the prism Test (II)5-125×250×500 

 

Figure 4.19 shows the images of the concrete failure. The compression failure is 

clearly seen. The concrete prism failed only in one face where LVDTs-3 and -4 were 

placed (see also Figure 4.17). The angle of the crack was measured around 27° and a 

“non-explosive” failure occurred.  
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(a) face/front view (d) side view 

Figure 4.19: Failure mode of concrete Test (II)5-125×250×500 

  

TEST(II)6-125X250X500 

Figure 4.20 illustrates the contraction response as recorded by axial LVDTs. The 

graph indicate Test(II)6-125×250×500 has similar behaviour with prism Test(II)4-

125×250×500 and Test(II)5-125×250×500. Before peak load, the whole prism is in 

compression. The edges of prism where LVDTs-1 and -2 were placed still in 

compression after the peak load reached, however, the contraction of the two other edges 

drop significantly. 

 
Figure 4.20: Total axial load - contraction response of the prism Test (II)6-125×250×500 

 

The relationship between total axial load and dilation is depicted in Figure 4.21. 

The graph indicates the prism start to expand when the total axial load is approximately 

1200kN and increase slightly up to peak load of 1,309kN. After that point the prism 

expands significantly. 
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Figure 4.21: Total axial load-dilation response of the prism Test (II)6-125×250×500 

 

A “non-explosive” failure happened and the failure pattern shown in Figure 4.22. 

The angle of the crack was 25°. The prism failed only in one face where LVDTs-1 and -

2 were set up.  

The compressive failure of prisms of width 125mm, height 250mm and length 

500mm as shown in the images in Figure 4.16(a), Figure 4.19(a) and Figure 4.22(a) 

indicate the damage zone developed almost the entire of the prism height. This means 

that the damage zone of short prism (ratio height to width is 2) is the total height of 

prism test. 

 

   
(a) front/face view (b)side view 

Figure 4.22: Failure mode of concrete test Test(II)6-125×250×500 
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TEST(II)7-125X125X500 

The contraction response of prism Test (II)7-125×125×500 shows the whole 

prism is in compression until the peak load reached (Figure 4.23). The contraction as 

recorded by LVDT-1 and -2 increases considerably until the prism failed. 

 
Figure 4.23: Total axial load - contraction response of the prism Test (II)7-125×125×500 

 

The dilation response of prism Test (II)7-125×125×500 is depicted in Figure 

4.24. The curve indicates that the prism expand near the peak load. After peak load the 

prism expand significantly.  

 
Figure 4.24: Total axial load-dilation response of the prism Test (II)7-125×125×500 

 

The failure pattern of Test(II)7-125×125x500 is difference from other sizes of 

prism. Let us consider Figure 4.25. The failure occurred only in one face and the wedges 
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developed on both sides of prism almost the whole of prism length. The angle of upper 

truncate as big as 38° and the angle of lower truncate around 24°. The localised crushing 

line placed around one third of prism height from the top of prism. 

  

 
(a) front/face view (b)side view 

Figure 4.25: Failure mode of concrete Test (II)7-125×125×500. 

 

TEST(II)8-125X125X500 

Figure 4.26 illustrates the whole prism in compression up to peak load. After this 

point, the edges of the prism, where the LVDTs-1,-2 and -3 were placed, still in 

compression while LVDT-4 suddenly drops. The values of LVDT-1 and LVDT-2 

increase significantly after the peak load reached.  

 
Figure 4.26: Total axial load - contraction response of the prism Test (II)8-125×125×500 
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Figure 4.27 shows the whole prism starts to expand when load applied to the 

prism approximately 800kN. After peak load, the both sides of prism expand 

significantly until the prism failed. 

 
Figure 4.27: Total axial load-dilation response of the prism Test (II)8-125×125×500 

 

The failure pattern of prism Test(II)8-125×125x500 in Figure 4.28 is almost 

same with the failure pattern of prism Test(II)7-125×125x500 previously. The wedges 

developed on both sides almost along the whole prism length S. The angles of upper 

truncate as big as 39° and lower truncate just around 27°. The position of the localized 

crushing line around one third of prism height from the top of prism.  

 

  
(a) front/face view (b)side view 

Figure 4.28: Failure mode of concrete Test (II)8-125×125×500 
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TEST(II)9-125X125X500 

The contraction from axial LVDTs readings is shown Figure 4.29. The graph 

indicates the whole prism in compression until the peak load reached. The contraction of 

the edges where LVDTs-1 and -3 were placed increases significantly as the load steady 

at peak load of 1732kN while the contraction of the edges where LVDTs-2 and -4 were 

placed decreases and finally in tension when the prism failed. This means that before 

peak load, the compressive load was uniform distributed to the whole prism, however, 

after peak load more applied load on the side where axial LVDTs-1 and -3 thus more 

failure occurred on this side. 

 
Figure 4.29: Total axial load - contraction response of the prism Test (II)9-125×125×500 

 

The lateral LVDTs recording of prism Test (II)9-125×125×500 is depicted in 

Figure 4.30. The whole prism starts to expand when the load applied to the prism 

approximately 700kN. After peak load reached, the side of prism where LVDTs-5,-7 and 

-9 were placed expands significantly while the side of prism where LVDTs-6,-8 and -10 

were placed expand slightly.  
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Figure 4.30: Total axial load-dilation response of the prism Test (II)9-125×125×500 

 

The images of failure concrete prism of Test (II)9-125×125×500 is shown in 

Figure 4.31. It can be seen that the both side of prism has softened and the wedges 

formed. The wedges occurred along the whole length of prism. The angles of upper 

truncate as big as 41° and lower truncate just around 28°. The pattern of the failure 

almost same with the others test on the same size of prism as described previously. The 

position of the localized crushing line is one third of prism height from the top of prism.  

 

 

 

(a) (b) 

Figure 4.31: Failure mode of concrete Test (II)9-125×125×500. 

 

TEST(II)10-100X200X400 

The contractions of the four edges of prism are very similar (Figure 4.32). The 

contraction increases as the load increases. This means that the applied load is uniform 

distributed to the whole of the prism. After peak load, the contraction of the edges of the 
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prism suddenly drop (LVDTs-3 and -4) while the other edges of prism increase slightly 

(LVDTs-1 and -2).   

 
Figure 4.32: Total axial load - contraction response of the prism Test (II)10-100×200×400 

 

The whole prism starts to expand when the applied load is approximately 600kN. 

After that the prism expands very slightly up to peak load (Figure 4.33). The similar 

trend is shown on ascending branch of the graph but small scatter occurred on 

descending branch of the graph. 

 
Figure 4.33: Total axial load-dilation response of the prism Test (II)10-100×200×400 

 

Figure 4.34 shows the concrete softened and the wedges clearly formed almost 

along the both sides of prism. The wedge on the right side broke completely away from 

the body of the prism. The angle of the wedge was recorded approximately 31°.  
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(a) front/face view (b)side view 

Figure 4.34:  Failure mode of concrete (II)10-100×200×400  

 

TEST(II)11-100X200X400 

The whole prism is in compression after the load reached 300kN (Figure 4.35). 

The pattern is almost same. After peak load, the contraction values of LVDTs-1 and -2 

drop, while the contraction values of LVDTs-3 and -4 increase with a decrease of the 

total axial load. 

 
Figure 4.35: Total axial load - contraction response of the prism Test (II)11-100×200×400 

 

Figure 4.36 illustrates the dilation response of Test (II)11-100×200×400 as 

recorded by using lateral LVDTs. The graph indicates the side of prism where LVDT-6,-

8 and -10 were placed expand since the beginning of the loading but after peak load, the 

dilation on this side of prism suddenly drop.  The dilation on the other side of prism 
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where the LVDTs-5,-7 and -9 were set up still increases with a decrease of the total axial 

load. 

 
Figure 4.36: Total axial load-dilation response of the prism Test (II)11-100×200×400 

 

The images in Figure 4.37 show the failure of prism Test(II)11-100×200×400. 

The prism failure occurred just in one face where axial LVDTs-3 and -4 were placed. 

The angle of the wedge was recorded approximately 29°. 

  

(a) front/face view (d) side view 

Figure 4.37: Failure mode of concrete prism Test(II)11-100×200×400 

 

TEST(II)12-100X200X400 

Figure 4.38 illustrates the contraction as recorded by using axial LVDT. The 

graph implies that the edges of prism where LVDTs-1,-3 and -4 are in compression 

while the other edge of prism in tension. When the total axial load is approximately 

750kN, the whole prism is in compression. Just after peak load reached, the value of 
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LVDTs-3 and -4 recording drop suddenly while the two others LVDTs increase as the 

load decreases.  

 
Figure 4.38: Total axial load - contraction response of the prism (II)12-100×200×400 

 

The dilation value from lateral LVDTs reading is depicted in Figure 4.39. The 

graph indicates the prism more expand in the side of prism where lateral LVDT-5,-7 and 

-9 were placed. 

 
Figure 4.39: Total axial load-dilation response of the prism Test (II)12-100×200×400 

 

Figure 4.40 shows the images of the failure of concrete prism Test(II)12-

100×200×400. The prism failed only in one face of prism. The wedge developed on both 

wide of prism with angle of 22°. 
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(a) front/face view (c) side view 

Figure 4.40: Failure mode of concrete prism Test(II)12-100×200×400 

 

TEST(II)13-75X150X300 

Figure 4.41 illustrates the whole prism is in compression. The contraction of the 

four edges of the prism increase as the load increases. After the peak load reached, the 

contraction of LVDTs-1 and -2 reading decrease while LVDTs-3 and -4 increase as the 

applied load decreases. 

 
Figure 4.41: Total axial load - contraction response of the prism (II)13-75×150×300 

 

The dilation of Test (II)13-75×150×300 as recorded by lateral LVDTs is 

depicted in Figure 4.42. The graph indicates that the dilation of LVDT-5,-7 and -9 

increases significantly after the peak load reached.  
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Figure 4.42: Total axial load-dilation response of the prism Test (II)13-75×150×300 

 

Figure 4.43 shows the images of the failure of the prism. The whole prism is 

failure. More cracks occurred on the face of prism where axial LVDTs-3 and -4 were 

placed. The angle of the wedge is approximately 24°. 

  
(a) front/face view (c) side view 

Figure 4.43: Failure mode of concrete Test (II)13-75×150×300 

 

TEST(II)14-75X150X300 

Figure 4.44 illustrates the total axial load and contraction response of Test(II)14-

75×150×300. The graph indicates that the whole prism compressed since the beginning 

of loading. The contraction of the four edges of the prism increase as the load increases. 

After the peak load reached, the contraction of LVDTs-1 and -2 reading increase while 

LVDTs-3 and -4 drop as the applied load decreases. 
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Figure 4.44: Total axial load - contraction response of the prism Test(II)14-75×150×300 

 

Figure 4.45 shows the prism expand very slowly on ascending branch of the 

curve but after peak load reached, the side of the prism where LVDT-6 and -8 expands 

significantly until the prism failed while the others LVDTs’ value drop.  

 
Figure 4.45: Total axial load-dilation response of the prism Test (II)14-75×150×300 

 

The images of the failure of prism Test (II)14-75×150×300 is shown in Figure 

4.46. The pattern of crack almost same with Test (II)13-75×150×300 as described 

previously. The whole prism compressed, the load distributed evenly to the whole prism 

(see Figure 4.44). After peak load, the contraction on the face of prism where LVDT-1 

and -2 were placed increases as the applied load decreases. More failure occurred on this 

face. The angle of the wedge is approximately 24°. 
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(a) face/front view (c) side view 

Figure 4.46: Failure mode of concrete Test (II)14-75×150×300 

 

TEST(II)15-75X150X300 

Figure 4.47 illustrates the contraction value from axial LVDTs readings. The 

graph indicates that the whole prism is compressed. The pattern of the response of all 

edges of the prism is the similar. This means that the load applied to the prism 

uniformly. After the peak load the contraction of the edges where LVDTs-3 and -4 set 

up increase as the load decreases. 

 
Figure 4.47: Total axial load - contraction response of the prism (II)15-75×150×300 

 

Figure 4.47 shows the prism expand very slightly up to peak load but after peak 

load reached, the side of the prism where LVDT-5,-7 and -9 expands significantly until 

the prism failed while the others LVDTs’ value drop suddenly.  
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Figure 4.48: Total axial load-dilation response of the prism Test (II)15-75×150×300 

 

The images of failure concrete prism are shown in Figure 4.49. The wedges 

formed on both side of prism almost along the prism length. The more failure occurred 

on the face of prism where large contraction occurred. The angle of the wedge was 

quantified approximately 29°.  

 

 

 

 

 
(a) face/front view (c)side view 

Figure 4.49: Failure mode of concrete Test (II)15-75×150×300  

 

TEST(II)16-50X100X200 

Figure 4.50 illustrates the total axial load and contraction response of Test(II)16-

50×100×200. The graph indicates that the whole prism compressed evenly since the 

beginning of loading. The contraction of the four edges of the prism increase as the load 
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increases. After the peak load reached, the contraction of LVDTs-1 and -2 reading 

increases while LVDTs-3 and -4 drop as the applied load decreases. 

 
Figure 4.50: Total axial load - contraction response of the prism (II)16-50×100×200 

 

The dilation of Test (II)16-50×100×200 as recorded by lateral LVDTs is 

depicted in Figure 4.51. The graph indicates that up the peak load, the dilation of the 

whole prism increases slightly but after that the dilation of LVDT-5 increases 

significantly until the prism failed. 

 
Figure 4.51: Total axial load-dilation response of the prism Test (II)16-50×100×200 

 

Figure 4.52 illustrates the images of the failure of prism Test (II)16-50×100×200. 

The images show the failure occurs on the whole prism. This means that the whole 

prism compressed, the load distributed evenly to the whole prism. The angle of the 

wedge is approximately 32°. 
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(a) front/face view (b) side view 

Figure 4.52: Failure mode of concrete Test (II)16-50×100×200  

 

TEST(II)17-50X100X200 

Figure 4.53 shows the relationship between total axial load and contraction of 

Test (II)17-50×100×200. The edges of prism, where LVDT-1, LVDT-2 and LVDT-3 are 

positioned, are in contraction while the edge, where LVDT-4 is placed, is slightly in 

tension. Accidentally the eccentrically load occurred at low load. The value of LVDT-4 

is in contraction when L is about 250kN. A large contraction occurred on the face of 

prism where LVDT-1 was placed. 

 
Figure 4.53: Total axial load - contraction response of the prism Test(II)17-50×100×200 
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Figure 4.54 illustrates how the prism of Test (II)17-50×100×200 expands when 

the prism is subjected to a uniaxial compression load. The graph indicates that up to 

peak load the both side of prism expand slightly. However, after this point the both sides 

expand significantly as the load decrease. The similar response occurs on the three 

LVDTs -6, -8 and -10 those are placed in one side.  

 
Figure 4.54: Total axial load-dilation response of the prism Test (II)17-50×100×200 

 

Figure 4.55 shows the images of the failure of prism Test (II)17-50×100×200. 

The images show the whole prism failed. This means that the whole prism compressed 

evenly, the load distributed to the whole prism. The angle of the wedge is approximately 

27°. 

  
(a) front/face view (c) side view 

Figure 4.55: Failure mode of concrete Test (II)17-50×100×200  
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TEST(II)18-50X100X200 

Figure 4.56 shows the last test in this experimental test. The contraction of 

LVDTs reading values increases when the load increases at ascending branch of the 

curve up to peak load then the contraction still increases when the load decreases until 

the prisms failed. The similar response of all axial LVDTs shown due to the whole prism 

is compressed uniformly. 

 

 
Figure 4.56: Total axial load - contraction response of the prism (II)18-50×100×200 

 

Figure 4.57 illustrates the response of total axial load and dilation of (II)18-

50×100×200. The graph indicates the whole prism is expands very slowly since the 

beginning of loading up to peak load. The responses are similar up to peak load. After 

the peak load, the dilation on the side of prism where LVDTs-5,-7 and -9 are set up 

increase significantly as the load decreases.  
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Figure 4.57: Total axial load-dilation response of the prism Test (II)18-50×100×200 

 

The images in Figure 4.58 show the failure of Test (II)18-50×100×200. The 

images show the whole prism failed in compression. The whole prism compressed 

evenly, the load distributed to the whole prism. The angle of the wedge is approximately 

24°. 

  
(a) (b) (c) 

Figure 4.58:  Failure mode of concrete Test (II)18-50×100×200; 
(a) and (b) face/front view; (c) side view.  

 

The deformation in axial and lateral directions for a given total axial load and the 

images of the concrete prism failure for 18 prisms were shown. In the next section this 

data is analysed, discussed and compared in the same size of prism then the average 

responses in one size are determined and compared to other prisms size.  
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4.4 Analysis of Test Results 

4.4.1 Method of analysis 

The raw data in Section 4.3 described the deformations in axial and lateral 

directions of every prism under increasing axial load. In this section that raw data results 

for every concrete prism are analysed. The experimental test analysis follows the 

analysis as was used in the first set of experimental test in Chapter 3.  

The method of analysis in axial deformation is exactly the same as was used in 

the first set of experimental test at Section 3.4.1; however, there is a difference in lateral 

deformation. Three lateral LVDTs were used in this experimental test instead of one 

LVDT in one side of prism. Thus dilation of one side of the prism is average value of 

these three transducers reading (see also Figure 4.3). Let us consider Eq. 3-6, the 

average value of   LVDTs-5, -7 and -9 recording represent as D1 and the average value 

of LVDTs-6, -8 and -10 recording represent as D2 in that equation. Hence the total 

lateral expansion E can be quantified using Eq. 3.6. The rest of the analyses used the 

same method as was applied on analysis in the first set of experimental test. 

 

4.4.2 Individual tests 

The individual tests analysis of the second set of experimental test are presented 

and described in the same size of the prism. Not all prism test is described in details, 

only the first prism Test (II)1-125×375×500 is analysed step by step and discussed in 

details. Then this prism is compared to other prisms in the same size in axial 

deformation and followed by in lateral deformation. Next the similar analyse is carried 

out in comparison analysis to other next five sets of size of Test (II)-125×250×500, Test 

(II)-125×125×500, Test (II)-100×200×400, Test (II)-75×150×300 and Test (II)-

50×100×200. 

4.4.2.1  Tests at 125mm width and 375mm height (125×375×500) 

The prism Test (II)1-125×375×500 is described and analysed in detail below. 

The raw data in Section 4.3 shows the contraction of every edges of the prism thus to 

obtain the contraction of the whole prism, the average of those contraction as recorded 

by axial LVDTs is required by using Eq.3.1. As a result, the total axial load L and total 
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axial contraction C is shown in Figure 4.59. The total axial load L is the axial load 

applied to the whole prism and total axial contraction C is the contraction of the whole 

prism. The graph indicates that the “settle down the position” occurred on L-C 

relationship at the early of loading as shown in a dash line. This occurs due to the setting 

down of the platens and dental paste contraction. The concrete prism surface is not 

exactly flat thus when the concrete prism is set on the loading platen and applied the 

load, the prism needs to “settle”. This graph is required to refine. Hence Figure 4.59 was 

corrected into Figure 4.60 by using the same method as was described in Figure 3.59.  

  
Figure 4.59: Total axial load-total axial contraction for Test (II)1-125×375×500 

 

 Figure 4.60 illustrates the response of total axial contraction for a given applied 

load. The graph indicates when the peak of total axial load Lp reached 1156kN, total 

axial load Cp approximately 1.04mm. 

 
Figure 4.60: Total axial load-total axial contraction for Test (II)1-125×375×500 (new axis) 
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The next figure shows the relationship between the axial load P and total axial 

contraction over one single wedge C/2 (Figure 4.61). The graph of P-C/2 is half of the 

L-C graph (see again Figure 3.57 and Figure 3.62). Thus Cp/2 approximately 0.52mm 

when the axial load over one wedge reached the peak Pp of 578kN.  

 
Figure 4.61: Axial load-C/2 response of the prism Test (II)1-125×375×500 

 

Up to αPp there is only elastic deformation occurs on the prism where α is 

assumed 60%. Non-elastic deformation due to micro-cracking occurred when axial load 

P reach 60%Pp approximately 347kN. It corresponds to C/2 around 0.17mm (Figure 

4.61). Before this point, the elastic contraction occurred. The non-elastic deformation 

due to micro-cracking or the slip wedge is obtained by removing the elastic contraction 

from the P-C/2 response as shown in Figure 4.62 and using Eqs. 3.2 and 3.3. 

 
Figure 4.62:  Axial load-slip wedge response of the prism Test (II)1-125×375×500 

(Ck,αPp) 

Elastic contraction + 
bedding down + dental 
paste contraction 
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The deformation due to micro-cracking, Sw is shown in Figure 4.62 and Figure 

4.63. Swp is approximately 0.24mm at peak of load. Figure 4.62 and Figure 4.63 illustrate 

the P-Sw and Pw-Sw responses. The graphs indicate the same trend because of Pw is P 

divided by the prism length S [for Test (II)1-125×375×500, S is 500mm]. Pw is wedge 

load per millimeter wedge thickness (see again Figure 3.65) 

 
Figure 4.63:  Load wedge-slip wedge response of the prism Test (II)1-125×375×500 

 

The main interest of this research is the stress and non-linearity deformation due 

to micro-cracking σw-Sw for prism tests. Eq. 3.4 is used to quantify the stress wedge σw. 

The stress wedge is the load per mm wedge thickness Pw divided by the wedge depth dw. 

The stress wedge and slip wedge response of the concrete prism is presented in Figure 

4.64. The slip wedge increases as the stress wedge increases until the peak of the stress 

wedge reached. After that, on descending branch the slip wedge increases significantly 

with a decrease of stress wedge. The maximum stress wedge is 19MPa relates to slip 

wedge at peak load Swp at is approximately 0.24mm.  
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Figure 4.64: The stress wedge-slip wedge response of the prism Test (II)1-125×375×500 

 

After axial deformation now lateral deformation is discussed in detail as describe 

below. Figure 4.65 illustrates the relationship between the total axial load and dilation. 

The dilation is obtained by the average value of lateral LVDTs readings at one side of 

prism. The average value of dilation in one side of prism is represented by D1 and D2 in 

the other side of prism as described previously in Section 4.4.1. D1 is the average value 

of LVDTs-5,-7,-9 readings and D2 is the average value of LVDTs-6,-8,-10 readings 

(refer to Figure 4.3). 

 
Figure 4.65: Total axial load–average dilation response of the prism Test (II)1-125×375×500 

 

Before peak load the dilation on both sides is similar, the whole prism expands 

evenly in both sides of prism. After peak load, dilation D1 is increases considerably and 

when the prism failed D1 is approximately 2.8mm, while D2 increase slowly and when 

the load reduces to 900kN D2 drop significantly.  
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By using Eq. 3.5, total lateral expansion E is obtained as shown in Figure 4.66. 

When the peak of total axial load Lp reached Ep approximately 0.53mm. The value of Ep 

is half than total axial contraction at peak load Cp (1.04mm). 

 

 
Figure 4.66: Total axial load-total lateral expansion response of the prism Test (II)1-125×375×500 

 

Figure 4.67 shows the axial load and E/2 response. This graph is half of L-E 

response (Figure 4.66). The lateral micro-cracking occurred when E/2 approximately 

0.05mm, refer to coordinate (Rx, αPp) in Figure 4.67 where Rx is 0.05 and αPp is 347kN. 

Before that point, the elastic expansion due to Poisson’s ratio occurred. To analysis the 

lateral deformation due to micro-cracking, subtract the elastic expansion from the total 

lateral expansion E/2. The result is shown in Figure 4.68. 

 
Figure 4.67: Axial load – E/2 response of the prism Test (II)1-125×375×500 

 

Elastic expansion 
due to Poisson’s 

(Rx,αPp) 
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Figure 4.68 illustrates the lateral deformation due to micro-cracking Vw. The 

wedge expansion is obtained by using Figure 4.67 and Eqs. 3.6 and 3.7. The wedge 

expansion at peak of axial load Vwp is 0.18mm.  

 
Figure 4.68: Axial load-wedge expansion response of the prism Test (II)1-125×375×500 

 

The response of Pw – Vw as shown in Figure 4.69 is obtained by divide axial load 

for a single wedge P by prism length S. The wedges expand slowly up to peak load and 

after peak load reached the wedge expand significantly until the prism failed. 

 
Figure 4.69: Load wedge-wedge expansion response of the prism Test (II)1-125×375×500 

 

Figure 4.70 shows the relationship between stress wedge and wedge expansion 

of prism of the concrete prism Test(II)1-125×375×500. This relationship is obtained by 

using Eq. 3.4. The wedge expansion at the maximum stress wedge Vwp is approximately 

0.18mm. When the prism failed, wedge expansion is 1.85mm. 
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Figure 4.70: The stress wedge - wedge expansion response of the prism Test (II)1-125×375×500 

The details and step by step analysis of Test(II)1-125×375×500 have been 

described previously. The other prisms test in Test(II)-125×375×500 are not analysis in 

detail one by one like in the first set of experimental test in Chapter 3 but are analysed 

and discussed in comparison in one size as describe below. The next ten graphs illustrate 

the comparison analysis in Test(II)-125×375×500 in axial and lateral directions. 

First the total axial load and total axial contraction response. The L-C response of 

prisms in Test(II)-125×375×500 can be seen in Figure 4.71. The trends of the individual 

responses are very similar. The peak total axial load Lp and the total axial contraction at 

peak load Cp of the prisms are very similar those are between 1,151kN to 1,191kN and 

between 1.04mm to 1.30mm for Lp and Cp respectively (see Table 4.10). The average 

value of Lp and Cp are 1,166kN and 1.17mm respectively. These parameter values are 

based on the individual graph. 

 

Figure 4.71:  Total axial load-total axial contraction response of the 
prism Test(II)-125×375×500 
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The next figure illustrates the relationship in one single wedge between axial 

load and total axial contraction. The P-C/2 graphs of individual data Test(II)1-

125×375×500, Test(II)2-125×375×500 and Test(II)3-125×375×500 are plotted together 

as shown in Figure 4.72. The P-C/2 graphs have same pattern with L-C graphs because 

P-C/2 graphs are L-C graphs divided by 2. The L-C is the response of load and total 

axial contraction of the whole prism in terms of two wedges while the P-C/2 is the 

response of load and total axial contraction over one single wedge. Hence the values of 

P are between 576kN to 596kN and Cp/2 between 0.52mm to 0.65mm (see Table 4.10). 

The average values of Pp and Cp/2 are 583kN and 0.59mm respectively. 

 

Figure 4.72: Axial load-C/2 response of the prism Test(II)-125×375×500 

 

Up to αPp the deformation due to micro-cracking is not develop in the prism. 

After that point the micro-cracking or slip wedge start to develop. The slip wedge Sw of 

the concrete prisms is determined by subtracting the elastic contraction from the total 

axial contraction over one wedge C/2. The relationship between axial load P and slip 

wedge Sw of Test(II)-125×375×500 depicted in Figure 4.73.  

The graphs indicate the responses are very similar. When the axial loads P of 

Test(II)1-125×375×500, Test(II)2-125×375×500 and Test(II)3-125×375×500 are 

approximately 347kN, 345kN, 357kN respectively, the slip wedge develop in the prism. 

The slip wedge Sw start to develop almost at the same axial load. Before that point only 

elastic deformation occurs and there is no non-elastic deformation or deformation due to 
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micro-cracking. The slip wedges at peak load Swp of Test(II)2-125×375×500 and 

Test(II)3-125×375×500 are the same of 0.31mm while Test(II)1-125×375×500 is 

0.24mm. The average of Swp is 0.29 (see again Table 4.5). 

 

Figure 4.73: Axial load-slip wedge response of the prism Test(II)-125×375×500 

 

Now the axial load P as described previously divided by the length of the prism 

S. The relationship between the load wedge Pw and slip wedge Sw of Test(II)-

125×375×500 is plotted and shown in Figure 4.74. The Pw- Sw graphs are identical with 

the P- Sw graph in Figure 4.73. 

Figure 4.74 indicates the load wedge maximum Pwp are varies in the narrow 

range between 1.15kN/mm to 1.19kN/mm and the average is 1.17kN/mm. 

 

Figure 4.74: Load wedge-slip wedge response of the prism Test(II)-125×375×500 
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The individual stress wedge-slip wedge relationship of Test(II)-125×375×500 is 

plotted in one graph as shown in Figure 4.75. The responses of stress wedge-slip wedge 

were quite similar. The peak wedge stress of Test(II)1-125×375×500 and Test(II)3-

125×375×500 are the same 19MPa and Test(II)2-125×375×500 is 18MPa. The average 

is 19MPa. 

 

Figure 4.75: Stress wedge-slip wedge response of the prism Test(II)-125×375×500 

 

After analysed the axial deformation, next is the lateral deformation analysis. 

The next five figures (Figure 4.76 to Figure 4.80) illustrate the deformation of Test(II)-

125×375×500 in lateral direction. First the total axial load and total axial expansion L-E 

responses. The graph indicates that the trend of response up to peak load is really 

identical however the scatter occurred at post-peak region. The total lateral expansion at 

peak load Ep of Test(II)1-125×375×500, Test(II)2-125×375×500 and Test(II)3-

125×375×500  are 0.53mm, 0.49mm and 0.64mm. The average of total lateral expansion 

at peak load Ep is 0.55mm (see again Table 4.5) 
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Figure 4.76: Total axial load-total lateral expansion for Test(II)-125×375×500 

 

Analysis over one wedge in lateral deformation that is relationship between load 

and total lateral expansion (P-E/2) is described. The P-E/2 graph has same pattern with 

L-E graph because P-E/2 graph is L-E graph divided by 2. Figure 4.77 illustrates the 

relationship of P-E/2 of all experiment tests in prism Test(II)-125×375×500. The 

average of total lateral expansion over one single wedge at peak load Ep/2 is 0.28mm 

 

Figure 4.77: Axial load – E/2 response of the prism Test(II)-125×375×500 

In analysis over one single wedge, total lateral expansion E is composed of 

wedge expansion that is represented by Vw and elastic expansion G as explained in the 

beginning of section 3.4.1 and have been illustrated in Figure 3.69 and Figure 3.70. The 

relationship between axial load P and wedge expansion Vw of Test(II)-125×375×500 is 

shown in Figure 4.78. The graph indicates that the responses are quite similar up to peak 

load and the axial load when the micro-cracking form for all prisms is almost same 
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approximately 388kN, 399kN and 393kN for Test(II)1-125×375×500, Test(II)2-

125×375×500 and Test(II)3-125×375×500 respectively.  

 

Figure 4.78: Axial load – wedge expansion response of the prism Test(II)-125×375×500 

The scatter occurred on the post-peak response. The average wedge expansion at 

peak load Vwp is 0.28mm. This average value is based on each individual Test(II)-

125×375×500. The same response is also shown in the Figure 4.79. The graph illustrates 

the load and wedge expansion per millimeter wedge thickness Pw-Vw. The axial load P in 

Figure 4.78 is divided by prism length S equal to Pw in Figure 4.79 

 

Figure 4.79: Load wedge – wedge expansion response of the prism Test(II)-125×375×500 

 

The last analysis for prism Test(II)-125×375×500 is stress wedge σw and wedge 

expansion Vw response. The graph in Figure 4.80 indicates the wedge expansion increase 

slightly as the load increase up to peak load of 19MPa. After this point, the wedge 

expansion still increase considerably with a decrease of the stress. The pattern of the 

response is similar up to peak load however the scatter occurs on post-peak response. 
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Figure 4.80: Stress wedge-wedge expansion response of the prism Test(II)-125×375×500 

The parameters of prism Test(II)-125×375×500 such as Lp, Pp, Pwp, σwp, Cp, Cp/2, 

Swp, Ep, Ep/2, and Vwp are clearly explained previously and shown graphically in Figure 

4.71 to Figure 4.80. Those important parameters are listed in Table 4.5. It should be 

noting that these values are based on the individual results test.  

 
Table 4.5: The important parameters of prism Test(II)-125×375×500 based on individual graph 

Prism Lp Pp Pwp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)1-125×375×500 1156 578 1.16 19 1.04 0.52 0.24 0.53 0.26 0.18 
TEST(II)2-125×375×500 1151 576 1.15 18 1.18 0.59 0.31 0.49 0.25 0.16 
TEST(II)3-125x375 x500 1191 596 1.19 19 1.30 0.65 0.31 0.64 0.32 0.26 

AVERAGE 1166 583 1.17 19 1.17 0.59 0.29 0.55 0.28 0.20 

 

Table 4.5 gives the total deformations in axial direction Cp in column 6 and the 

total deformation in lateral direction Ep in column 9 at the peak of total axial load Lp at 

column 2. The average values of Cp, Ep and Lp are 1.17mm, 0.55mm, and 1,166kN 

respectively. At the peak load, the total axial deformation of prism is more than twice of 

its lateral deformation. 

 The same behaviour is also shown in one single wedge analysis.  Pp, Cp/2 

and Ep/2 represent the peak load on one single wedge, the axial deformation and lateral 

deformation on one single wedge respectively.  The same behaviour occurs because Pp, 
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Cp/2 and Ep/2 are Lp, Cp and Ep divided by 2 respectively. The average values of Pp, Cp/2 

and Ep/2 are 583kN, 0.59mm and 0.28mm respectively.  

The load wedge Pw is determined by dividing the axial load P with prism length 

S while slip wedge Sw and wedge expansion Vw are quantified by removing the elastic 

deformation from the total defomation response. The peak of wedge load Pwp, the slip 

wedge Swp and the wedge expansion Vwp at peak load of the three prisms in Test(II)-

125×375×500 are listed in columns 4, 8 and 11 in Table 4.5 respectively. The average 

deformation due to micro-cracking in axial and lateral direction at peak load of 

1.17kN/mm looks very similar, Swp = 0.29mm and Vwp = 0.20mm. 

The peak wedge stress σwp of all prisms in Test(II)-125×375×500 is listed in 

column 5 in Table 4.5. The parameter of σwp is also quite similar, that varies between 

18MPa to 19MPa.  The average value based on this individual peak values is 19MPa. 

4.4.2.2  Tests at 125mm width and 250mm height (125×250×500) 

There are three prism in Test(II)-125×250×500. The comparisons of those prisms 

in every step of analysis are described. First is the total axial contraction response for a 

given applied load. Figure 4.81 illustrates the L-C response of Test(II)-125×250×500. 

The behaviour of prisms is identical in pre-peak and post-peak branches but prism 

Test(II)4-125×250×500 more ductile compare to others prisms. The peaks of total axial 

load are in the range between 1,293kN to 1,329kN and the total axial contraction 

between 0.99mm to 1.15mm. The average values of Lp and Cp based on individual graph 

are 1,310kN and 1.07mm respectively. These parameters are listed in Table 4.6. 
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Figure 4.81: Total axial load-total axial contraction response of the prism Test(II)-125×250×500 

 

The second part of the analysis that is the behaviour of one single wedge is 

described. The relationship of load and total axial contraction over one single wedge P-

C/2 graphs of prism Test(II)-125×250×500 is illustrated in Figure 4.82. The pattern of 

the responses is similar. The average values of Pp and Cp/2 from individual graph are 

655kN and 0.53mm respectively as listed in Table 4.6.  

 

Figure 4.82: Axial load-C/2 response of the prism Test(II)-125×250×500 

 

Next analysis is the relationship of axial load P and the slip wedge Sw of Test(II)-

125×250×500 as depicted in Figure 4.83.The graphs indicate the similar response of the 

concrete prisms in Test(II)-125×250×500. The slip wedge starts at the axial load 

between 388kN to 399kN. The values of slip wedge at peak load Swp of the prisms are 

quite the same that is between 0.24mm to 0.26mm.  
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Figure 4.83: Axial load-slip wedge response of the prism Test(II)-125×250×500 

 

The load wedge Pw is the load per 1 millimeter wedge thickness which is 

obtained from axial load P divided by the length of concrete prism S=500mm. Hence the 

Pw - Sw graphs of Test(II)-125×250×500 as depicted in Figure 4.84 have the same 

pattern with the P-Sw graphs as shown in Figure 4.83 previously. The average of the 

peak axial load Pwp is 1.31kN/mm and the average of slip wedge at peak load Swp is 

0.25mm. 

 

Figure 4.84: Load wedge-slip wedge response of the prism Test(II)-125×250×500 

 

The last analysis in axial deformation is the stress wedge and the slip wedge 

response. Figure 4.85 illustrates the relationship between the stress wedge σw and slip 

wedge Sw of Test(II)-125×250×500. The responses look very similar. The peak wedge 
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stress σwp of three prisms are the same of 21MPa at slip wedge Swp between 0.24mm to 

0.26mm. 

 

Figure 4.85: Stress wedge-slip wedge response of the prism Test(II)-125×250×500 

 

After analysed the axial deformation, now lateral deformation is analysed. First 

is the total lateral expansion that is the expansion of the whole prism for a given applied 

load. Figure 4.86  shows the L-E responses of three prisms in Test(II)-125×250×500. 

The response is very similar up to peak load, however the small scatter occurred after 

that point on Test(II)5-125×250×500 as shown in dot line in Figure 4.86. Table 4.1 

shows the total lateral expansion at peak load Ep is in the narrow range, between 

0.74mm to 0.84mm.  

 

Figure 4.86: Total axial load-total lateral expansion for Test(II)-125×250×500 
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Figure 4.87 shows P-E/2 response of the prisms in Test(II)-125×250×500. The 

average of total lateral expansion over one single wedge at peak load Ep/2 is 0.40mm. 

 

 

Figure 4.87: Axial load – E/2 response of the prism Test(II)-125×250×500 

 

The relationship of P-Vw of Test(II)-125×250×500 is depicted in Figure 4.88. 

This graph is obtained by reducing the elastic expansion from the P-E/2 response in 

Figure 4.87. The graphs indicate the similar response until the peak load reached. The 

values of wedge expansion at peak load Vwp are quite the same; Test(II)4-125×250×500 

is 0.34mm, Test(II)5-125×250×500 is 0.34mm and Test(II)6-125×250×500 is 0.31mm. 

The average of wedge expansion at peak load Vwp is 0.33mm. After the peak load, only 

the response of Test(II)4-125×250×500 and Test(II)5-125×250×500 are quite the same. 

 

Figure 4.88: Axial load – wedge expansion response of the prism Test(II)-125×250×500 
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The response of load wedge and slip wedge per one millimeter wedge thickness 

Pw–Vw of three prism Test(II)-125×250×500 is shown in Figure 4.89. The values of Pw, 

when micro-cracking start, is the same as in axial direction. This indicated that micro-

cracking occurs in axial and lateral direction at the same time.  

 

Figure 4.89: Load wedge – wedge expansion response of the prism Test(II)-125×250×500 

 

The relationship of σw – Vw of Test(II)-125×250×500 is depicted in Figure 4.90. 

The graph illustrates all prisms in Test(II)-125×250×500 show the similar response but 

only in pre-peak region. In post peak region, the scatter occurs in Test(II)5-

125×250×500 as shown in dot line in Figure 4.90.  
 

 

Figure 4.90: Stress wedge-wedge expansion response of the prism Test(II)-125×250×500 

 

All parameter results of Test(II)-125×250×500 that was described in detail 

previously are listed in Table 4.6. The average values of all parameters are determined 
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based on the individual graph. These important parameter is of Test(II)-125×250×500 is 

discussed in detail below.  

 

Table 4.6: The important parameters of prism Test(II)-125×250×500 based on individual graph 

Prism Lp Pp Pwp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)4-125x250 x500 1293 646 1.29 21 1.15 0.58 0.26 0.79 0.40 0.34 
TEST(II)5-125x250 x500 1329 665 1.33 21 1.06 0.53 0.24 0.84 0.42 0.34 
TEST(II)6-125x250 x500 1309 654 1.31 21 0.99 0.50 0.26 0.74 0.37 0.31 

AVERAGE 1310 655 1.31 21 1.07 0.53 0.25 0.79 0.40 0.33 
 

Table 4.6 shows all parameters in axial and lateral directions of Test(II)-

125×250×500 are quite same. The peak of total axial load Lp varies between 1,293kN to 

1,329kN corresponds to total lateral at peak load Cp varies between 0.99mm to 1.15mm 

and to total lateral expansion varies between 0.74mm to 0.84mm. The average values of 

Lp, Cp and Ep based on the individual results are 1,310kN, 1.07mm and 0.79mm 

respectively. This means that axial deformation is larger than lateral deformation at the 

peak of applied load. 

Next is analysis one single wedge. The average values of load corresponds to the 

total axial contraction and to total lateral expansion of one single wedge of Test(II)-

125×250×500 are 655kN, 0.53mm and 0.40mm respectively.  

The peak of wedge load Pwp corresponds to the slip wedge Swp and wedge 

expansion Vwp of Test(II)-125×250×500 are quite similar as shown in columns 4 and 8 in 

Table 4.6. Based on the individual result, the average values of Pwp, Swp and Vwp are 

1.31kN/mm, 0.25mm and 0.33mm respectively. The lateral deformation due to micro-

cracking is slightly larger than the axial deformation due to micro-cracking.  

The peak of stress wedge σwp (column 5 in Table 4.6) of all prisms in Test(II)-

125×250×500 is the same.  

4.4.2.3  Tests at 125mm width and 125mm height (125×125×500) 

The relationship between total axial load L and total axial contraction C of prism 

Test(II)-125×125×500 can be seen in Figure 4.91. The response on ascending branch is 
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quite similar, however, a small scatter occurred on descending branch. The peak load of 

Test(II)8-125×125×500 is a slightly higher than the others as shown in a dot line in 

Figure 4.91. 

 

Figure 4.91: Total axial load-total axial contraction response of the prism Test(II)-125×125×500 

After peak load reached, the total axial contraction of prisms Test(II)7-

125×125×500 and Test(II)9-125×125×500 increases with a steady peak load while total 

axial contraction of prism Test(II)8-125×125×500  increase with a decrease of the load. 

The average values of Lp and Cp based on individual graph are 1,783kN and 0.97mm 

respectively.  

The analysis in one single wedge of prism Test(II)-125×125×500 is shown in Figure 4.92. The 
pattern is the same with the response of L-C in Figure 4.91. The average values of Pp and Cp/2 are 
891kN and 0.48mm respectively as summarised in  

Table 4.7. 

 

Figure 4.92: Axial load-C/2 response of the prism Test(II)-125×125×500 
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Once C/2 has been established, the axial load P versus the slip wedge Sw is 

determined by subtract the elastic contraction B from the total axial contraction of one 

single wedge C/2 (Figure 4.93). Up to αPp there is no micro-cracking, there is only 

elastic deformation. After that the axial deformation due to micro-cracking or slip wedge 

increases slightly up to peak load and it is followed by a significant increasing of slip 

wedge at post peak region. The same response is also shown in Figure 4.94. The average 

of peak load wedge Pwp is 1.78kN/mm corresponds to slip wedge Swp is 0.21mm. 

 

Figure 4.93: Axial load-slip wedge response of the prism Test(II)-125×125×500 

 

Figure 4.94: Load wedge-slip wedge response of the prism Test(II)-125×125×500 

 

The last part of the analysis in axial deformation is the wedge stress against the 

axial deformation due to micro-cracking or slip wedge (σw-Sw) as depicted in Figure 

4.95. The response is the same. Up to ασwp there is no deformation due to micro-

cracking or slip wedge, after that point the slip wedge increases slightly up to peak load 
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and increases considerably with a decreasing of stress wedge until the prism failed. The 

response of three prisms in Test(II)-125×125×500 are similar in pre-peak stress but 

small scatter occurs in post peak stress.  

 

Figure 4.95: Stress wedge-slip wedge response of the prism Test(II)-125×125×500 

 

The total axial load L and the total lateral expansion E response of Test(II)-

125×125×500 is shown in Figure 4.96. The graph indicates that the curves of all 

specimens in Test(II)-125×125×500 have similar pattern, no scatter on ascending region 

of the curve. However, small scatter happens on descending region of the curve. The 

average of total lateral expansion at peak load Ep is 1.06mm. 

 

Figure 4.96: Total axial load-total lateral expansion for Test(II)-125×125×500 

 

Analysis of one single wedge in lateral deformation that is relationship between 

load and total lateral expansion (P-E/2) is described. The P-E/2 graph has same pattern 
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with L-E graph because P-E/2 graph is L-E graph divided by 2. Figure 4.97 illustrates 

the relationship of P-E/2 of all experiment tests prism in Test(II)-125×125×500. The 

average of total lateral expansion over one single wedge at peak load Ep/2 is 0.53mm. 

 

 

Figure 4.97: Axial load – E/2 response of the prism Test(II)-125×125×500 

 

Figure 4.98 shows the Pp-Vw responses of Test(II)-125×125×500. The graph 

indicates a scatter occurred on descending region of Test(II)7-125×125×500 as shown in 

broken line while the descending region of Pp-Vw response on Test(II)7-125×125×500 

(as shown in unbroken line) and Test(II)8-125×125×500 (as shown in dot line) are 

similar. The average of the wedge expansion at peak load Vwp is 0.37mm.  

 

Figure 4.98: Axial load – wedge expansion response of the prism Test(II)-125×125×500 

 

Figure 4.99 illustrates the relationship between load and wedge expansion per 1 

mm wedge thickness Pw-Vw of prisms Test(II)-125×125×500. The graph indicates that 
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the similar response occurred in this graph like the P-Vw response before because Pw is P 

divided by prism length S (500mm). 

 

Figure 4.99: Load wedge – wedge expansion response of the prism Test(II)-125×125×500 

 

The response of stress wedge and wedge expansion of Test(II)-125×125×500 is 

depicted in Figure 4.100. The peak stress of Test(II)8-125×125×500 is slightly higher 

than other prisms. 

 

Figure 4.100: Stress wedge-wedge expansion response of the prism Test(II)-125×125×500 

 
The individual results of Test(II)-125×125×500 were described and compared to other prisms in the 
other prisms in the same size previously. The important parameters such as Lp, Pp, Pwp, σwp, Cp, Cp/2, 
σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp of all prisms of Test(II)-125×125×500 are listed in  

Table 4.7. Based on this individual result, the average parameter is determined. 
 

Table 4.7: The important parameters of prism Test(II)-125×125×500 based on individual graph 
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Prism Lp Pp Pwp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)7-125x125 x500 1769 884 1.77 28 0.92 0.46 0.20 0.99 0.49 0.36 
TEST(II)8-125x125 x500 1848 924 1.85 30 1.02 0.51 0.24 1.12 0.56 0.39 
TEST(II)9-125x125 x500 1732 866 1.73 28 0.96 0.48 0.19 1.08 0.54 0.37 

AVERAGE 1783 891 1.78 29 0.97 0.48 0.21 1.06 0.53 0.37 
 

 

Table 4.7 shows all parameters of Test(II)8-125×125×500 slightly higher than 

the other prisms. The total axial contraction at peak load Cp of all prisms in Test(II)-

125×125×500  is higher than total lateral expansion at peak load Ep. The same pattern 

also occurs on Cp/2and Ep/2 because these values are half than Cp and Ep respectively. 

However, the deformation due to micro-cracking in lateral directions Vwp is higher than 

in axial direction Swp. The wedge expansion Vwp varies in small range between 0.36mm-

0.39mm while the slip wedge Swp varies between 0.19-0.24mm.  

4.4.2.4  Tests at 100mm width and 200mm height (100×200×400) 

The relationship between total axial load and total axial contraction of prisms in 

Test(II)-100×200×400 can be seen in Figure 4.101. The graph indicates that the response 

of the prisms is quite similar. The total axial load at peak load Cp of Test(II)11-

100×200×400 and Test(II)12-100×200×400 are the same 0.91mm, while Test(II)10-

100×200×400 slightly lower 0.87mm. Hence the average values of Lp and Cp based on 

individual graph are 1,001kN and 0.89mm respectively. 

The P-C/2 relationship of prisms in Test(II)-100×200×400 is depicted in Figure 

4.102. The average values of axial load Pp and total axial contraction over one wedge at 

peak load Cp/2 are 501kN and 0.44mm respectively. The response of P against C/2 is 

half than the response of L against C. Hence the parameters Pp and Cp/2 are half than the 

parameters Lp and Cp. Hence the pattern of the response is same. 
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Figure 4.101: Total axial load-total axial contraction response of the prism Test(II)-100×200×400 

 

 

Figure 4.102: Axial load-C/2 response of the prism Test(II)-100×200×400 

 

The response of P-Sw of Test(II)-100×200×400 is depicted in Figure 4.103. The 

graphs indicate similar response of all concrete prisms in Test(II)-100×200×400. The 

axial load when the slip wedges start to develop are varies in a narrow range between 

294kN to 307kN. The values of slip wedge at peak load Swp are quite same those are 

between 0.22mm to 0.25mm and the average of slip wedge at peak load Swp is 0.23mm. 

The axial loads P in Figure 4.103 are divided by the prism length S (400mm) 

equal to the load wedge Pw are shown in Figure 4.104. The graph indicates the similar 

response of the slip wedge for a given load wedge. The average of load wedge is 

1.25kN/mm. 
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Figure 4.103: Axial load-slip wedge response of the prism Test(II)-100×200×400 

 

Figure 4.104: Load wedge-slip wedge response of the prism Test(II)-100×200×400 

 

The relationship between stress wedge σw and slip wedge Sw of Test(II)-

100×200×400 is illustrated in Figure 4.105. It can be seen that every concrete prism in 

Test(II)-100×200×400 has similar pattern. The slip wedge increases as stress wedge 

increases until the peak stress wedge reached. The slip wedge increases considerably 

with a decrease of stress wedge. The average of peak stress wedge σwp is 25MPa and the 

average of slip wedge at peak stress Swp is 0.23mm. 
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Figure 4.105: Stress wedge-slip wedge response of the prism Test(II)-100×200×400 

 

In lateral deformation analysis, the response of total axial load and total lateral 

expansion, L-E is analysed first as depicted in Figure 4.106. The graph illustrates the 

pattern of the L-E response is quite the similar for all test prisms in Test(II)-

100×200×400. The prism expands slowly up to peak load and after peak load the prism 

expands significantly until the prism failed. The average total lateral expansion at peak 

load Ep is 0.48mm. 

 

Figure 4.106: Total axial load-total lateral expansion for Test(II)-100×200×400 

 

Figure 4.107 shows the response of load and total deformation of one single 

wedge, P-E/2 in Test(II)-100×200×400. The average of total lateral expansion over one 

single wedge at peak load Ep/2 is 0.24mm. The response is the same with the L-E 

response. The next figure illustrates the axial load and wedge expansion of one single 
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wedge (Figure 4.108). The micro-cracking deformation in lateral direction or wedge 

expansion Vw is obtained by removing the elastic expansion from Ep/2. The wedge 

expansion increases slightly up to peak load. At peak load, the wedge expansion Vwp is 

0.18mm.  

 

Figure 4.107: Axial load – E/2 response of the prism Test(II)-100×200×400 

 

 

Figure 4.108: Axial load – wedge expansion response of the prism Test(II)-100×200×400 

 

The load wedge Pw is the load per 1 millimeter wedge thickness which is 

obtained from axial load P in Figure 4.108 divided by the length of concrete prism S. 

Hence the Pw-Vw graphs of Test(II)-100×200×400 have the same pattern with P-Vw 

graphs as shown in Figure 4.109.  

 Figure 4.110 illustrates the stress wedge σw and the wedge expansion Vw response 

of prisms Test(II)-100×200×400. The concrete prisms in this size show the similar 
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pattern response. The wedges start to form in lateral direction when the stress reaches 

between 14MPa to 15MPa. The average of peak stress wedge σwp is 25MPa and the 

average wedge expansion at peak stress Vwp is 0.18mm. 

 

Figure 4.109: Load wedge – wedge expansion response of the prism Test(II)-100×200×400 

 

Figure 4.110: Stress wedge-wedge expansion response of the prism Test(II)-100×200×400 

 

All the parameter results of the prisms Test(II)-100×200×400 are listed in    

Table 4.8. The average value of all parameters is determined based on individual results 

test. The important parameters are discussed in detail below.  
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Table 4.8: The important parameters of prism Test(II)-100×200×400 based on individual graph 

Prism Lp Pp Pp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)10-100×200×400 1024 512 1.28 26 0.87 0.43 0.22 0.47 0.24 0.16 
TEST(II)11-100×200×400 979 490 1.23 24 0.91 0.45 0.24 0.50 0.25 0.19 
TEST(II)12-100×200×400 1001 500 1.25 25 0.91 0.45 0.25 0.48 0.24 0.18 

AVERAGE 1001 501 1.25 25 0.89 0.44 0.23 0.48 0.24 0.18 
 

The parameters in axial and lateral directions of prism Test(II)-100×200×400 

looks identical. The parameters of three prisms vary in narrow range. The total axial 

contraction at peak load Cp higher very significant than total lateral expansion Ep that is 

almost two times than Ep for all prisms in Test(II)-100×200×400. The average values of 

Cp and Ep are 0.89mm and 0.48mm respectively. The same comparison occurs in one 

single wedge analysis. At peak load, Cp/2 is two times higher than Ep/2. The average 

value of Ep/2 is 0.24mm while Cp/2 is 0.44mm.  

The micro-cracking starts to form in axial and lateral direction at αPp. It means 

that the micro-cracking deformation start at the same time, however at peak load, axial 

deformation due to micro-cracking or slip wedge is 0,23mm while lateral deformation 

due to micro-cracking is only 0.18mm.  

4.4.2.5  Tests at 75mm width and 150mm height (75×150×300) 

Figure 4.111 illustrates the relationship L-C of prism Test(II)-75×150×300. It can 

be seen that the trend of the curves is very identical in pre-peak region while small 

scatter happen in post peak region. Total axial contraction at peak load Cp slightly larger 

than other prisms. The parameter Cp of Test(II)15-75×150×300 is 0.90mm while 

Test(II)13-75×150×300 is only 0.75mm and Test(II)14-75×150×300 is 0.79mm. The 

average values of Lp and Cp are 634kN and 0.82mm respectively. 
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Figure 4.111: L-C response of the prism Test(II)-75×150×30 

 

Figure 4.112 shows the relationship between axial load and total axial 

contraction over a single wedge only of prism Test(II)-75×150×300. The graph 

illustrates the same trend with Figure 4.111. The average values of peak Pp is 317kN and 

Cp/2 is 0.41mm. 

 

Figure 4.112: Axial load-C/2 response of the prism Test(II)-75×150×300 

 

Figure 4.113 illustrates relationship between the axial load P and the slip wedge 

Sw of prisms Test(II)-75×150×300. The graphs indicate that the responses of all concrete 

prisms in Test(II)-75×150×300 are very similar but slight scatter at post peak region. 

The values of slip wedge at peak load Swp of prism Test(II)15-75×150×300 slightly 

larger than others. The same trend occurs on Pw-Sw and σw-Sw in Figure 4.114 and Figure 

4.115 respectively. 
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Figure 4.113: Axial load-slip wedge response of the prism Test(II)-75×150×300 

 

Figure 4.114: Load wedge-slip wedge response of the prism Test(II)-75×150×300 

 

 

Figure 4.115: Stress wedge-slip wedge response of the prism Test(II)-75×150×300 
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The relationship of total axial load and total lateral expansion L-E of prism 

Test(II)-75×150×300 is depicted in Figure 4.116. It can be seen that the trend of the 

curves is identical in pre-peak and post peak regions. Total axial expansion at peak load 

Ep of Test(II)13-75×150×300 and Test(II)14-75×150×300 is the same 0.28mm while 

Test(II)15-75×150×300 is 0.32mm. The average value of Ep is 0.29mm. The same trend 

is shown in P-E/2 response (Figure 4.117) 

 

 

Figure 4.116: Total axial load-total lateral expansion for Test(II)-75×150×300 

 

 

Figure 4.117: Axial load – E/2 response of the prism Test(II)-75×150×300 

 

Figure 4.118 illustrates relationship between the axial load P and the wedge 

expansion Vw of prisms Test(II)-75×150×300. The graph indicates that the trend of the 

responses is similar. The values of wedge expansion at peak load Vwp is same between 

Test(II)13-75×150×300 and Test(II)14-75×150×300 while Test(II)15-75×150×300 
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slightly larger. The average of wedge expansion at peak load Vwp is 0.11mm. The same 

trend is shown in Pw-Vw and σwp-Vwp responses (Figure 4.119 and Figure 4.120) 

 

 

Figure 4.118: Axial load – wedge expansion response of the prism Test(II)-75×150×300 

 

 

Figure 4.119: Load wedge – wedge expansion response of the prism Test(II)-75×150×300 
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Figure 4.120: Stress wedge-wedge expansion response of the prism Test(II)-75×150×300 

 

Table 4.9 shows the parameters of prisms Test(II)-75×150×300 such as Lp, Pp, 

Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, and Vwp. The average values of those parameters are 

determined based on the individual results graph.  

 

Table 4.9: The important parameters of prism Test(II)-75×150×300 based on individual graph 

Prism Lp Pp Pp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)13-75×150×300 624 312 1.04 28 0.75 0.38 0.15 0.28 0.14 0.10 
TEST(II)14-75×150×300 633 317 1.06 28 0.79 0.40 0.17 0.28 0.14 0.10 
TEST(II)15-75×150×300 644 322 1.07 29 0.90 0.45 0.21 0.32 0.16 0.13 

AVERAGE 634 317 1.06 28 0.82 0.41 0.18 0.29 0.15 0.11 
 

The parameters of prisms Test(II)-75×150×300 are consider same. The 

parameter Cp is larger considerably than the parameter Ep. The average of Cp is large as 

0.82mm while Ep is only 0.29mm. This means that at peak load, the prism deform in 

axial direction almost three times than deform in lateral direction. The same trend also 

occurs in one wedge analysis. The average of Cp/2 is 0.41mm while Ep/2 is only 

0.15mm. However, in micro-cracking deformation, slip wedge at peak load Swp is 

0.18mm and wedge expansion Vwp is 0.11mm.   
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4.4.2.6  Tests at 50mm width and 100mm height (50×100×200) 

The L-C relationship of prisms in Test(II)-50×100×200 is depicted in Figure 

4.121. The curves trend is similar on ascending branch, however, a small difference of 

peak total axial load Lp occurred on Test(II)16-50×100×200 while the total axial 

contraction at peak load Cp of the prisms is similar (see again columns 2 and 4 in Table 

4.10). The peak total axial load of Test(II)16-50×100×200 is 312kN that is lower than 

other prisms. Test(II)17-50×100×200 and Test(II)18-50×100×200 are 340kN and 345 

respectively. The average values of Lp and Cp are 332kN and 0.51mm respectively. 

Prism Test(II)16-50×100×200 failed at L approximately 210kN corresponds to C is 

1.2mm The same trend happens on P-C/2 as shown in Figure 4.122. 

 

 

Figure 4.121: Total axial load-total axial contraction response of the 
prism Test(II)-50×100×200 

 

\ 

Figure 4.122: Axial load-C/2 response of the prism Test(II)-50×100×200 
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Figure 4.123 shows the P-Sw responses of three prisms in Test(II)-50×100×200. 

The three concrete prisms show the similar pattern on pre peak response. However the 

small scatter occurred in post peak branch of the P-Sw response. The peak of axial load 

of Test(II)16-50×100×200 lower than other prisms. However the slip wedge at peak load 

Swp of all prisms is the same 0.12mm. The same pattern occurs on P-Sw and σw-Sw. The 

peak wedge stress σwp is 31MPa, 34MPa and 35MPa for Test(II)16-50×100×200, 

Test(II)17-50×100×200 and Test(II)18-50×100×200 respectively. 

 

Figure 4.123: Axial load-slip wedge response of the prism Test(II)-50×100×200 

 

 

Figure 4.124: Load wedge-slip wedge response of the prism Test(II)-50×100×200 
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Figure 4.125: Stress wedge-slip wedge response of the prism Test(II)-50×100×200 

 

Figure 4.126 shows the relationship of L-E of Test(II)-50×100×200. The graph 

illustrates the prisms start to expand when applied load approximately 300kN. After that 

the prisms expand slightly until the peak load reached. The total lateral expansion at 

peak load is between 0.17mm-0.20mm. The prisms expand significantly after the peak 

load reached. The big scatter occurs on post peak response. The same pattern is shown in 

P-E/2 response (Figure 4.127). 

 

Figure 4.126: Total axial load-total lateral expansion for Test(II)-50×100×200 
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Figure 4.127: Axial load – E/2 response of the prism Test(II)-50×100×200 

 

Figure 4.128 shows the P-Vw responses of Test(II)-50×100×200. The graph 

indicates the deformation due micro-cracking occurs near the peak load. After that the 

micro-cracking develop significantly until the prism failed. The wedge expansion at 

peak load Vwp is between 0.07mm to 0.09mm. The scatter looks on the response. The 

same trends occur on Pp-Vw and σw-Vw responses as shown in Figure 4.129 and Figure 

4.130 respectively. 

 

 

Figure 4.128: Axial load – wedge expansion response of the prism Test(II)-50×100×200 

 



 

266 

 

 
Figure 4.129: Load wedge – wedge expansion response of the prism Test(II)-50×100×200 

 

 

Figure 4.130: Stress wedge-wedge expansion response of the prism Test(II)-50×100×200 

 

Table 4.10 shows the parameters of concrete prism Test(II)-50×100×200 such as 

Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, Ep/2, Vwp and the average values of those parameters.  

 
Table 4.10: The important parameters of prism Test(II)-50×100×200 based on individual graph 

Prism Lp Pp Pwp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm) 
1 2 3 4 5 6 7 8 9 10 11 

TEST(II)16-50×100×200 312 156 0.78 31 0.51 0.25 0.12 0.19 0.09 0.08 
TEST(II)17-50×100×200 340 170 0.85 34 0.49 0.25 0.12 0.20 0.10 0.09 
TEST(II)18-50×100×200 345 173 0.86 35 0.53 0.27 0.12 0.17 0.09 0.07 

AVERAGE 332 166 0.83 33 0.51 0.26 0.12 0.19 0.09 0.08 
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The table shows there is small scatter on the peak values of total axial load Lp, 

axial load per one single wedge Pp, the load wedge Pwp, the stress wedge σwp of 

Test(II)16-50×100×200. While the total axial contraction Cp, the total axial contraction 

of one single wedge Cp/2, total lateral expansion Ep, total lateral expansion of one single 

wedge Ep/2, and wedge expansion Vwp are similar for all prisms and the slip wedge at 

peak load Swp is same 0.12mm.  

The total axial contraction Cp is much larger than the total lateral expansion Ep. 

The average of Cp and Ep is 0.51mm and 0.19mm respectively. However the axial 

deformation due to micro-cracking Swp 0.12mm is slightly larger than the lateral 

deformation due to micro-cracking Vwp 0.08mm.  

 

4.4.3 Comparison of Axial Deformation 

The same method is used as was used in the first set of experimental test. The 

individual results tests in one size are plotted together in one graph and then the average 

curve of every size is determined and compared to other size of prisms.  

There are two types of analysis; first set of analysis is for the prisms with ratio 

width to height to length are 1:2:4 (type sizes of 2, 4, 5, and 6 in Table 4.4). This 

analysis is exactly same with the first set of experimental test analysis. This analysis 

refers to Test (II) A. The “II” indicate the second experimental test. The second set of 

analysis is for prisms with ratio height to width are 3, 2 and 1 (type sizes of 1, 2 and 3 in 

Table 4.4) and it refers to Test (II) B.  

4.4.3.1 Total Axial Load – Total Axial Contraction Relationship 

The average of L-C curves of prisms Test(II)-125×250×500, Test(II)-

100×200×400, Test(II)15-75×150×300 and Test(II)15-50×100×200 in Section 4.4.2 are 

quantified in order to compare each other and to see the size effect of this research. To 

determine the average curve, first make the same interval of total axial contraction C 

then the average of total axial load L is calculated for a given C. 

For example the average of L-C curves of prisms Test(II)-125×250×500 is 

determined. The same interval of total axial contraction C is determined first such as 

0.001mm on every curve in prism Test(II)-125×250×500. Then the average of total axial 
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load L was calculated as (L1+L2+ L3)/3 where L1, L2 and L3 were the total axial load of 

Test(II)7-125×250×500, Test(II)8-125×250×500 and Test(II)9-125×250×500 

respectively for a given total axial contraction. The same procedure is used to determine 

the average curve for other sizes prism. After that, the average curves are compared to 

other sizes prism. 

Figure 4.131 shows the average of L-C curves for the prisms with ratio width to 

height to length are 1:2:4 [Test(II)A]. The value of Cp increases with an increase of the 

prism size. Bigger size of prism has steeper L-C curve. This means that the axial 

deformation is affected by specimen size. 

 
 

Figure 4.131: The average of total axial load-total axial contraction 
graph of Test (II) A 

 

The comparison of the L-C response of Test (II) B is shown in Figure 4.132. The 

values of Cp are quite the same that is in a very narrow range between 1.02mm to 

1.08mm. The peak of total axial load Lp of Test(II)-125×250×500 (as shown in unbroken 

line) slight higher than Test (II)-125×375×500 (as shown in dot line) while Lp of 

Test(II)-125×125×500 (as shown in broken line) considerable higher than Test(II)-

125×375×500. Therefore slight variation differences in peak load between slenderness 

ratios (H/W) 2 and 3, however, significant variations on slenderness ratio 1 to others. A 

decreasing the slenderness ratio results increasing the total axial load Lp. It means that 

the peak load Lp is affected by the ratio of height to width however the total axial 

contraction Cp is not affected by the ratio of height to width. 
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Figure 4.132: The average of total axial load-total axial contraction 

graph of Test (II) B 

  

The peak of total axial load Lp correspond to total axial contraction Cp each sizes 

which are determined from the average graph are summarized in Table 4.11. It should be 

mention that this average values based on the average curve.  
Table 4.11: Average of the peak value of concrete prism based on average curves (TEST II) 

Size 
Type Prism 

 Lp Pp Pwp σwp Cp C p/2 Swp Ep E p/2 Vwp 

(kN) (kN) (kN/mm) (MPa) (mm) (mm) (mm) (mm) (mm) (mm)

1 2 3 4 5 6 7 8 9 10 11 12 
1 TEST(II)-125×375×500 1161 582 1.16 19 1.07 0.54 0.26 0.53 0.26 0.19 
2 TEST(II)-125×250×500 1308 655 1.31 21 1.08 0.54 0.26 0.79 0.40 0.34 
3 TEST(II)-125×125×500 1782 891 1.78 29 1.02 0.50 0.24 1.13 0.57 0.39 
4 TEST(II)-100×200×400 1001 500 1.25 25 0.88 0.44 0.23 0.49 0.24 0.17 
5 TEST(II)-75×150×300 632 316 1.05 28 0.80 0.40 0.18 0.29 0.15 0.11 
6 TEST(II)-50×100×200 331 166 0.83 33 0.50 0.25 0.12 0.18 0.09 0.08 

 

4.4.3.2 Axial Load – Total Axial Contraction of a Wedge 

The same trend is shown in axial load and total axial contraction of a wedge, P-

C/2 response as shown in Figure 4.133 and Figure 4.134 for Test(II)A and Test(II)B 

respectively. The average graph of P-C/2 is obtained by dividing the L-C graph in Figure 

4.131 by 2. Cp/2 is total axial contraction of one wedge when the peak load Pp reached. 

The parameters can be seen in  

. 
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Figure 4.133 illustrates the average curve of P-C/2 with ratio width to height to 

length are 1:2:4 [Test(II)A]. The graph indicates that the axial deformation is affected by 

the specimen size.  

 
Figure 4.133: The average of axial load-C/2 graph of Test (II) A 

 

The effect of the prism height is shown Figure 4.134. The graph illustrates the 

average graphs of prism with ratios of height to width are 3, 2 and 1 [Test (II) B]. The 

prism height decreases with increasing the total axial load Lp. The ratio of height to 

width give an effect to the load however the ratio H/W not affects to axial deformation.  

 
Figure 4.134: The average of axial load-C/2 graph of Test (II) B 

 

The parameters of Cp/2 and Pp for every size of prism which are determined from 

the average graph can be seen in Table 4.11. 

After analysed the load and axial deformation in one single wedge, next slip 

wedge for a given axial load is analysed. 
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4.4.3.3 Axial Load – Slip of Wedge Relationship 

The relationship between axial load P and slip wedge Sw of every size of prism is 

described and depicted in Section 4.4.2 previously. The average graph of each size is 

quantified and shown in Figure 4.135 and in Figure 4.136 of Test (II) A and Test(II) B 

respectively. To determine the average curve the same method is used as was explained 

in detail in Sections 4.4.3.1 on page    267. Initially the same interval of slip wedge Sw is 

determined then the average of axial load P is calculated for a given Sw. 

The average graph of Test (II) A is shown in Figure 4.135. All size shows the 

same pattern. The slip wedge Sw commences when the axial loads P are 102kN, 195kN, 

307kN and 397kN of Test(II)-50×100×200, Test(II)-75×150×300, Test(II)-

100×200×400 and Test(II)-125×250×500 respectively. Before these loads, there is no 

micro-cracking only the elastic contraction happens. The slip wedge at peak load Swp 

increased as the size of prism increased. Swp of Test (II) A is between 0.12mm – 

0.26mm.  

 
Figure 4.135: The average of axial load-slip wedge graph of Test (II) A 

 

Consider analysis Test (II) B in Figure 4.136, the slip wedge at peak load Swp of 

the prism with difference height were almost the same around 0.26mm except Test(II)-

125×125×500 slightly lower than others around 0.24mm. This means that the slip due to 

micro-cracking or slip wedge Swp is independent of the H/W ratio. 
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Figure 4.136: The average of axial load-slip wedge graph of Test (II) B 

 

The parameters of Swp for each size of prism can be seen in Table 4.11. After slip 

wedge for a given axial load is analysed, next step slip wedge for a given wedge load is 

analysed. This wedge load is the axial load divided by prism length S.  

4.4.3.4 Load Wedge – Slip of Wedge Relationship 

Now the axial load P as described previously divided by the length of the prism 

S. The individual result is plotted in same size as presented in Section 4.4.2. The average 

of those graphs is determined by using the same method as was described previously. 

First the same interval of slip wedge is determined then calculated the average of the 

load wedge for a given slip wedge. As a result the average curves of every size is shown 

in Figure 4.137 of Test (II) A and Figure 4.138 of Test (II)B. 

 
Figure 4.137: The average of load wedge-slip wedge graph of Test (II) A 
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Figure 4.137 shows decreasing the size of prism causes decreasing the load 

wedge maximum Pwp. Pwp increased significantly between Test(II)-50×100×200, 

Test(II)-75×150×300 and Test(II)-100×200×400 but increased slightly between Test(II)-

100×200×400 and Test(II)-125×250×500.  

 
Figure 4.138: The average of load wedge-slip wedge graph of Test (II) B 

 

Figure 4.138 illustrates the analysis Test (II) B. The graph indicates that the peak 

of load wedge Pwp increased as the height of prism decreased therefore the load wedge is 

affected by the H/W ratio however slip of the wedge is not affected by H/W. 

4.4.3.5 Stress wedge – Slip wedge Relationship 

The individual relationship between stress wedge and slip wedge of the prisms at 

the same size was discussed previously in Section 4.4.2. In this section the average of 

these responses is quantified and compared with others size. The average graph is 

determined using the same method as was used to determine the average graph of L-C in 

Section 4.4.3.1 in page 267. The average curve is plotted in Figure 4.139 and Figure 

4.140 for Test (II) A and Test (II) B respectively.  
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Figure 4.139:  The average of stress wedge-slip wedge graph of Test (II) A 

 

Figure 4.139 illustrates the peak of stress wedge σwp increased with decreasing 

the size of the prism. It indicates that the peak wedge stress of the prism is affected by 

the size of specimens. This phenomenon also occurred in the first set of experimental 

test. The slip wedge at peak stress Swp varies depends on the prism size. The bigger size 

of prism causes the larger slip wedge. 

  

Figure 4.140: The average of stress-slip wedge graph of Test (II) B 

 

Figure 4.140 illustrates the stress wedge-slip wedge response of three different 

ratios a height to width. It can be seen that decreasing the prism height causes increasing 

the peak of wedge stress. The slip wedge at peak load Swp is not vary but same although 

the prism height decreases. This means that the slip wedge not affected by the 

slenderness ratio.  
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Friction restraint between prisms and loading platen cause a horizontal 

confinement at the ends of the prisms. This confined region is reduces with increasing 

distance from the specimen ends. In tall prism the unconfined region is larger than the 

short prism. In the short prism almost the whole prism is confined. The failure of 

concrete commence in the unconfined region at lower load. Hence the taller prism shows 

lower peak of wedge stress than shorter prism. 

 The peak of stress wedge increase approximately 54% due to the reducing of the 

prism ratio a height to width from 3 to 1. Meanwhile, the prism ratio a height to width was 

reduced from 2 to 1 the peak of stress wedge increase only 13% (Figure 4.141). The similar 

result was also occurred on other researcher (Sangha and Dhir 1972). 

 

Figure 4.141: Relative strength-height of prism graph 

 

The important parameters of analyses in axial deformation previously are listed 

in Table 4.11. After analysed the comparison in axial deformation, comparison the 

deformation in lateral direction is explained in details in the next section. The steps of 

the analysis are same with analysis the deformation in axial direction.  

  

4.4.4 Comparison of Lateral Deformation 

4.4.4.1 Total Axial Load – Total Lateral Expansion Relationship 

The average curve of total axial load and total lateral expansion, L-E response of 

every size is determined then compared to other sizes. The average curve is obtained by 

using the same method as was used for other analyses previously. Figure 4.142 
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illustrates the comparison L-E curves of four different sizes [Test (II) A]. It can be seen 

that the slope of ascending branch of the curves is the same. It means that the ascending 

slope of L-E response is not affected by the size of prism. Contrary to the relationship 

between total axial load and total axial contraction, L-C where the slope of ascending 

branch depend on the prism size (see again Figure 4.131). The same behaviour occurred 

on the first set of experimental test (Chapter 3).  

The graph indicates that the total lateral expansion Ep varies between 0.18mm to 

0.79mm. A reduction the size of prism results a decrease of lateral expansion of prism, 

Ep. The values of Ep are smaller than total axial contraction Cp for all size (see Table 

4.11). Total axial deformation is larger than total lateral deformation at peak load. 

 
Figure 4.142: The average of L-E graph of Test(II) A 

 

The analysis of Test (II)B is shown in Figure 4.143. The graph indicates that the 

slope of ascending branch of the curves is the same. The ascending slope of L-E of Test 

(II) B response is not influenced by the prism height. The pre peak response of load 

versus lateral deformation is not affected by the prism size. However the post peak 

response is affected by the prism size. 
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Figure 4.143: The average of L-E graph of Test (II) B 

 

The value of Ep of Test (II) B varies between 0.53mm to 1.13mm. The total 

lateral expansion Ep increases with decreasing the prism height. It means that the total 

lateral expansion Ep is affected by H/W ratio however the total axial contraction Cp is not 

affected by H/W ratio. 

4.4.4.2 Axial Load – Total Lateral Expansion of a Wedge 

The L-E is the relationship between load and lateral deformation of the whole 

prism while P-E/2 is the relationship between load and lateral deformation of a wedge 

hence P-E/2 graph is obtained by dividing L-E graph with 2. Hence P-E/2 response is 

the same with the pattern of L-E response. 

The average of P-E/2 graph is shown in Figure 4.144 and Figure 4.145 for 

Test(II)A and Test(II)B respectively. Figure 4.144 illustrates Ep/2 of Test (II) A varies 

between 0.09mm to 0.40mm. These values are listed in Table 4.11. The lateral 

deformation is affected by the size of the prism. 
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Figure 4.144: The average of axial load – E/2 graph of Test (II) A 

 

 
Figure 4.145: The average of axial load – E/2 graph of Test (II) B 

 

The value of Ep/2 of Test (II) B varies between 0.53mm to 1.13mm. The total 

lateral expansion Ep/2 increases with decreasing the prism height. The parameter of Ep 

of each size is listed in Table 4.11 

4.4.4.3 Axial Load – Wedge Expansion Relationship 

The total lateral expansion of a wedge E/2 is consists of elastic expansion and 

expansion due to micro-cracking Vw. Thus the wedge expansion Vw is obtained by 

subtracting the elastic expansion from the total lateral expansion of a wedge E/2. The 

average graph uses the same method as was used by other analyses before. 

Figure 4.146 shows the relationship between axial load and wedge expansion in 

Test (II) A. The graph indicates that the average wedge expansion on peak load Vwp is on 
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the range between 0.08mm-0.34mm. The wedge expansion at peak load Vwp increases as 

the size of prism increase therefore dependent of the prism size. 

 

Figure 4.146: The average of axial load – wedge expansion graph of Test (II) A 

  

Figure 4.147 illustrates the analysis Test (II) B. The graph indicates that the peak 

of load Pp increases as the H/W ratio decreases and the wedge expansion at peak load 

Vwp increases as the H/W ratio decreases. The parameter Vwp is between 0.26m to 

0.57mm. 

 

Figure 4.147: The average of axial load – wedge expansion graph of Test (II) B 

After analysis the average of axial load and wedge expansion P-Vw response of 

Test (II) A and Test (II) B, next wedge expansion for a given load wedge is analysed.  

4.4.4.4 Load Wedge – Wedge Expansion Relationship 

The axial load P from the previous section is divided by the length of the prism S 

equal to wedge load Pw in kN/mm. The next two figures (Figure 4.148 and Figure 4.149) 
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present the load wedge Pw against wedge expansion Vw of Test (II) A and Test (II) B 

respectively.  

The graphs show the wedge expansion commences prior to peak load wedge. For 

example Test(II)-50 as shown in a dot line in Figure 4.148, the wedge not expand 

laterally up to load wedge Pw approximately 0.8kN/mm then expands very slowly up to 

peak wedge load 0.83kN/mm however after that point the wedge expand significantly in 

lateral direction as the load decrease.   

 
Figure 4.148: The average of load wedge – wedge expansion graph of Test (II) A 

 

Figure 4.149 illustrates the lateral deformation due to micro-cracking in lateral 

direction or wedge expansion Vw occurs under increasing load wedge Pw. The micro-

cracking is not occur until the load wedge approximately 1kN/mm (higher than αPw) on 

Test(II)-125×375×500 as shown in broken line in Figure 4.149, as the load wedge 

increase the micro-cracking develop laterally up to peak load wedge 1.16kN/mm. After 

that the micro-cracking develop significantly until the prism failed. The same pattern 

occurs on Test(II)-125×250×500, the micro-cracking commences prior the peak load. 

While Test(II)-125×125×500 as shown in broken line, the micro-cracking start to 

develop at load wedge Pw approximately 1.05kN/mm (that is αPw). It increases as 

increasing the load wedge up to peak load and increase significantly on post peak region 

until the prism failed. 
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Figure 4.149: The average of load wedge – wedge expansion graph of Test (II) B 

 

The parameter of Pw and Vw are listed in Table 4.11. The last analysis in lateral 

deformation is the wedge expansion for a given stress wedge. 

4.4.4.5 Stress wedge – Wedge expansion Relationship 

The average of the relationship between stress wedge and wedge expansion for 

each size is found out and depicted in Figure 4.150 for analysis Test (II) A and Figure 

4.151 for analysis Test (II) B. It shown that wedge expansion at peak stress Vwp between 

0.08mm to 0.34mm. The peak of wedge stress σwp increases when the prism size 

decreases while the wedge expansion Vwp increases as the prism size increases. This 

means that the stress wedge and wedge expansion are size dependent. The peak stress 

σwp corresponding to wedge expansion Vwp are listed in Table 4.11. The relationship of 

stress wedge σwp and wedge expansion Vwp of Test (II)B is depicted in Figure 4.151. The 

pattern is same with the relationship load wedge-wedge expansion Pw and Vw because 

the stress wedge σwp is the load wedge divided by the depth of the wedge dw. The depth 

of the wedge for Test(II) B is same. 
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Figure 4.150: The average of stress wedge-wedge expansion graph of Test (II) A 

 

 

Figure 4.151: The average of stress wedge-wedge expansion graph of Test (II) B 

 

The parameters of all concrete prisms such as Lp, Pp, Pwp, σwp, Cp, Cp/2, Swp, Ep, 

Ep/2, and Vwp are listed in Table 4.11. It should be noted that this important parameter 

based on average graph. Column 1 in Table 4.11 indicates the size type. The size type 

2,4,5 and 6 refers to Test(II) A where the ratio W/H/S is same 1:2:4 while size type 1, 2 

and 3 refers to Test(II) B where H/W ratio are 3,2 and 1 respectively. 

The stress wedge σwp that is represented in column 6, increases as the slenderness 

ratio (H/W) of prism decrease due to influence of the confining effect. The frictional 

restraints occur due to interaction between platens and specimen. As a result, the horizontal 

confinement occurs to at the top and bottom edges of the prisms. Hence for the short prism 

[Test(II)-125×125×500], the confined zone include the most of the specimen, while the 
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relatively large unconfined area develop when the specimens height increase. Therefore 

higher peak stress occurs at shorter prism. The similar behaviour have been observed by 

some researchers, e.g. Kotsovos (1983), Sangha and Dhir (1972), Van Vliet and Van Mier 

(1996), Van Mier and Shah et al (1997). The same pattern occurs in total axial load Lp, axial 

load Pp and load wedge Pwp. While a stress reduction occurs with increase in the prism size 

[Test(II)A].   

The deformation in axial direction at peak such as the total contraction load Cp, Cp/2 

and deformation due to micro-cracking Sw of prism different H/W ratio has almost the same 

value. While the deformation in lateral direction such as the total lateral expansion Ep, Ep/2 

and wedge expansion Vwp increase as the H/W ratio decreases. With the same amount of 

axial deformation to all prisms cause the bigger lateral deformation to the shorter prism. 

On the other hand, the axial and lateral deformations vary and depend on the prism 

size. The deformation in axial and lateral directions increases as the size of the prism 

increases.  

At peak stress, total axial contraction Cp of all prism size considerable higher than 

total lateral expansion Ep. This means up to peak stress total deformation in axial direction is 

much higher than total deformation in lateral direction except TEST(II)-125×125×500 at 

which the slenderness (H/W) ratio 1, the deformations are almost similar. However, at peak 

stress there is slight difference between axial deformation and lateral deformation due to 

micro-cracking (Swp and Vwp). This means that elastic contraction give more influence to the 

axial total deformation. The elastic contraction consists of material contraction, dental paste 

contraction and bedding down. 

 

4.4.5 Wedges Analysis 

The total deformation and micro-cracking deformation in both directions and the 

comparison results of all prisms have been analysed and discussed above. Next in this 

section behaviour of micro-cracking deformation or the wedges is analysed more detail. 

Begin with axial direction or slip wedge followed by deformation in lateral direction or the 

wedge expansion. 
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4.4.5.1 Stress wedge Wedge – Slip Wedge Relationship 

One of the aims of this research develops the generic expression to simulate the 

stress wedge for a given slip wedge. Figure 4.152 illustrates the average graph of the stress 

and slip wedge of Test(II)A. The graph indicates that the peak of stress wedge σwp and slip 

wedge at peak stress Swp are vary and depend on the prism size. The phenomenon may 

become clearer when non-dimensionalised of stress wedge-slip wedge is plotted.  

 
Figure 4.152: The stress-slip wedge of different size of prism-Test(II)A 

The non-dimensionalised of σw-Sw is obtained by dividing the stress and slip wedge 

with the peak of stress and peak of slip wedge respectively. The non-dimensionalised of 

stress-slip wedge curves for all size is depicted in Figure 4.153. The graph illustrates the 

similar trend. The differences in the response for prisms almost disappear completely. The 

expression to represent the normalised stress of the wedge σw/fp in terms of Sw/ Swp is given in 

Eq. 4.3. 

 
Figure 4.153: Non-dimensionalised stress wedge-slip wedge of Test (II) A 
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 Eq. 4.3 

where σw is the wedge stress, fp is the average of the peak stress wedge σwp that is 

27MPa, Sw and Swp are slip wedge and slip wedge at peak stress respectively. Swp is a 

function of depth of wedges dw that is, it varies with prism width W as shown in Figure 

4.154. It was assumed the wedge full develop hence the depth of the wedge dw is half than 

prism width W. An expression for Swp in terms of dw is given in Eq. 4.4. 

 

wwp dS 0044.0�  Eq. 4.4 

 
Figure 4.154: Slip wedge at peak stress wedge over depth of wedge graph of TEST (II) A 

 

The mathematical expression of Sw/ Swp for a given σw/fp as given in Eq. 4.3 shows 

the theoretical results fit well with the experimental tests, as shown in Figure 4.155, Figure 

4.156, Figure 4.157 and Figure 4.158 for Test(II)-50×100×200, Test(II)-75×150×300, 

Test(II)-100×200×400 and Test(II)-125×250×500 respectively. 
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Figure 4.155: Stress-slip comparison response of Test(II)-50×100×200 

 

 
Figure 4.156: Stress-slip comparison response of Test(II)-75×150×300 

 

 
Figure 4.157: Stress-slip comparison response of Test(II)-100×200×400 
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Figure 4.158: Stress-slip comparison response of Test(II)-125×250×500 

 

Mathematical expression for different slenderness ratio [Test(II)B] is also developed 

to quantify the behaviour of the axial deformation due to micro-cracking for a given stress. 

The steps of analysis are the same as was used to determine the equation in different size 

above. First the relationship between stress and slip wedge is represented again in Figure 

4.159. Then the non-dimensionalised curve of σw-Sw is determined as shown Figure 4.160 in 

order to get a good comparison between the curves. The normalised slip wedges are shown 

as a function of the normalised stresses. The normalised slip wedges and stresses are slip 

wedges and stresses divided by peak slip wedge and peak stress respectively. The scatter 

occurs on Test(II)-125×125×500 on post peak stress. 

 
Figure 4.159: The stress-slip wedge of different slenderness ratio of prism-Test(II)B 
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Figure 4.160: Non-dimensionalised stress-slip wedge of Test (II) B 

 

The mathematical equation is quantified in order to represent the normalised stress-

slip wedge in Figure 4.160. This expression of relative stress wedge σw/fp in terms of Sw/Swp 

is given as  
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 Eq. 4.5 

The slip wedge at peak load Swp of prism in difference slenderness ratio is in a 

narrow range between 0.24mm to 0.26mm as listed in Table 4.11 in page 269. Thus the 

average of Swp is determined equal to 0.25mm. Therefore Eq. 4-5 turns into 

 

�  �  59.1204.0- exp 63.31828.0 22 ����� wwww
p

w SSSS
f
�

  
 Eq. 4.6 

 

The expression in Eq.4-6 shows that the relationship of stress and slip wedge in 

different slenderness ratio is not depend on the depth of the wedge dw. This equation then 

compare with experimental result as shown in Figure 4.161, Figure 4.162 and Figure 4.163 

for Test(II)-125×125×500, Test(II)-125×250×500 and Test(II)-125×375×500 respectively. 
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Figure 4.161: The stress-slip comparison response of Test(II)-125×125×500 

 

The scatter occurs on comparison between experimental and theoretical in Test(II)-

125×125×500 in Figure 4.161 but still acceptable. This happens because the response of 

Test(II)-125×125×500 is not the same line as shown in Figure 4.160 while the Eqs. 4.5 and 

4.6 are determined by using that line. Hence the general mathematical expression at Eq. 4.6 

can be used. 

 

 
Figure 4.162: The stress-slip comparison response of Test(II)-125×250×500 
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Figure 4.163: The stress-slip comparison response of Test(II)-125×375×500 

 

The wedge analysis in axial direction and the general expression to represent the 

response of stress wedge in terms of slip wedge have been developed above. Next the same 

analysis is applied to lateral deformation of the wedge. The prism with different size [Test 

(II)A] is first analysed and followed by the prism with different slenderness ratio [Test 

(II)B].  

4.4.5.2 Stress Wedge – Wedge Expansion Relationship 

The relationship between the stress wedge and wedge expansion of Test (II)A is 

depicted again in Figure 4.164. From the data of parameters in Table 4.11 in page 269 reveal 

the wedge expansion Vwp varies between 0.08-0.34mm. The mathematical expression is 

developed to simulate the stress wedge for a given wedge expansion. The non-

dimensionalised the stress wedge and wedge expansion response is determined first. The 

non-dimensionalised of the stress and wedge expansion is obtained by dividing the stress 

wedge and wedge expansion with the peak values of stress and wedge expansion 

respectively. Then a equation is developed to represent that relationship. More detail is 

described below. 
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Figure 4.164:  The average of stress-wedge expansion graph of Test (II) A 

 

Figure 4.165  illustrates the normalized of the stress and the wedge expansion 

curves for all size. The responses of Test(II)-75×150×300, Test(II)-100×200×400 and 

Test(II)-125×250×500 are in one line and look very similar except Test(II)-50×100×200 

where small scatter occurs on post peak response. The expression is determined to 

represent the relative normalised stress of the wedge σw/fp in terms of Vw/Vwp as given in 

Eq. 4.7. 
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 Eq. 4.7 

where σw is the wedge stress, fp is the average of the peak stress wedge σwp, Vw is wedge 

expansion and Vwp is wedge expansion at peak stress. 
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Figure 4.165: Non-dimensionalised stress-wedge expansion of Test (II) A 

 

The wedge expansion at the peak stress Vwp varies and depends on the prism size as 

shown in Table 4.11 and Figure 4.164. Vwp for all prism in Test(II)A is similar except Vwp of 

Test(II)-125×250×500 almost two times than other sizes hence Vwp of Test(II)-

125×250×500 is neglected to quantify the equation of Vwp as a function of dw. Figure 4.166 

illustrates the relationship between Vwp and dw. The mathematical expression of the wedge 

expression Vwp for a given depth of wedge dw as  

 

  
wwp dV 0033.0�

     
Eq. 4.8

 
 

 

 
Figure 4.166: Wedge expansion at peak stress over depth of wedge graph [Test(II)A] 
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The general expression of σw/fp in terms of Vw/ Vwp in Eq. 4.8 provided an accurate fit 

to the experimental results, as shown in Figure 4.167, Figure 4.168, Figure 4.169, Figure 

4.170 for Test(II)-50×100×200, Test(II)-75×150×300, Test(II)-100×200×400  and Test(II)-

125×250×500 respectively. 

 
Figure 4.167: Stress-expansion comparison response of Test(II)-50×100×200 

 

 
Figure 4.168: Stress-expansion comparison response of the prism Test(II)-75×150×300 
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Figure 4.169: Stress-expansion comparison response of the prism Test(II)-100×200×400 

 

 
Figure 4.170: Stress-expansion comparison response of the prism Test (II)-125×250×500 

 

Analysis the wedge expansion in different slenderness ration [Test(II)B] is described 

below. The stress-wedge expansion is depicted again in Figure 4.171 and the non-

dimensionalised curve of σw-Vw is determined as shown in Figure 4.172. The mathematical 

equation is develop to represent the  σw-Vw response given as.  
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 Eq.4.9 

The wedge expansions at peak load Vwp of Test (II)-125×250×500 and Test (II)-

125×125×500 are 0.34mm and 0.39mm respectively while Vwp of Test (II)-125×375×500 is 

much smaller than others approximately 0.19mm. The value of Vwp of  Test (II)-
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125×375×500 is neglected and the average of Vwp is 0.37mm. Hence expression in Eq. 4-9 

change into 

 �  �  87.184.003.0 exp 67.576.703.0 22 ����� wwww
p

w VVVV
f
�

  
 Eq. 4.10 

 
Figure 4.171:  The average of stress-wedge expansion graph of Test (II) B 

 

 
Figure 4.172: Non-dimensionalised stress-wedge expansion of Test (II) B 

 

As expected the expression in Eq. 4.10 not too much accurate but still acceptable for 

Test(II)-125×125×500 as shown in Figure 4.173. This is because the response of Test(II)-

125×125×500 in not the same line as shown in Figure 4.171 and the expression is developed 

by using that line. Hence the general mathematical expression at Eq. 4.10 can be used. 
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Figure 4.173: The stress-wedge expansion comparison response of Test(II)-125×125×500 

 
Figure 4.174: The stress-wedge expansion comparison response of Test(II)-125×250×500 

 
Figure 4.175: The stress-wedge expansion comparison response of Test(II)-125×375×500 
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The generic mathematical equations to simulate the deformation due to micro-

cracking on both directions have been developed on different size and different slenderness 

ratio. The results show the equations were fit with the experimental results. 

  



 

298 

 

  



 

299 

 

Chapter 5: MOMENT ROTATION ANALYSIS 

5.1 Introduction 

This chapter explains the application of the test results analysis in Chapter 3. The 

results from Chapter 3 are used to provide an example of the application of the softening 

properties of concrete, and mathematical equations of softening stress to simulate the 

behaviour of an eccentrically loaded prism. Although the results discussed in Chapter 4 

can be used for the same purpose, Chapter 5 discusses an application and simulation that 

offer a new approach to moment rotation analysis.  

In Chapter 3 and Chapter 4, prisms of varying dimensions were loaded uniaxially 

in order to illustrate how to quantify the behaviour of compression wedges in concrete 

where the deformation of the wedges was uniform. The current research proves that the 

results of the loadings can also be used to quantify the behaviour of compression wedges 

in flexural members, for example, beams, where the deformation is not uniform. 

The experimental tests reported here were carried out on rectangular prisms of 

varying dimensions in order to quantify the softening properties of concrete in 

eccentrically loaded members. The chapter will explain how the softening properties can 

be quantified, and mathematical expressions for the softening stress σw in terms of the 

deformation Sw and mathematical expressions for the slip of the wedge Sw in terms of the 

depth of the wedge dw were developed.  

The softening was simulated during this research to illustrate softening in an 

eccentrically loaded prism. In tests on concentrically loaded prisms, the softening 

properties to deformation were constant over the depth of the wedge. In eccentrically 

loaded prisms, the deformation varied over the depth of the wedge, which simulates 

what happens in a beam. This is a simple way of simulating the softening of a concrete 

member when there is no reinforcement. 

5.2 Concentrically Loaded Prisms 

One millimeter thickness of a single wedge is shown in Figure 5.1. The height of 

the concrete H/2 is now referred to as Ldef. The length of the wedge is referred to as Lw 

and it is assumed when the wedge is fully developed that the depth of the wedge dw is 
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equal to half the width of the prism W. The thickness of the wedge into the page is 

considered to be one mm. The uniform displacement δw (referred to C/2 previously) 

occurs due to the stress σw which is applied to a one millimeter thickness of the wedge. 

Where σw is load wedge Pw divided by the depth of the wedge dw (Eq. 3.4). 

 
Figure 5.1: The wedge in millimeter thickness 

By removing the elastic displacement, the relationship between wedge stress σw 

and slip wedge Sw is obtained. This is depicted in Figure 5.2 where Swp is the wedge slip 

at the average of peak stress fp which is 43MPa. The graph indicates that up to αfp there 

is no micro-cracking or slip wedge, and the only deformation is elastic deformation. The 

micro-cracking starts at stress αfp. In the analysis in Chapter 3, α was assumed to be 

60%. The mathematical expression to represent the micro-cracking deformation Sw for a 

given stress of wedge σw (Eq. 3.8, repeated below) is shown in Figure 5.2 where Swp is a 

function of the depth of the wedge dw that is, it varies with the prism width W.  
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An expression for Swp in terms of dw was presented as Eq. 3.9 (repeated here),  

Swp = 0.0025 dw 

 

H/2=Ldef

Sw

Sw

�w

dw

Lw

�w

the wedge
the concrete

A

B
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Figure 5.2: The stress - slip wedge response 

 

5.3 Eccentrically Loaded Beams 

Figure 5.3 illustrates a prism of height H or 2Ldef and width W which is now 

referred to as d, subjected to a load P at eccentricity e. For this research there is a 

bearing plate on the top surface which is adhesively bonded to the concrete so that it can 

take tension. The prism can be visualised as in Figure 5.4 as a symmetrically loaded 

segment of height Ldef with a maximum compression deformation δL and rotation θ that 

occurs within Ldef.  

The behaviour of this eccentrically loaded prism is similar to that of a flexurally 

loaded beam, where the deformation δ is not uniform, as it is for a concentrically loaded 

prism. Instead, it varies from δL on the left to δR on the right because of the eccentricity 

of the load, so that there is a linear variation in the effective strain δ/Ldef and a rotation θ. 

Because of the eccentricity of the load, a wedge first forms on the loaded side of the 

prism, shown as shaded area in Figure 5.4. It can be seen from the figure that the depth 

of the wedge dw is no longer equal to half the width of the eccentrically loaded prism d.  
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Figure 5.3; Eccentrically loaded prism 

 

 

Figure 5.4: Graphic representation of an eccentrically loaded prism 

 

The analysis is divided into two steps. Firstly, the elastic or linear condition 

where the wedge has not formed is considered, and, secondly, the non-linear condition, 

after the wedge has developed. 

5.3.1 Elastic Condition 

As load is gradually applied to the prism the deformation increases. At low load, that is, 

less than αPp, no material softening occurs; therefore, the behaviour of the prism can be 
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simulated directly from material behaviour. That is, the material stress strain σ-ε 

relationships are appropriate to use. 

The bottom half of the prism in Figure 5.4 is shown rotated by 90° clockwise in 

Figure 5.5(d). The wedge (shaded area in Figure 5.4) has not developed as this is the 

elastic case. The surface of the prism, A-A in Figure 5.5(d), is subjected to a 

compressive deformation at the top δT and a tensile deformation at the bottom δB so that 

there is a linear variation to the deformation.  

Referring again to the information provided in Figure 5.2, it can be seen that up 

to αfp only elastic deformation occurs. The wedge deformation Sw in Eq.3.8 which noted 

earlier equals zero. Using the equation to solve for σw when Sw=0, Eq.3.8 yields the 

stress level at which non-linear deformation commences. This analysis yields a value of 

α=77.7% which differs from the original assumption in chapter 3 with the value of 

α=60%. The response of the wedge stress σw and the average peak stress fp is given as: 

pw f777.0��
 

Eq.5.1 

Therefore, the deformation at which non-linear behaviour commences is given 

by: 

  
def

c

p
w L

E
f

��
�

�
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�

�
�

777.0
�

 
Eq. 5.2 

Where (0.777fp)/Ec is the concrete strain at which non-linearity commences.  

Knowing the strain, and the length over which the strain acts [Ldef in Figure 5.5(d)] the 

deformation at which non-linearity commences δw is εnon-lin Ldef. Where fp is the average 

of the peak stress, Ec is the elastic Young’s modulus which in this research is 

32,368MPa, and Ldef is half the prism height.  

Equation 5.1 shows that the wedge starts at 0.777fp. The fact that α is not 60% as 

was assumed, but 77.7% is the result of the fact that the regression of the mathematical 

expression in Figure 5.2 resulted in 77.7%. Figure 5.6 illustrates the relationships 

between P-C/2 and σw-Sw where it was assumed that the non-linearity deformation or 

slip wedge would start (at 60%Pp). Up to 60%fp only elastic deformation occurs [Figure 

5.6(b)]. There is some linearity behaviour in between 60% to 77.7%. Hence, for the next 

calculation and analysis, α is equals 77.68%. This α factor can be improved at a later 
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date if required for more accuracy. The deformation within the prism that is smaller than 

the deformation δw requires elastic deformation because δw is the deformation at which 

non-linear behaviour commences 

The linear deformation C-E in Figure 5.5(d) produces the effective linear strain 

distribution F-H in Figure 5.5(c). Since the deformation δ is less than δw, this 

deformation is elastic and therefore the stress in Figure 5.5(b) can be determined directly 

by using Young’s modulus. The procedures developed during the course of this research 

to quantify the moment rotation in elastic deformation are described below, and also 

illustrated in Figure 5.5. 

1. The compressive deformation at the top δT is fixed in a small value, C, as a pivotal 

point. Corresponding to this fixed strain εT=δT/Ldef , fixed stress is σT=(δT/Ldef)Ec 

where Ec = 32,368MPa. 
2. The depth of the compression region dc is assumed. 
3. Calculate the rotation θ, θ=Arc tan(δT/dc). 
4. Calculate the tensile deformation at the bottom δB, δB=(d-dc)tanθ. 
5. Determine the corresponding fixed strain εB=δB/Ldef and corresponding fixed stress 

σB=(δB/Ldef)Ec 

6. Divide the compressive and tensile deformation profiles into segments. The segment 

thickness is very small and it is assumed that the deformation in one segment is the 

average of the deformation in that segment, as shown in Figure 5.5(d). The segment 

thickness of the compressed portion is identified as k and tension portion as j. 
7. Interpolate the deformations δ along the depth of the compression region dc and the 

depth of the tensile region dt [Figure 5.5(d)].  
8. Determine the corresponding effective strain, ε = δ/Ldef [Figure 5.5(c)]. 
9. Determine the corresponding stress, σ = (δ/Ldef)Ec [Figure 5.5(b)]. Where the 

concrete is cracking, it is in tension if the tensile strain εt is greater than the tensile 

strain capacity εtc, where εtc = ftc/Ec = 0.7√fp/Ec, ftc is the tensile stress capacity 

(MPa), and fp is the average peak stress (MPa). 
10. Determine the corresponding compressive force of every segment, Fel.ci = σ k b, 

where k is the compressive segment thickness and b is the width of the prism [Figure 

5.5(a)]. 
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11. Determine the corresponding tensile force of every segment, Fel.ti = σ j b, where j is 

the tensile segment thickness [Figure 5.5(a)]. 
12. Determine the resultant elastic compressive force Fel.c and elastic tensile force Fel.t 

and their positions. 
13. The resultant forces in Figure 5.5(a) need to be in line with P, obtained by pivoting 

the displacement C-E in Figure 5.5(d) about C until the resultant force is in line, or 

return to procedure point (2) and complete the steps again. 
14. Determine moment M, M=P×e. where e is eccentricity.  
15. The solution n sequence recommences for increasing δT. 

 

These procedures are for δT less than δw where δw is the deformation when the 

wedge starts to form (given by Eq. 5.2). If the deformation at the top is more than δw the 

procedures for elastic deformation cannot be used. The procedure for non-elastic 

deformation is described in the following section.  
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(a) (b) 

Figure 5.6: The relationship between P-C/2 and σw-Sw of prism Test5-100 
 

5.3.2 Non-elastic Condition  

For deformations that are increasing, ultimately the maximum deformation will 

exceed δw, and hence non elastic deformation occurs. The stresses can no longer be obtained 

using Young’s modulus (calculating from the stress-strain σ-ε relationship). Therefore, we 

must consider the formation of wedges and material softening. 

Figure 5.7 offers an illustration of how we can calculate the details of a non-elastic 

condition. Figure 5.7(e) is the bottom half of the prism that was considered earlier in Figure 

5.4. In this instance, it has been rotated 90° clockwise around the spot where the wedge, as 

shown shaded in Figure 5.4, formed. As in the inelastic condition, the surface of the prism, 

A-A in Figure 5.5(d), is subjected to a compressive deformation at the top δT and a tensile 

deformation at the bottom δB.  

Micro-cracking starts to develop when the deformation exceeds δw (Eq. 5.1) as shown 

by line B-B in Figure 5.7(d). If the deformation on the top δT exceeds δw, this means that the 

analysis is not of an elastic condition but a non-elastic one. Any deformation above point C 

in Figure 5.7: Moment rotation analysis in the non-elastic deformation 

(d) requires micro-cracking which, therefore, fixes the depth of the wedge dw as 

shown. 

The procedures to quantify the moment rotation after the wedge starts are described 

below, and also illustrated in the figure. 

60%Pp 

77.7%Pp 77.7%fp 

60%fp 
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1. The deformation at the top δT is fixed and exceeds δw. D becomes the pivotal point in the 

analysis.  
2. The depth of compression region dc is assumed. 
3. Calculate the rotation θ, θ=Arc tan(δT/dc). 
4. Calculate the deformation at the bottom δB, δB=(d-dc)tanθ. 
5. Determine the depth of the wedge, dw in Figure 5.7 (d). The depth of the wedge dw is 

quantified as 

c
T

wT
w dd ��

�

�
��
�

� �
�

�
��

 
Eq.5.3 

6. The deformation is divided into three regions: a non-elastic compressive region C-D; an 

elastic compressive region F-C; and a tensile region E-F.  
7. Divide the deformation into segments. The segment thickness is very small and it is 

assumed that the deformation in one segment is the average of the deformation in that 

segment. The segment thickness of the elastic compression portion is identified as k, 

while the non-elastic compression portion is identified as t. The tension portion is 

identified as j. 
8. Interpolate the deformations δ along the depth of the non-linear compressive region or 

depth of wedge dw, the depth of the linear compressive region dc and the depth of the 

tensile region dt. 
9. Determine the wedge force, Fw. (See Figure 5.7 (d) at segment n, and Figure 5.8 for 

detail). 
a. Segment n is where the total deformation that has to be accommodated is δn (H-I). 

This consists of the elastic deformation of prism H-J that is accommodated by 

concrete material straining εmat so that the deformation due to elastic contraction H-J 

is given by (σn/Ec)Ldef. The additional deformation J-I due to micro-cracking or the 

slip wedge Swn at the wedge interface is shown in Figure 5.7(e).  

b. Determine the total deformation at segment n, δn. 
c. The total deformation at segment n, δn consists of elastic deformation and 

deformation due to micro-cracking or slip wedge Swn given as 

wndefmatn SL �� ��
 

Eq.5.4 

d. Guess the value of εmat 
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e. Determine the slip wedge at segment n, Swn = δn - εmat Ldef. 
f. Determine the slip wedge at peak stress Swp by using Eq. 5.3 and Eq. 3.9

c
T

wT
w dd ��

�

�
��
�

� �
�

�
��

 and Swp = 0.0025dw respectively.
 

g. Determine the stress wedge at segment n, σwn by using Eq. 3-8 (repeated here) 
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h. Determine the strain of the wedge at segment n, where εwn= σwn/Ec at which σwn is 

taken from Eq.3.8. 
i. The value of εmat should be same as εwn. If εmat ≠ εwn, iterate until it does, beginning 

from step (d). 
j. Determine the non-linear compression force or wedge force of segment n, Fwn, Fwn = 

σwn t b, where t is the segment thickness and b is the prism width. 
k. Determine the resultant wedge force, Fw = ∑Fwn, and its position. 

10. Where the deformation below point C [Figure 5.7(d)] is lower than δw consider this to be 

an elastic analysis. If the concrete crack is in tension at level K [Figure 5.7(c)], then K-M 

is an effective strain. The procedure to determine the resultant forces in the elastic 

compressive region Fel.c and tensile region Fel.t is the same as described in Section 5.3.1. 

a. Determine the corresponding effective strain, εn = δn/Ldef  
b. Determine the corresponding stress, σn = (δn/Ldef)Ec. 
c. Determine the corresponding compressive force of every segment, Fel.cn = σn k b 

d. Determine the corresponding tensile force of every segment, Fel.tn= σn j b 

e. Determine the resultant elastic compressive force Fel.c = ∑Fel.cn and elastic tensile 

force Fel.t = ∑Fel.tn and their positions. 
11. The resultant forces [Figure 5.7(a)] need to be in line with the external load P. The values 

can be obtained by pivoting the displacement D-E [Figure 5.7(d)] about D until the 

resultant force is in line. In other words, if the resultant forces and P are not on the same 

line, go back to procedure point (2) and complete the steps again until the resultant force 

is in line. 
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If the resultant forces F and P are in line, the moment M is obtained by multiplying P 

and eccentricity e. The process is repeated for another top displacement δT in Figure 5.7(d). 
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5.3.3 The Results and Validation 

The results of the moment rotation analysis of the eccentrically loaded prism (Figure 5.4), 

which are illustrated in Figure 5.5 and Figure 5.7, are described in this section. The peak 

stress fp is 43MPa based on the results of the experimental tests described in Chapter 3. The 

results described in Chapter 4 are not used in this analysis because the goal of this chapter 

is to present a method for simulating softening and determining a theoretical M-θ response 

to compare to experimental results. It is not the purpose of this chapter thesis to present a 

generic and comprehensive softening relationship. 

A theoretical M-θ response of an eccentrically loaded prism is shown in Figure 5.9. 

This response was obtained from the procedures illustrated by Figures 5.5 and 5.7 and 

followed the procedures described in Sections 5.3.1 and 5.3.2 respectively.  

 
Figure 5.9: Moment Rotation for fp = 43MPa, e = 70mm 

 

The total rotation in Figure 5.9 consists of linear rotation and non-linear rotation. 

Let us consider Figure 5.10. Up to αMp corresponding to θr, there is no rotation due to 

micro-cracking; only linear rotation occurs and this is due to curvature. After that point 

(αMp,θr) non-linear rotation occurs due to the micro-cracking that begins to develop as 

shown in Figure 5.10. Non-linear rotation θ(non-lin) is then obtained by removing the linear 

rotation from the total rotation θ as given. 

p
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Eq.5-5 
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Figure 5.10: A typical the moment rotation response 

 

The moment-non linear rotation M-θ(non-lin) response is shown in Figure 5.11. The 

mathematical expression that has been developed can simulate the softening behaviour of 

an eccentrically loaded prism.  

 
Figure 5.11: Moment - Non-linear rotation for fp = 43MPa, e = 70mm 

 

The softening behaviour of concrete that is the objective of this research has clearly 

been captured. Therefore, the procedures that were described in Sections 5.3.1 for elastic 

and 5.3.2 for non-elastic analysis work; and mathematical expressions have been developed 

that can be used to simulate softening behaviour.  

This eccentrically loaded prism analysis was applied to Daniell et al.’s test 

specimens [Daniell et. al, 2008]. The specimen is shown in Figure 5.12. The specimens 

θp 

Mp 

αMp 

θr 

Non-linear rotation 

Linear rotation 
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have a width d of 300mm, height H or now referred to 2Ldef of 360mm, depth into the page 

of 180mm, an average concrete strength of 33MPa and were tested at eccentricities e of 60, 

70, and 85mm. It should be noted that the average concrete strength of the prism that was 

used to derive Eqs. 3.8 and 3.9 in Chapter 3 was 43MPa. Therefore, the shape of the 

variations in material properties given by Eqs. 3.8 and 3.9 are really only applicable to this 

strength of concrete. However, to illustrate this analysis technique, the equations were 

applied to Daniell et al.’s specimens, which were a bit weaker at 33MPa. 

 
Figure 5.12: Specimen dimension of Daniell’s specimen [Daniell et al., 2008] 

A comparison of experimental test results and theoretical results for eccentricity 

e=70mm in the moment-rotation response is depicted in Figure 5.13. 

 
Figure 5.13: A typical moment-rotation comparison 
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A comparison of the moment-non-linear rotation has been plotted in Figure 5.14, 

Figure 5.15 and Figure 5.16 for each test specimen. The eccentricities were 60, 70 and 

85mm respectivelly. Two experimental tests were performed at each eccentricity except the 

eccentricity of 85mm where only one experimental test occurred. These are shown as 

unbroken lines; the difference between these tests is a gauge of the scatter that can be 

expected even from supposedly identical specimens and tests.  

The experimental test results were compared with the results of the theoretical 

analyses, with variations in concrete strength from 43MPa to 28MPa, which are shown as 

broken lines. Bearing in mind the scatter between the test results, it is suggested that the 

shape of the theoretical results compares well with those of the tests. It can be seen that this 

new approach can simulate the moment rotation softening without the need for empirical 

hinge lengths or the softening of stress-strain relationships. 

 

Figure 5.14: Moment-non-linear rotation for e = 60mm 
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Figure 5.15: Moment-non-linear rotation for e = 70mm 

 

 
Figure 5.16: Moment-non-linear rotation for e = 85mm 

 
The main interest of this research is the non-linearity due to micro-cracking, as 

already illustrated in Figure 5.2 for prism tests. Dividing the abscissa θ of Figure 5.13 by 

Ldef gives the curvature ! as shown in Figure 5.17. The initial stiffness or tangent stiffness 

of the rising branch in Figure 5.13 would be elastic flexural rigidity EI and divergence from 

this would be due to flexural cracking and micro-cracking. This divergence due to 

cracking, which is the main interest of this research, has been plotted in Figure 5.14 to 
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Figure 5.16 for each test specimen. It is suggested that the results show that the model can 

closely represent softening. 

 
Figure 5.17: A typical of moment-curvature response 

 

The above wedge analyses have been applied to eccentrically loaded flexural 

members without any reinforcement as illustrated in Figure 5.4. As already explained 

through the use of Figure 5.7, these analyses could also have been applied to reinforced 

flexural members where the force in the longitudinal reinforcement is a function of Δr , as 

shown in Figure 5.7(d) [Haskett et al. 2009; Muhammad et al. 2011 and Muhammad et al. 

2011]. Therefore, it can be seen that once the wedge properties have been derived from 

prism tests, they can be used to derive the ductility of any reinforced concrete beam. 
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Chapter 6: CONCLUSION 

In this thesis, empirical relationships are developed to simulate the gradual 

softening of concrete in compression. Uniaxial compression tests on long prisms are 

conducted to determine axial and lateral displacement in order to evaluate the softening 

response of concrete. Two of experimental sets are reported. The first set of experimental 

test contains 13 long prisms of varying dimensions in the same width to height to length 

ratio of 1:2:4 and the second experimental set contains 18 long prisms of varying 

dimension and slenderness ratio (height to width ratio). 

A long prism, where the length of the prism is four times the prism width, is chosen 

as a specimen because to avoid the circumferential expansion that always occurs with 

cylinders and to simulate the deformation of cross-sections of prism as a two-dimensional 

behaviour. The total deformations in both axial and lateral directions consist of elastic 

deformation and non-elastic deformation due to micro-cracking. Up to αPp, the 

deformation is considered elastic, and consists of material contraction in axial direction and 

lateral expansion in the lateral direction due to Poisson’s ratio. In this research, α is 

considered to be 77.7%. For σ exceeding 77.7% non material deformation occurs due to 

micro-cracking, and where the total deformation consists of deformation due to sliding and 

material deformation. The material deformation can be separated from the total 

deformation to obtain non-linear deformation, which is the purpose of this research.   

The results reveal that deformations due to micro-cracking in axial direction (the 

slip wedge Swp) and in lateral direction (the wedge expansion Vwp) at the peak stress vary 

and depend on the prism size. The slip of the wedge Swp and wedge expansion Vwp at peak 

load increase with increasing the size of prism. However, the slip wedge at peak load Swp 

not influenced by the slenderness ratio.  

The softening behaviours obtained from these experimental tests are used to 

develop mathematical expressions to simulate softening. The mathematical expression for 

the softening stress σw is the function of the average of peak stress fp, the non linear 

deformation which is slip wedge Sw in axial direction and wedge expansion Vw in lateral 

direction, and non linear deformations at peak stress (Swp and Vwp).  
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The mathematical expressions developed to quantify the stress of wedge σw for a 

given slip wedge Sw and wedge expansion Vw, and are shown below. 
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Where Swp equal to 0.0025dw and Vwp is 0.0022dw. These expressions provided an accurate 

fit to the experimental results. 

In the second set of experimental tests where slenderness varied, a similar 

expression was also developed. In this experimental set the slip of the wedge at peak stress, 

Swp was independent of the prism dimension (due to slenderness ratio). Swp was equal to 

0.25mm, which was the average non-material slip Swp across the experiments from the 3 

prism slenderness ratios.  

To demonstrate an application of these softening properties an eccentrically loaded 

prism is analyzed, where the deformation over the depth of the prism varies. A theoretical 

moment-rotation M-θ response is developed which consists of two separate conditions, the 

conditions as presented in Chapter 5. When the deformation within the prism that is smaller 

than the deformation δw at which softening commences, then there is only elastic 

deformation, and the behaviour of the prism can be simulated directly from material 

behaviour. When the deformation exceeds δw, non-elastic deformation occurs and therefore 

softening must be considered and is simulated by using the mathematical expressions 

presented above. This theoretical moment rotation M-θ response is then compared to the 

experimental test on eccentrically loaded prism. The shape of theoretical result compare 

well with the experiment tests prism. 
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The results reveal that the mathematical expression that has been developed can 

simulate the softening behaviour of eccentrically loaded prisms. Hence the method and 

analysis procedure presented and the subsequent mathematical expression developed, can 

be used to simulate that softening behaviour of concrete, which was the goal of this 

research. 
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NOTATION 

 

! = curvature 

B = elastic contraction 

C = total axial contraction  

Ck = contraction corresponding to αPp 

Cp = total axial contraction at peak stress 

dc = depth of compression region 

del = depth of elastic compression region 

dten = depth of tension region 

dw = depth of the wedge 

E = total lateral expansion 

e = eccentricity 

Ec = elastic Young’s modulus  

EI = flexural rigidity 

Ep = total lateral expansion at peak stress 

fc = compressive strength of concrete 

fct = tensile strength of concrete  

Fel.c = compression elastic force 

Fel.t = tensile elastic force 

fp = the average peak stress 

Fw = wedge force 

G = elastic expansion 

H = the prism height 

Hb = length of bulk zone 

hcr = separation of the crack 

Hd = length of damage zone 

j = the segment thickness of tensile region 

k = compressive segment thickness 
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L = total axial load  

Ldef = the effective length (H/2) 

Lp = the peak total axial load 

Lw = the length of the wedge 

m = the length of total axial contraction caused by settle down the position 

M = moment  

Mp = peak moment 

P = axial load  

Pp = the peak axial load 

Pult = ultimate load 

Pw = load wedge  

Pwp = the peak load wedge 

Rx = expansion corresponding to αPp 

S = the prism length 

Sw = slip wedge 

Swp = slip wedge at peak stress 

Vw = wedge expansion 

Vwp = wedge expansion at peak stress 

W = the prism width 

α = the constant when the non-linearity commence 

δ = deformation 

Δ = sliding of the crack 

δw = deformation at which non-linear behavior commence 

εc = compression strain 

εct = maximum tensile strain 

εeff = effective strain 

εnon-lin = non-linear strain 

εp = strain at peak stress 

θ = rotation 

θp = rotation at peak moment 
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θr = rotation at αMp 

σ = stress 

σN = normal stress 

σult = ultimate stress 

σw = stress wedge  

σwp = peak stress wedge 

τN = shear stress 
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