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ABSTRACT 
 
 
 
 

This thesis presents an evaluation of concrete behavior under loading. Currently, concrete 

theories and codes are inadequate in explaining the full gamut of concrete responses due to 

loading. It is, therefore, of great interest to formulate a theory that is capable of explaining the 

wide array of concrete responses in order to better understand concrete behavior and to build 

safer, stronger, and more cost effective structures. The purpose of this thesis is to aid in 

formulating a concrete failure theory that will account for variations in concrete behavior under 

loading. In order to achieve this, an extensive investigation of past concrete research is 

performed. Important concrete phenomena such as microcracking, Poisson’s effect, size 

effect, response to confinement, and the response to loading rate are discussed. The 

procedure and test results of a concrete compression test with reduced surface friction are 

also presented.  In this thesis, evidence is presented to dispute the existence and the influence 

of both size effect and the concrete response to the rate of loading. It is also proven that axial 

cleavage fracture is the true failure mode of concrete under uniaxial compression, not shear 

failure. The crack pattern of a cylindrical concrete specimen that reaches failure under uniaxial 

compression consists of a series of rather straight cracks running the entire length of the 

specimen parallel to the direction of the applied compressive load. This is a stark contrast to 

the typically expected cracks inclined toward the center of the specimen accompanied by 

uncracked ends. A case is also made that concrete failure in compression is due to lateral 

tensile strains caused by the existence of Poisson’s effect. An investigation of strain is also 

performed. This investigation and the discussion of the topics previously listed lead to the 

development of a proposed strain failure theory. A series of proposed testing procedures is 

also presented. 
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CHAPTER 1 

INTRODUCTION 
 
 
 
 

Concrete, the most often used man-made material in the world, is a material that has been 

used in construction for millennia. For the design of concrete structures, it is imperative that 

engineers have a complete understanding of concrete behavior. It is typically comprised of 

Portland cement, water, coarse aggregate, and fine aggregate. Although, admixtures may be 

added to the mix to enhance its properties, durability, or workability. 

However, the sometimes unpredictable behavior of concrete is very difficult to 

comprehend, mainly because it is a heterogeneous material made up of so many different 

parts. The greatest difficulty is learning how all the constituents function together, and how 

they influence one another. 

Concrete is typically reinforced with steel bars or prestressed strands. The design of 

these members is often based on “service” or “strength” design, in which a sectional analysis is 

typically performed. The formulas used to calculate the strengths for these sections are highly 

empirical and difficult to use; moreover, these equations often lead to overly conservative 

designs.  

 

1.1 Problem Statement 
 
Current concrete theories and codes are inadequate in accounting for the full spectrum of 

concrete behavior. Most concrete design is based on the value of f’c, the uniaxial compressive 

strength at 28 days. Unfortunately, many factors may cause a considerable change in the 

value of f’c, such as the end conditions in tests, the curing environment, and various 

uncontrollable imperfections. 

The main shortcoming of concrete theories and codes is explaining and accounting for 

the behavior of concrete under multiaxial stress states, which is important because most 

structural members are regularly subjected to multiaxial loads and stresses. The empirical 

formulas currently used to explain concrete behavior do not fully account for the material 
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properties. Existing theories also fail to adequately explain how concrete fails when subjected 

to compression. 

The focus on stress as the main influence determining concrete failure has hampered 

the development and growth of concrete failure theories based on other parameters. In earlier 

research, mainly in the 1960’s and 1970’s, strain received consideration as a possible basis for 

concrete failure criteria; however, strain has yet to be used as a measure of failure. Strain 

should be further researched as an important contributor in a generalized concrete failure 

theory. 

 

1.2 Research Objectives 
 
The main objective of this research was to gain a better understanding of concrete behavior. 

To achieve this purpose, an extensive literature review was performed. The works of several 

authors, many whose ideas and conclusions were conflicting, were reviewed in an effort to 

achieve a better understanding of concrete as a material. The literature review was performed 

mainly in order to formulate theories and possible test methods. The important information was 

gathered and presented in this report, and an attempt is made herein to lay the foundation for 

the formulation of a concrete failure theory.  

 

1.3 Scope 
 
This study involved an extensive investigation of the behavior of plain concrete. Reinforced 

concrete and prestressed concrete were beyond the scope of this research. Furthermore, in 

reviewing the effect of the composition of concrete on its behavior, fine aggregates and 

admixtures were excluded. Although a few beam tests, tension tests, and tests of irregularly-

shaped specimens were reviewed, the research mainly focused on the standard compression 

testing of concrete specimens such as cylinders, cubes, and plates. The American Society for 

Testing and Materials [ASTM] standard test procedures are described in Section 2.1. 

 
1.4 Report Organization 

 
In his report, chapters 2 through 6 discuss literature relating to various topics that influence 

concrete behavior and strength. These topics include surface friction, multiaxial loading, 

physical attributes of concrete, time dependent nature of concrete, response to loading, and a 
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series of observations. Chapter 2 discusses the influence of surface friction and the various 

methods used to reduce the friction between bearing plates and a concrete test specimen. 

Research on multiaxial loading, which consists of biaxial and triaxial tests performed by 

various researchers, is presented in Chapter 3. Physical attributes are discussed in Chapter 4, 

along with the composition of concrete as well as the size effect phenomenon. Chapter 5 is 

dedicated to time dependency and consists of two sections about rate of loading and sustained 

loads. The response to loading, in Chapter 6, consists of a discussion about Poisson’s ratio, 

microcracking, and strain. New tests that were performed as part of this research, to evaluate 

the effect of surface friction on concrete cylinder strength and behavior, are discussed in 

Chapter 7. In Chapter 8, the proposed theory is a series of musings about concrete behavior, 

as well as a discussion of a few proposed test procedures. Conclusions and recommendations 

are made in Chapter 9. 
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CHAPTER 2 

SURFACE FRICTION 
 

 
 
 
To measure concrete’s compressive strength, cylindrical specimens are tested in uniaxial 

compression along their vertical, long axis. This chapter discusses the effects of end friction in 

concrete testing. It has been known for quite some time that the contact between metal 

bearing plates and concrete specimens creates a force of friction at the ends of the specimen 

during compression tests. This force creates an unusual failure in a concrete specimen in 

which major cracks form at an angle from the ends of the specimen toward its middle. This 

failure process creates cones at the ends of the specimen—contradicting the straight cracks, 

parallel to the line of load, usually expected during failure in uniaxial compression. Gramberg 

(1965) names this failure “axial cleavage fracture”. 

One major problem resulting from friction during compression tests is that it increases 

the apparent compressive strength of a specimen, thereby yielding misleading results. One of 

these results is f’c, the 28-day concrete compressive strength, which is a critical value used in 

concrete design. By reducing the friction during testing, the measured value of f’c will approach 

a more realistic strength.  

 
2.1 ASTM Testing Procedure 

 

The testing procedure for uniaxial compression tests is set forth in ASTM C-39 (2004). This 

publication also provides guidelines regarding the testing apparatus, specimens, how to 

calculate f’c, and even how to report the results. 

ASTM C-39 (2004) specifies that the testing machine be power operated. It also 

specifies that two hardened steel blocks be used as bearing plates, the upper one being 

spherically seated. Several other requirements are given regarding accuracy and details on the 

bearing blocks. The use of a frictionless surface is not mentioned. The standard also states 

that the specimens should be tested as soon as they are removed from moist storage. The 

tolerances regarding test age are given in Table 2.1. 
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Table 2.1: Age tolerances (ASTM C-39 2004). 
 
 
 
 

 

 

 

 
 

 
 
Another very important aspect of compression testing is rate of loading. ASTM C-39 

(2004) provides guidelines for the loading process including rate of loading. The load is to be 

applied continuously without any abrupt increase or decrease in the rate of loading. A stress 

rate of 35 +/- 7 psi/s should be maintained, especially during the later portion of the loading. 

Some freedom in the rate of loading is allowed in the first portion of loading as long as any 

shock is prevented. Loading must be maintained until fracture becomes evident, or the load 

has decreased to 95% of the peak load. 

ASTM C-39 (2004) shows various types of cracking in concrete cylinders that undergo a 

uniaxial compression test (Figure 2.1). Type 1 cracking is indicative of the usual failure that 

occurs under uniaxial compression. According to ASTM C 39-83b, Type 1 failure occurs as a 

result of the lateral restraint of the bearing blocks due to friction. Without friction, Type 3 

cracking occurs. The following sections will explain further why this phenomenon occurs. 

 

2.2 Methods of Friction Reduction 
 

Föppl (1899) was one of the first researchers to realize that lubricants and other such 

substances produce tensile stresses and a nonuniform stress distribution in the specimen, 

thereby reducing the specimen’s apparent strength. According to Gramberg (1965), Föppl 

tested concrete specimens that were coated with a layer of paraffin wax. Early researchers 

used a thrust bearing assembly to reduce friction (Bresler and Pister 1958; Iyengar et al 1965). 

These assemblies used ball bearings to allow specimens to expand laterally at the ends with 

little restriction. Unfortunately, the bearing assembly was located on the opposite side of a 

bearing plate from the concrete specimen. This may have allowed for frictional restraint by the 

Test Age Permissible Tolerance 

24 hours +/- 0.5 hours or 2.1% 

3 days 2 hours or 2.8% 

7 days 6 hours or 3.6% 

28 days 20 hours or 3.0% 

90 days 2 days or 2.2% 
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bearing plate due to the difference in lateral expansion between metal and concrete. In later 

years, researchers used more effective methods of reducing end friction.  

 

          

 
 

Figure 2.1: Types of failure for concrete cylinders (ASTM C-39 2004). 
 
 

Hughes and Bahramian (1965) were the first to use an M.G.A. pad to reduce friction at 

specimen ends. An M.G.A. pad consists of a Melinex polyester film, a layer of Molyslip grease 

and a hardened aluminum sheet. Aluminum is used because it has a similar lateral expansion 

to that of concrete when under compressive stress.  

Kupfer et al (1969) developed “brush bearing platens” in an attempt to eliminate 

restraint of the specimen [Figure 2.2]. These platens consist of a series of small steel bars 

meant to flex with the concrete deformations, while still supplying enough strength to not 

buckle. The researchers also glued the brushes to the specimen to apply a tensile stress; 

however, this would not address the problem posed by friction, and may also produce 

inaccurate results if the brush filaments were to yield. The specimens in Kupfer’s tests were 

7.87x7.87x1.97 in. [20x20x5 cm] plates. 
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Figure 2.2: The original “brush bearing platens” (Kupfer et al 1969). 
 
 

 “Comb-like platens” were used a decade later by Tasuji et al (1978), using a test 

procedure similar to that performed by Kupfer; however, the specimens were 5x5x8 in. 

[12.7x12.7x20.32 cm] concrete blocks. Several others have also used the comb-like plates 

(Buyukozturk et al 1971; Atan and Slate 1973). 

 Rosenthal and Glucklich’s (1970) series of experiments in biaxial loading used a 

cardboard layer to reduce friction between the plates and the specimens, which were hollow 

cylinders with a 12 in. [30.5 cm] outer diameter, 1.08 in. [2.75 cm] thickness, and a height of 

13.78 in. [35 cm]. Mills and Zimmerman (1970) used another method of reducing surface 

friction: 0.003 in. [0.00762 cm] thick sheets of Teflon accompanied by some axle grease. Due 

to cost restrictions, they also used 0.004 in. [0.0102 cm] thick layers of polyethylene with axle 

grease, which yielded similar results. Mazzotti and Savoia (2002) also used Teflon sheets in 

their sustained uniaxial compression tests. 

 Teflon was again used by Lee et al (2004) to reduce surface friction. In compression 

testing, they used two Teflon pads, one laid upon the other. In tension tests, Teflon pads were 

glued to the specimen. This, however, would have no effect on reducing friction because of the 



 

 

8 

glue, which may actually increase the friction effect. The authors concluded that the results 

using Teflon compared favorably to Kupfer’s results using “brush platens”. 

Tschegg et al (1994) also studied the effects that friction has on concrete testing. They 

compared the use of brush platens versus Teflon film. According to Tschegg et al, a decrease 

in stress distribution exists at the edges of the specimen when using brush platens. They 

suggested this may be offset through the use of Teflon sliding layers, and they also milled two 

grooves into the steel bearing plate in order to increase friction between the bearing plate and 

the Teflon. A thick-walled, hard cardboard layer was placed between the Teflon and the 

concrete to provide an even distribution of the compressive stress. The authors recommended 

using Teflon sliding layers with cardboard, instead of brush platens, for uniaxial compression 

tests. Tschegg et al (1994) suggested that “the ideal correction would be realized by a device 

that completely follows the lateral deformation of the specimen during the application of 

compression and, in addition to this, also allows a homogeneous and constant force initiation 

in the specimen.” 

 Tschegg et al were certainly not the only researchers to compare the various methods 

of friction reduction. Gerstle et al (1978) ran a very extensive series of tests using numerous 

friction reduction methods including a cushion system, a combination of polyethylene sheets 

and grease, platens cured with “Febcure”, brush bearing platens, and aluminum bearing 

platens. Kotsovos (1983) also tested concrete specimens using different end conditions, which 

included bare steel platens, a neoprene pad, M.G.A. pads, and brush bearing platens. 

 It has been proven that it is not necessary to reduce friction at the specimen ends in 

order to cause axial cleavage fracture. Lessard et al (1993) achieved axial cleavage fracture 

by using a bearing plate that was smaller than the specimen diameter. The reason this 

occurred is because the smaller bearing plate allowed for a reduced lateral restraint, thereby 

ensuring that the specimen may crack more freely. 

 

2.3 Discussion of Results 
 

The reduction of friction during compression tests had a profound impact on the results of 

several researchers. The effect of the friction reduction even generated a new, very different 

type of failure in concrete specimens. One of the first researchers to notice this was Prandtl in 

1908. Prandtl described two types of failure: axial failure and shear failure (Gramberg 1965). 
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According to Gramberg (1965), the shear failure is a post-failure occurrence; therefore, it is not 

the true compressive failure mode of concrete. Axial cleavage fracture, also known as splitting 

failure, is shown side by side with the shear failure mode in Figure 2.3. 

 

 

 
 
 

Figure 2.3: Splitting type failure is shown on the left and shear failure is shown on the right 
(Lessard et al 1993). 
 
 
 Hughes and Bahramian (1965) made some interesting conclusions regarding surface 

friction. The coefficient of friction between the hardened steel platens and concrete depends 

on the condition of the surface of the concrete specimen. Values for the coefficient of friction 

between concrete and steel during compression tests have ranged from 0.35 to 0.6, which 

translates to a high force in the horizontal direction during the course of axial loading. Hughes 

and Bahramian (1965) also claimed that the restraint caused by the friction reaches a 

maximum value according to the condition of the bearing blocks and the specimen itself. The 

results obtained from a completely frictionless compression test would yield the true 

compressive strength of a particular specimen. In agreement with Gramberg (1965), Hughes 

and Bahramian (1965) discovered that the specimens failed under cracking parallel to the 

direction of loading. When the M.G.A. pads were used, lateral expansion was much more 

uniform. The reduced friction allowed the concrete specimen to expand at the ends as 

opposed to bulging in the middle, which is what is usually expected in traditional concrete 

compression tests. 

 Kupfer et al (1969) made efforts to reduce friction because they believed that friction 

can account for discrepancies in past biaxial tests. Biaxial tests will be further discussed in 
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Chapter 3. Kupfer et al (1969) showed that the friction between concrete specimens and 

bearing plates causes concrete confinement; moreover, the bearing plates sustain a proportion 

of the applied load. The compressive strength of concrete becomes inflated when the load 

bearing capacity of the bearing plates is unaccounted for. The uniaxial compression tests, 

using brush platens, performed by Kupfer et al (1969) revealed the formation of several 

microcracks parallel to the line of loading. This same behavior was also observed by 

Buyukozturk et al (1971) and Tasuji et al (1978). Both Rosenthal and Glucklich (1970) and 

Mills and Zimmerman (1970) achieved the same result using cardboard and Teflon, 

respectively. It is safe to assume that if friction is reduced, no matter what method used, axial 

cleavage fracture will occur. 

 Much of the early studies concerning the testing of concrete with reduced surface 

friction are summed up by Taylor (1971). Taylor stated that most researchers agree that the 

shear mode of failure experienced by a concrete specimen under traditional compression tests 

is actually due to frictional restraint at the ends of the specimen. The actual mode of failure 

experienced by concrete in compression is axial cleavage, which consists of a series of cracks 

running fairly straight and parallel to the direction of loading. Taylor claimed that this failure is 

due to lateral tension. Taylor’s research showed that the effect frictional restraint has on 

concrete depends on the material properties of concrete. The material properties of concrete 

will be discussed in greater detail in Chapter 4. 

 Gerstle et al (1978) offered an excellent explanation as to why concrete strength is 

greater when friction is present. They stated that stress redistribution will postpone failure until 

the average strength is reached; they also made the observation that friction is sufficient 

enough to cause restraint of lateral displacements, consequently creating shear stresses at the 

surface. These shear stresses can create, during uniaxial tests, a confining pressure. Their 

test results confirmed this, as the uniaxial strength increased proportionally with friction. They 

also discovered that by reducing friction, variance in test results was also decreased. Also 

according to Gerstle et al (1978), the use of excessive lubrication may actually induce 

additional lateral expansion as the lubrication is pushed outward under compression. 

According to Tschegg et al (1994), the difference in transverse strain between steel and 

concrete is the cause for the restraint and additional stress in the longitudinal direction. 
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Kotsovos (1983) did extensive research on the post-ultimate behavior of concrete. He 

claimed that the effect of frictional restraint is most notable in concrete’s post-ultimate 

behavior. Kotsovos (1983) claimed that if the friction were removed, the specimen would lose 

all load-carrying capabilities upon exceeding the ultimate strength. The state of stress imposed 

on a frictionally-restrained cylinder is shown in Figure 2.4.  

 

 

 
 
 

Figure 2.4: Illustration of stress state of a cylinder under frictional restraint (Kotsovos 1983). 
 
 

Also shown in Figure 2.4 are the zones of a cylinder specimen as referred to by 

Kotsovos (1983). He found that a frictionally restrained cylinder’s voids increase in size in the 

central zone, while the lateral expansion at the ends is limited; therefore, the cylinder would 

have a tendency to bulge in the central zone. This difference in lateral expansion, in turn, 

creates internal forces that restrain the central zone and cause expansion in the end zones. 

These internal forces eventually reduce the effect of the lateral expansion, and failure occurs.  

A uniform stress state would prevent any restraining action, and the concrete would fail 

as it reaches the ultimate strength. This is accomplished by the elimination of friction at bearing 

block-specimen interfaces. Kotsovos (1983) found that for higher strength concrete, cracks 

propagated vertically and horizontally; therefore, restraint did not play as much of a factor as it 
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did in lower strength concrete. Test results showed that the descending branch of the stress-

strain curve becomes much steeper when friction is reduced by some method, indicating that 

the concrete fails almost as soon as the ultimate strength is reached (Kotsovos 1983). 

The reduction of frictional restraint has made it possible to determine the true behavior 

of concrete. According to Van Mier and Man (2009), when there is no frictional restraint in a 

uniaxial compression test, localization occurs in the concrete specimen; furthermore, it is very 

difficult to simulate the fracture mechanics correctly due to frictional restraint. Van Mier and 

Man also stated that due in part to frictional restraint the major cracks at failure take on an 

angle of about 20 to 25 degrees as opposed to the vertical cracks resulting from axial cleavage 

fracture. In axial cleavage fracture, failure may occur anywhere in the specimen; however, in 

shear failure, surface friction may force the concrete to fail in the center (Murray et al 2007). 

 

2.4 Conclusion 
 

The reduction of friction induced confinement in concrete testing has proven to be an effective 

part of testing procedures. This advancement in concrete testing reveals the true behavior and 

nature of concrete. The procedure and the results of tests performed with varying surface 

friction will be presented in Chapter 7. Through learning more about how concrete behaves in 

pure compression, researchers have been able to further investigate various phenomena such 

as microcracking, strain softening, and size effect. Also, the reduction of friction has been most 

beneficial in the investigation of the behavior of concrete under multiaxial loading, which will be 

discussed in Chapter 3. 
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CHAPTER 3 

MULTIAXIAL LOADING 
 
 
 
 

As discussed in Chapter 2, concrete cylinders are tested in uniaxial compression to measure 

f’c, the compressive strength used in design; however, multiaxial loading tests are imperative 

when it comes to formulating a concrete failure theory because practically all structural 

members experience some form of multiaxial stress state (Taylor 1971). Friction at the 

specimen-bearing plate contact must be reduced to have consistent results with very little 

variance (Kupfer et al 1969). It is of no surprise then that the more consistent results come 

from those who attempt to reduce friction through various methods. 

 

3.1 Methodology 
 

Multiaxial tests can be performed using several methods, which vary greatly from the type of 

apparatus used to the specimen shape. Specimen shapes include cubes, plates, cylinders, 

and hollow cylinders. Each method has its fair share of advantages and drawbacks. The 

methodology used for multiaxial testing can be divided into two groups: biaxial tests and triaxial 

tests. 

One of the earliest studies regarding the testing of concrete in multiaxial stress states 

was performed by Richart et al (1928), who did both biaxial and triaxial tests. The researchers 

applied a biaxial load onto the specimen using fluid pressure; this method was chosen 

because the authors acknowledged that using several bearing plates would create unfavorable 

stress states due to the surface friction imposed. Therefore, it was at this very early stage in 

the evolution of multiaxial testing that surface friction was recognized as an undesirable 

occurrence, as it created unreliable test results. According to Richart et al (1928), a major 

drawback in testing using fluid pressure is the fact that the specimen is confined inside a 

pressure chamber. This creates an obstacle in terms of taking measurements during tests and 

being able to see how the concrete reacts to various stress states. The advantages of using 

this method include maintaining a uniform stress state, reducing friction, and being able to 

measure whatever friction exists. Heavy industrial oil was used as the fluid in the pressure 
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chamber. Axial loading was applied using a plunger mechanism. Two series of tests were 

performed: one had a higher axial load than confining pressure and the other had a higher 

confining pressure than axial load. Cylinders were used in the test program; however, the 

cylinders used in the biaxial tests appear to be much too slender.  

 McHenry and Karni (1958) used fluid pressure in a different way. Hollow cylinders were 

subjected to internal hydrostatic pressure through the use of a water-filled rubber cylinder 

placed inside the cylinder; a plate was placed over both cylinders. Pressure was applied using 

a hand pump, and the axial load was applied by a testing machine. The researchers accounted 

for the pressure the rubber cylinder exerted on the testing machine by lowering the bearing 

plate onto the cylinder and measuring the upward force applied to the test machine. In the first 

three-test series, the internal pressure was kept constant, while the axial load was steadily 

increased until failure occurred. In the final series of testing, the inverse was performed 

(McHenry and Karni 1958). 

Rosenthal and Glucklich (1970) also used tubular specimens with internal hydrostatic 

pressure. Vertical loading was applied through a universal testing machine, while horizontal 

loading was applied with a hand pump controlling the pressure exerted by a rubber bag filled 

with brake fluid. The bag was inserted inside the tube to exert tension; another bag was used 

on the outside of the specimen to inflict a compressive stress. Tension in the vertical direction 

was applied using flexible steel cuffs, similar in shape to fingers. Rosenthal and Glucklich 

(1970) claimed to be testing specimens only uniaxially and biaxially; in reality the stress states 

were uniaxial, biaxial, and triaxial. Uniaxial compression was applied by the universal testing 

machine; biaxial compression was applied by the outer rubber bag, which was surrounded by 

a rigid steel tube, enclosing the specimen; uniaxial tension used the flexible steel cuffs; biaxial 

tension was applied by a steel tube enclosed by a rubber bag, which fit inside the concrete 

specimen; triaxial tension combined the steel cuffs with the inner bag; and triaxial compression 

was applied using the universal testing machine and the outer bag (Rosenthal and Glucklich 

1970). The external rubber bag also produced a vertical load, which was accounted for. This 

was done by measuring the pressure exerted by the rubber bag and subtracting this value 

from the applied load to yield the quantity of loading felt by the cylinder. 

The most radical method for applying biaxial loading was used by Bresler and Pister 

(1958), who applied compression and torsion to hollow cylinders. In the biaxial test series, a 
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predetermined axial compressive load was applied to the cylindrical specimens, followed by a 

torsional load which was steadily increased until failure. A proportional loading program was 

also implemented in which one load maintained a predetermined proportion of the second 

load, and both loads were increased in increments until failure. A standard compression testing 

machine was used to apply the compression; the torsion, however, was applied using an 

intricate apparatus that used a hydraulic beam that pushed on cross beams which, in turn, 

were attach to torque bands which translated the force into torsion acting on the concrete 

tubes. Bresler and Pister (1958) used a thrust bearing assembly to prevent frictional restraint. 

It is important to note, however, that the torque bands may have imposed some restraint onto 

the specimen. Figure 3.1 shows the torsional loading apparatus with the thrust bearing 

assembly. Three series of tests were performed: pure compression, pure torsion, and 

simultaneous compression and torsion (Bresler and Pister 1958). 

 

 

          
 
 

Figure 3.1: Torsional loading apparatus assembly (Bresler and Pister 1958). 
 
 

 Iyengar et al (1965) also used a thrust bearing assembly to reduce frictional restraint. 

Concrete and mortar cubes were tested in biaxial compression using a universal testing 

machine to apply longitudinal compression and a hydraulic jack that compressed rigid plates to 
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provide lateral compression for the specimens. Both sequential and proportional loading were 

used. 

Mills and Zimmerman (1970) tested cubes in a triaxial testing machine using anti-friction 

pads to reduce friction. This triaxial testing machine had bearing plates that could apply a load 

in all three dimensions. To test specimens biaxially, no vertical load was applied. Gerstle et al 

(1978) also performed uniaxial, biaxial, and triaxial tests on concrete cubes and cylinders, as 

well as uniaxial and biaxial tests on cubes made of mortar. Gerstle et al (1978) performed 

these tests using a wide array of end conditions. 

Kupfer et al’s (1969) invention of brush platens came from necessity; they had to find a 

method of reducing surface friction in biaxial tests. Kupfer et al (1969) used the brush platens 

to put the concrete plates in a state of biaxial compression, biaxial tension, and both 

compression and tension, simultaneously. The biaxial loading was applied on the smallest 

surface. For tension tests, the filaments of the brush bearing platen were glued to the 

specimen. Three different concrete strengths were tested (Kupfer et al 1969). 

 Buyukozturk et al (1971) also used brush bearing platens in their biaxial testing 

program. Unlike Kupfer et al (1969), Buyukozturk et al (1971) tested the concrete only in 

biaxial compression. The specimens used were also quite different, in that they were idealized: 

concrete plates whose coarse aggregate content comprised of nine limestone discs, which 

were visible at the surface. The specimens were loaded on the smaller faces, and the 

proportions of the loads varied. X-rays of the specimens were taken. Buyukozturk et al (1971) 

also used finite element analysis and compared these results to their experimental results. 

Taylor (1971) also used computer simulations in order to recreate multiaxial tests. Atan and 

Slate (1973) repeated the procedure used by Buyukozturk et al (1971), the only differences 

being that regular coarse aggregate was used, no x-rays were taken, and no computer 

simulations were performed. The previous tests were again performed by Tasuji et al (1978); 

however, the test program also included tension testing in which the filaments were glued to 

the specimen; moreover, the specimens were tested at an age of two weeks as opposed to the 

seven-day age used in the previous tests. 

 Lee et al (2004) repeated Kupfer et al’s (1969) testing program with a few ameliorations. 

Instead of the brush bearing platens, they used bearing plates covered with a Teflon layer. The 

bearing plates were slightly narrower than the specimens, to make certain that no additional 
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confinement due to contact between neighboring plates existed. Specimens were glued to the 

loading plates for tension tests. 

 Tschegg et al (1994) induced a state of biaxial stress through the use of a wedge, which 

created horizontal tension in the cube specimens. The vertical compression was introduced 

through compression slabs. The loading apparatus was comprised of two major systems which 

acted independently of each other. Tschegg et al (1994) performed these tests while varying 

the end conditions: he used various combinations of cardboard, brush bearing plates, and 

Teflon, as well as multiple combinations and orientations. The loading apparatus fitted with the 

brush platens is shown in Figure 3.2. The apparatus before failure is shown on the left; the 

post-failure apparatus is on the right. 

 

 

 
 
 

Figure 3.2: Loading apparatus used by Tschegg et al (1994). 
 
 

Gabet et al (2008) used a triaxial press named “GIGA” to perform the testing on low 

strength concrete cylinders. The hydrostatic fluid used to confine the cylinders was diethylhexyl 

azelate. Various loading paths were possible with this machine: uniaxial, hydrostatic, and 
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triaxial. The triaxial tests could also be performed three different ways: confined uniaxial, 

proportional, and oedometric. In a confined uniaxial test, a fixed hydrostatic pressure was 

applied to the cylinder while the axial load was increased at a certain rate.  In a proportional 

loading test, both the hydrostatic and axial load increased at the same rate. In an oedometric 

test, the axial load increased steadily as the hydrostatic force was applied in a fashion so that 

the circumferential strain was maintained at zero. 

 Yan et al (2009) performed dynamic triaxial tests on concrete cubes that had been 

cured for 600 days. The specimens were triaxially loaded by three sets of bearing plates 

coated with molybdenum disulfide, MoS2, grease to reduce friction. The concrete specimens 

were confined at a constant pressure while the axial load increased. 

 Zi et al (2008) used an innovative method to apply biaxial tension. The circular concrete 

plate was seated on a metal ring, while a compressive force was applied to the center of the 

specimen from above by a circular bearing plate. This system of loading created a biaxial 

tensile stress state. 

 

3.2 Results 
 

Bresler and Pister (1958) stated that a concrete failure theory cannot be based on tension, 

compression, and shearing independently of each other. Bresler and Pister’s (1958) biaxial 

specimens all failed in shear, more than likely due to restraint caused by the torque bands. 

They found that the specimens subjected to compression and torsion yielded similar results for 

sequential and proportional loading. 

 McHenry and Karni (1958) also noticed that sequential and proportional loading yielded 

no noticeable difference in results. They also found that the ratio of tensile strength to 

compressive strength decreased as the mix design strength increased. 

 Iyengar et al (1965) also noticed that the concrete strength was independent of whether 

sequential or proportional loading was used. They discovered that concrete strength increased 

at a biaxial stress ratio up to 0.3. The specimens experienced a reduction in strength at a ratio 

greater than or equal to 3.35. This reduction was approximately 25% less than the uniaxial 

compressive strength. 

 Kupfer et al (1969) agreed that the strength of concrete under biaxial compression is 

greater than in uniaxial compression. This increase in compressive strength was 16% at equal 
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compressive loads, and reached a maximum increase of 27%. This strength increase was 

almost identical for all concrete strengths tested. Kupfer et al (1969) claimed the strength of 

the concrete specimens decreased in compression-tension and biaxial tension tests as the 

strength of the concrete mix increased; moreover, in biaxial tension, the strength was almost 

independent of the stress ratio and identical to the uniaxial strength. It was also realized that 

the strength of concrete in biaxial compression was much higher when frictional restraint was 

present. This relationship is shown in Figure 3.3. Kupfer et al (1969) noted that in uniaxial 

compression a crack situated at 30 deg formed on the larger face of the plate. According to 

what is known regarding axial cleavage fracture, this indicates that the brush platens may not 

have been as effective in reducing friction as the authors had hoped. 

 

 

 
 

 
Figure 3.3: Comparison of biaxial compressive strength with and without frictional restraint 
(Kupfer et al 1969). 
 
 

Buyukozturk et al’s (1971) test results with idealized specimens demonstrated an even 

larger biaxial strength compared to uniaxial strength. The maximum increase was 32% at a 

stress ratio of 0.5, and an increase of 24% was experienced at equal biaxial loads. This 

difference in strength can be attributed to the fact that variance in biaxial strength increases 
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depends on material properties (Taylor 1971). The results of Taylor’s (1971) computational 

model as well as the biaxial strength envelopes of other authors are displayed in Figure 3.4. 

Testing shows that when a minimum biaxial stress ratio of 0.2 is maintained, lateral extension 

is prevented (Buyukozturk et al 1971). Consequently, failure occurs parallel to the specimen by 

tensile splitting, accompanied by some crushing (Buyukozturk et al 1971). 

 

 

 
 
 

Figure 3.4: Results of computational model and various authors’ biaxial failure envelopes 
(Taylor 1971). 
 
 

The experimental results presented by Mills and Zimmerman (1970) contradict Kupfer et 

al’s (1969) biaxial loading results. Mills and Zimmerman (1970) found that specimens in 

uniaxial and Type I triaxial loading, in which the axial load was greatest, formed cracks in 

planes parallel to the load. In Type II triaxial compression, in which the lateral loads were 
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greatest, the cracks formed parallel to the larger, lateral loads (Mills and Zimmerman 1970). 

This is more consistent with the axial cleavage fracture theory than Kupfer et al’s (1969) 

results. Mills and Zimmerman (1970) also noticed that failure in biaxial compression was 

sudden and explosive. 

 Rosenthal and Glucklich (1970) performed an extensive testing program, which yielded 

the following failure modes: 

 Vertical splitting failure in uniaxial compression 

 Horizontal splitting failure in biaxial compression 

 Horizontal separation in uniaxial tension 

 Vertical separation in biaxial tension 

 Separation perpendicular to the major tensile stress in triaxial tension 

 Failure by a diagonal crack when stresses were equal in triaxial tension 

 Horizontal splitting in axial tension and biaxial compression, accompanied by a 

massive reduction in strength 

 Vertical splitting in axial compression and biaxial tension 

 Sliding or shear failure in triaxial compression; spalling also occurred 

In analyzing the test results, Rosenthal and Glucklich (1970) concluded that concrete fails in 

two basic modes regardless of the level of strength: sliding or shear in triaxial compression, 

and splitting or separation in all other load cases. In the first basic mode of failure, cracks 

formed circumferentially, and failure occurred diagonally in the direction of the highest 

compressive load. In the second mode, failure occurred suddenly after the first crack appeared 

in the direction of the greatest tensile force. It would be reasonable to wonder whether a shear 

or splitting failure would have occurred if a more frictionless end condition existed, such as 

using Teflon as opposed to cardboard. Rosenthal and Glucklich (1970) stated that if the sliding 

were delayed, the specimen would fail by splitting. 

 Atan and Slate (1973) claimed that the increase in strength due to combined stresses is 

dependent on the ratio of stresses, not material composition. This contradicts Taylor’s (1971) 

findings. Strength increases of 24% and 28% occurred at a stress ratio of about 0.4 to 0.5 

(Atan and Slate 1973). The biaxially-loaded specimens failed by cleavage in the unloaded 

direction. Also, a stress ratio above 0.5 caused a decrease in strength. 
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 Gerstle et al (1978) discovered that confinement has a reinforcing effect in multiaxial 

testing. According to their test results, the biaxial and triaxial strength envelopes are highly 

dependent on the end conditions and, furthermore, what type of friction reduction method is 

used. The test results also agree with Kupfer et al (1969) in that surface friction inflates the 

increase in multiaxial strength—because of the reinforcing effect and the fact that confinement 

loads may, when combined with surface friction, create a uniform stress state. 

 Tasuji et al’s (1978) testing program achieved a 22% increase in maximum stress at a 

stress ratio of 0.5. When specimens were subjected to tension-compression, the strength 

decreased linearly with an increase in the tensile load. Contradictory to Kupfer et al’s (1969) 

results, Tasuji et al (1978) discovered a strength increase in biaxial tension when compared to 

uniaxial tension. They stated that the crack growth was very slow for concrete in biaxial 

tension; therefore, one could assume that if Kupfer et al (1969) had used a slower rate of 

loading, an increase would have been observed in biaxial tension. A 10% to 20% maximum 

strength increase in biaxial tension occurred at a stress ratio of 2.0. The tests revealed that an 

additional principal stress affects the modulus of elasticity in the direction of the first principal 

stress. Only one failure mode was observed: tensile splitting perpendicular to the direction of 

the greatest tensile stress. According to the test results, discontinuity occurred at 75% of the 

ultimate load in uniaxial and biaxial compression; also, it occurred at 60% of ultimate when 

direct tension was applied. Tasuji et al (1978) noted that the biaxial strength increase was 

inversely proportional to the uniaxial strength. 

 Lee et al (2004) repeated Kupfer’s test procedure, using Teflon as a friction-reducing 

medium. Similar results and a very similar biaxial stress envelope were obtained. Lee et al’s 

(2004) findings again contradict Atan and Slate (1973): they discovered that different concretes 

experience different magnitudes of strength increase under biaxial loading. A maximum 

strength increase occurred at a biaxial strength ratio of 0.5, which is in very good agreement 

with other researchers. In the case of compression-tension, there did not appear to be a 

noticeable difference in the strength decrease between the two types of concrete used. Lee et 

al (2004) stated that, in agreement with Kupfer et al (1969), the tensile strength was quite 

similar to the uniaxial tensile strength; however, upon further review of the test results, a 10% 

to 12% increase in strength was present. 
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 Gabet et al (2008) performed a series of triaxial tests, while varying the loading path. 

Although it is difficult to compare the strength gains to past researchers, the proportional 

loading tests are of particular interest especially because friction was not reduced in the axial 

loading system. The results showed that a maximum stress was reached at a proportion of 

0.35, with 0.5 coming in second. The relationship between proportional loading and friction will 

be further discussed in Chapter 7. 

 Zi et al (2008) performed tests on concrete in biaxial tension, and discovered that the 

strength is 19% larger than concrete in uniaxial tension. These results disagree with Kupfer et 

al’s (1969) results, but agree with Tasuji et al (1978). The magnitude of the increase appears 

to vary from one type of specimen to another, which contradicts Atan and Slate (1973). 

Yan et al (2009) describe multiaxial loading’s effects on strain rate and stress-strain 

curves. Both of these topics are discussed in further detail in later chapters: the former in 

Chapter 5, and the latter in Chapter 6. 

 

3.3 Conclusion 
 

All of the research presented agrees that concrete strength increases in biaxial compression, 

and it decreases in compression-tension. Also in good agreement is that the maximum 

increase in ultimate strength was attained at a biaxial stress ratio of approximately 0.5. The 

researchers disagree, however, on the change in the strength of concrete under biaxial 

tension: Kupfer et al (1969) claimed that the strength is the same as the uniaxial strength; 

Tasuji et al (1978) and Zi et al (2008) claimed that the strength increases in biaxial tension. By 

investigating Lee et al’s (2004) slightly altered re-creation of Kupfer’s investigation, an increase 

in biaxial tensile strength exists. 

Therefore, one can conclude that concrete increases in strength under biaxial tensile 

stress, although comparatively less than the increase in strength obtained in biaxial 

compression. Although Atan and Slate (1973) stated that material composition is not much of a 

factor in strength increase, a further investigation of their results shows that is not the case. 

When compared to stress ratio, composition does not have as much of a factor in strength 

increase; however, the effect that material properties have on the ultimate strength increases 

due to biaxial loading cannot be ignored. In addition, the size of a test specimen likely 

influences biaxial testing results. Both composition and size effect are discussed in Chapter 4. 
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CHAPTER 4 

PHYSICAL ATTRIBUTES 
 
 
 
 

Before delving further into the behavior of concrete, it is important to know what effect 

concrete’s physical parameters have on its behavior. The varying physical attributes of 

concrete make it difficult to understand the material fully; however, to achieve a better 

understanding of concrete, one must familiarize himself with the complex relationship these 

physical attributes have with the behavior of concrete. The following sections will describe the 

influence of the composition of the concrete, specifically water-cement ratio and coarse 

aggregates; the curing duration and method used; and the size effect of concrete. 

 

4.1 Composition 
 

Concrete is a heterogeneous substance. The minimum ingredients are cement, water, fine 

aggregates and coarse aggregates. Each of these ingredients has its own set of properties. 

For the purposes of this study, the influence of fine aggregates on concrete behavior will not 

be investigated because it is believed to be the most difficult parameter to analyze. Also, 

admixtures are used very frequently in modern day concrete production, but for the purposes 

of this study they will not be analyzed due to the additional intricacies involved in their analysis. 

 

4.1.1 Water-cement Ratio 
 
The greatest influence on concrete strength is the water-cement ratio. Too much cement will 

cause a loss of elasticity; too much water will cause a loss in strength. It is very important in 

concrete mix design to tailor the water-cement ratio to the concrete’s purpose. In this section, 

the tests of various authors will be reviewed to achieve a better understanding of the 

relationship between the water-cement ratio and concrete behavior. 

Kaplan (1963) discovered that the water-cement ratio influenced the magnitude of the 

stress at cracking and at ultimate in flexure, direct tension, splitting tests, and compression. He 

also discovered that the water-cement ratio had no effect on the strains at cracking and at 
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ultimate for any of the tests performed. Kupfer et al’s (1969) investigation of biaxial strength 

discovered relatively no change in strength with respect to water content. 

Hughes and Bahramian (1965) also investigated the influence of water content on 

cubes and prisms. A comparison of the strength of concrete prisms by cement-water ratio is 

shown in Figure 4.1. These results show a directly proportional relationship between the water 

content and the ultimate stress, practically independent of the coarse aggregate used. The 

strength comparison for the cube specimens was much less linear—indicating the presence of 

a size effect when surface friction is present. Hughes and Bahramian (1965), when comparing 

the cube and prism results, believed that if the frictional restraint were eliminated, the 

relationship would be perfectly linear. 

 

 

 
 

 
Figure 4.1: Relationship of water-cement ratio to the ultimate stress of prisms (Hughes and 
Bahramian 1965). 
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In their research, Zhen-hai and Xiu-qin (1987) found that cube strength increased with 

respect to cement content and age. They discovered that direct tensile strength was influenced 

especially by the water-cement ratio, not the size of the specimen. The results also reaffirm 

Kaplan’s (1963) observation that water content had no influence on strain. 

 

4.1.2 Coarse Aggregate 
 
Concrete with one type of coarse aggregate behaves differently from concrete with another 

type. The quantity of coarse aggregate also plays a large factor in how a concrete specimen 

behaves. The presence of coarse aggregate is where concrete receives its true heterogeneous 

nature, especially because the coarse aggregate behaves so differently from the mortar 

surrounding it. 

Gramberg (1965) has several figures showing fractured lithographic limestone. 

Limestone is often used as an aggregate in Florida concrete. According to the pictures in 

Gramberg’s report, the tested limestone experienced a very clean axial fracture. The limestone 

split in two, sometimes three, parts; moreover, the cracks were very clean and straight. 

Hughes and Bahramian (1965) tested a series of prisms and cubes, varying the type of 

aggregates used. The results showed that a type of aggregate can be comparatively weak in a 

cube but comparatively strong in a prism, or vice versa. This means that no relationship could 

be found between concrete strength and the coarse aggregate type. 

Kaplan (1963) tested two nearly identical concretes: one used limestone as the coarse 

aggregate; the other used gravel. Both concretes had the same water-cement ratio. The 

limestone achieved the greater strength, as shown in Figure 4.2. According to Kaplan (1963), 

coarse aggregates in concrete create stress concentrations and internal strain. Kaplan also 

found that at the point when concrete starts to crack, the tensile strains measured under 

flexure, splitting, and direct tensile tests were dependent on the volume of coarse aggregate. 

This was also true at 95% of ultimate for all tests except the splitting test. Additionally, the 

transverse strain of the specimens tested in compression was found to be inversely 

proportional to the aggregate volume. Kaplan also found that coarse aggregates reduced the 

strain capacity under flexure. According to the test results, the type of coarse aggregate used 

did not show a profound effect on the ultimate strain values. Tests showed that ultimate stress 

values were dependent on the type of aggregate for flexure, direct tension, and compression. 
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The same can be said for the volume of coarse aggregate. Kaplan found that internal stresses 

and strains were affected by the strength, shape, bond, and elastic properties of the coarse 

aggregate. 

Kordina (1960) found that Poisson’s ratio is dependent on the type of aggregate used. 

Poisson’s ratio, along with strain and microcracking, will be discussed in Chapter 6. 

 

 

 
 
 

Figure 4.2: Load-strain with varying coarse aggregate type (Kaplan 1963). 
 
 



 

 

28 

Iyengar et al (1965) developed a biaxial strength envelope for both concrete and mortar 

[Figure 4.3]. Comparing the two envelopes, one could conclude that the application of lateral 

stress increases the concrete strength because of the presence of coarse aggregate. 

 

 

 
 
 

Figure 4.3: Biaxial strength envelopes of concrete and mortar (Iyengar et al 1965). 
 

 
Tschegg et al (1994) performed a series of tests with natural gravel and crushed gravel. 

The test results showed that crushed gravel is stronger than natural gravel, likely because 

concrete bonds better to crushed gravel due to its irregular shape and size. Tschegg et al 

made an interesting finding: when concrete is under a biaxial stress state, the difference in 

strength between the two types of coarse aggregate is lessened so that the strength becomes 

nearly identical. 

Carino and Slate (1976) plotted the tensile strain vs. the mean normal stress at 

discontinuity [Figure 4.4]. Discontinuity is defined as the point at which the stress-strain curve 

begins to deviate from linearity. Further discussion of the discontinuity point can be found in 

Chapter 6. Through interpretation of the experimental results, it was determined that the 
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strength of the concrete influenced the intercept of the best fit line, while the coarse aggregate 

influenced the slope of the line. 

 

 

 
 
 

Figure 4.4: Tensile strain and mean normal stress at discontinuity (Carino and Slate 1976). 
 

 
The bond that the coarse aggregate shares with the cement paste is known as the 

interfacial transition zone, or the ITZ (Neville 1997). Buyukozturk et al (1971) stated that 

concrete departs from elasticity when cracks start to develop at the coarse aggregate–mortar 

interface. These cracks exist before loading ever takes place due to the shrinkage effect. This 

bond causes the difference in strength between concrete and mortar. Stress concentrations, 

strain concentrations, and differential deformations are all present at this interface. 

Buyukozturk et al claimed that when aggregate spacing decreases, the uniaxial strength also 

decreases; however, the biaxial strength remains relatively unaltered.  

Neville (1997) stated that the modulus of elasticity of concrete is dependent on the 

volume of coarse aggregate and the modulus of elasticity of the aggregate. Bond stress is 

caused by the difference in the modulus of elasticity of concrete and coarse aggregate; similar 

moduli of elasticity create stronger bonds. Small aggregate size is preferable in high strength 

concrete because it creates a lower bond stress. A stronger bond strength is also achieved by 
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using lightweight aggregate. Lightweight aggregate has a rough surface, creating a 

“mechanical interlock” between aggregate and mortar, thereby increasing the bond strength 

(Neville 1997). Lightweight aggregate absorbs water more readily. This water seeps out at a 

later time, rehydrating the dehydrated concrete at the ITZ, and, consequently, increasing the 

bond strength. When the moduli of elasticity approach each other, concrete failure becomes 

more sudden due to the fact that the concrete now behaves more uniformly. The values of 

modulus of elasticity for various aggregates, as provided by L’Hermite (1960), are displayed in 

Table 4.1. When comparing the moduli of elasticity of mortar and average limestone, it is seen 

why the failure of Florida concrete is so sudden and explosive. 

 

 
Table 4.1: Modulus of Elasticity of mortar and various coarse aggregates 

 

 

Material Modulus of Elasticity (ksi) Modulus of Elasticity 

(kg/cm2) 

Mortar 2,845 200,000 

River siliceous aggregate 8,961 630,000 

Quartz 11,379 800,000 

Soft limestone 782 55,000 

Average limestone 3556 250,000 

Very hard limestone [marble] 9956 700,000 

 
 
 Ortiz (1985) proposed a model for concrete based on two phases: mortar and coarse 

aggregate. Aggregates experience tensile stresses at right angles with the direction of loading. 

Ortiz used the theory of interacting continua to explain why stresses are distributed unequally 

among mortar and aggregate. Coarse aggregates’ proclivity for moving apart laterally is what 

causes lateral tensile stresses, which lead to axial cleavage fracture. According to Ortiz, 

aggregate can undergo massive plastic flow. This accounts for the residual stresses in 

aggregate after unloading, which may cause the concrete to fail. The inelastic behavior of 

concrete is due to the difference in stress states between mortar and aggregate. 
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 According to Zhen-hai and Xiu-qin (1987), the strength of concrete varies by location 

because of the random distribution of coarse aggregate, which also creates eccentricities, 

which account for scattered tensile test results. Najjar and Hover (1989) claimed that the 

coarse aggregate has a profound impact on the trajectory of longitudinal cracks. Zhen-hai and 

Xiu-qin’s (1987) results are in agreement, as they found that the cracks appeared to follow the 

ITZs. 

 

4.2 Curing 
 

The impact of curing on concrete behavior will be discussed in this section. Curing is a very 

important aspect of specimen preparation. The method and duration of curing have a profound 

effect on concrete’s strength. Moist curing is the preferred method as it keeps the mortar 

hydrated. Specimens that have been moist cured are stronger than those stored in dry 

conditions. The longer a specimen cures, the stronger it becomes, although after 28 days, the 

rate of strength gain lessens greatly. Also, a specimen that has been fully dried will be much 

stronger than a moist specimen. 

 It is important to moist cure concrete because if it is allowed to dry before it has cured 

sufficiently, transient nonlinear strains will develop throughout the specimen (Carreira and Chu 

1986). Carreira and Chu stated that the tensile strength of a dry specimen is lower than that of 

a moist specimen. According to L’Hermite (1960), curing is most effective during the early 

stages of concrete aging—allowing for the initial compaction of a specimen, which will become 

consolidated over time. As concrete ages, the modulus of elasticity increases; also, L’Hermite 

(1960) discovered that the modulus of elasticity is highly dependent on the method of curing 

used. Tschegg et al (1994) performed a series of tests comparing concrete in dry storage and 

concrete in wet storage. They concluded that, in compression, the concrete in wet storage was 

weaker than the concrete in dry storage; however, in tension, the dry concrete was weaker. 

 

4.3 Size Effect 
 
The size effect phenomenon will be described and analyzed in this section. The size effect 

experienced by concrete specimens under compression typically refers to the difference in 

strength between cylinders and cubes, where cubes exhibit a greater strength. Many 

explanations have been offered to describe this phenomenon. In reality, the size effect may be 
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more of a shape effect. Cylinder strength typically does not vary with size as long as the 

specimen is not too slender (del Viso et al 2008). On the other hand, cubes of varying size 

exhibit very large differences in compressive strength. 

 Del Viso et al (2008) performed an extensive study on the size effect of concrete. It was 

discovered at the ultimate load that the strain of cube specimens increased as the size 

decreased. In examining Figure 4.5, the size effect also appears to affect the modulus of 

elasticity of concrete specimens. Del Viso et al (2008) stated that size effect is comparatively 

lessened in larger specimens; moreover, the size effect is dissipated as the length increases. 

 

 

 
 
 

Figure 4.5: Stress–strain curves of (a) cubes and (b) cylinders of varying dimensions (del Viso 
et al 2008). 
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The compressive strength of concrete should be independent of length when a 

frictionless end condition is used (Hughes and Bahramian 1965). Concrete cubes and prisms 

were tested in compression under normal conditions and were found to have a large 

discrepancy in strength. When tested with reduced surface friction, the prisms and cubes had 

very similar strengths [Table 4.2]. Under normal compressive test conditions, cubes are 

approximately 28% stronger than prisms. When friction was reduced, cubes were only 5% 

stronger than prisms. 

 

 
Table 4.2: Comparison of cube and prism strength with varying end conditions (Hughes and 
Bahramian 1965). 

 
 

Crushing strength (lb/in^2) 
Aggregates without M.G.A 

pads with M.G.A pads 

coarse fine cubes prisms cubes prisms 

Gravel 8530 5960 5420 5360 

Aloxite 14600 9930 9880 9520 

Granite 6020 4900 5000 4430 

Granite 

Ham river 
sand 

13100 9610 9330 8800 
 
 

Hughes and Bahramian (1965) stated that if friction at the surface were completely 

eliminated, cubes and prisms would have the same strength values. This assumption can be 

used to assess the effectiveness of a friction reduction medium (Kotsovos 1983). Figure 4.6, a 

box plot of the cylinder and cube strengths for several anti-friction media, shows that the size 

effect decreases according to the effectiveness of the anti-friction medium. 
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Figure 4.6: Size effect and anti-friction media (Kotsovos 1983). 

 
 

4.4 Conclusion 
 

Water-cement ratio, coarse aggregate content, and the curing process have all been shown to 

have an effect on concrete in one way or another. Increased cement content has been shown 

to increase the strength of a specimen. Concrete strength is more dependent on the volume of 

aggregate than the type of aggregate used, because an increase in coarse aggregate content 

increases the number of ITZs in a specimen. Nevertheless, the type of aggregate used also 

has an influence on the strength of the specimen, but not on the strain at failure. Curing has 

been shown to affect the modulus of elasticity, which, consequently, increases the slope of the 

stress-strain curve. 

The results of various tests performed give reason to believe that size effect is the result 

of a condition of stress states caused by frictional restraint. The fact that the size effect 

decreases when size and length are increased supports this conclusion (del Viso et al 2008). 

Long specimens are less affected by frictional restraint and, therefore, are weaker than  

shorter specimens. In reality, the lower ultimate stress of longer specimens is closer to the 
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actual compressive strength of concrete, which would be attained by reducing surface friction 

in uniaxial compression tests. A more detailed discussion will follow in Section 7.1. 
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CHAPTER 5 

TIME DEPENDENCY 

 
 
 
 
The subject of this chapter is the time dependency of concrete strength. The behavior of 

concrete and several measurables are highly dependent on the loading. Several researchers 

have studied time dependency and have been able to explain most of the phenomena 

associated with it. The subjects covered herein include rate of loading and sustained loading.  

 

5.1 Rate of Loading 
 

Differences in concrete behavior due to the rate of loading will be discussed in this section. 

Concrete is “rate sensitive” (Yan et al 2009), meaning that strain rate has been shown to have 

a profound effect on the behavior of concrete under loading. It is common knowledge in 

concrete testing that the ultimate strength of concrete is dependent on the rate of loading (Mills 

and Zimmerman 1970). A high strain rate has also been found to increase the modulus of 

elasticity and the ultimate strain; furthermore, the rate of loading has been shown to affect slow 

crack growth (Kaplan 1961). 

Yan et al (2009) discovered that, in a triaxial stress state, the strain rate did not affect 

the failure mode, but it did have an effect on the magnitude of the ultimate strength. They also 

discovered that the increase in concrete strength was curtailed by increasing confinement. At a 

low confining pressure, the failure envelope expands with an increase in strain rate. As 

confinement increases, the influence of the strain rate on the failure envelope decreases. A 

plot comparing the ultimate strength to the strain rate is shown in Figure 5.1. 

The shape of stress-strain curves for varying strain rates was very similar; the only 

difference was the initial slope (Yan et al 2009). A descending portion of a stress-strain curve 

may be obtained by maintaining a constant strain rate (Tasuji et al 1978). When the strain rate 

is not kept constant, the curve will be a straight line and a brittle failure will take place (Carreira 

and Chu 1986). According to Murray et al (2007), the rate of loading affects the distribution of 

stress. A slower rate of loading will allow for a more uniform stress distribution. When the 

stress distribution is uniform, a concrete specimen is free to fail at any location. 
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Figure 5.1: Changes in ultimate stress with the strain rate (Yan et al 2009). 
 

 
5.2 Sustained Loading 

 
Concrete behavior under sustained load will be discussed in this section. The minimum load 

required for a specimen to fail in sustained loading is the load at which microcracking is 

initiated (Kaplan 1963). It is, therefore, important to know how concrete behaves under 

sustained loading in order to understand how it fails. 

In Shah and Chandra’s (1970) tests, specimens subjected to a sustained load of 90% 

f’c experienced a large volume increase just before failure. As a result of the change in 

volume, concrete failure was much less explosive under sustained loading. The sustained load 

at which concrete specimens failed was 85% of the ultimate. Shah and Chandra also 

discovered that specimens subjected to 60% and 70% of sustained loads did not fail, with the 

exception of a few specimens. It is reasonable to assume that the specimens that did fail had 

some sort of imperfection such as a large void or uneven aggregate distribution. They also 

discovered that the cracks formed by concrete subjected to low sustained loads exhibited an 

elastic behavior: the cracks appeared to close when the load was removed.  

Another interesting observation by Shah and Chandra (1970) was that the specimens, 

which were previously loaded under a sustained load without experiencing failure, experienced 
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a strength increase during reloading. According to Shah and Chandra (1970), this is due to the 

mortar phase of concrete. These reloaded specimens experienced a large amount of cracking 

before failure. If the original load were not removed, the cracks would have continued to 

propagate until the load was large enough to fail the specimen (Shah and Chandra 1970). 

According to Shah and Chandra (1970), concrete crack propagation under sustained 

loading is due to “stress corrosion”, which is caused by the hydrating water, found inside the 

concrete, invading cracks as they are formed. To test this theory, Shah and Chandra tested 

dry specimens under sustained load. These dry specimens experienced a large increase in 

strength under the sustained loading. 

Mazzotti and Savoia (2002) tested concrete under sustained loads, using Teflon to 

reduce friction. They discovered that significant nonlinear creep amplification was attained by 

maintaining stress levels higher than 60% - 70% of f’c. Tertiary creep is believed to cause 

failure at sustained loads above 85% of f’c; however, Mazzotti and Savoia (2002) stated that 

failure by tertiary creep may occur at a lower load—due to the reduced surface friction. In 

testing concrete under a sustained load, it is possible to see the important role that 

microcracking plays in concrete failure. Microcracking will be discussed in Section 6.2. 

 

5.3 Conclusion 
 
The time-dependent nature of concrete has made it difficult to test concrete with complete 

accuracy. A great discrepancy in concrete strength exists depending on the rate of loading. For 

example, a specimen subjected to a dynamic loading test will have a far greater strength than 

a specimen of the same concrete mix under a sustained load. 

According to Malvar and Ross (1998), the apparent concrete strength increases 

significantly under a high rate of loading. It is likely, therefore, that the true compressive 

strength of concrete is more closely approximated when a slow rate of loading is used so that 

the concrete has plenty of time to react to the load. 
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CHAPTER 6 

RESPONSE TO LOADING 

 
 
 
 
Concrete’s behavior under loading will be discussed in this chapter. In concrete testing, the 

methods of loading are limitless. Meanwhile, concrete’s response to loading has much 

variance. When loaded, concrete experiences volume expansion, displacement, and cracking, 

the amount and rate of which depend on several variables. The following sections will discuss 

Poisson’s effect, microcracking, and strain. 

 

6.1 Poisson’s Effect 
 

Poisson’s effect is a phenomenon in which a material laterally contracts or expands under 

loading. In the case of concrete, it typically refers to the expansion that occurs under 

compression. Poisson’s ratio is the relationship between transverse dilation and longitudinal 

strain in uniaxial compression (Mazzotti and Savoia 2002). 

According to L’Hermite (1960), Poisson’s ratio typically ranges from 0.10 to 0.30 and is 

typically higher in a younger concrete. Poisson’s ratio may sometimes reach values of 0.5 or 

higher shortly before rupture. This is due to microcracking which will be discussed in Section 

6.2. 

Shah and Chandra (1970) studied Poisson’s effect by testing concrete, cement paste, 

and stone. Concrete has a positive Poisson’s ratio; interestingly, however, the researchers 

found that stone had no noticeable Poisson’s effect and cement paste had a negative 

Poisson’s ratio. Shah and Chandra identified two stages of volume expansion in concrete: 

Stage 1 exhibits a slow rate of change; Stage 2 exhibits a sudden increase in the rate of 

volume change. Susantha et al (2001) performed an analysis of concrete confined by steel 

tubes, and then found that, at low loads, concrete has a very low Poisson’s ratio, even lower 

than that of steel. This is consistent with Stage 1, as described by Shah and Chandra. The 

sharp increase in Poisson’s ratio associated with Shah and Chandra’s Stage 2, was believed 

by Carino and Slate (1976) to have occurred at the discontinuity point. 
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Kotsovos (1983) performed an analysis of concrete’s post-failure behavior. He 

discovered that the tensile strain increases much more rapidly than the compressive strain 

after the ultimate strength is reached. Poisson’s ratio can vary from 1, at the ultimate strength, 

to 10 in the post-failure stage. The variation of Poisson’s ratio with compression [axial] stress, 

up to ultimate strength, is shown in Figure 6.1. 

 

 

 
 
 

Figure 6.1: Typical Poisson’s ratio values in relation to axial stress (Kotsovos 1983). 
 
 

Poisson’s ratio has an upper limit of 0.5 for a continuous nonlinear-elastic material. Concrete, 

however, is no longer continuous after ultimate, resulting in a Poisson’s ratio at much greater 

than 0.5—as shown in Figure 6.2, a plot of the tangent values of Poisson’s ratio for different  

anti-friction media. 
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Figure 6.2: Poisson’s ratio at ultimate strength by anti-friction medium (Kotsovos 1983). 
 
 

According to Kupfer et al (1969), Poisson’s ratio remains constant and only increases at 

the point of inflection of the volumetric strain relationship. Kupfer et al calculated the following 

Poisson’s ratios: 0.2 for biaxial compression, 0.18 for biaxial tension, and ranging from 0.18 to 

0.2 for compression-tension. In Buyukozturk et al’s (1971) biaxial experiments, the Poisson’s 

ratio ranged from 0.18 to 0.35 at ultimate. 

As discussed in Section 4.1.2, the Poisson’s ratio of concrete has been found to vary 

with the type of aggregate used: rolled quartz and basalt were found to have a Poisson’s ratio 

close to 0.3; river siliceous aggregate, granite, and crushed quartz all have values around 0.2; 

and for sandstone, the Poisson’s ratio is less (L’Hermite 1960). 

 Mazzotti and Savoia (2002) performed a series of tests under sustained loading to test 

the creep behavior of concrete, with special attention paid to Poisson’s ratio. Mazzotti and 

Savoia used a special method to measure transverse deformations using laser light. This 

method, the “ESPI technique”, accurately measures transverse strains within 10 microstrain.  

Figures 6.3(a-c) depict the values for Poisson’s ratio in comparison to nondimensional 

total strain for three different stress levels. Each figure is divided into two phases: loading and 

creep. At first, during the loading phase, a load was applied until it reached a predetermined 
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level. Then, during the creep phase, the predetermined load was continuously applied. Each 

figure represents a different stress level: low, moderate, and high. Low stress levels ranged 

from 0.20f’c to 0.40f’c; moderate stress levels ranged from 0.50f’c to 0.80f’c; high stress levels 

consist of stresses greater than 0.80f’c. At low stress levels, the Poisson’s ratio remained 

constant, signifying no damage. Poisson’s ratio for the 28-day specimen, at a low stress level, 

was the greatest. At moderate stress levels, the loading phase exhibited an increase in 

Poisson’s ratio—signifying cracking—especially for the 7-day specimens; all specimens were 

rather stable in the creep phase. At high stress levels, the specimens’ Poisson’s ratio 

increased in both the loading and creep phases. This signifies a constant growth of 

microcracks, followed by tertiary creep failure in the specimens marked with the Roman 

numeral “III”. Microcracks will be discussed further in Section 6.2. 

 

 
 
 

Figure 6.3a: Variation in Poisson’s ratio versus strain at low stress level (Mazzotti and Savoia 
2002) 
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Figure 6.3b: Variation in Poisson’s ratio versus strain at moderate stress level (Mazzotti and 
Savoia 2002) 
 
 

    
 
 
Figure 6.3c: Variation in Poisson’s ratio versus strain at high stress level (Mazzotti and Savoia 
2002) 
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6.2 Microcracking 
 

The process of microcracking and its impact on concrete failure will be covered in this section. 

Microcracking is the development of small cracks inside concrete, typically at the ITZ, when it 

is subjected to sufficient loading. The initiation of microcracking coincides with the initiation of 

the failure process (Kupfer et al 1969). These microcracks propagate and connect to one 

another until one or more macrocracks form—resulting in ultimate failure. A macrocrack is an 

interconnected series of microcracks that grows until it spans the entire length of a specimen. 

After failure due to a macrocrack, the specimen still has some carrying capacity due to 

aggregate bridging (Van Mier and Man 2009). Bridging is defined as the interlocking of coarse 

aggregate behind the fracture tip (Tschegg et al 1994). Under compression, microcracks form 

parallel to the load (Van Mier and Man 2009). The heterogeneous nature of concrete has a 

profound influence on the microcracking process (Ortiz 1985). According to Van Mier and Man, 

the difference between microcracks and macrocracks is that microcracks can be stopped from 

further propagation at any time through the removal of the applied load. 

Many researchers have studied the process of microcracking. The great mystery of 

microcracking is determining when it starts (Van Mier and Man 2009). According to Kaplan 

(1963), microcracking is initiated at the proportional limit, defined as the stress at which the 

stress-strain curve departs from linearity by 2 microinches per in. strain. The method of 

determining the proportional limit is shown in Figure 6.4. Carino and Slate (1976) refer to this 

point as the discontinuity point, which typically exists at a point between 70% and 80% of f’c. 

This is also the point at which concrete behavior departs from elasticity due to microcracking 

(Buyukozturk et al 1971). Buyukozturk et al (1971) used x-rays to visualize the formation of 

microcracks. Microcracks were spotted as early as 0.45f’c; however, this may have been 

preexisting due to shrinkage. In this case, microcracking was caused by tensile stresses due to 

shrinkage strains (Carreira and Chu 1986).  
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Figure 6.4: Determination of proportional limit (Kaplan 1963). 
 
 

Najjar and Hover (1989) also used x-rays to investigate the microcracking process. 

They discovered in compression tests that a single macrocrack, comprised of several 

microcracks had formed just before failure. This macrocrack was parallel to the line of loading. 

Najjar and Hover also discovered that the location of the coarse aggregate had a profound 

impact on the trajectory of longitudinal cracks. In the case of eccentric loading, transverse 

cracks formed on the tension side of the specimen. This illustrates the role of geometry in the 

microcracking and failure processes. 

When microcracks first form in the ITZ, more compression is required in order to form 

vertical cracks and to traverse the ITZ into the mortar matrix (Van Mier and Man 2009). The 

ultimate strength of concrete is highly dependent on the pre-peak microcracking. According to 

Van Mier and Man, the composition of concrete greatly influences the microcracking process, 

which, in turn, has an effect on the mechanical behavior. Voids, aggregate type and volume, 

and the location of these have a profound effect on microcrack propagation, as does geometry. 
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These variables can either act as a “crack-initiator” or a “crack-arrester” (Van Mier and Man 

2009). 

Shah and Chandra (1970) investigated microcracking using ultrasonic pulse 

measurements. They discovered that the increase of volume, as a specimen is being loaded, 

is directly related to an increase in microcrack length. According to Shah and Chandra (1970), 

crack growth under sustained load was due to water invading the cracks, resulting in “stress 

corrosion”. They discovered that under sustained stress, existing cracks continued to grow, 

and, at low stresses, some cracks would appear to shut when the loading was removed. 

According to Ortiz (1985), however, microcracking is irreversible: even though the cracks may 

appear to have shut, they are still there.  

Gramberg (1965) stated that even though the cracks appear to have shut, the crack tip 

is still active. Gramberg’s research dealt mainly with rocks and minerals, but it is equally 

applicable to concrete. The failure process of lithographic limestone, a coarse aggregate, is 

described by Gramberg in great detail. According to Gramberg, pores, or flaws, are present in 

the rock. When fracture is initiated, the contrasting sharpness between the smooth pore, or 

flaw, boundary and the fracture tip is so tremendous that the stored energy causes sudden 

collapse (Gramberg 1965). This concept may also be applied to the concrete fracture process 

in which the flaws are replaced by coarse aggregates and the ITZ. 

The microcrack propagation in axial compression may be delayed by applying a lateral 

force which counteracts the volume expansion experienced by a compressed concrete 

specimen (Gramberg 1965). Buyukozturk et al (1971) discovered that 20% f’c was the 

minimum lateral stress required to arrest crack development. This lateral stress may also be 

applied through the shearing imposed by surface friction at the specimen’s ends (Gramberg 

1965). This explains why the reduction of friction greatly lowers concrete compressive 

strength. 

 

6.3 Strain 
 

The concept of strain will be discussed in this chapter, including the possibly of using strain as 

a failure criterion. Evans (1946) has found that reinforcement has little effect on concrete strain 

capacity in tension. The tensile strength of reinforced concrete depends on the restraining 

effect the reinforcement has on strain propagation (Carreira and Chu 1986). According to 
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Kaplan (1961), the critical strain-energy-release rate, along with knowledge of the starting 

crack size and location, may be used to predict at what load failure will occur. Crack location 

and strain gage length greatly affect stress-strain diagrams (Carreira and Chu 1986). 

According to Neville (1997), the interface zone is responsible for the curved shape of the 

stress-strain diagram. Using an aggregate with a similar modulus of elasticity to the mortar 

leads to a straighter stress-strain curve.  

Hughes and Bahramian (1965) performed uniaxial compression tests using M.G.A. 

pads to reduce friction. The resulting stress-strain diagram was much more linear than for 

specimens tested without M.G.A. pads. This illustrates the importance of friction reduction in 

concrete testing. With a more linear stress-strain diagram, it is easier to discern at what point 

the specimen failed. Kotsovos (1983) performed tests to compare strains for two different 

cylinder strengths using various anti-friction media [Figure 6.5]. It is interesting that the axial 

strain did not vary with friction; however, as expected, the lateral strain varied according to the 

anti-friction medium used. 

 

 

 
 
 

Figure 6.5: Strain values by anti-friction media (Kotsovos 1983). 
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Tasuji et al (1978) recommended using a limiting tensile strain in a failure theory. The 

reasoning is that the magnitude of the limiting tensile strain increases with the degree of 

compressive loading and decreases with the degree of direct tensile loading. The stress-strain 

curves for concrete in biaxial compression, biaxial tension, and compression-tension are 

shown in Figure 6.6(a-c). Under biaxial compression, the ultimate compressive strain was 

approximately 2500 microstrain, and the ultimate tensile strain was 1000 microstrain. Under 

biaxial tension, the ultimate tensile strain was 150 microstrain. The ultimate tensile strain 

values varied in compression-tension tests according to how much tension was acting on the 

specimen. 

 

 

 
 
 

Figure 6.6a: Stress-strain curve of concrete in biaxial compression (Tasuji et al 1978). 
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Figure 6.6b: Stress-strain curve of concrete in biaxial tension (Tasuji et al 1978). 
 
 

 
 
 

Figure 6.6c: Stress-strain curve of concrete in compression-tension (Tasuji et al 1978). 
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Carino and Slate (1976) stated that a limiting tensile strain can be used to predict when 

discontinuity occurs. According to the strain data, the principal tensile strains increase with the 

degree of compression applied. On average, for the idealized specimen, discontinuity was 

reached at a tensile strain of 61 microstrain, and ultimate was reached at a tensile strain of 103 

microstrain. It is suspected that limiting tensile strains control in axial cleavage fracture. 

Raju (1970) tested concrete under fatigue loading. He discovered that the magnitude of 

the ultimate elastic strain was unaffected by the number of cycles and the stress level. The 

limiting elastic strain in Raju’s tests was approximately between 1300 and 1400 microstrain. 

According to Raju, the limiting elastic strain may be used as part of failure criteria for defining 

failure due to fatigue.  

In del Viso et al’s (2008) tests on size effect, despite the varying magnitudes of ultimate 

stress, a relationship with strain can be made. When plotting the relative stress versus the 

strain, discontinuity appears to occur at less than 1% strain for all cube sizes [Figure 6.7]. 

 

 

 
 
 

Figure 6.7: Relative stress versus strain by cube size (del Viso et al 2008). 
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Li and Ansari (2000) performed tests to compare the compressive and tensile strengths 

of high-strength concrete to that of normal-strength concrete. Figure 6.8 compares the peak 

strain obtained in tests to f’c of the specimen, and shows that the ultimate strain increases with 

the ultimate strength. From this figure, it is reasonable to assume that a failure criterion based 

on ultimate strain is attainable. 

 

 

 
 
 

Figure 6.8: Variation of peak strain with respect to f’c (Li and Ansari 2000). 
 
 

Atan and Slate (1973) observed the strain behavior under biaxial loading. They 

discovered that when a lateral load was applied to a specimen, the strain in the direction of the 

principal stress would decrease, as well as the transverse strain. Additional strain was created 

in the third, unloaded direction when a lateral stress was added. This strain led to failure in 

biaxial compression, especially when the lateral load is greater than 0.5f’c. Buyukozturk et al 

(1971) suggested that a limiting tensile strain exists in the unloaded direction, and when this 

strain is surpassed, the specimen fails. Atan and Slate (1973) suggested using a critical tensile 

strain of 0.15 X 10-3 to 0.20 X 10-3 for normal-weight concrete and 0.40 X 10-3 to 0.70 X 10-3 for 

lightweight concrete. The strain results for their series of tests were rather constant. Atan and 
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Slate stated that these strain values do not appear to be sensitive to the type of aggregate, 

water-cement ratio, and other factors. High-strength concrete was discovered to have 

approximately the same limiting tensile strain. 

Rosenthal and Glucklich (1970) also observed a limiting tensile strain in their multiaxial 

testing program. For all test methods, except triaxial compression, failure was due to a critical 

tensile strain. It is also believed that the triaxial compression test would have failed similarly 

had it not been for surface friction. Rosenthal and Glucklich obtained the critical tensile strain 

by determining the location where the stress-strain curve deviated from linearity. They 

concluded that a critical tensile strain criteria agreed satisfactorily with the test results. At the 

very least, it is a good indicator as to when microcracking takes place. 

Taylor (1971) observed that longitudinal, lateral, and volumetric strain all behave 

elastically up to a certain point. At this point, the lateral and longitudinal strains increase very 

quickly, and the volumetric strain decreases and may reverse course. This statement is 

supported by Carino and Slate (1976). The strain, therefore, may be used in some capacity to 

determine failure. According to Taylor, the presence of lateral tension causes the stress-strain 

curve to depart from linearity. 

According to Mazzotti and Savoia (2002), the progression of volumetric strain provides 

valuable insight as to the condition of the specimen and its capability of handling load.  It was 

also discovered that the longitudinal strain and crack propagation increase rapidly near failure. 

Figure 6.9 is a plot of the stress versus the volumetric strain of three specimens. It is 

interesting that all specimens seem to fail at approximately 450 microstrain. The specimens 

from Mixture 1 experienced an abrupt change at a strain between 400 and 450 microstrain. 

The specimen cast from Mixture 2 experienced a change in linearity at approximately the same 

point. According to Kupfer et al (1969), the Poisson’s ratio increases sharply at the point of 

inflection of the stress-volumetric strain curve. 
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Figure 6.9: Stress versus volumetric strain (Mazzotti and Savoia 2002). 
 
 

Kaplan (1963) discovered that strain in flexure tests ranged from about 85 to 160 

microstrain, depending on the volume of coarse aggregate. Figure 6.10 shows the relationship 

between tensile strains in flexure and in splitting tests. An interesting observation is that the 

tensile strain in flexure and splitting tests were almost equal to the transverse tensile strains in 

compression, as shown in Figure 6.11. Another interesting relationship is between tensile 

strains and longitudinal compressive strains at 95% of ultimate for direct tension and flexure 

tests [Figure 6.12]. The two curves in this plot, although having different values, appear to 

share a similar trend. Kaplan stated that the results of the tests suggest that cracking is more 

dependent on ultimate strain than ultimate stress. 
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Figure 6.10: Relationship between tensile strains at cracking in flexure and splitting tests 
(Kaplan 1963). 

 
 

 
 
 

Figure 6.11: Relationship between tensile strains at cracking in flexure and splitting tests and 
the transverse tensile strain at cracking (Kaplan 1963). 

 



 

 

55 

 
 
 

Figure 6.12: Relationship between tensile strains and compressive strains at 95% of ultimate 
for flexure and direct tension tests (Kaplan 1963). 
 

 
6.4 Conclusion 

 
Strain, microcracking, and Poisson’s effect are all important aspects of concrete behavior. All 

of the aforementioned phenomena are interrelated. According to Tasuji et al (1978), Poisson’s 

effect causes an indirect tensile stress in concrete. The indirect tensile stress is more easily 

sustained by concrete than a direct tensile stress. This indirect tensile stress is the same as 

the lateral stress that brings about axial cleavage fracture. It is possible that this lateral tensile 

stress may not be a stress after all, but a strain caused by the deformation of concrete. 

 Microcracking is caused by this lateral tensile stress which breaks apart the bond at the 

ITZ. The initiation of microcracking coincides with the initiation of failure because 

microcracking causes concrete to fail. Chapter 7 discusses the microcracking of concrete 

specimens in compression tests with varying end conditions. 

Strain acts as an excellent indicator for microcracking. Also, microcracking acts as an 

excellent indicator for failure. For these reasons, strain has the potential to be an excellent 

indicator for concrete failure. More studies need to be completed to learn more about strain’s 
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feasibility as a potential indicator. A proposed theory regarding strain and the fracture process 

will be discussed in Chapter 8. 
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CHAPTER 7 

SURFACE FRICTION TESTS 
 
 
 
 

As part of this research, a series of tests was performed at the Florida Department of 

Transportation Structures Research Center by Roddenberry et al (awaiting publication). The 

purpose of these tests was to compare the behavior of concrete using a conventional test 

method to the behavior of concrete using bearing plates with reduced friction. The method of 

friction reduction was one which was not found in literature. Load and strain data, along with 

high speed video of the fracturing, were recorded during testing. 

 

7.1 Experimental Program 
 
The compression tests were performed on 6 by 12 in. [15.25 x 30.5 cm] concrete cylinders with 

the intention of comparing compression test results with and without the use of a friction 

reduction medium.  

 

7.1.1 Mix Design 
 
Two concrete mixes were used. Only the first mix design will be discussed. It had a 28-day 

target strength of 5500 psi [37.92 MPa]. The specific gravity of the coarse aggregate was 

2.560 (SSD); a grade of 57 was used. The silica sand used in the mix design had a fine 

modulus of 2.40. Type II cement and Class F fly ash were also used in the mix. Two 

admixtures were used: an air entrainer and a water reducer. The water-cement ratio of the mix 

design was 0.48. The air content was approximately 4.5%. Table 7.1 presents the components 

of the mix design, by weight. 

 

 
Table 7.1: Mix design composition [per yd3] 

 
 

Content by Weight Material 
English Units  Metric Units (kg) 

Cement 590 lb. 268 kg. 
Fly Ash 150 lb. 68 kg. 
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Content by Weight Material 
English Units  Metric Units (kg) 

Coarse Aggregates 1700 lb. 771 kg. 
Fine Aggregates 1138 lb. 516 kg. 

Water 285 lb. 129 kg. 
Air Entrainer 1.8 oz. 53.2 ml. 

Water Reducer 70.7 oz. 1,204 ml. 
 
 
7.1.2 Procedure 
 
The first concrete mix was tested in two groups: the first group was tested in compression 

following the conventional ASTM guidelines; the second group was tested in compression with 

reduced friction. The ends of all concrete cylinders were ground. Pistilli and Willems (1993) 

recommend grinding cylinder ends in order to minimize cost, limit confinement, and produce 

more consistent test results. 

Friction reduction was accomplished in two ways: applying two coats of dry lubricant 

graphite paint to the ends of the concrete cylinders, and using bearing plates that had been 

coated with Tungsten Disulfide [WS2]. Tungsten Disulfide was used because it bonds to metal 

surfaces, it has a very low coefficient of friction, lower than Teflon, and it is used in heavy duty 

moving parts; consequently, it should hold up to the high stresses created by concrete 

compression testing. 

Testing was performed in a 500 kip hydraulic testing machine. The load rate conformed 

to specifications set forth in ASTM C-39, and load and strain data was taken at a rate of 10 Hz. 

The duration of each test was approximately three to four minutes. 

 

7.2 Results and Discussion 
 
The tests showed a large difference in cracking pattern and in compressive strength between 

the two groups of cylinders. Group 1, standard compression test, experienced a shear failure 

as described by Gramberg (1965). The cracking experienced by Group 1 was consistent with 

Type 1 and Type 2 cracking according to ASTM C-39 (2004). Group 2, reduced friction tests, 

experienced axial cleavage fracture as described by Gramberg (1965). Group 2 cracked in the 

Type 3 fashion (ASTM C-39 2004), splitting into several shards that followed the direction of 

loading. 

Table 7.1 — Continued 
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The mean difference between the compressive strengths of the two groups of 

specimens was 1400 psi; by reducing friction, the strength decreased by approximately 17%, 

or 83% of f’c [Table 7.2]. This is consistent with Neville (1981), who concluded that concrete 

should experience a 20% decrease in strength under perfectly frictionless conditions... 

 

 
Table 7.2: Cylinder compressive strength of Group 1 [standard tests] and Group 2 [reduced 
friction tests]. 

 
 

Strength (psi) 
Group 1 Group 2 

Cylinder 
No. 

psi MPa psi MPa 
1 7547 52.04 6193 42.70 
2 8330 57.43 6830 47.09 
3 8197 56.52 6849 47.22 

Mean 8023 55.33 6624 45.67 
 
 

Figure 7.1 presents the stress-strain relationship of both sets of cylinders. The stress-

strain curves for the specimens with reduced friction exhibit a more linear behavior than the 

frictionally-restrained specimens. This linear relationship between stress and strain is due to 

the fact that there is no strengthening effect due to friction, and the specimen undergoes a 

more uniform deformation—as seen in Figure 7.2. 

 

 

 
 
 

Figure 7.1: Stress-strain curve of specimens under compression. 
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Figure 7.2: Average stress vs. transverse strains at the center, top, and bottom of the 
specimens. 

 
 

The results regarding crack propagation and the fracture process are of particular 

interest. The concrete specimens subjected to friction failed in shear. These specimens 

produced one or two cones at the ends, and most of the damage occurred at the center of the 

cylindrical specimen. The specimens that were subjected to reduced surface friction failed in 

axial cleavage due to lateral indirect tension. The cracks were parallel to the compressive load 

and spanned the length of the entire specimen.  The use of high-speed cameras allowed for 

the researchers to view the fracture process of both of these failure types with great detail. 

 The main difference between the two failure modes was the location of crack initiation. 

In the shear failure mode, cracking began at the center of the specimen near the outside 

surface. At failure, spalling occurred, which means that a section of concrete punched out. 

Rosenthal and Glucklich (1970) discovered this type of failure in their triaxial compression 

tests. It is possible that lateral compression applied to the specimen by Rosenthal and 

Glucklich (1970) may have preserved the specimen from post-failure damage, allowing the 

spalling to be visualized like in the high-speed camera footage. The fracture process of the 
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shear failure mode is shown in Figure 7.3a below. Although not clearly shown, it appears that 

spalling has also occurred on the reverse side. 

 

   

 
 
 

Figure 7.3a: Frames from the high-speed camera footage of the compression testing with 
standard end conditions. The black border signifies pre-failure; the gray border signifies post-
failure. 
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The most intriguing high-speed camera footage was of the failure of the specimens with 

reduced friction. Axial cleavage fracture was initiated at the ends of these specimens. In Figure 

7.3b, fracture initiated at the top of the specimen; the formation of microcracks at the top and 

of a macrocrack is clearly seen. 

 

 

 
 
 

Figure 7.3b: Frames from the high-speed camera footage of the compression testing with 
reduced friction end conditions. The black border signifies pre-failure; the gray border signifies 
post-failure. 
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Pictures of concrete cylinders that have undergone shear failure are shown in Figure 

7.4a. The cones referred to earlier are clearly visible in these pictures. Concrete cylinders that 

have experienced axial cleavage fracture are shown in Figure 7.4b. These cylinders appear to 

have failed due to just a few macrocracks running parallel to the direction of loading. It is 

interesting to note that the surfaces of the shear failure specimens appear to be dusty, while 

the specimens that underwent axial cleavage fracture have formed shards that are clear in 

appearance. According to Gramberg (1965), this dustiness is a post-failure occurrence in 

shear failure specimens. And as can be seen from the high-speed camera frames, the 

concrete cylinders failed due to spalling. The further disintegration of the specimen can be 

attributed to the post-failure stage. 

It is interesting that the fracture process for the specimen with near frictionless end 

conditions was longer in duration than that for the specimen with standard end conditions. The 

difference in duration was more than half a second, which when compared to the duration of 

the fracture process, is lengthy. The duration of the axial cleavage fracture was almost 50% 

greater than that of shear failure. This was more than likely due to the lack in confinement at 

the specimen ends. The near frictionless specimen is free to crack and deform; consequently, 

there exists no need to release enough energy to counteract the confinement that would exist 

under standard end conditions. 

 

7.3 Conclusion 
 

Two things have been made clear through testing with reduced surface friction: axial cleavage 

fracture is the proper failure mode for concrete in uniaxial compression, and concrete failure 

may occur at any location on a specimen. It has also made a case for lateral tension as the 

cause of failure when a specimen is in pure compression. 

According to the high-speed camera footage obtained from tests performed in the 

Structures Lab, it was discovered that, when surface friction was reduced, cracking initiated at 

the top of the specimen. This occurrence should be expected because, without frictional end 

constraints, concrete is free to crack anywhere, not just at the center of the specimen. Further 

discussion of the tests results will take place in Chapter 8. 
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Figure 7.4a: Shear failure in concrete cylinders. 
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Figure 7.4b: Axial cleavage fracture in concrete cylinders. 
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CHAPTER 8 

PROPOSED THEORY 
 

 
 
 
Observations and recommendations, based on various concrete phenomena, as well as 

proposed test methods will be included in this chapter. It is impossible to formulate a perfect 

concrete failure theory due to concrete’s innate imperfections. However, it is possible to 

approximate when concrete failure occurs if one discovers the proper indicators. To find the 

proper indicator, one must have an excellent understanding of Poisson’s effect, microcracking, 

strain, and the mortar-coarse aggregate interfacial transition zone. 

 

8.1 Observations 
 

The reduction of surface friction in the testing of concrete has proven to be extremely valuable 

in learning more about the true nature of concrete. Its biggest contribution is eliminating shear 

stresses, thereby making it possible to test concrete solely in compression. The existence of 

these shear stresses inflates the value of the uniaxial compressive strength due to the 

confinement they cause. The confinement at the ends helps arrest crack growth, thereby 

delaying the failure process. As a result of reducing surface friction, it is now known that 

concrete under pure compression fails in the axial cleavage fracture mode due to lateral tensile 

strains produced by Poisson’s effect. 

 It is imperative to have a multiaxial testing program in order to formulate a failure theory. 

All of the research presented earlier agrees that concrete strength increases in biaxial 

compression, and it decreases in compression-tension. The maximum increase in ultimate 

strength was attained at a biaxial compressive stress ratio of 0.5f’c. According to Tasuji et al 

(1978), the fact that concrete strength increases in biaxial tension supports the use of a failure 

theory based on strain. It also supports the theory that Poisson’s effect causes lateral tension. 

When concrete is subjected to uniaxial compression, its response is to expand laterally 

because it has a positive Poisson’s ratio. Likewise, when concrete is subjected to uniaxial 

tension, it tends to constrict. Therefore, the use of biaxial compression and biaxial tension 

counteract Poisson’s effect, thereby increasing the strength of concrete. A triaxial tension test, 
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in which no other stress states exist but pure tension, would be extremely valuable in 

evaluating concrete behavior. However, applying pure tension is problematic: gluing the 

platens to a specimen is not an adequate method for tension testing because it does not allow 

for volume changes to occur freely at the ends. Additionally, the use of clamps to apply tension 

also applies a small amount of compression at the specimen ends where the clamps are in 

contact. The use of clamps may cause undervaluing of the concrete tensile strength because 

the compression acts as an additional stress to the Poisson’s effect. A pure tensile test would 

probably require the use of an oddly-shaped specimen. 

 Gabet et al (2008) performed a series of tests using proportional loading in which the 

lateral stress was increased simultaneously with the axial stress while maintaining a 

predetermined proportion of stresses. No measure was taken to reduce surface friction; the 

force of friction is directly proportional to the axial force, by the coefficient of friction. The 

combination of the proportional loading and the surface friction created a unique stress state in 

which total confinement of the specimen occurred. Consequently, as the axial load was 

increased, so was the lateral load and also the force of friction. If the proportionality factor was 

similar to the coefficient of friction, the specimen would be in a laterally uniform stress state. 

The proportionality factor closest to the value of coefficient of friction will achieve the greatest 

ultimate strength. The proportionality factor that reached the highest strength in Gabet et al’s 

tests was 0.35, followed by 0.5. This signifies that the coefficient of friction between steel and 

concrete is somewhere between 0.35 and 0.5, closer to 0.35. 

Size effect is a phenomenon mainly, or possibly entirely, due to frictional restraint. The 

fact that the size effect decreases when size and length are increased proves this (del Viso et 

al 2008). When the length of the specimen is increased, the center of the specimen is further 

from the surface plates, and, therefore, experiences less confinement due to friction. The 

decreased confinement, consequently, creates a lower ultimate stress, giving the illusion of a 

size effect. The lower ultimate stress of the longer specimen is actually closer to the strength of 

concrete in pure compression. 

An investigation of the ultimate compressive strength of high-strength concrete also 

proves the illusiveness of the size effect. Interestingly, high-strength concrete strength is highly 

dependent on size and shape (Lessard et al 1993). This fact further proves the importance of 

using friction reduction in compressive tests. The force of friction’s magnitude is directly 
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dependent on the magnitude of the normal force. In applying this theory to concrete 

compressive testing, the increase in size effect is to be expected. As the ultimate strength 

increases, so does the force of friction; consequently, the increased surface friction further 

exaggerates the discrepancies caused by the supposed size effect. It would be interesting to 

investigate the effect of the shape of specimens on concrete strength and ultimate strain. 

A possible reason for the increase in apparent strength due to strain rate is surface 

friction. The surface friction may have a lessened impact on testing when the strain rate is 

relatively low due to the ends having time to slip and slide, and the expansion being so great 

that it is allowed to overcome the friction created by the bearing plates. The reverse is also 

true: a high strain rate increases the effect surface friction has on concrete behavior. Reducing 

friction, therefore, may reduce the effect of strain rate on concrete behavior. 

 The reason the specimens in the lab tests cracked at the top, of all places, is probably 

because the interfacial transition zone is at its weakest there due to the exposed coarse 

aggregate. One explanation as to why shear failure is so sudden and explosive is because the 

lateral tensile stresses at the specimen ends have to build up until they are strong enough to 

overcome the surface friction. When the specimen arrives at that point, all of the built-up 

stresses are released suddenly as fracture energy. This causes a sudden, explosive failure. 

 It is reasonable to assume that Poisson’s effect causes failure due to lateral tension in 

uniaxially-compressed concrete specimens.  According to Buyukozturk et al (1971), arresting 

crack growth requires a lateral force of 20% of f’c is required. Because Poisson’s ratio is 

approximately 0.2 in most concretes, it may be assumed that this lateral force counteracts the 

lateral tension imposed by Poisson’s effect, at least until Poisson’s ratio increases and fracture 

occurs. 

Strain is a suitable failure indicator because it shows when microcracking occurs, when 

a large change in volume occurs, and when there is an abrupt change in Poisson’s ratio. All of 

these events signify failure in concrete; therefore, a change in strain signifies failure. Tensile 

strain should be used as the failure criterion because concrete is weakest in tension. The 

limiting tensile strain may vary by mix design, by age, and by stress state. More research 

needs to be performed in this field before tensile strain can be readily used to predict failure. 
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8.2 Proposed Test Methods 
 

One thing is certain: to produce reliable results, surface friction must be reduced. The 

reduction of surface friction eliminates all stress states other than compression; therefore, 

fewer variables need to be accounted for when formulating a theory. It is recommended that all 

tests described below use a method of friction reduction. It is also important to avoid the use of 

admixtures. The only ingredients used in concrete mix design for testing purposes should be 

cement, water, sand, and a coarse aggregate. Using a soaked limestone—because it has a 

similar modulus of elasticity to concrete and would cause fewer shrinkage cracks—would 

further reduce the amount of variables that need to be accounted for.  

A microcrack investigation can be completed with the following: a specimen loaded in 

sustained increments, and while using a very slow rate of loading, the load is increased from 

one increment to the next. The load should be sustained at 45%, 60%, 70%, 75%, and at 80% 

f’c, as well as whichever load causes the most change in concrete behavior. It is especially 

important to use a frictionless bearing plate throughout the testing. An interesting variation to 

this test procedure would be to use a contrast agent as the hydrating solution, and then 

perform tests while a CT scan is being performed. This would allow researchers to have a 

better understanding of microcrack propagation as well as learn what role water has in 

concrete microcracking. 

It would be interesting to test concrete with a frictionless set of bearing plates, while 

varying the strain rate, and then compare the results. It is reasonable to assume that the 

results would not vary by that much because the use of frictionless bearing plates would 

lessen the effect of strain rate on concrete behavior. 

To check if there is a shape effect, three specimens could be cast: a cylinder whose 

length is equal to twice the diameter, a square prism of identical length whose volume is also 

identical, and a square prism whose corners would lie on a circle of the same diameter as the 

cylinder. This experiment will yield one of two answers: there is no shape effect, or, if there is, 

then stress is not a suitable measurement for strength. This last answer can be determined by 

using specimens of varying areas and testing the strength. 

Another interesting test, influenced by Zi et al’s (2008) test procedure, would be to 

investigate the strength of the ITZ bonds. To test this, a circular mortar plate could be cast with 

a solid disk made of a coarse aggregate in the center. The specimen would be kept well-
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hydrated to avoid shrinkage. The mortar plate would then sit on an annular support, and strain 

gages would be applied to the underside of the plate at the ITZ. A circular bearing plate having 

a diameter equivalent to that of the aggregate disk would then apply a compression force to 

the aggregate disk from the top until failure occurred. High-speed cameras could be used to 

better visualize the progression of crack growth. This experiment could be repeated with 

various types of coarse aggregate and several other variations. The top view of the support is 

shown in Figure 8.1a, and the top and side views of the specimen are shown in Figure 8.1b. 

 

 

 
 
 

Figure 8.1a: Top view of the support for the proposed ITZ tests. 
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Figure 8.1b: Top and side views of specimen for the proposed ITZ tests. 
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CHAPTER 9 

CONCLUSION 
 
 

 
 
During the course of this study, a variety of topics related to concrete were researched. These 

topics include: the effect of end conditions in testing, multiaxial loading, the physical 

characteristics of concrete, time dependency, and the concrete response due to loading. The 

study of the end conditions included research on other authors’ methods of friction reduction 

and their results, as well as information from a new set of tests performed by the research 

group as part of this study. It was discovered that the reduction of surface friction in the testing 

of concrete proved to be extremely effective in learning more about concrete behavior. This 

advancement in concrete testing reveals the true behavior and nature of concrete. Through 

experimentation, it was verified that concrete fails in axial cleavage fracture due to lateral 

tension. It was also revealed that, when friction is reduced, concrete is free to fail at any 

location, under compression. 

An extensive literature review was performed on the subject of multiaxial loading. The 

research indicated that concrete strength increases in biaxial compression and biaxial tension, 

and it decreases in compression-tension. It is agreed upon that in order to test concrete in 

multiaxial stress states, the surface friction must be reduced to achieve accurate results. The 

multiaxial tests which were reviewed provide support for the formulation of a strain failure 

theory. 

 Water-cement ratio, coarse aggregate content, and the curing process have all been 

shown to have an effect on concrete behavior. It was found, through the literature review, that 

increased cement content has been shown to increase the strength of a specimen, and that 

concrete strength is more dependent on the volume of aggregate than the type of aggregate 

used. This is because an increase in coarse aggregate content increases the number of ITZs 

in a specimen; moreover, it decreases the thickness of the mortar matrix located between the 

coarse aggregates. Nevertheless, the type of aggregate used also has a bearing on the 

strength of the specimen, but not on the strain.  
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The results of tests performed by other researchers indicate that size effect is a side 

effect of testing with frictional restraint. As stated earlier, end constraint creates an inflated 

concrete compressive strength due to the confinement it causes. This peculiar event occurs 

because the long specimens are less affected by frictional restraint; consequently, the long 

specimens appear weaker than the shorter specimens. In reality, the lower ultimate stress of 

the longer specimens is closer to the actual compressive strength of concrete, which is 

attained by reducing surface friction in uniaxial compression tests. 

The time-dependent nature of concrete necessitates that another variable be accounted 

for when testing concrete. Varying the rate of loading has produced results with a large amount 

of variance. For example, a specimen subjected to a dynamic loading test will have a far 

greater strength than a specimen of the same concrete under a sustained load. The reason 

this occurs is because under slow loading, cracks have time to propagate before ultimate is 

reached. Under a fast loading rate, cracks barely have enough time to propagate; therefore, 

the concrete has a slow response time to the load and failure occurs after the ultimate strength 

has been surpassed. 

Strain, microcracking, and Poisson’s effect are all important aspects of concrete 

behavior. Microcracking is caused by lateral tensile strains, which breaks apart the bond at the 

ITZ. Microcracking is a major player in the concrete failure process. It is important to have an 

understanding of microcracking in concrete in order to formulate a concrete failure theory. The 

literature has shown that microcracking affects strain and Poisson’s ratio. Poisson’s ratio also 

affects strain values. It is, therefore, concluded that a case may be made for using strain in a 

concrete failure theory. 

 

9.1 Recommendations 
 

Through the process of reviewing tests and results obtained by various researchers, 

recommendations can be made. The most important one is that, in any form of concrete 

testing, a friction reduction method should be employed. Care should be taken to avoid the 

application of any unintentional stress states. In selecting a method of reducing surface friction, 

the best method appears to be the use of Teflon film or other such substances as a coating for 

bearing plates; the use of brush bearing platens should be avoided since better materials for 
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friction reduction exist today. It is also recommended that further research be performed on the 

suitability of strain as a focal point of concrete failure criteria. 

 

9.2 Future Research 
 

To further this research, a testing program is currently being formulated. Testing under 

sustained loads, while using nearly frictionless bearing plates, as well as on different specimen 

sizes and shapes, will be performed. Much of this research will implement multiaxial loading 

and a new test procedure for applying tension. Further research will be performed by Dr. 

Michelle Rambo-Roddenberry, P.E., PHD candidate Raphael Kampmann, and Marcus Ansley, 

P.E. 
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