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ABSTRACT 

Concrete has been utilized as a construction material for centuries, however its 

behavior is not completely understood.  In practice, structural engineers use empirical 

formulas and large safety factors to account for uncertainties in the material behavior of 

concrete. Even computer models cannot fully capture concrete behavior. Many existing 

models are valid for one type of loading condition and cannot accurately predict all types 

of concrete behavior. 

The Lattice Discreet Particle Model (LDPM) is one model that can accurately 

predict concrete behavior under numerous loading conditions. A comprehensive set of 

experimental data is integral to calibrate this comprehensive model.  This data set has 

not yet been developed. 

A series of experiments were designed and performed to fully capture concrete 

behavior and provide data to calibrate the LDPM. All specimens were cast using the 

same mix design under laboratory conditions. Concrete was tested in uniaxial 

compression, tension, and confined compression. The tests performed include the 

uniaxial compression test, three point bending test, Brazilian splitting test, and confined 

compression test. 

Two rounds of data analysis were performed on the results. The initial round 

explored problems with the data and attempted to correct them. Individual results that 

were uncharacteristic of concrete behavior were excluded. A second, more in depth 

round of analysis was performed on the corrected data. Computed properties as well as 

the consistency of the results were examined. The adherence to certain trends in 

behavior, such as size effect and experimental error were also examined. 

The results of these experiments will be utilized to calibrate the LDPM and improve 

future concrete testing at RPI. Another series of experiments will be designed and 

simulated using the LDPM. A second round of testing must be performed to validate the 

results of the computer model.  
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1. Introduction 

1.1 Introduction to Concrete Behavior 

Concrete is a quasi-brittle material that is one of the most widely used construction 

materials globally. It is a heterogeneous substance that is composed of water, cement and 

aggregate. When mixed together, the water and cement react and harden to form a solid 

matrix which surrounds the aggregate pieces. The aggregates make up majority of the 

volume of concrete and have a higher strength than the cement matrix. Failure typically 

occurs in the cement matrix as opposed to the aggregate pieces. 

Concrete is not an isotropic material, in that its strength is dependant upon how it is 

loaded. It is extremely strong in compression, but relatively weak in tension. Tensile 

strength is generally approximated as one tenth of compressive strength. In practice, 

steel reinforcement is added to concrete. The tensile strength of concrete is neglected as 

it is assumed that the steel takes all of the tensile loads. 

1.2 Modeling Concrete Behavior 

Although concrete has been used for hundreds of years, its behavior is still difficult 

to model because it depends on numerous variables such as mix design, age, curing, and 

loading conditions. Concrete design of structures requires the use of various safety 

factors and approximations to account for the uncertainty in strength. 

Formulating a comprehensive computer model to capture concrete behavior is also a 

challenging task. Many existing models are valid for only specific types of loading 

conditions, failing to accurately simulate all types of concrete behavior. Traditional finite 

element models rely heavily on how the mesh is oriented. Since concrete fails locally, 

extremely fine meshes are needed to simulate failure which leads to a high 

computational cost and an inefficient model. 

 One model that attempts to solve these problems is the Lattice Discrete Particle 

Model (LDPM) which is currently under development by the research group of 

Professor Gianluca Cusatis, Ph.D. It is valid for a multitude of loading conditions 

including uniaxial tension, uniaxial compression and multiaxial. The LDPM models the 
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meso-structure of concrete, which allows it to simulate localized failure. To minimize 

computational cost, it is modeled using discrete elements.  

1.3 Project Motivation 

Experimental data is integral to the development and calibration of computer 

models. A large portion of the available data in concrete literature is incomplete or is 

lacking key information. The majority of the data is found in scientific papers which 

often omit details. As a result, calibrating computer models is a challenging process. 

Limited experimental data is available showing concrete behavior under multiple 

loading conditions. To calibrate a comprehensive computer model, a comprehensive set 

of experimental data is required. A series of tests was designed and performed to 

generate this data . Tests were chosen based on two parameters. The tests had to generate 

values that would give an accurate measurement of various types of concrete strength 

and behavior. The tests also had to be reproducible by the LDPM. Based on these 

parameters, four tests were chosen: the Uniaxial Compression Test, the Confined 

Compression Test, the Three Point Bending Test, and the Brazilian Splitting Test. 

The results of the tests performed will be utilized in the calibration of the LDPM. 

After performing the calibration, a second comprehensive set of tests will be designed 

using different parameters. Before the experiments are performed, the tests will be 

simulated using the LDPM. The results of the LDPM will then be validated by 

performing the physical experiments. 
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2. Theoretical Background 

2.1 Factors Influencing Concrete Strength 

2.1.1 Mix Design 

Water, cement, and aggregates influence concrete strength and behavior. Different 

mix designs implore the use of different proportions and types of materials. By 

understanding how the three components interact, it is possible to create different mix 

designs with varying behavior.    

Aggregates can be natural (gravel) or man-made (crushed stone). Aggregates should 

have high compressive strength and should be chemically inert. They are divided into 

two categories: fine and coarse. A well graded mixture of fine and coarse aggregate is 

essential in designing a mix. [1] 

The ratio of water to cement, water-cement ratio, is an important component of 

concrete mix design. As shown in Figure 2.1, compressive and flexural strength increase 

in inverse proportion to the water-cement ratio. A low water-cement ratio has some 

additional benefits. It increases the resistance to weathering, provides a better bond to 

reinforcing steel, and reduces the effect of shrinkage. [1] However, if not enough water 

is used, the cement will not fully hydrate and the full strength will not be achieved. It is 

important to use a water-cement ratio that is within the range of accepted values. 

 

Figure 2-1 Effect of water-cement ratio on concrete compressive strength [10]. 
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2.1.2 Age of Specimen 

Concrete acts as a fluid and can be molded into virtually any shape or size when 

it is initially mixed. The cement and water undergo a chemical reaction and the concrete 

begins to gain strength over time. This process is called curing. Concrete will continue to 

gain strength for years after it is poured. However, it is not practical to allow concrete to 

cure for years. When designing structures, engineers use the 28 days strength of concrete 

 

Figure 2-2 Effect of age on concrete compressive strength [10]. 
 

As shown in Figure 2.2, the strength of concrete continues to increase with age. Full 

design strength is reached at 28 days. After 28 days, the concrete continues to gain 

strength. Note the time scale. Allowing the concrete to cure longer than 28 days does not 

lead to a significant increase in strength. The strength of concrete at 5 years is only 20% 

greater than the strength of concrete at 28 days. 

2.1.3 Curing Conditions 

Specimens must be kept in a warm and moist environment to allow concrete to cure 

properly. The concrete will stop undergoing hydration if the temperature or relative 

humidity drops below a certain threshold. This will cause it to stop gaining strength. 

Figure 2.3 displays the effect of humidity of the curing process. The strength of concrete 

increases as the amount of time the specimen is kept in a moisture-controlled 
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environment increases. It is important that specimens are kept in a temperature and 

humidity controlled environment when conducting laboratory experiments. 

 

 

Figure 2-3 Effect of curing conditions on concrete strength [1]. 

2.2 Concrete Behavior Under Different Loading Conditions 

2.2.1 Behavior in Compression 

Concrete behaves as quasi-brittle material under compression. A stress strain curve 

of concrete in pure compression can be seen in the right half of Figure 2.4. The 

maximum value of the curve is the compressive strength, '
cf . The first portion of the 

stress strain curve is considered to be elastic. The cutoff for the elastic regime is between 

one half and one third of the peak. After this point, the stiffness starts to degrade as the 

specimen exhibits inelastic behavior. This occurs until the concrete reaches a peak stress, 
'

cf . At this point, concrete begins to undergo softening behavior which is characterized 

by a decrease in stress with an increase in strain.  
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Figure 2.4 also shows the stress versus lateral strain for concrete under uniaxial 

compression. The curve is more or less elastic until it starts to approach the peak. At this 

point, the concrete begins to fail, and the lateral expansion increases.   

 

Figure 2-4 Typical stress strain curve for concrete in compression [3]. 
 

Concrete is usually designed to be used in compression. Since concrete strength can 

be influenced by so many factors, it is imperative to verify its strength in the field. It is 

important to have a test to measure compressive strength that is both easy to perform in 

field conditions and yields consistent results. The standard way to measure the 

compressive strength of concrete is the uniaxial compression test. This test is performed 

on concrete cylinders that are cast on site or under laboratory conditions. The American 

Society for Testing and Materials (ASTM) regulates the curing and testing process, and 

specifies how cylinders are to be cast, cured and tested. Adhering to the ASTM 

standards ensures a reliable test.  

2.2.2 Behavior in Tension 

Concrete design specifications ignore tensile strength because compressive strength 

is so much greater. Design specifications also treat concrete like a completely brittle 

material, ignoring any post peak strength. This is not accurate. If tensile strength was 

non-existent, concrete would behave like dry sand. It would have no cohesion and would 

not be able to hold itself together. It would be impossible to use concrete to form beams, 

slabs or columns. Virtually every concrete structure cracks. If concrete was completely 
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brittle, any small crack would propagate throughout the entire structure and cause it to 

fail. [2] 

It is important to quantify tensile strength and fracture energy. However, measuring 

tensile strength is considerably more difficult than measuring compressive strength. A 

lack of a reliable test is one of the reasons why it is so difficult to model tensile behavior 

in concrete.  

Engineers have developed a number of tests to quantify tensile strength and fracture 

energy. Two such tests are the Three Point Bending Test and the Brazilian Splitting Test. 

Each test has positive and negative attributes that will be discussed in Section 2.3. 

2.2.3 Behavior Under Confinement 

 

Figure 2-5 (a) Load path in a stack of aggregates. (b) Splitting tensile force between 
four aggregates [3]. 

Concrete always fails due to tension. When concrete is loaded in direct 

compression, the failure mechanism is due to the development of tensile cracks. Figure 

2.5 (a) shows the load path that develops when concrete is compressed. The load path 
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results in a net tensile force between particles as illustrated in Figure 2.5 (b). This causes 

splitting cracks in concrete which leads to failure. 

 The addition of confinement counteracts the tensile force and keeps concrete under 

compression, resulting in a substantial increase in both strength and ductility. As 

confinement increases, specimens maintain the same elastic modulus, but the 

compressive strength increases. The post peak behavior is also influenced. Post peak 

behavior transitions from softening to hardening behavior as confinement increases. 

2.3 Methods of Testing Concrete Behavior 

2.3.1 Uniaxial Compression Test 

The standard way to measure the compressive strength of concrete is the uniaxial 

compression test. During the test, a concrete specimen is placed between two steel 

loading platens and is compressed axially. It is performed on cylindrical specimens 28 

days after the specimen is cast. The maximum load is divided by the area of the 

specimen to compute the compressive strength, '
cf . 

The compressive strength measured is a structural, not material, property. 

Compressive strength is influenced by the shape (slenderness ratio) and size of the 

specimen. For cylinders, the slenderness ratio is defined as the ratio of the height to the 

diameter. Figure 2.6 shows the effect of the slenderness ratio on concrete cylinders. All 

specimens have the same diameter, so an increase in height corresponds to an increase in 

the slenderness ratio. Under normal (high friction) conditions, compressive strength 

decreases as the slenderness ratio increases. This is due to friction between the specimen 

and the loading platen. Specimens with a small slenderness ratio are more heavily 

influenced by the friction and have a higher strength. This effect lessens as the aspect 

ratio increases. For this reason, it is vital to have a consistent value for the slenderness 

ratio. The standard slenderness ratio for concrete cylinders is two. According to Figure 

2.6, the effect of friction is minimized when the aspect ratio reaches two. This value was 

selected to reduce the affect of friction on the compressive strength.  
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Figure 2-6 The effect of slenderness ratio and friction on the uniaxial compression 
test. (a) High Friction (b) Low Friction[3]. 

 
Figure 2-7 Peak Stress and strain plotted as a function of slenderness ratio for high 
and low friction specimens [3]. 
 

As demonstrated in Figure 2.6 and 2.7, the effect of the slenderness ratio on 

compressive strength can be also be minimized by using a friction reducing agent such 

as Teflon. This is because as the specimen is compressed, it expands. Friction between 

the loading platens and the specimen causes confinement by preventing this expansion. 

The confinement leads to an increase in strength. Reducing the friction allows the 
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cylinder to expand which eliminates the confining pressure. This negates the effect of 

the slenderness ratio on concrete cylinders. 

Figure 2.8 illustrates the effect of friction on the failure mechanism of concrete 

specimens. All specimens had a side length of 100mm. In the top portion, the specimens 

were tested under high friction conditions. As shown, the confinement leads to a core of 

relatively undamaged material. This is especially prevalent in the prisms with a height of 

50 mm (slenderness ratio of 0.5). As the height and slenderness ratio increase, the effect 

is decreased. The specimens on the bottom were tested using Teflon sheets as a friction 

reducing agent. As a result, the specimens cracked along the entire volume of the prism. 

There is not a great difference in the failure mechanisms between the specimens with 

different slenderness ratios. For specimens with the same aspect ratio, low friction 

specimens should break at a lower strength. This is the result of confining pressure 

caused by friction providing additional strength.  

 

Figure 2-8 Typical fracture patterns for high (top) and low (bottom) friction 
specimens [3]. 
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2.3.2 Three Point Bending Test 

One way to determine the tensile strength of concrete is the three point bending 

test. During the test, a beam is placed on two roller supports and loaded at mid-span. 

This creates a bending moment in the beam which is the maximum at the mid-span.  The 

bending moment causes the beam to experience compressive stress in the top portion and 

tensile stress in the bottom portion. The beam will experience tensile cracks at the 

bottom because compressive strength is much higher than tensile strength,  

Testing a beam in this way provides the modulus of rupture which is a good 

indication of tensile strength. According to ASTM C293-08, the modulus of rupture, R, 

can be computed by the following equation: 

22
3
bd
PLR =  

 
where R = modulus of rupture, P = maximum applied load, L = span length, b = width of 

specimen, and d = depth of specimen [10]. 

However, during the test the beam experiences a very brittle failure and has little 

or no post-peak. Another drawback is that the point where the beam fractures depends on 

the distribution of the aggregate pieces. Generally the beam cracks in the cement matrix, 

around the aggregates. Since the point of fracture is random, it is difficult to model.  

One solution to this problem is to create a notch on the bottom of the beam. 

Figure 2.9 shows the typical location of a notch. Adding a notch creates a stress 

concentration at the notch tip, causing the beam to crack. This controls where the beam 

will fail, making the test easier to model. The addition of a notch also makes for a less 

brittle post peak, which provides a good measurement of the energy dissipated during 

the test. This energy is equal to the area under the load versus displacement curve. The 

downside of this test is that it provides an unreliable measurement for the modulus of 

rupture. For this reason, the peak in this curve is not what is important, it is the energy. 
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Figure 2-9 Experimental set-up for notched three point bending test. 
 

The energy dissipated during the test is utilized to compute fracture energy, fG . 

Fracture energy is equal to the energy dissipated during the test divided by the area of 

the ligament. For the notched test, the area of the ligament is equal to the gross cross 

sectional area minus the area of the notch.  

)(* adb
EnergyDissipatedG f −

=  

where b is the base of the cross section, d is the depth of the beam and a is the notch 

length. 

2.3.3 Brazilian Splitting Test 

Another method for measuring tensile strength is the Brazilian Splitting Test. 

During this test, a cube or cylinder is placed between two thin, wooden strips and loaded 

in compression. The set-up for cube and cylindrical specimens can be seen in Figure 

2.10. The wooden loading strips deform and transfer a uniform line load from the plate 

to the specimen. As shown in Figure 2.10 this creates a net tensile force in the middle of 

the specimen, causing a splitting crack to develop down the center of the cube or 

cylinder. The failure is rapid and brittle, which makes post peak behavior nearly 

impossible to capture.  
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Figure 2-10 (a) Experimental set-up for cylindrical and cube specimens. (b) 
Resulting stress distribution [6]. 

 

The splitting strength can be calculated using the peak load from the test. ASTM 

C496 provides an equation for the splitting stress of a cylinder which sets '
tf  equal to: 

BD
Pft π

2' =   

where P is the peak load, B is the length of the cylinder and D is the diameter [7]. 

However, the strength measured during this test is affected by the shape, width of the 

loading strips, and size of the specimen. The effect of shape and width of the loading 

strips can be corrected using the following equation [6]: 

( ) 2/32' 12 β
π

−=
BD
Pft           Cylindrical Specimens 

( )[ ]0115.012 3/52' −−= β
πBD

Pft  Prismatic Specimens 

where β is the ratio of the width of the loading strips to the width of the specimen. 
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2.3.4 Confined Compression Test 

The confined compression test is also known as the triaxial compression test and the 

hydrostatic compression test. During the test, a confining pressure is added to the 

specimen in the 1X  and 2X  direction as it is loaded in the vertical, 3X , direction. The 

specimen is continuously loaded in the z direction until a certain level of strain is 

reached. Figure 2.11 shows how specimens are loaded. 

 

Figure 2-11 Confined compression test for concrete cylinders.  
 

The addition of confinement to concrete adds both strength and ductility. Figure 

2.12 shows the effect of increasing confinement on the confined compression test. The 

test is equivalent to the uniaxial compression test for specimens with a confinement of 

zero. Increasing confinement causes two trends. The strength in the 3X  direction 

increases and the post peak behavior starts to change. The specimens become more 

ductile and reach much higher levels of ultimate strain as the level of confinement 

increases. There is also a transition from softening to hardening behavior.  

 

X3 

X1 X2 
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Figure 2-12 Stress strain curves from confined compression test [3]. 
Concrete cylinders were cast inside of steel jackets in order to provide 

confinement during the tests that were performed. The steel jackets were made from 

structural steel pipe. The concrete is loaded in the 3X  direction by using a steel loading 

platen that fits inside of the pipe. The steel jackets are not loaded in the 3X  direction. By 

surrounding the cylinder with steel, lateral expansion of the concrete is restricted which 

causes a confining pressure to build. The confining pressure can be computed based on 

the lateral expansion of the steel jacket through the use of equilibrium, compatibility, 

and constitutive relations. 
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3. Experimental Procedure 

3.1 Determination of Mix Design 

3.1.1 Key Parameters 

To have a normal strength concrete, a mix was designed to fit the following 

parameters: 

• cement content = 400 3m
kg  

•  water to cement ratio = 0.5  

• fine to coarse aggregate ratio = 3:2 (to ensure a well-graded mixture) 

Based on Figure 2.1, it was estimated the mix design would yield a compressive strength 

between 4500-5500 psi. 

3.1.2 Determination of Proportions 

The following steps were taken to determine the correct proportions: 

• Cement was added to a container of known volume. The amount of cement 

that was added was in proportion to 400 3m
kg . The weight of the cement 

was recorded. 

• Water was added to the mixture. The weight of the water added was half of 

the weight of the cement. The total weight of the water, cement and 

container was measured and recorded. 

• In a separate container, a mixture of fine and coarse aggregate was mixed. 

The ratio of the fine to coarse aggregate, by weight, was equal to 3:2. 

• The mixture of aggregate was then added to the mixture of cement and water 

until the container of known volume was full.  

• All the weights were recorded and the ratio of their weight to the weight of 

cement was calculated. 
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3.1.3 Final Mix Design 

The final mix design can be see in Table 3.1. This mix design was constant 

throughout the testing process. The mixture yielded a unit weight of approximately 150 

pounds per cubic foot and a slump between 4-6 inches. 

Table 3-1 Final mix design. 

Material Ratio to Cement

(by Weight) 

Cement 1.00 

Water 0.50 

Fine Aggregate 3.25 

Coarse Aggregate 2.16 

3.2 Casting Procedure 

3.2.1 Relevant ASTM Standards 

All specimens were cast in accordance with ASTM C 192/C 192M “Standard 

Practice for Making and Curing Concrete Test Specimens in the Laboratory.” [9] 

3.2.2 Preparation of Materials 

The following preparatory actions were taken prior to the casting of specimens:  

• All molds were thoroughly cleaned and assembled. Mineral oil was applied 

to the inside of each mold to reduce adhesion between the concrete and the 

mold. 

• The amount of concrete needed for casting was computed based on the 

volume of the molds. The amount of each material including fine aggregate, 

coarse aggregate, cement and water was also determined. 

• Aggregates, cement and water were weighed and placed in individual 

containers. 

3.2.3 Mixing of Concrete 

• Coarse aggregate and approximately half of the water were added to the 

mixer. The mixer was turned on the components were mixed for one minute. 
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• The fine aggregate, cement and remainder of the water were added to the 

mixer. The mixer was run for three minutes. 

• The concrete stood for three minutes followed by an additional two minutes 

of mixing. 

• Concrete was poured into a mixing tray. At this time, the temperature, slump 

and unit weight of the concrete were measured. 

3.2.4 Molding Specimens 

• Prior to casting, all molds were thoroughly cleaned and lubricated with a 

mineral oil. 

• Concrete was placed into the molds in layers using a metal trowel. The 

number of lifts used per mold can be seen in Table 3.2.  

• Each layer was consolidated using a laboratory vibrator. The concrete was 

vibrated until the surface appeared smooth and all air pockets were removed 

from the specimen. The vibrator was not rested on the side or bottom of the 

molds. 

• After the final layer was applied and vibrated, the surfaces of the molds were 

flattened using a trowel. 

Table 3-2 Number of layers required per specimen [9]. 

Shape of 

Specimen

Size of 

Specimen 

Number 

Of Layers

Cylinder 2”x4” 2 

Cylinder 3”x6” 2 

Cylinder 4”x8” 3 

Cube 2”x2”x2” 2 

Cube 3”x3”x3” 2 

Cube 4”x4”x4” 2 

Cube 6”x6”x6” 2 

Beam 3”x3”x11” 2 
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3.3 Curing Procedure 

3.3.1 Relevant ASTM Standards 

All specimens were cast in accordance with ASTM C 192/C 192M “Standard 

Practice for Making and Curing Concrete Test Specimens in the Laboratory.” [9] 

3.3.2 Initial Curing (First 24 hours) 

During the first 24 hours, the specimens were left in the molds at room 

temperature. Moisture loss was prevented by covering the top of each mold in plastic 

wrap. 

3.3.3 Curing (Day 2 through 28) 

After 24 hours, the specimens were removed from their molds and labeled with the 

date they were cast. Specimens were placed in a warm water curing tank and left to cure 

for 27 days. The temperature of the water was kept at a constant 73º F. 

3.3.4 Removal of Specimens 

28 days after the specimen was cast, it was removed from the warm water curing 

tank and prepared for testing. The amount of time the specimen was exposed to air was 

minimized. Specimens were wrapped in plastic to avoid drying out.  

3.4 Unconfined Uniaxial Compression Test 

3.4.1 Relevant ASTM Standards 

All specimens were tested in accordance with ASTM C 39 “Standard Test Method 

for Compressive Strength of Concrete Specimens.” [13] 

3.4.2 List of Specimens 

To generate a comprehensive set of data, three different cylinders sizes were 

tested under high and low friction conditions. A minimum of 6 tests for each condition 

was required to generate sufficient amount of data. A total of 53 cylinders were tested. 

Table 3.3 lists the number specimens which were tested. 
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Table 3-3 Number of specimens tested for unconfined uniaxial compression test. 
Specimen dimensions are diameter x height. 
 

Size of 

Specimen

Friction 

Condition

Number of 

Specimens Tested 

4” x 8” High 10 

3” x 6”  High 7 

2” x 4” High 9 

4” x 8” Low 9 

3” x 6” Low 8 

2” x 4” Low 10 

 

The edges of all specimens were cut using a table saw to ensure uniform 

boundary conditions and prevent localized failure. For high friction tests, specimens 

were placed directly on the steel loading platens. For low friction tests, specimens had 

Teflon sheets placed between them and the loading platen. 

3.4.3 Loading Rates  

All tests were run under displacement control. The displacement being controlled 

was the distance between the top and bottom loading platens. The loading rates were 

scaled to account for different sized specimens. Table 3.4 shows the loading rates used. 

Table 3-4 Loading rates for unconfined uniaxial compression test. 

Specimen

Size 

Loading Rate

(in/min) 

Strain Rate

(in/in/min) 

4 x 8 0.1 0.0125 

3 x 6 0.075 0.0125 

2 x 4 0.05 0.0125 
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3.4.4 Implementation of Sensors 

LVDT sensors were attached to measure the displacement of the specimen in the 

longitudinal direction. Sensors were attached to measure the strain in the middle of the 

specimen. Measurements from the sensor were intended to be used to calibrate the 

elastic modulus of the cylinders. 

3.4.5 Test Procedure 

• Clean the steel loading platens and the ends of the concrete test specimen. 

Remove dirt and debris. 

• For high friction tests, place the concrete cylinders directly on the steel loading 

platens.  

• For low friction tests, place a sheet of Teflon on the top and bottom of the 

concrete cylinder so that it is between the cylinder and the steel loading platens. 

• Center the test specimen on the steel loading platen. 

• Apply a displacement rate to the specimen as prescribed in Table 3.4.  The 

loading rate should be constant for each different sized specimen. 

• Maintain the constant loading rate until the ultimate load is approached and the 

specimen begins to show a crack pattern. The load will begin to decrease.  

• End the test when the stress in the specimen falls to 75% of the ultimate load. 

• Identify the fracture pattern based on the Figure 2 in ASTM C39.   

• Unload and remove the specimen from the machine.  

3.5 Three Point Bending Test 

3.5.1 Relevant ASTM Standards 

All specimens were cast in accordance with ASTM C 293-08 “Standard Test 

Method for Flexural Strength of Concrete (Using Simple Beam with Center-Point 

Loading)”. 

3.5.2 List of Specimens 

Both notched and un-notched specimens were tested to accurately measure the 

modulus of rupture and the fracture energy. All specimens tested were 3”x3”x11” 
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prisms. Three different sized notches were used throughout the testing. A minimum of 6 

tests for each condition was required to generate a sufficient amount of data. A total of 

35 beams were tested. Table 3.5 lists the number specimens which were tested. 

Table 3-5 Number of specimens tests for notched and un-notched three point 
bending test. 

Notch Length Notch / Depth (a/D) Number Tested 

Un-notched 0 8 

0.5” 1/6 9 

1.0” 1/3 8 

1.5” 1/2 10 

3.5.3 Specimen Preparation 

The locations of the supports and mid-span were measured and marked for each 

specimen. A notch was cut using a table saw for the notched specimens. The depth of the 

notch was either 0.5, 1.0 or 1.5”. The width of the notch was equivalent to the width of 

the saw blade. 

3.5.4 Loading Rates  

All tests were controlled by the displacement of the loading platens. A uniform 

loading rate of 0.005 in/min was used for the entire test for un-notched specimens. 

Different loading rates were used for notched specimens. A rate of 0.005 in/min was 

used until 75% of the peak load. Then a rate of 0.001 in/min was applied until the 

specimen reached its peak and fell to 50% of the peak load. The loading rate was then 

increased back to 0.005 in/min. The low loading rate at the peak load was used to 

maximize the capture the post peak behavior. 

3.5.5 Implementation of Sensors 

For the un-notched tests, an LVDT sensor was attached to measure the deflection 

at the mid-span as per Figure 2.9. For the notched specimens, a crack opening 

displacement (COD) sensor was attached to measure the crack mouth opening 

displacement. Setup can be seen in Figure 3.1. 
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Figure 3-1 Sensor setup for notched three point bending test. 
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3.5.6 Test Procedure (For notched and un-notched specimens) 

• Remove specimen from moist storage. Specimens should be kept in a moist 

environment for as long as possible before the test. Drying of the specimen 

causes a reduction in the modulus of rupture. 

• Clean all dirt and debris from the supports and specimen. 

• Mark the mid-span of the specimen and the location of the supports (the span is 8 

inches). 

• Place the specimen on the supports. The marks must be aligned with the supports 

and the center of the loading block. 

• Apply a load between 3 and 6% of the estimated ultimate load. 

• Ensure that the loading block is flush with the beam. There should be no space 

between the loading block and the specimen.  

• Continuously load the specimen at a steady rate as per section 3.5.4.  

• Load the specimen until it reaches its peak load and fracture occurs. 

• End the test when the load reaches zero. 

• Based on the peak load and the dimensions of the specimen, calculate the 

modulus of rupture for un-notched beams. 

• Calculate the fracture energy for notched beams.  

3.6 Brazilian Splitting Test 

3.6.1 Relevant ASTM Standards 

All specimens were cast in accordance with ASTM C 496/ C 496M – 04, “Standard 

Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens.” [7] 

3.6.2 List of Specimens 

Four sizes of cubed specimens were tested. The side lengths were 2”, 3”, 4”, and 

6”. Each set of four different sizes made up one set. A total of eight sets, or 32 total 

cubes were tested. 
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3.6.3 Specimen Preparation 

The centerline of the cubes was marked on each side to assist in applying the 

loading strips. The width of the strips was designed to be proportional to the size of the 

specimen. The ratio of the length of the specimen to the width of the strips should be 

10:1. This ratio affects splitting strength and was kept constant throughout testing. The 

loading strips were made of medium density fiberboard (MDF). The strips were laser cut 

to ensure precision. 

3.6.4  Loading Rates  

A constant stress rate was applied for the initial loading of the cubes. This stress 

was set to 200 psi / min. The equivalent loading rate in lb/ min can be seen in Table 3.6.  

Table 3-6 Loading rates for cubed specimens. 

Size of 

Specimen

Loading Rate

(lb / min) 

Loading Rate 

(psi / min) 

2x2x2 1292 200 

3x3x3 2907 200 

4x4x4 5170 200 

6x6x6 11631 200 

 

The load control was changed to displacement control to attempt to capture the 

post peak behavior after the specimens reached a stress of 350 psi. The displacement 

used was the lateral expansion of the cubes as measured by the attached LVDT sensors. 

Details of this setup can be seen in Section 3.6.5. 

3.6.5 Implementation of Sensors 

A tensile stress builds which causes the cube to expand as the load is applied. An 

LVDT was attached to the cubes to measure this lateral displacement. The typical setup 

can be seen in Figure 3.2. 
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Figure 3-2 Typical setup for the Brazilian Splitting Test. 

3.6.6 Test Procedure 

• Cut thin loading strips out of wood. The ratio of the length of the specimen to the 

width of the strips should be 10:1.  

• Remove concrete specimen from moist storage. Specimens should be kept in a 

moist environment for as long as possible before the test.  

• Mark the centerline of the specimens. This needs to be done to properly align the 

wood strips with the center of the concrete cube. 

• The specimen and loading platens must be clean and free of debris. 

• Place the specimen on top of one of the wood strips. Place the other strip on top 

of the cube. Using the pre-marked center lines, ensure that the strips are properly 

aligned. 

• Continuously load the specimen at a steady rate so that the tensile stress on the 

specimen increases by 200 psi per minute. Equivalent loading rates in pounds per 

minute can be seen in Table 3.6. 

• When the tensile stress in the specimen reaches 350 psi, switch the control of the 

test to displacement control as per section 3.6.4. 

LVDT 

Lateral Displacement 
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• Load the specimen until it reaches the peak load and fracture occurs. Note the 

fracture pattern. 

• Calculate the splitting tensile strength based on the peak load and the dimensions 

of the specimen. 

3.7 Confined Compression Test 

3.7.1 Relevant ASTM Standards 

There are no existing ASTM standards for the confined compression test. Whenever 

relavalant, an effort was made to apply ASTM C 39 “Standard Test Method for 

Compressive Strength of Concrete Specimens.” 

3.7.2 List of Specimens 

A total of 18 specimens of varying levels of confinement were tested. The 

different levels of confinement were made by varying the thickness of the steel jackets. 

Three different levels of thickness were used. Six specimens were tested for each 

thickness. Table 3.7 shows the dimensions of each specimen and its steel jacket. 

Table 3-7 Properties of each specimen tested using the confined compression test.   

Schedule

Pipe 

Inner 

Diameter

Outer 

Diameter

Jacket 

Thickness 

10 4.260” 4.500” 0.120” 

40 4.026” 4.500” 0.237” 

80 3.826” 4.500” 0.337” 

3.7.3 Specimen Preparation 

Concrete cylinders were cast inside of a steel jacket in order to provide 

confinement. The inside of the jackets were coated using mineral oil in an attempt to 

reduce friction. The jackets could not be placed in the warm water curing tank because 

steel is susceptible to rust. The specimens were wrapped with plastic wrap to prevent 

moisture loss. Specimens were cured at room temperature. 
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3.7.4 Loading Rates  

All specimens were tested using a loading rate of 0.1 in/min. This is the same 

loading rate used for the unconfined uniaxial compression test. 

3.7.5 Implementation of Sensors 

The lateral expansion of the cylinder needed to be measured in order to quantify 

the confining pressure provided by the steel jacket. This was accomplished by attaching 

an LVDT to the specimen. The LVDT measured the expansion of the middle of the 

cylinder. The setup can be seen in Figure 3.3. 

 

Figure 3-3 Setup for the confined compression test.  

 

3.7.6 Test Procedure 

• Clean the steel loading platens and the ends of the concrete test specimen. 

Remove all dirt and debris. 

Lateral Displacement 

LVDT 
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• Place the cylinder on the bottom steel loading platens. Place the circular steel 

loading platen inside of the steel jacket so that it is in contact with only the 

concrete. See Figure 3.4 for clarification. 

• Center the test specimen on the steel loading platen. 

• Apply a displacement rate to the specimen as prescribed in section 3.7.4. The 

loading rate should be constant for each specimen. 

• Maintain the constant loading rate until the specimen begins to yield.  

• End the test when the specimen reaches a strain of 10-15%.  

• Unload and remove the specimen from the machine.  

 

 

 

Figure 3-4 Picture of steel loading platen inside of the steel jacket. 
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4. Raw Data 

4.1 Uniaxial Compression Test 

4.1.1 Table of Results 

Table 4-1 Results of uniaxial compression test. 
4x8 Cylinders - High Friction  4x8 Cylinders - Low Friction 

Test  RPI ID f'c (ksi)  Test  RPI ID f'c (ksi) 
1 164 3.0197  1 200 1.9667
2 165 3.6565  2 201 3.044
3 166 2.5167  3 202 2.4942
4 167 2.7373  4 210 3.4865
5 168 2.6537  5 211 2.5781
6 169 2.4168  6 212 2.3787
7 170 2.2808  7 302 4.2027
8 303 4.4594  8 306 2.2422
9 304 3.4808  9 307 1.9854

10 305 2.5132     
       

3x6 Cylinders - High Friction  3x6 Cylinders - Low Friction 
Test  RPI ID f'c (ksi)  Test  RPI ID f'c (ksi) 

1 197 2.5772  1 249 2.0085
2 198 2.9176  2 250 1.9827
3 199 2.6785  3 251 3.4471
4 203 2.6042  4 252 2.1161
5 204 2.6683  5 253 2.2306
6 205 3.9899  6 298 2.5978
7 300 2.467  7 299 2.2027

    8 301 1.6391
       

2x4 Cylinders - High Friction  2x4 Cylinders - Low Friction 
Test  RPI ID f'c (ksi)  Test  RPI ID f'c (ksi) 

1 238 3.341  1 243 3.602
2 239 2.3256  2 244 2.6563
3 240 2.3256  3 245 1.6186
4 241 2.3485  4 246 1.4785
5 242 1.9576  5 247 3.6714
6 294 2.6127  6 248 1.5817
7 295 2.3205  7 290 1.7513
8 296 1.7781  8 291 2.7174
9 297 1.7902  9 292 1.9481

    10 293 1.7653
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4.1.2 Stress versus Strain Curves 

 

Figure 4-1 Stress versus strain for 4x8 specimens with high friction. 

 

Figure 4-2 Stress versus strain for 3x6 specimens with high friction. 
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Figure 4-3 Stress versus strain for 2x4 specimens with high friction. 

 

Figure 4-4 Stress versus strain for 4x8 specimens with low friction. 
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Figure 4-5 Stress versus strain for 3x6 specimens with low friction. 

 

Figure 4-6 Stress versus strain for 2x4 specimens with low friction. 
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4.2 Three Point Bending Test 

4.2.1 Table of Results 

Table 4-2 Results of notched and un-notched three point bending test. 
Un-notched Beams  Beams w/ 1.0" Notch 

Test  RPI ID R (psi)* Gf (lb/in)  Test RPI ID R (psi)* Gf (lb/in) 
1 171 660.89 1.796  1 215 625.00 0.905
2 172 645.33 1.123  2 216 648.00 0.046
3 173 661.78 1.683  3 217 639.00 0.854
4 175 663.00 1.896  4 218 654.00 0.8603
5 182 669.78 1.847  5 219 656.00 0.8334
6 183 624.44 1.557  6 220 632.00 0.6152
7 184 650.67 1.643  7 280 728.40 0.7334
8 282 616.89 2.055  8 281 544.00 0.6709

         
Beams w/ 0.5" Notch  Beams w/ 1.5" Notch 

Test  RPI ID R (psi)* Gf (lb/in)  Test RPI ID R (psi)* Gf (lb/in) 
1 193 631.68 1.352  1 234 641.78 0.6428
2 194 595.84 0.633  2 235 572.44 0.4841
3 195 578.56 1.633  3 236 622.93 0.5429
4 196 609.79 0.795  4 237 599.27 0.5054
5 213 522.88 1.79  5 265 453.33 0.8521
6 214 552.96 1  6 266 556.44 0.6302
7 278 577.28 1.145  7 267 599.11 0.8826
8 279 569.60 0.933  8 268 408.89 0.3264
9 285 853.12 1.098  9 283 814.22 0.805

     10 284 736.00 0.746
*R = Modulus of Rupture       



 

     35

4.2.2 Load versus Displacement Curves 

 

Figure 4-7 Load versus displacement curve for un-notched specimens. 

 
Figure 4-8 Load versus displacement curve for specimens with a notch length of 
0.5”. 
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Figure 4-9 Load versus displacement curve for specimens with a notch length of 
1.0”. 

 

Figure 4-10 Load versus displacement curve for specimens with a notch length of 
1.5”. 
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4.2.3 Load versus Crack Mouth Opening Displacement (CMOD) Curves 

 

Figure 4-11 Load versus crack mouth opening displacement for specimens with a 
notch length of 0.5”. 

 

Figure 4-12 Load versus crack mouth opening displacement for specimens with a 
notch length of 1.0”. 
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Figure 4-13 Load versus crack mouth opening displacement for specimens with a 
notch length of 1.5”. 
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4.3 Brazilian Splitting Test 

4.3.1 Table of Results 

Table 4-3 Results of Brazilian Splitting Test. 
2x2x2 Cubes  3x3x3 Cubes 

Test  RPI ID f't (psi)  Test  RPI ID f't (psi) 
1 160 670.85  1 161 519.11
2 185 527.77  2 186 506.94
3 189 642.39  3 190 471.95
4 206 510.91  4 207 497.66
5 221 461.10  5 222 403.48
6 254 425.06  6 255 491.27
7 261 507.66  7 262 497.25
8 289 621.20  8 288 468.99

       
Mean  528.05  Mean  471.77
Std Deviation 86.66  Std Deviation 35.70
       

4x4x4 Cubes  6x6x6 Cubes 
Test  RPI ID f't (psi)  Test  RPI ID f't (psi) 

1 162 567.52  1 163 474.37
2 187 389.95  2 188 415.46
3 191 404.49  3 192 430.10
4 208 413.89  4 209 481.32
5 223 365.78  5 224 433.90
6 256 435.89  6 257 483.00
7 263 363.89  7 264 495.61
8 287 522.51  8 286 480.25

       
Mean  417.74  Mean  467.36
Std Deviation 58.48  Std Deviation 27.97
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4.3.2 Size Effect Plots 

 

Figure 4-14 Splitting strength versus specimen size for all specimens. 

 

Figure 4-15 Average splitting strength versus specimen size. 
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Figure 4-16 Load versus vertical displacement for 2” specimens. 

 

Figure 4-17 Load versus vertical displacement for 3” specimens. 
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Figure 4-18 Load versus vertical displacement for 4” specimens. 

 

Figure 4-19 Load versus vertical displacement for 6” specimens. 
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4.3.3 Load versus Lateral Displacement Curves 

 

Figure 4-20 Load versus lateral displacement for 2” specimens. 

 

Figure 4-21 Load versus lateral displacement for 3” specimens. 
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Figure 4.21  

 

Figure 4-22 Load versus lateral displacement for 4” specimens. 

 

Figure 4-23 Figure 4.23 Load versus lateral displacement for 6” specimens. 
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4.4 Confined Compression Test 

4.4.1 Table of Results 

Table 4-4 Results of the confined compression test. 

Level of 

Confinement 

Thickness 

of Steel 

Jacket  (in) 

Equivalent 

Confining 

Pressure* (ksi) 

Avg Ultimate 

Strength 

(ksi) 

Post 

Peak 

Behavior 

Low 0.120 1.9164 9.344 Softening 

Medium 0.237 3.8796 15.477 Yielding 

High 0.337 5.6297 24.825 Hardening 

*Equivalent confining pressure is calculated based on the assumption of elasto-plastic 

behavior in the steel jacket. 

4.4.2 Vertical Stress versus Strain Curves 

 

Figure 4-24 Stress vertical versus strain for specimens with low confinement. 
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Figure 4-25 Stress versus vertical strain for specimens with medium confinement. 

 

Figure 4-26 Stress versus vertical strain for specimens with high confinement. 



 

     47

 

Figure 4-27 Stress versus vertical strain for specimens with all levels of 
confinement. 

4.4.3 Lateral Strain versus Vertical Strain Curves 

 
Figure 4-28 Lateral Strain versus vertical strain for low confinement. 
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Figure 4-29 Lateral Strain versus vertical strain for medium confinement. 

 

Figure 4-30 Lateral Strain versus vertical strain for high confinement. 
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5. Corrected Data 

5.1 Process of Correcting Data 

5.1.1 Overview 

Analyzing and correcting data is extremely important when dealing with concrete 

because of the unpredictability associated with its behavior. Curing conditions, material 

irregularity, and even the randomness of the distribution of the aggregates inside of the 

specimen can contribute to this unpredictability. Therefore, concrete cannot be measured 

by a single test. It is necessary to perform a large number of experiments when 

attempting to quantify its behavior.  

It was desired to have at least six valid tests for each experiment in order to have a 

sufficient amount of data for statistical analysis. To generate six valid tests, more than 

six specimens had to be tested. Test results that seemed to contradict the general trend 

were dismissed. Tests were selected that best represented true concrete behavior. 

Collecting valid measurements is another challenge in testing concrete. If properly 

applied, sensors make it possible to collect an accurate and nearly continuous record of 

material behavior. However, experimental error always exists. It is important to be able 

to properly interpret data to decipher what is material behavior and what is not. This is 

especially true with concrete. Correcting the raw experimental data was a crucial step in 

the generation of valid results. In the following sections, the methodology used to correct 

data will be explained in further detail. 

5.1.2 Uniaxial Compression Test 

5.1.2.1 Initial Problems 

The initial data analysis for the uniaxial compression test presented a few 

problems. The stress versus strain curves were erratic and discontinuous. Also, the 

measurements for displacement did not represent the actual displacement of the 

specimen. Finally, it was necessary to filter through the results and remove any outliers.   
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5.1.2.2 Stress vs Strain Curves 

Figures 4.1 through 4.6 show the initial plots of stress versus strain. The data 

presented in these plots appears inconsistent when taken at face value. In order to 

normalize the plots, two major corrections were made: fixing the initial slopes and 

removing discontinuity in the curves. 

 

Figure 5-1 Original and corrected load versus displacement plots for a test with an 
irregular initial slope. 

Irregularity in the initial slope is caused by uneven contact between the loading 

platens and the specimen as well as the initial deflection of the machine. This is not a 

material property. It causes an undesirable offset in the stress versus strain curves that 

needs to be removed. Figure 5.1 contains the original and corrected load versus 

displacement curves for a 4x8 specimen tested under low friction conditions. As shown 

by the figure, the original data contains an irregular initial slope. To eliminate this effect, 

the following steps were taken: 

• An initial region was identified in which the slope behaved irregularly. 

These displacement values for these data points were deleted.  

• The slope of the data above this region was determined through linear 

regression. At least 100 data points were used to determine the slope.  
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• New values for displacement were generated using the slope determined in 

the previous step. 

• Values for displacement were offset so that the curve began at the origin. 

This analysis was performed on every test used for the final results. 

 Discontinuity in the stress versus strain curves was another problem that needed 

to be remedied. This was caused by a number of conditions. In the pre-peak region, 

localized cracks could form on the specimen which would cause the stress to temporarily 

drop. As the crack stabilized, the stress would begin to increase once again.  This 

condition is illustrated in Figure 5.2. In the post-peak region, temporary increases in 

strength occur as the specimen undergoes irregular cracking. This can also be caused 

when the specimen is not allowed to expand laterally. Discontinuities contradict the 

material behavior and needed to be removed. The procedure used to remove these 

defects is as follows: 

• Identify irregularities in the load versus displacement plots that are not 

representative of material behavior. This region is circled in Figure 5.2 

• Determine which data points can be eliminated. The cutoffs should be made at 

two identical values for load in order to provide a continuous curve. Whenever 

possible, the two curves should have similar slopes. Figure 5.3 shows the 

original curve with the discontinuous points removed.  

• Offset curve two so that it is continuous with curve one. Figure 5.4 shows the 

corrected load versus displacement plots. Note that the initial slope has also been 

corrected. 

This process made it possible to correct discontinuity without altering the validity of the 

experimental data. Removing discontinuity was done on a test by test basis and was not 

performed for each experiment. 
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Figure 5-2 Original load versus displacement plot for a test with discontinuity. 

 

Figure 5-3 Original load versus displacement plot with discontinuous points 
removed. 

 

Curve 1

Curve 2 
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Figure 5-4 Corrected load versus displacement plot for a test with discontinuity. 

5.1.2.3 Figure 6.3 Measured Displacement 

When the load frame records displacement, it is not measuring the displacement of 

the specimen. It is measuring the displacement between the cross-heads of the machine. 

This measurement includes the displacement of the machine and the displacement of the 

specimen. The only value of interest is the displacement of the specimen.  

The stiffness of the machine needed to be accounted for to correct this problem. By 

assuming that the machine behavior is linear elastic, the stiffness of the machine can be 

modeled as a spring with a stiffness of Km. The stiffness of the machine acts in series 

with the stiffness of the specimen, Ks, to create a total stiffness, Kt. This is illustrated in 

Figures 5.5 and 5.6. 

The total stiffness is what is measured in the raw data. Using a specimen with a 

known stiffness, it is possible to calculate the stiffness of the machine. Once this is 

determined, the displacement of the machine can be removed from the data, leaving only 

the displacement of the specimen. This correction was performed on all data for the 

uniaxial compression test. Details for the determination of the stiffness of the machine 

and the equations used to correct the results can be seen in Appendix B. 
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Figure 5-5 The total stiffness of the machine and specimen can be modeled as two 
springs in series. 
  

 
Figure 5-6 Two springs in series can be modeled as one spring with an effective 
stiffness, Kt. 
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5.1.2.4 Selecting Test Results 

Six valid tests were required for each experiment. Upwards of tens tests were 

performed. The following procedure was used to select the six tests that best represented 

material behavior. 

• Corrected stress versus strain curves were plotted for all tests.  

• Tests were removed if the stress versus strain curve could not be corrected 

using the methods described in section 5.1.2.2. 

• Any tests with an uncharacteristically low elastic modulus were eliminated. 

• Compressive strength was calculated. Any outliers were eliminated. 

• If more than six tests remained, the tests with the highest and lowest values 

of compressive strength were eliminated. This was done until only six results 

remained.  

5.1.3 Three Point Bending Test 

5.1.3.1 Initial Problems 

The initial data analysis for the three point bending test yielded similar problems 

to the uniaxial compression test. The load versus displacement curves had irregular 

initial slopes that caused an offset in the results. Displacement measurements needed to 

be corrected to include the stiffness of the machine. No corrections were made for the 

load versus crack mouth opening displacement curves. More than six tests were 

performed, so the best results had to be selected.   

5.1.3.2 Load vs Displacement Curves 

Figure 5.7 shows the original load versus displacement curve for an un-notched 

specimen. Uneven contact between the loading platen and the specimen led to its 

irregular initial slope. As the load increased, this effect was minimized and the data 

started to show linear elastic behavior. It was assumed that this was the true material 

behavior.  The following process was used to correct the curves: 

• The slope of the top third of the pre-peak region was taken. This region is 

circled in Figure 5.7. 



 

     56

• The displacement measurements for the pre-peak region were deleted. New 

values for displacement were generated using the slope determined in the 

previous step. 

• Values for displacement in the post peak region were offset so that the curve 

began at the origin. 

 

Figure 5-7 Original load versus displacement plot for a three point bending test 
with an irregular initial slope. 

 

Figure 5-8 Corrected load versus displacement plot for a three point bending test 
with an irregular initial slope. 
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5.1.3.3 Measured Displacement 

The displacement measurements given by the machine needed to be corrected to 

eliminate the displacement of the machine.  A process similar to the one described in 

section 5.1.2.3 was used. The three point bending test uses a different set of loading 

platens, which required a new set of tests to determine the stiffness of the machine. 

Details can be seen in Appendix B. After the stiffness of the machine was determined, 

the deflection of the machine was subtracted from the measured values. 

5.1.3.4 Selecting Test Results 

The three point bending test yielded more consistent results than the uniaxial 

compression test. A filtering process was still needed to remove outliers. To choose the 

six tests that best represented concrete behavior, the following procedure was used:  

• Corrected load versus displacement curves were plotted for all tests.  

• Modulus of rupture and fracture energy were computed for each test. Any 

outliers were removed. 

• Tests with an uncharacteristically low elastic modulus were eliminated. 

• If more than six tests remained, the tests with the highest and lowest values 

of modulus of rupture were eliminated. This was done until only six results 

remained.  

5.1.4 Brazilian Splitting Test 

5.1.4.1 Initial Problems 

During the initial data analysis, the load versus vertical displacement and load 

versus lateral displacement were plotted. The values for splitting strength were also 

calculated.  Errors in the displacement values and the scatter of results for the splitting 

strength were the main problems that needed to be examined. 

5.1.4.2 Load vs Vertical Displacement Curves 

The measurements for the vertical displacement have two major sources of error. 

They contain the displacement of the machine. This can be remedied by factoring in the 

stiffness of the machine. They also contain the displacement of the wood loading strips. 
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This deformation is inelastic and is much larger than the deformation of the concrete. 

Inelastic deformation of the wooden loading strips cannot be corrected with sufficient 

accuracy. Therefore, no correction was made to the values of vertical displacement.  

5.1.4.3 Load vs Lateral  Displacement Curves 

Lateral displacement was measured by attaching an LVDT sensor directly to the 

specimen. This eliminated the need to correct for the stiffness of the machine. The raw 

data can be seen in Figures 4.20, 4.21, 4.22, and 4.23.  Error resulted from improperly 

attaching the sensor to the specimen. This problem was especially prevalent in the 2” 

specimens. The measurements became more reliable as specimen size increased. For 

Figures 5.26 through 5.29, tests where the sensor malfunctioned were eliminated. This 

resulted in more consistent plots. 

5.1.4.4 Selecting Test Results 

Eight sets of cubes were tested, but only six were needed. The results were 

separated based on specimen size, and the splitting strength for each test was computed. 

To minimize scatter, the highest and lowest values of splitting strength for each 

specimen size were eliminated. 

5.1.5 Confined Compression Test 

5.1.5.1 Initial Problems 

Irregularities in the initial slope of stress versus strain curves and errors in the 

displacement measurements were problems that needed to be corrected for the confined 

compression test. Errors in the displacement measurements included displacement in the 

vertical and lateral direction. Only six tests were performed for each level of 

confinement, so no filtering of results was needed. 

5.1.5.2 Stress vs Strain Curves 

Figures 4.24, 4.25, and 4.26 show the initial stress versus strain curves for the 

confined compression test. With the exception of the initial slopes, the test results are 

consistent. The initial slopes were corrected using a linear regression similar to the one  

used to correct the uniaxial compression test.  
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5.1.5.3 Vertical Displacement 

Vertical displacement measurements were corrected to account for the stiffness 

of the machine. The same procedure was used for the confined as the unconfined unixial 

compression test. More detailed information can be seen in Appendix B.  

5.1.5.4 Lateral Displacement 

Lateral measurements were taken by attaching an LVDT directly to the specimen, 

similar to the Brazilian Splitting Test. Error resulted from improper attachment of the 

sensor to the specimen and from the specimen expanding beyond the range of the sensor. 

Insufficient attachment of the sensor led to data that was unusable for some tests. Data 

for these tests were removed.  

Typical test set-up for the confined compression test can be seen in Figure 3.3. An 

LVDT sensor was attached to the specimen and given some initial displacement. As the 

specimen expanded, the LVDT remained attached to one side of the specimen. When the 

specimen expanded beyond the range of the LVDT, the sensor lost contact with the other 

side of the specimen and stopped measuring lateral displacement of the specimen. Figure 

6.9 illustrates this scenario. 

After this point, the measurements for lateral strain appear to remain constant in the 

data. Figure 5.10 shows this problem. In reality, the specimen continues to expand. All 

data recorded after the sensor loses contact with the specimen was deleted for the 

corrected plots of lateral versus vertical strain. 
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Figure 5-9 The LVDT loses contact with the specimen if the specimen expands 
beyond the range of the sensor. 

 

Figure 5-10 Original plot of lateral versus vertical strain for a specimen with low 
confinement. 
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5.2 Uniaxial Compression Test 

5.2.1 Table of Results 

Table 5-1 Corrected results from uniaxial compression test (high friction). 
4x8 Cylinders 
High Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
2 165 3.6565 1096.63 2264 
3 166 2.5167 646.25 2236 
4 167 2.7373 1188.34 2063 
5 168 2.6537 696.79 2854 
6 169 2.4168 1148.46 1514 
9 304 3.4808 2327.03 2307 

     
Mean  2.9103 1183.92 2206.33 
Std Deviation 0.5247 606.96 432.13 
     

3x6 Cylinders 
High Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
1 197 2.5772 1223.69 1300 
2 198 2.9176 1600.57 1024 
3 199 2.6785 521.82 648 
5 204 2.6683 571.66 873 
6 205 3.9899 1329.97 774 
7 300 2.4670 613.19 1336 

       
Mean  2.8831 976.82 992.50 
Std Deviation 0.5623 464.36 280.80 
     

2x4 Cylinders 
High Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
2 239 2.3256 771.28 276 
3 240 2.3256 466.01 122 
4 241 2.3485 403.74 241 
6 294 2.6127 581.21 217 
7 295 2.3205 335.74 367 
8 296 1.7781 317.25 250 

       
Mean  2.2852 479.21 245.50 
Std Deviation 0.2731 172.28 79.75 
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Table 5-2 Corrected results from uniaxial compression test (low friction). 

4x8 Cylinders 
Low Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
2 201 3.0440 884.38 2165 
3 202 2.4942 556.80 2340 
4 210 3.4865 1417.76 2183 
5 211 2.5781 992.64 2097 
6 212 2.3787 565.15 1699 
8 306 2.2422 428.58 3181 

       
Mean  2.7040 807.5513 2277.5000 
Std Deviation 0.4705 368.1761 491.7413 
     

3x6 Cylinders 
Low Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
1 249 2.0085 479.69 525 
2 250 1.9827 411.09 910 
3 251 3.4471 1132.00 938 
5 253 2.2306 409.65 1438 
6 298 2.5978 1690.16 1178 
7 299 2.2027 313.57 1128 

       
Mean  2.6196 886.35 1170.50 
Std Deviation 0.5803 648.53 206.14 
       

2x4 Cylinders 
Low Friction 

Test  RPI ID f'c (ksi) E (ksi) Work (lb*in) 
1 243 3.602 877.61 354 
2 244 2.6563 677.85 244 
5 247 3.6714 721.36 320 
7 290 1.7513 435.05 170 
8 291 2.7174 916.56 285 
9 292 1.9481 412.11 274 

     
Mean  2.5221 621.27 262.25 
Std Deviation 0.8723 241.96 64.55 
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Table 5-3 Summary of results for high and low frictions tests. 
High Friction Tests 

Size f'c (ksi) E (ksi) Work (lb*in) 
of Specimen Mean Std Dev Mean Std Dev Mean Std Dev 

4x8 2.9103 0.5247 1183.92 606.96 2206.33 432.13
3x6 2.8831 0.5623 976.82 464.36 992.50 280.80
2x4 2.2852 0.2731 479.21 172.28 245.50 79.75

 

Low Friction Tests 
Size f'c (ksi) E (ksi) Work (lb*in) 

of Specimen Mean Std Dev Mean Std Dev Mean Std Dev 
4x8 2.7040 0.4705 807.55 368.18 2277.50 491.74
3x6 2.6196 0.5803 886.35 648.53 1170.50 206.14
2x4 2.5221 0.8723 621.27 241.96 262.25 64.55
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5.2.2 Stress versus Strain Curves 

 

Figure 5-11 Corrected stress versus strain for 4x8 specimens with high friction. 

 
Figure 5-12 Corrected stress versus strain for 3x6 specimens with high friction. 
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Figure 5-13 Corrected stress versus strain for 2x4 specimens with high friction. 

 
Figure 5-14 Corrected stress versus strain for 4x8 specimens with low friction. 
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Figure 5-15 Corrected stress versus strain for 3x6 specimens with low friction. 

 

Figure 5-16 Corrected stress versus strain for 2x4 specimens with low friction. 
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5.3 Three Point Bending Test 

5.3.1 Table of Results 

 

Table 5-4 Corrected results for notched three point 
bending test (continued on next page). 

Un-notched Beams 
Test  RPI ID R (psi)* Gf (lb/in) E (ksi) 

1 171 660.89 1.51 160.85 
3 173 661.78 1.57 170.36 
4 175 663.00 1.44 199.00 
5 182 669.78 1.75 153.48 
6 183 624.44 1.64 151.54 
7 184 650.67 1.66 111.30 

     
Mean  655.09 1.60 157.75 
Std Deviation 16.22 0.11 28.58 

 
Beams w/ 0.5" Notch 

Test  RPI ID R (psi)* Gf (lb/in) 
1 193 631.68 1.40 
2 194 595.84 0.73 
4 196 609.79 1.04 
6 214 552.96 1.03 
7 278 577.28 1.09 
8 279 569.60 0.95 

    
Mean  577.41 1.03 
Std Deviation 23.86 0.06 
    

Beams w/ 1.0" Notch 
Test  RPI ID R (psi)* Gf (lb/in) 

1 215 625.00 0.97 
2 216 648.00 0.53 
3 217 639.00 1.02 
4 218 654.00 0.97 
5 219 656.00 0.92 
7 280 728.40 1.13 

    
Mean  669.35 1.01 
Std Deviation 40.09 0.09 
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Beams w/ 1.5" Notch 
Test  RPI ID R (psi)* Gf (lb/in) 

1 234 641.78 0.69 
2 235 572.44 0.51 
3 236 622.93 0.67 
4 237 599.27 0.49 
6 266 556.44 0.58 
7 267 599.11 0.76 

    
Mean  577.78 0.67 
Std Deviation 30.17 0.13 

 

 

Table 5-5 Summary of results for three point bending tests. 

Notch  R (psi) Gf (lb/in) 
Length (in) Mean Std Dev Mean Std Dev 

0.0 655.09 16.22 1.60 0.11 
0.5 577.41 23.86 1.03 0.06 
1.0 669.35 40.09 1.01 0.09 
1.5 577.78 30.17 0.67 0.13 
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5.3.2 Load versus Displacement Curves 

 

Figure 5-17 Corrected load versus displacement curve for un-notched specimens. 

 
Figure 5-18 Corrected load versus displacement curve for specimens with a notch 
length of 0.5”. 
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Figure 5-19 Corrected load versus displacement curve for specimens with a notch 
length of 1.0”. 

 

Figure 5-20 Corrected load versus displacement curve for specimens with a notch 
length of 1.5” 
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5.3.3 Load versus Crack Mouth Opening Displacement (CMOD) Curves 

 

Figure 5-21 Corrected load versus crack mouth opening displacement for 
specimens with a notch length of 0.5”. 

 

Figure 5-22 Corrected load versus crack mouth opening displacement for 
specimens with a notch length of 1.0”. 
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Figure 5-23 Corrected load versus crack mouth opening displacement for 
specimens with a notch length of 1.5”. 
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5.4 Brazilian Splitting Test 

5.4.1 Table of Results 

Table 5-6 Corrected Results of Brazilian Splitting test 
2x2x2 Cubes  3x3x3 Cubes 

Test  RPI ID f't (psi)  Test  RPI ID f't (psi) 
2 185 527.77  2 186 506.94
3 189 642.39  3 190 471.95
4 206 510.91  4 207 497.66
5 221 461.10  6 255 491.27
7 261 507.66  7 262 497.25
8 289 621.20  8 288 468.99

       
Mean  545.17  Mean  489.01
Std Deviation 70.97  Std Deviation 15.24
       

4x4x4 Cubes  6x6x6 Cubes 
Test  RPI ID f't (psi)  Test  RPI ID f't (psi) 

2 187 389.95  1 163 474.37
3 191 404.49  3 192 430.10
4 208 413.89  4 209 481.32
5 223 365.78  5 224 433.90
6 256 435.89  6 257 483.00
8 287 522.51  8 286 480.25

       
Mean  422.09  Mean  463.82
Std Deviation 54.51  Std Deviation 24.85
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5.4.2 Size Effect Plots 

 

Figure 5-24 Corrected splitting strength versus specimen size for all specimens. 

 

 

Figure 5-25 Corrected average splitting strength versus specimen size. 
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5.4.3 Load versus Lateral Displacement Curves 

 
Figure 5-26 Selected load versus lateral displacement plots for 2” specimens. 

 

Figure 5-27 Selected load versus lateral displacement plots for 3” specimens. 
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Figure 5-28 Selected load versus lateral displacement plots for 4” specimens. 

 

Figure 5-29 Selected load versus lateral displacement plots for 6” specimens. 



 

     77

5.5 Confined Compression Test 

5.5.1 Table of Results 

Table 5-7 Corrected Results for the confined compression test. 
Low Confinement (p = 1.9164 ksi) 

Test  RPI ID Ult. Strength (ksi) Ult. Strain E (ksi) 
11 228 9.17 0.0529 545.22
12 229 9.18 0.0632 492.05
13 230 9.41 0.0562 482.32
14 269 9.37 0.0827 376.19
15 270 9.46 0.0863 323.82
16 271 9.47 0.1212 340.65

     
Mean  9.34 0.0771 426.71
Std Deviation 0.13 0.0256 91.60
     

Medium Confinement (p = 3.8796 ksi) 
Test  RPI ID Ult. Strength (ksi) Ult. Strain E (ksi) 

21 225 14.09 0.0913 638.24
22 226 15.62 0.1734 725.55
23 227 15.39 0.1648 540.12
24 274 16.09 0.1406 341.59
25 275 16.26 0.1356 380.41
26 276 15.41 0.1704 419.38

     
Mean  15.48 0.1460 507.55
Std Deviation 0.77 0.0311 153.07
     

High Confinement (p =  5.6297 ksi) 
Test  RPI ID Ult. Strength (ksi) Ult. Strain E (ksi) 

31 231 25.29 0.1176 723.43
32 232 25.30 0.1074 650.46
33 233 24.82 0.1114 496.68
34 272 24.59 0.1127 627.79
35 273 24.24 0.0883 435.95
36 277 24.54 0.0851 510.81

     
Mean  24.80 0.1038 574.18
Std Deviation 0.43 0.0136 109.63
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5.5.2 Vertical Stress versus Strain Curves 

 

Figure 5-30 Corrected stress versus vertical strain for specimens with low 
confinement. 

 
Figure 5-31 Corrected stress versus vertical strain for specimens with medium 
confinement. 
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Figure 5-32 Corrected stress versus vertical strain for specimens with high 
confinement. 

 

Figure 5-33 Corrected stress versus vertical strain for specimens with all levels of 
confinement.  
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5.5.3 Vertical and Confining Stress versus Strain Curves 

 

Figure 5-34 Vertical stress and confining pressure versus vertical strain for 
specimens with low confinement. 

 

Figure 5-35 Vertical stress and confining pressure versus vertical strain for 
specimens with medium confinement. 
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Figure 5-36 Vertical stress and confining pressure versus vertical strain for 
specimens with high confinement. 
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5.5.4 Lateral Strain versus Vertical Strain Curves 

 

Figure 5-37 Corrected lateral strain versus vertical strain for low confinement. 

 

Figure 5-38 Corrected lateral strain versus vertical strain for medium confinement. 
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Figure 5-39 Corrected lateral strain versus vertical strain for high confinement. 

 

Figure 5-40 Corrected lateral strain versus vertical strain for all levels of 
confinement. 
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6. Discussion of Results 

6.1 Interpreting Results 

6.1.1 Uniaxial Compression Test 

6.1.1.1 Stress versus Strain Curves 

The corrected stress versus strain curves can be seen in Figures 5.11 through 

5.16. These results are much more consistent than the raw data. The curves match the 

general shape of the theoretical curve shown in Figure 2.4. The tests were able to capture 

pre-peak behavior as well as post-peak softening behavior. 

Some inconsistencies can be seen in the curves. Varying measurements for the 

compressive strength and elastic modulus led to a scatter in the results. This will be 

discussed further in the next sections. There was also some instability in the post-peak 

measurements. This could be lessened by controlling the test through lateral 

displacement instead of vertical displacement. 

6.1.1.2 Compressive Strength 

The measured compressive strength was considerably lower than the design 

strength. The mean compressive strength for the 4x8 high friction specimens was only 

2,910 pounds per square inch compared to the design strength of 5,000 pounds per 

square inch. The rest of the results for the compressive strength can be seen in Tables 

5.1, 5.2 and 5.3. All were lower than the design strength. 

A number of factors could have contributed to the low compressive strength. All 

tests were performed with completely rigid steel loading platens. Uneven surfaces on the 

cylinders could have caused local failure which would have led to a low compressive 

strength. This effect was minimized by cutting all edges with a saw. Any tests with local 

failure were thrown out.  

Improper mixing of the cylinders could also have led to a low compressive strength. 

This series of experiments was the first attempt to mix concrete at RPI. Even though 

great care was taken to adhere to all ASTM standards, a lack of experience could have 

led to error. It is recommended that the casting procedure and mix design should be re-

examined before performing future tests. 
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6.1.1.3 Elastic Modulus 

The elastic modulus was computed using the secant modulus. Figure 6.1 shows 

how the secant modulus is determined from the stress versus strain curve for the uniaxial 

compression test. The points were the origin and one third of the compressive strength.    

 
Figure 6-1 Illustration of the secant modulus for the uniaxial compression test. 

 

The elastic modulus increased in proportion to compressive strength. This can be 

observed in both the individual tests shown in Table 5.1,  Table 5.2 and the summary 

provided in Table 5.3. This trend is consistent with the ACI equation for predicting the 

elastic modulus: 

'000,57)( cc fpsiE =   [11] 

Table 6.1 shows the difference between the measured and predicted values for the elastic 

modulus. The percentage difference is computed with respect to the predicted value. 

There is a large discrepancy between the measured and predicted values. 
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Table 6-1 Comparison between measured and predicted values 
for the elastic modulus. 

High Friction Tests 
Size f'c E (ksi) Percent 

of Specimen (ksi) Predicted Measured Difference 
4x8 2.9103 3074.99 1183.92 61.50%
3x6 2.8831 3060.58 976.82 68.08%
2x4 2.2852 2724.79 479.21 82.41%

 

Low Friction Tests 
Size f'c E (ksi) Percent 

of Specimen (ksi) Predicted Measured Difference 
4x8 2.7040 2963.97 807.55 72.75%
3x6 2.6196 2917.35 886.35 69.62%
2x4 2.5221 2862.54 621.27 78.30%

 

This discrepancy indicates an error in the calculation of the stiffness of the machine. 

This error could have several sources. One source may be non-linear behavior of the 

machine. It was assumed that the machine behavior was linear elastic over all ranges of 

loading. If this is not the case, the corrections made to account for the displacement of 

the machine are incorrect. 

One way to eliminate this error would be to attach the sensors directly to the 

specimen. There is no need to account for the stiffness of the machine when sensors are 

attached directly to the specimen. This was initially done for all tests. However, 

problems arose from improperly attaching the sensor to the specimen which led 

inconsistent results. Furthermore, if the specimen cracked next to the sensor, all data 

after that point became un-useable. This made it almost impossible to capture post-peak 

behavior.  The measurements taken by the machine were be used to provide more stable 

and consistent results. 

6.1.1.4 Friction 

As expected, high friction specimens had a higher compressive strength that the low 

friction specimens. This held true for the 4x8 and 3x6 cylinders. The low friction case 

had a higher compressive strength than the high friction case for 2x4 cylinders. These 

results are questionable due to the high standard deviation for the 2x4 specimens with 
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low friction.  The overall trend showed a higher compressive strength for high friction 

specimens.   

6.1.1.5 Size Effect 

Size effect laws predict a decrease in strength with an increase in size. The 

opposite was observed for the uniaxial compression test. The summary of results in 

Table 5.3 shows a clear increase in strength as size increases. This effect is less 

significant for the low friction specimens.  

The casting of molds could be responsible for this trend. Pre-fabricated, stainless 

steel molds were available for 4x8 cylinders. Molds were hand-made out of PVC for 2x4 

and 3x6 cylinders. The difference in the quality of the molds could have led to a 

decrease in the quality of the cylinders. It is also more difficult to cast smaller specimens 

than larger specimens. Smaller specimens are harder to consolidate and remove voids 

when casting. The overall quality of the smaller specimens could have led to a lower 

compressive strength.  

6.1.2 Three Point Bending Test 

6.1.2.1 Load versus Displacement Curves 

Load versus displacement curves were assumed to behave linear elastically up 

until the peak. This is a valid assumption for un-notched specimens. Notched specimens 

start to exhibit inelastic behavior as the load approaches the peak. This was seen in the 

raw data, but is not reflected in the Figures 5.18, 5.19 or 5.20. 

 The post peak was extremely brittle for the un-notched specimens. The addition 

of a notch led to a more ductile failure. Ductility increased as notch length increased. 

The peak load decreased as the notch length increased. 

6.1.2.2 Load vs Crack Mouth Opening Displacement Curves 

The load versus crack mouth opening displacement curves had a shape similar to 

the load versus displacement curves. The main difference is that the crack mouth 

opening displacement always increases as load increases. This avoids the brittle failure 
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seen right after the 0.5” notched specimens fail. This makes crack mouth opening 

displacement the best way to control the test. 

6.1.2.3 Modulus of Rupture 

Based on the un-notched three point bending test, the modulus of rupture was 

found to be 655 psi with a standard deviation of only 16 psi. Only un-notched specimens 

are supposed to be used to calculate the modulus of rupture.  

Table 5.5 shows a summary of results for all specimens. The 0.5” and 1.5” 

notched specimens yielded lower results than the un-notched tests for the modulus of 

rupture. The 1.0” notch yielded higher results. All notched specimens had a higher 

standard deviation than the un-notched specimens. 

6.1.2.4 Elastic Modulus 

Using beam theory, the elastic modulus was calculated for un-notched 

specimens. Even after correcting for the stiffness of the machine, the value for the elastic 

modulus was much lower than expected. A similar problem to the one described in 

section 6.2.1.3 must exist. 

6.1.2.5 Fracture Energy 

Fracture energy was calculated for all specimens and is listed in Tables 5.4. The 

summary can be found in Table 5.5. Fracture energy is only valid for notched specimens. 

As shown, in Table 5.5, the un-notched specimens greatly overestimate fracture energy.  

Fracture energy also decreases as notch length increases. Only a small decrease is 

seen from the 0.5” to 1.0” specimens. A more significant drop is seen from the 1.0” to 

the 1.5” specimens. A decrease in the area of the ligament is responsible for the decrease 

in fracture energy. For the 1.5” specimens, there is less room for the crack to propagate 

and dissipate energy.  
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6.1.3 Brazilian Splitting Test 

6.1.3.1 Load vs Lateral Displacement Curves 

The load versus lateral displacement curves exhibited the behavior that was 

consistent with the failure mechanism of the test. As the load is applied, a tensile force 

causes the specimen to expand. This continues until the specimen fails. At this point, the 

lateral expansion increases exponentially as the load remains constant.   

The quality of the load versus lateral displacement curves increased as specimen 

size increased. There are several reasons for this. The smaller specimens have smaller 

values for lateral expansion which are more difficult for the sensor to measure. Also, 

attaching the sensor to the smaller specimen is more difficult than attaching it to the 

larger specimens. Finally, the 2” specimens had the largest standard deviation for the 

splitting strength. It would make sense that the load versus horizontal displacement 

curves were also had the largest scatter.  

6.1.3.2 Splitting Strength 

The average splitting strength was found to be 480 psi. A clear size effect was 

demonstrated and will be discussed in the next section. The 3” and 6” cubes provided the 

most consistent results while the 2” cubes had the highest standard deviation. 

The large standard deviation in the 2” specimens resulted from the difficulty in 

casting and testing such a small specimen. Another factor to consider is that the 

maximum aggregate size was ½”. When testing a 2” specimen, the splitting strength 

could be largely impacted on how the aggregates are distributed throughout the cube.  

6.1.3.3 Size Effect 

The splitting strength was plotted as a function of specimen size in Figure 5.24 

and 5.25. Figure 5.24 shows the results for all specimens while Figure 5.25 shows the 

average. There is a clear decrease in strength as specimen size increases for the 2”, 3” 

and 4” cubes. However, an increase is seen between the 4” and 6” specimens which 

seems to contradict size effect.  
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A similar trend was noted by Bazant in his study of the size effect for Brazilian 

Splitting Test for cylinders. It was noted that at a certain size, the fracture mechanism 

begins to transition from pure vertical splitting cracks to frictional slip in a small, highly 

confined wedge shaped zone under the loading strips. The result is a reverse of the size 

effect law. [12] This trend requires further research and cannot be confirmed using the 

results of this experiment. Test results for larger specimens sizes are needed to determine 

if this is an actual trend or just experimental error. 

6.1.4 Confined Compression Test 

6.1.4.1 Vertical Stress vs Strain Curves 

Figure 5.30 through 5.33 shows the corrected stress versus strain curves for various 

levels of confinement. The curves are consistent, and there is very little scatter in the 

results. As expected, the ultimate strength increased as the level of confinement was 

increased. The individual values for ultimate strength can be found in Table 5.7.  

Figure 5.33 shows the stress versus strain curve for all levels of confinement. Note 

that the post peak behavior transitions from softening (low confinement) to yielding 

(medium confinement) to hardening (high confinement). This is consistent with the 

theoretical curve presented in Figure 2.12. 

Based on Figure 5.33, the slopes in the pre-peak region appear indistinguishable. 

The secant modulus was calculated for each test using the one third of the ultimate 

strength. The confining pressure was accounted for with Hooke’s Law. The Poisson ratio 

for concrete was assumed to be 0.18, and the lateral stress was assumed to be the 

maximum confining stress. Table 5.7 shows that the elastic modulus actually increases 

with increasing confinement.  

It is assumed that the confined tests should have the same elastic modulus as the 

unconfined tests. The values for the elastic modulus calculated in Table 5.7 are much 

lower than the predicted values. Again, this is due to inaccurate measurements of the 

vertical displacement. Further study is required to accurately account for the stiffness of 

the machine. 
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6.1.4.2 Vertical Stress and Confining Pressure vs Vertical Strain Curves 

Vertical stress and confining pressure are plotted as a function of vertical strain 

in Figure 5.34, 5.35, and 5.36. The plots show an approximation of the confining 

pressure as the vertical strain increases. The confining pressure starts small, reaches a 

peak value and then remains constant. The peak confining stress is proportional to the 

thickness of the steel jacket. 

To calculate the confining pressure, it was assumed that the steel jacket exhibited 

pure elasto-plastic behavior. The yielding stress of the jacket was set to 35 ksi. Using 

those assumptions, the confining pressure could be calculated in the elastic domain as a 

function of the lateral expansion which was measured by the LVDT. Once the jacket 

reaches a certain critical lateral strain, the jacket begins to yield and the confining 

pressure remains constant. The derivation of these relationships can be found in 

Appendix C. 

The actual behavior of the jacket is not purely elasto-plastic. The jacket has some 

strength beyond the elastic domain. In order to simulate the experiments using a 

computer model, a complete record of the stress versus strain curve is needed. This is 

provided in Appendix C. 

6.1.4.3 Lateral Strain vs Vertical Strain Curves 

Figures 5.37 through 5.40 demonstrate the relationship between lateral and 

vertical strain. As the vertical strain is initially increased, the lateral strain is negligible. 

At a certain point, the steel jacket begins to yield and the lateral expansion increases 

sharply. This point also corresponds to the beginning of the post-peak for the vertical 

stress versus strain curves. Figure 5.40 shows that all size tests had similar levels of 

lateral expansion once the jackets began to yield. 

The measurements for this test were taken with an LVDT. The thinnest jackets (low 

confinement) provided the most consistent results because they had the highest 

displacement. The thicker jackets had smaller displacements that were harder for the 

sensor to detect. 
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7. Conclusions 

7.1 Experimental Results 

7.1.1 Uniaxial Compression Test 

• The compressive strength was considerably lower than the design strength.  

• The measurements for the elastic modulus were lower than the predicted values. 

• High friction specimens had a higher compressive strength than low friction 

specimens. 

• A reverse size effect was demonstrated. Compressive strength increased with 

specimen size.  

7.1.2 Three Point Bending Test 

• The modulus of rupture was found to be 655 psi. 

• The measurement for the elastic modulus was lower than the predicted value. 

• Fracture energy decreased as notch length increased. 

7.1.3 Brazilian Splitting Test 

• The average splitting strength was found to be 480 psi. 

• Size effect was demonstrated for 2”, 3” and 4” specimens. Splitting strength 

decreased as specimen size increased. 

• An increase in strength was seen with an increase in size between the 4” and 6” 

specimens. This could be explained by a change in the failure mechanism of the 

specimen. Further testing of larger specimen sizes is required to account for this 

irregularity.  

7.1.4 Confined Compression Test 

• Strength and ductility increased in proportion to confining pressure. 

• The post-peak behavior transitions from softening to hardening behavior as 

confining pressure is increased. 

• The elastic modulus increased as confining pressure increased, but was still 

lower than the predicted value. 
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• The confining pressure was calculated assuming that the steel jacket exhibited 

purely elasto-plastic behavior. The true behavior of the jacket is not purely 

elasto-plastic. 

7.2 Future Considerations 

• The mix design and casting process should be re-examined before running 

another series of tests. It should be verified that all procedures follow ASTM 

standards. 

• Correct measurements of vertical displacement. A comprehensive study should 

be performed on the stiffness of the machine. It should be verified if the behavior 

of the machine it truly linear elastic over all ranges of loading. If it is not, all 

future tests should be performed with displacement measurements taken directly 

on the specimen.  

• Determine if irregularity in size effect between 4” and 6” specimens is an actual 

trend. Cubes larger than 6” should be tested to verify that the trend observed for 

the Brazilian Splitting Test is an actual trend and not just experimental error. 
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A. Typical Failure Modes 

A.1 Uniaxial Compression Test 

A.1.1 High Friction 

 

Figure A-1 Shear crack (left) and vertical cone caused by confinement (right) 

 

Figure A-2 vertical splitting cracks on the bottom with a vertical cone caused by 
confinement on the top. 
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Figure A-3 Shear crack running down the entire specimen. 
 

 

Figure A-4 Undamaged cones caused by confinement. 
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A.1.2 Low Friction 

 

Figure A-5 Vertical splitting crack running down the middle of the specimen. 

 

 

 

Figure A-6 More vertical splitting cracks running down the middle of the specimen. 
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Figure A-7 Cross section showing the damage at the ends of the specimen. Note the 
contrast between this and the high friction tests. 

 

Figure A-8 Vertical crack running down the middle of the specimen. Notice no cone 
of undamaged material. 
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A.2 Three Point Bending Test 

A.2.1 Un-notched Specimens 

 

 

Figure A-9 Typical failure mode for un-notched three point bending test. Crack 
begins at random point near mid-span and propagates up to where the load is 
applied. 
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A.2.2 Notched Specimens 

 

Figure A-10 Typical failure mode for notched three point bending test. Crack 
begins at tip of notch and propagates up the specimen. 

 

Figure A-11 Detail view of crack forming at the tip of the notch. 
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Figure A-12 Notched three point bending specimen. Crack began at tip of notch 
and took irregular path as it propagated up the specimen. 

 

 

Figure A-13 View of cross section of beam from Figure A.12. Crack path 
propagated through cement matrix, around the aggregate. 

 

 

 

 

 

Aggregate 
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A.3 Brazilian Splitting Test 

 

 

Figure A-14 Typical failure mode for 2” cubes. 

 

 

Figure A-15 Typical failure mode for 3” cubes. 

 

 

Figure A-16 Typical failure mode for 4” cubes. 
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Figure A-17 Typical failure mode for 6” cubes. 
 

 

 

Figure A-18 Typical failure mode for a set of cubes. 
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A.4 Confined Compression Test 

 

Figure A-19 Confined compression test prior to loading. 

 

Figure A-20 Confined compression specimen after the test has been performed. 
Notice the LVDT is no longer in contact with both side of the specimen. 
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Figure A-21 Tested specimen (left) compared to untested specimen (right). 

 

 

Figure A-22 Top view of a confined compression specimen after testing. Only 
concrete has been compressed. 
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B. Stiffness of the Machine 

B.1 Uniaxial and Confined Compression Test 

B.1.1 Procedure 

The load frame used during the testing was not completely rigid. The stiffness of 

the machine needed to be accounted for to correct the measured values of vertical 

displacement. The stiffness of the machine was assumed to be linear elastic. The 

following procedure was used to determine the stiffness of the machine and correct the 

measured values of displacement: 

• The stiffness of a hollow steel cylinder was calculated. 

• The total stiffness was measured by compressing the cylinder with the load 

frame. 

• The stiffness of the machine was determined from the total stiffness and the 

stiffness of the steel cylinder. 

• The measured values of displacement were corrected to account for the 

displacement of the load frame. 

B.1.2 Stiffness of Cylinder 

The stiffness of the machine was determined using a hollow steel cylinder of 

known stiffness. For a cylinder loaded in the axial direction 

EA
PL

=Δ  

where Δ is the deflection,  P is the load, L is the length of the cylinder, E is the elastic 

modulus, and A is the cross sectional area. This can be converted into stiffness based on 

the known material and geometric properties. 

L
EAPK =

Δ
=  

The results for the stiffness of the cylinder can be seen in Table B.1 
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Table B-1 Calculation of the stiffness of the steel cylinder. 
Specimen Properties 

Material Steel Units
Elastic Modulus 29000 ksi 
Inner Radius, Ri 2.0625 in 
Outer Radius, Re 2.5 in 
Area 6.27 in^2 
Length 8.00 in 
   
Steel Stiffness 22732 k/in 

 

B.1.3 Total Stiffness 

The cylinder was loaded in uniaxial compression to determine the total stiffness. A 

second test was performed to verify the results of the first test. The cylinders were tested 

in the elastic range so that all behavior was linear elastic. The total stiffness was 

calculated based on the slopes of the load versus displacement plots. Figure B.1 shows 

the original load versus displacement plots. The plots had an irregular initial slope which 

was left out of the calculation of the slope. The actual data used to calculate the slope is 

shown in Figure B.2.  

 

Figure B-1 Load versus total displacement curves for the cylinders of known 
stiffness. 
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Figure B-2 Selected portion of the load versus total displacement curves for the 
cylinders of known stiffness. 

 

Table B-2 Effective stiffness of the machine and cylinder. 
Total Stiffness 

Test 1 5028.472 k/in 
Test 2 5004.301 k/in 
   
Average  5016.386 k/in 

 

B.1.4 Stiffness of Machine 

The specimen and machine were modeled as two springs in series. The effective 

stiffness of springs in series can be determined using the following relationship:  

KspecimenKmachineKmeasuredKKKt
111

2
1

1
11

+=⎯→⎯+=  

KspecimenKmeasuredKmachine
111

−=  

The measured stiffness and stiffness of the specimen were calculated in previous steps. 

The machine stiffness was calculated based on those values. Table B.3 shows the results. 
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Table B-3 Stiffness of the machine for compression tests. 
Stiffness of Machine 

Total Stiffness 5016.386 k/in 
Steel Stiffness 22732.06 k/in 
   
Machine Stiffness 6436.831 k/in

 

B.1.5 Correcting Displacement Values 

The displacement in a spring is equal to force divided by the stiffness. For two 

elastic springs in series, the load is equal in each spring and the total displacement is 

equal to the sum of the displacement in each spring. 

K
P

=Δ  

PmachinePspecimenPmeasuredPPPtotal ==⎯→⎯== 21  

machinespecimenmeasuredtotal Δ+Δ=Δ⎯→⎯Δ+Δ=Δ 21  

 To determine the displacement of the specimen, the displacement of the machine 

must be subtracted from the measured displacement. The displacement of the machine 

can be calculated based on the load and the stiffness of the machine.  

machinemeasuredspecimen Δ−Δ=Δ  

Kmachine
Pmeasuredspecimen −Δ=Δ  

This formula was implemented to correct measurements of vertical strain. This was used 

for the uniaxial and confined compression tests. 
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B.2 Three Point Bending Test 

B.2.1 Procedure 

The three point bending test used a different set of loading platens than the 

compression tests. An additional round of testing was needed to determine the stiffness 

of the machine during the three point bending test. This modified procedure was used: 

• The stiffness of a steel beam was calculated. 

• The total stiffness was measured by performing the three point bending test 

on the steel beam. 

• The stiffness of the machine was determined from the total stiffness and the 

stiffness of the beam. 

• The measured values of displacement were corrected to account for the 

displacement of the load frame. 

B.2.2 Stiffness of Beam 

The stiffness of the machine was determined using a uniform steel beam of 

known stiffness. For a simply supported beam loaded at mid-span: 

EI
PL

48

3

=Δ  

where Δ is the deflection,  P is the load, L is the span of the beam, E is the elastic 

modulus, and I is moment of inertia of the cross section. This can be converted into 

stiffness based on the known material and geometric properties. 

3

48
L
EIPK =

Δ
=  

The calculated stiffness of beam can be seen in Table B.4 
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Table B-4 Calculation of the stiffness of the steel beam. 
Material Steel   
Elastic Modulus 29000 ksi 
Base 1 in 
Depth 1 in 
Moment of Inertia 0.083333 in^4
Span 8 in 
   
Stiffness of Steel 226.5625 k/in 

B.2.3 Total Stiffness 

The beam was loaded at mid-span to determine the total stiffness. Several tests were 

performed to verify the results of the first test. The beams were tested in the elastic 

range. The total stiffness was calculated based on the slopes of the load versus 

displacement plots. Figure B.3 shows the original load versus displacement plot for one 

of the tests. Only the top third of the original curve was used to calculate the total 

stiffness. The actual data used to calculate the slope is shown in Figure B.4.  

 

Figure B-3 Load versus total displacement curve for a beam of known stiffness. 
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Figure B-4 Selected portion of the load versus total displacement curve for a beam 
of known stiffness. 
 

Table B-5 Effective stiffness of the machine and beam. 
Total Stiffness 

Test 1 161041 kip/in 
Test 2 167881 kip/in 
Test 3 163084 kip/in 
Test 4 164304 kip/in 

   
Avg 164077.5 kip/in 

B.2.4 Stiffness of Machine 

The stiffness of the machine was calculated based on the values for the stiffness 

of the beam and the measured stiffness. The results are listed in Table B.6. 

Table B-6 Stiffness of the machine for three point bending test. 
Stiffness of Machine 

Total Stiffness 164.0775 kip/in 
Beam Stiffness 226.5625 kip/in 
      
Machine Stiffness 594.9237 kip/in
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B.2.5 Correcting Displacement Values 

The same formula used to correct the uniaxial and confined compression tests 

was applied to correct measurements of vertical displacement. This was used for the 

notched and un-notched three point bending tests. 
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C. Calculating Confining Pressure  

C.1 Preliminary 

C.1.1 Assumptions 

• The steel jackets exhibit pure elasto-plastic behavior. See figure C.2. 

• The elastic modulus and Poisson ratio of steel are 29,000 ksi and 0.3 

respectively. 

• The yield and ultimate strength of the steel are 35 and 60 ksi. 

C.1.2 Known Parameters 

• E = 29,000 ksi 

• ν = 0.3 

• Re, Ri - different for each size of steel jacket 

• μ(Re) – measured by LVDT sensor 

C.1.3 Desired Parameters 

• Confining Pressure as a function of lateral expansion  

• Maximum confining pressure 

C.2 Defining Confining Pressure 

C.2.1 Stress and Displacement for a Pipe 

 

Figure C-1 Pipe with a uniform pressure p. 

 

 

p 
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Boundary Conditions 
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C.2.2 Determine Relationship between Displacement at Ri and Re 
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C.2.3 Define Confining Pressure as a Function of Lateral Expansion 
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C.2.4 Calculate Maximum Confining Pressure 
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The maximum confining pressures were calculated in Table 5.7. The results can 

be seen for each level of thickness. The confining pressure as a function of lateral 

expansion was plotted in Figures 5.34, 5.35, and 5.36. A pure elasto-plastic relationship 

was used. 

C.3 Relevant Figures 

 

Figure C-2 Stress vs strain curve for mild steel showing Elasto-plastic and actual 
behavior. 
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Figure C-3 Stress versus position curve demonstrating post peak behavior of steel 
jacket. 

 


