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Abstract 

Cracking of mas ive concrete structures like offshore and nuclear power plants structmes 

is an important issue in designing and maintaining such structures. The low ten ile 

strength of concrete can destroy the structmal aesthetics and expose steel reinforcements 

to severe environmental conditions, leading to corrosion of reinforcement and other 

deterioration. 

The present research investigation ultimately aims to investigate the general behavior of 

steel-reinforced normal- and high-strength concrete panels subjected to uniaxial and 

biaxial direct tension loading taking into consideration the effect of the set of parameters 

that have the most significant effect on the cracking response. This investigation includes 

experimental, theoretical, and numerical modeling phases for the cracking response. 

The experimental study incorporates the effect of some important parameters such as the 

concrete trength, bar diameter, bar spacing, concrete cover, and reinforcement ratio on 

the cracking response of concrete panels. To conduct the current experimental 

investigation, a special test setup was designed and fabricated. The loading system was 

equipped to make it possible to simultaneously apply loads in both directions. Results of 

the experimental work will be presented in terms of cracking behavior (cracking load, 

crack spacing, crack width, and crack pattern and the mode of failure), stresses and 

strains in concrete and steel reinforcement before and after cracking. 

Compared with NSC panels, HSC panels showed lower strains and greater tension 

stiffening response at a given load level thanks to the corresponding improvement of the 

bond between the reinforcing steel bars and the high strength concrete matrix. The panels 
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tested under biaxial loading conditions showed lower concrete tensile strength and 

tension stiffening response, compared with the panels subjected to uniaxial loading 

conditions. This reduction in the tensile strength of concrete panels subjected to biaxial 

loading was found to be equal to 5% - 15%. The reduction of the tension stiffening 

contribution of concrete between cracks due to applying the axial into biaxial direction 

became more significant as the reinforcing bar diameter was increased. 

An analytical study was conducted to study the bond characteristics between concrete and 

steel reinforcing bars. Also, a practical and new analytical model, which is capable of 

predicting the crack spacing of orthogonally reinforced concrete plate panels, was 

developed. Afterwards, this study developed a model for evaluating crack widths for 

thick reinforced concrete plates subjected to in-plane axial loading. The calculation 

procedure was supported by an evaluation of existing test data. 

Finally, the nonlinear analysis of reinforced concrete plates using the damage plasticity 

model was performed. The tension stiffening model developed in this study was 

implemented to simulate the cracking response of the concrete. The numerical results 

show reasonable accuracy in predicting the behavior of steel-reinforced concrete panels. 
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Chapter 1 

Introduction 

1.1 General 

Reinforced concrete structure can crack easily due to its low tensile strength. Cracks may 

not only destroy the aesthetics of the structure, but also expose steel reinforcement to 

corrosion. Steel reinforcement is used to carry tensile forces across the cracks once the 

concrete has exceeded its tension capacity; it can restrain the crack opening and it can 

prevent a premature and brittle failure in structural members subjected to tensile stresses. 

However, there are certain types of structures, such as pcontainment structures, offshore 

platforms, tanks, silos, and nuclear reactor structures where tensile cracks can cause very 

serious problems. Cracks can cause loss of load-bearing capacity or increase in 

permeability of the concrete so that it can cause an unacceptable flow of liquid through 

the structure. Loss of load-bearing capacity can occur due to deterioration of the concrete 

and the attendant loss in strength, or corrosion of the reinforcement. Corrosion damage 

can be in the form of reduction in cross-sectional area of the reinforcing bars or in loss of 

the bond between the reinforcement and the surrounding concrete due to surface spalling 

of concrete. Corrosion can cause volume expansion that is mainly responsible for 

exerting an expansive radial pressure at the steel-concrete interface. The development of 

hoop tensile stresses in the surrounding concrete will result ultimately in the cracking of 

the cover concrete. 
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Loss of bond means that reinforcing bars are not able to develop their useable strength. 

Increased permeability can occur because of degradation mechanisms that affect the 

overall integrity of the concrete, such as sulfate attack or alkali-aggregate reactivity, or it 

can occur due to the formation of discrete structural cracks. In order to be able to predict 

the effects of structural cracks on structural performance, it is necessary to understand the 

causes and mechanisms of discrete crack formation in reinforced concrete structures. 

Cracking in a reinforced concrete member can also cause a significant increase m 

deflection. This is a result of the reduction of flexure stiffness of the cracked sections 

when the effect of tensile concrete below the neutral axis diminishes. However, some 

tensile stress is retained in the concrete between the consecutive cracks around steel bars 

due to the bond action. The effect of the steel reinforcement on concrete under tension is 

known as "tension stiffening" effect. Ignoring the effect of tension stiffening of concrete 

between cracks can lead to overestimated values for the displacement and crack openings 

by a large amount. This relationship allows concrete to retain some tensile stress beyond 

the cracking strain. 

1.2 Research Objectives and Scope 

The present investigation aims to investigate the general behavior of steel-reinforced 

normal and high strength concrete panels subjected to uniaxial and biaxial direct tension 

loading taking into consideration the effect of the set of parameters that have the most 

significant effect on the cracking response of these panels. This investigation includes 
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experimental, theoretical and numerical modeling phases for the cracking behavior of 

steel-reinforced concrete panels under uniaxial and biaxial direct tension loading. 

In the experimental phase, the research aims to study the effect of using different levels 

of compressive strength, as the high-strength concrete panels are used in parallel with 

normal-strength concrete as reference panels. The experimental study incorporates the 

effects of some important parameters such as bar diameter, bar spacing, concrete cover, 

and reinforcement ratio on the cracking response of concrete panels. 

A theoretical investigation is conducted to develop constitutive relationships to describe 

the tensile response of the steel-reinforced concrete panels taking into consideration the 

tension stiffening response of the steel reinforced concrete for normal and high strength 

concrete panels. In addation, an analytical model that is capable of predicting the crack 

spacing and width of orthogonally reinforced concrete plate elements is also developed. 

In such a model, the reinforced concrete plate element is studied using equilibrium and 

compatibility equations to formulate the average stresses in steel and concrete. This 

model can account for the influence of the transverse reinforcement on the cracking 

behavior. The major parameters influencing the cracking behavior of reinforced concrete 

members, such as the tensile strength of concrete, bond characteristics, reinforcement 

ratio, bar diameter and spacing in both longitudinal and transverse directions, are also 

considered. Furthermore, the effect of splitting stresses on the cracking behavior of 

concrete plates is studied as the concrete splits parallel to the bars and the resulting cracks 

propagate out to the surface of the reinforced concrete panels. 
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In the final part of the thesis, the tension stiffening model developed in the present study 

is used in the nonlinear analysis to predict the tensile response of thick normal and high 

strength concrete plates subjected in-plane loading condition. 

1.3 Research Rationale 

Cracking of reinforced concrete structures is unavoidable due to the low tensile strength 

of the concrete; these cracks may cause serious problems in some structures such as the 

offshore structures where the steel reinforcement is exposed to severe environmental 

condition leading to corrosion. Nuclear power concrete walls must be maintained free of 

cracking, since these walls are the final defensive shield against unexpected accidents 

that prevents radioactive leakage. 

Existing research related to this study mostly corresponds to reinforced concrete panels 

under uniaxial tension. So there is a need to obtain experimental and analytical results for 

biaxial tension reinforced concrete structures, reflecting their characteristics and 

behavior. For the purpose of experimental convenience, the effect of significant 

parameters such as concrete strength, reinforcement ratio, reinforcement arrangement in 

the concrete section, and concrete cover are considered in studying the cracking behavior 

of reinforced concrete panels subjected to axial loading. 

At the same time, there is a great need to develop theoretical models suitable for normal 

and high strength thick concrete plates in order to reflect properly their structural 

behavior. The transfer of forces across the interface between concrete and steel 

reinforcing bars is investigated as it is of fundamental importance in analysis of the 
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behavior of reinforced concrete structures. Proper simulation of the post-cracking 

behavior of concrete has a significant effect on the accuracy of the nonlinear finite 

element modeling of RC members, as the tension-stiffening effect is crucial for any 

nonlinear analysis. Moreover, theoretical models for crack spacing and crack width of 

thick reinforced concrete plates are developed. The validity of such models is checked by 

comparing the measured experimental data with the corresponding predicted results 

based on the proposed models. 

Finally, numerical modeling is carried out to provide an accurate prediction of crack 

response of thick plates used for offshore structures and containment structures for 

nuclear power plants. The developed tension stiffening model is implemented in a 

nonlinear finite element analysis. 

1.4 Thesis Layout 

Following this introduction chapter, Chapter 2 reviews the earlier investigations carried 

out by various researchers to study concrete tensile response and the interaction between 

concrete and reinforcement. A review on the different tension stiffening models u ed to 

simulate the pre- and post-cracking response is presented. A review on different codes 

approaches to evaluate the crack width and spacing is also carried out. 

Chapters 3 and 4 present the experimental program carried out in this study to investigate 

the behavior of thick steel-reinforced concrete plates. This program is focused on 

investigating the cracking response of panels subjected to uniaxial and biaxial direct 

tension loading. The cracking behavior including the cracking load, crack patterns, crack 
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spacing, and crack width of these panels under applying direct tension loads, is analyzed. 

The tension stiffening effects is examined taking into consideration the effect of variables 

such as concrete compressive strength, reinforcement ratio, loading ratio in the two 

directions, and concrete cover. 

Chapter 5 describes the transfer of forces across the interface between concrete and steel 

reinforcing bars as it is of essential significance to investigate the cracking response of 

the reinforced concrete structures. In this chapter, an analytical model is developed for 

predicting the complete distribution of the slip, bond stress, concrete and steel stres at 

different loading stages. 

Chapter 6 analyzes the relationship between the bond and the splitting stresses, resulting 

from the bearing of lugs of the reinforcing steel bars on concrete. A model to predict the 

effect of the splitting stresses, caused by bond action between the uncracked concrete and 

deformed bars, on the cracking behavior of orthogonally reinforced concrete panels 

subjected to in-plane axial stresses, is developed. 

Chapter 7 provides theoretical models for calculating the crack spacing and width of 

thick reinforced concrete plates subjected to in-plane axial loading. This model enables 

the estimation of the variations in crack width at any section along the crack length. As 

well, a crack width model is developed that considers the significant effect of the 

reinforcement distribution, concrete cover, and the level of the strain of the 

reinforcement. Recommendations for control of cracking for thick reinforced concrete 

panels are achieved based on the measured data from the experimental results and 

proposed models. 
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A nonlinear finite element analysis for reinforced concrete plates is conducted in chapter 

8, to predict the tensile response of thick plates under axial loading condition. The tension 

stiffening model developed in chapter 4 is implemented in 3D (three dimensional) 

concrete damaged plasticity model. 

Finally, conclusions from the experimental, theoretical and numerical simulation are 

summarized in chapter 9. 
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Chapter 2 

Review of Literature 

2.1 General Remarks 

This chapter includes relevant literature on cracking behavior and tension stiffening 

response of steel reinforced concrete members subjected to axial loading. The first 

section deals with previous research aiming to study the response of concrete under axial 

loading conditions with methods of incorporating the tension stiffening effects in steel 

reinforced concrete members. Literature on various models for predicting crack spacing 

of reinforced concrete structures subjected to axial loading is also discussed later in this 

chapter. Current code provisions used for estimating and controlling the crack width in 

reinforced concrete members are also briefly discussed. 

2.2 Concrete Tensile Behavior 

The uniaxial tensile test is the most direct experimental method for obtaining the stress­

deformation relationship and it reflects the uniaxial mechanical behavior more directly 

rather than bending tests. However, such tests are difficult to conduct. To capture the 

strain-softening branch, a stiff testing set up with the test controlled by a feedback from 

the deformation of the specimen is required. The test specimen geometry must also 

ensure that a crack initiates in the desired part of the specimen. This is frequently 

achieved by notching the specimen. 
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Several studies have examined the effect of various parameters on basic mechanical and 

fracture mechanics properties such as initial Young's modulus Eo, tensile strength _A, 

fracture energy G1, the shape of the descending branch, brittleness, etc. Macro-crack 

formation is closely associated with the structure of the composite material and the 

relative strength and stiffness of the aggregates and cement matrix, and the bonding 

between all of these elements. Consequently, the type size and volume content of 

aggregate, the water-cement ratio, and age at loading, all significantly influence behavior 

of the macro-crack zone, which develops through the concrete. 

The complete measure of the stress-deformation characteristics can be useful to 

determine other properties such as fracture energy G1- The fracture energy is a material 

property, and it is defined as the total energy dissipated on a unit crack surface and is 

equal to the area under the stress-crack width curve, as shown in Fig. 2.1 as reported by 

Hillerborg et al. [1], 1983; Bazant and Oh, 1983[2]; Phillips and Zhang, 1993 [3]; and 

Etse and Willam, 1994[4]. 

Crack Width w, mm 

Fig. 2.1 Stress-Elongation Curve for Cracked Section 
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The fracture energy of the concrete can be expressed as presented in the following 

equation: 

(2.1) 

The energy of fracture G1 increases as the strength increases, even for high strength 

concrete. However, as with tensile strength, the increment in Gj decreases as the strength 

level increases; thus the relative toughness (GJ!fc) decreases. The fracture energy value 

for normal strength concrete (35 MPa) is around 110 N/m, while for high-strength 

concrete (75 MPa) its value is in the range of 160 N/m reported by Marzouk and Chen, 

1995 [5] . 

2.2.1 Uniaxial Tensile Behavior 

In recent years, testing techniques have been improved by the use of electro-hydraulically 

controlled testing machines. It is now possible to perform tests through which the 

complete stress-deformation behavior of concrete specimen under direct uniaxial tension 

may be obtained (Gapalaratnam and Shah, 1985; Guo and Zhang, 1987 [6, 7]). 

The general mechanical behavior of concrete under uniaxial tensile loading shows many 

similarities to the behavior observed in uniaxial compression. Typical stress-strain curve 

for concrete in uniaxial tension are shown in Fig. 2.2. The curve is nearly linear up to a 

relatively high stress level. However, these curves have a markedly lower tensile 

strength, f 1·, compared to the corresponding strength in compression, fc·· For stresses less 

than about 60% of the uniaxial tensile strength fr·. the creation of new microcracks is 

negligible. A reasonable value for "onset of unstable crack propagation" is about 75% of 
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i 1' recommended by Welch, 1966 [8]; and Evans and Marathe, 1968 [9]. The ratio 

between uniaxial direct tensile strength it' and compressive strength ic' may vary 

considerably but usually ranges from 0.05 to 0.1. The modulu of elasticity under 

uniaxial tension is somewhat higher and the Poisson's ratio somewhat lower than in 

uniaxial compression. 
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Tensile Strain 

Fig 2.2 Tensile Stre s-Strain Curve of Concrete 

Regarding high strength concrete, test results reported by H. Marzouk and Z. W. Chen, 

1995 [5] revealed that high-strength concrete exhibits a more brittle and stiffer behavior 

with a large initial modulus of elasticity and more sharply descending branch of the 

stress-deformation curve beyond the peak load. It was observed from statistical analysis 

of the test results that the direct tensile strength was only recorded as about 4.8% of the 
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compressive strength ifc) compared to 8.0% of ifc) for normal strength concrete. The 

splitting tensile strength was about 7.2% of (fc), whereas the modulus of rupture was 

about 9.4% of ifc). 

2.2.2 Biaxial Tensile Behavior 

Several studies have been done on the mechanical properties of concrete in biaxial 

loading. Advanced methods for the design of concrete structures have placed increasing 

emphasis on the stress-strain behavior of concrete subject to biaxial stress. Expressions 

were developed by Kupfer et al., 1969[10]; Buyukozturk et al., 1971 [11]; Liu et al., 1972 

[12]; Tasuji et al., 1979 [13], to account for non-linear stress-strain behavior, which can 

be applied to concrete under biaxial loading in the form: 

cE (2.2) 

where a is the principal stress; e is principal strain; E is the uniaxial elastic modulus; Es 

is the secant modulus at ultimate load (a/ep); ap is the ultimate stress, ep is the strain at 

ultimate stress. 

In Fig. 2.3 the relationship between the principal stresses at failure, a/fJ, and a2/fJ is 

given for the three types of concrete investigated by Kupfer et al., 1969 [10]. Ac-

cording to this figure, the strength of concrete under biaxial compression is larger 

than under uniaxial compression. In the range of compression-tension and biaxial 

tension, however, the relative strength decreases as the uniaxial strength increases. 

The strength of concrete under biaxial tension is almost independent of the stress 
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ratio (J1/(J2 , and equal to the uniaxial tensile strength as reported by (Bresler and 

Pister, 1958 [14]; Bellamy, 1961 [15]; Henry and Karni, 1958[16]). In biaxial 

compression-tension region, there is a significant difference in the behavior between 

high-strength and normal-strength concrete, where introducing a small amount of 

tension decreases the compressive capacity more radically for high-strength 

concrete than for normal-strength concrete as explained by Su and Hsu, 1988 [17]; 

Yin eta!., 1989 [18]; Hussein and Marzouk, 2000 [19]. 

Pr = -190 kg/cm2 (2700psi) 

Pr = -315 kglcm2 (4450psi) 

Pr = -590 kg/cm2 (8350psi) 
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Fig. 2.3 Biaxial Strength Envelope of Concrete, Kupfer eta!. [22] 

Several studies have been conducted to investigate the behavior of high-strength 

concrete under uniaxial and biaxial loading (Hussein and Marzouk, 2000 [19] ; Ren et 

al., 2008 [20]). Test results confirmed the ultimate strength of concrete under biaxial 
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compression to be higher than that uniaxial compression. The maximum biaxial 

strength occurred at a biaxial stress ratio of 0.5 for all specimens tested. At this 

stress ratio, a strength increase of about 31 % for the NSC specimens, 32, 35 , and 

38% for HSC, UHSC, and HSLEC specimens, respectively, reported by Hussein and 

Marzouk, 2000 [19], as shown in Fig. 2.4. 
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Fig. 2.4 Biaxial Strength Envelopes for Four Different Types of Concrete under 
Combined Tension and Compression, Biaxial Tension, and Biaxial Compression [19] 

2.3 Interaction between Concrete and Reinforcement 

Reinforcement in concrete structures enhances the strength of a section in tension but the 

structural behavior depends on the composite action of the concrete and steel in resisting 
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the external load. If the reinforcing bar undergoes the same strain or deformation as the 

surrounding concrete, no slip occurs between the two materials under load and a perfect 

bond exists. In reality, some slip does occur between the steel and concrete after 

cracking and reliable estimates of cracking, including the prediction of crack width 

and crack spacing, require accurate modeling of the bond stress versus slip relationship. 

After the initial cracking of a reinforced structural member, three interdependent steel­

concrete load transfer mechanisms are activated: steel-concrete bond; aggregate interlock 

or interface shear; transfer dowel action. 

In the cases of flexural cracking in beams or slabs, or direct-tension cracking in 

longitudinally restrained members, the steel-concrete bond is of paramount importance. 

Bond can be thought as the shear stress or force between a reinforcing bar and the 

surrounding concrete. The force in the bar is transmitted to the concrete by bond; bond 

stress must be present wherever the stress or force in a reinforcing bar changes from point 

to point along its length. In the absence of bond stress, the bar will pull out of the concrete. 

Bond comprises three components: chemical adhesion, friction, and mechanical 

interaction between concrete and steel. 

Lutz et al., 1966; 1967 [21, 22] conducted an experimental program to examine the bond 

force action and the associated slip, and cracking of reinforced concrete to explain some 

basic aspects of the bond-slip and cracking behavior. The cracking behavior of axially 

loaded tensile specimens with a single deformed reinforcing bar encased concentrically in 

a long concrete prism was investigated by Goto, 1971 [23]. Shah et al. , 1981; 1984 [24, 

25] studied the cracking response and transfer of the forces by bond in tension members, 
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assuming exponential function for bond stress versus slip relationship. A technique for 

the determination of complete bond versus slip responses was experimentally calibrated 

by Abrishami and Mitchell, 1992 [26], this technique enables investigating of both pull 

out and splitting failure. The bond characteristics of high strength concrete under 

monotonic and cyclic pull out loading were studied by Alavi-Fard and Marzouk, 2002; 

2004 [27, 28], considering the load history, confining reinforcement, bar diameter, 

concrete strength, and the rate of pull out loading. Yang and Chen, 1988 [29] studied the 

cracking behavior of tension members and developed a model to represent the 

distribution of bond-slip relationship. 

Although friction and adhesion are present in deformed bars, when they are loaded for the 

first time, the bond mostly is transferred by bearing of the deformations of the bar, as 

shown in Figure 2.5-a. Equal and opposite bearing stresses act on the concrete and these 

stresses on the concrete have a longitudinal and a radial component (see Figs. 2.5-b and 

2.5-c). The radial component causes circumferential tensile stress in the concrete around 

the bar (see Fig. 2.5-d), such that eventually, the concrete splits parallel to the bar and the 

resulting crack propagates out to the surface (MacGregor, 1992) [30]. 

In a simplified approach, the complex mechanism of force transfer between 

concrete and reinforcement is substituted by an average bond shear stress uniformly 

distributed over the nominal perimeter of the reinforcing bar 

F 
(2.3) 
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(a) (b) 

Radial 
(c) (d) 

Fig. 2.5 Mechanism of Bond Transfer (a) Forces on Bar (b) Forces on 
Concrete (c) Components of Forces on Concrete (d) Radial Forces on 

Concrete and Splitting Stress (MacGregor, 1992 [30]) 

where, db is the nominal diameter of reinforcing bar; and F is the force in the reinforcing 

bar (Sezen and Moehle, 2003) [31]. Bond behavior is a combination of adhesion, bearing 

of deformations on the bar against the concrete (mechanical interlock), and friction. 

Interaction between concrete and a bar subjected to pull-out force generally has four 

different stages (FIP, 2000) [32], as shown in Fig. 2.6. 

The bond stress-slip curve of high-strength concrete is characterized by a sharp drop of 

the stress at the beginning of the descending portion of the bond stress- slip curve as 

shown in Figure 2.7 [27]. The area under the curve of the bond stress-slip curve can be 

defined as bond energy. The influence of extra confinement on bond is significant on 

improving the ductility and the bond energy, especially after reaching the maximum 

bond strength. 
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Slip, 8s 

Fig. 2.6 Schematic Representation of Bond Stress versus Slip Relationship 
and Different Pha es of Bond Behavior (FIP, 2000 [32]) 

Slip 

Fig. 2.7 Typical Bond Stres -Displacement for High-Strength Concrete 
(Alavi-Fard and Marzouk, 2004 [27]) 

2.4 Tension Stiffening of Steel-Reinforced Concrete 

One of the main factors affecting the stiffness of a cracked reinforced concrete 

member is the bond between the reinforcement and concrete. This phenomenon i 
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called "tension stiffening" that allows tensile stresses to transfer between the 

reinforcement and the uncracked concrete between the cracks. Tension stiffening 

results from crack formation and bond slip between the reinforcing bars and 

surrounding concrete and is influenced mainly by the tensile strength of concrete, the 

magnitude of bond stresses, the reinforcement ratio, and the load history. The 

response of concrete of post-cracking or post-crushing is illustrated in Fig. 2.8 

(Reinhardt and Cornelli, 1984) [33]. 

The bond between the reinforcing bar and the concrete will enable some tension to be 

transferred from the bar to the concrete. Forces are transferred from the bar to the 

concrete by inclined compressive forces radiating out from the bar (Goto, 1971) [34], 

as shown in Fig. 2. 9. 

; Strain Softening Region ; 
... IJilo: 
: in Compression ; 

"' "' ~ 
Cll Strain Softening Region 

. T . IJilo m ensaon 

Fig. 2.8 Complete Stress-Strain Curve for Concrete 
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Deformed Bar 

Fig. 2.9 Formation of Internal Cracks, Adapted from Goto (1971) [34] 

Different variables, such as the percentage and distribution of reinforcing steel, bar size, 

bond properties, and shrinkage of concrete, are reported to have had an effect on tension 

stiffening (Clacrk and Cranston, 1979 [35]; Marzouk and Chen, 1993 [36]; Abrishami 

and Mitchell, 1996 [37]). 

Fig. 2.10 shows a typical load-defmmation response for a symmetrically reinforced axial 

member loaded in tension, where tension stiffening represents the difference between 

the member response and the bare steel bar response. The composite member response is 

initially linear elastic with uniform stresses in the concrete and steel along the length of 

the member, until the tensile strength of the concrete l is reached and the member 

cracks at a load N,.. Once cracked, the concrete is not assumed to carry any tension at the 

cracks but it is still able to develop tensile stresses away from the crack as load is 

transferred from the reinforcing steel back into the surrounding concrete. Hence, stresses 

in the concrete vary between cracks along the length of the member, and this reduces the 
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average tensile stress in the concrete as indicated in Fig. 2.10 (Stevens et al., 1991[38]; 

Bischoff 1995; 2001 [39, 40]). 

(a) 

~~ I I I I I I ~4 
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; "~ r· 
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Z Tension Stiffening 
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~ 
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Member Strain Em = ML 

Member Strain Em= liiL 

Fig. 2.10 Axial Load-Deformation Response and Tension Stiffening Effect 
(a) Reinforced Concrete Member, (b) Concrete Contribution 

The average tensile capacity of the concrete continues to decrease with increasing strain, 

as more cracks develop, and this is reflected by a reduction in tension stiffening with 

increasing load N. Once cracking has stabilized and no more transverse cracks develop, 

the observed decrease in the average concrete stress (and tension stiffening) continues but 

at a slower rate, mainly through loss of bond from internal cracking. N,. is the first cracking 

load, £5,. is bare bar strain under axial load Nr. £5 is the bare steel bar strain under a given 
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axial load N, C:sm is the average strain in the reinforced concrete member, L1c:s.max is the 

jump in the steel strain at first cracking load, and E:m average strain of the cracked 

member. 

The first approach mentioned uses the concept of a tension stiffening strain L1c:s, to stiffen 

the bare steel bar response C:s in a fully cracked section with the concrete in tension 

ignored, see Fig. 2.10. For a given axial load N, the average strain in the steel 

reinforcement C:sn~> can be expressed as given by the following expression: 

(2.4) 

The jump in steel strain at first cracking L1c:s.max = C:sr - E:cr = Jr'!pEs, while f3 is a factor that 

varies between one Gust before first cracking) and zero (for no bond) that accounts for the 

variation of steel strains along the member length. E:cr is the elastic strain in concrete at 

cracking and C:sr is the bare steel strain at first cracking. E s is the elastic modulus of the 

steel and p equal the reinforcing steel ratio As/Ac. Ac represents the area of concrete in 

tension affected by the transfer of bond forces, and As is the area of tension reinforcement. 

This approach was first introduced by Johnson, 1951 [41] in the form of: 

Csm = _l (fs - pLJ 
Es p 

(2.5) 

A number of different proposals have been made for the tension-stiffening factor p. Rostasy 

et al., 1996 [42] proposed using a value ofjJ =!sl!s that varies inversely with the stress in the 

reinforcement and is also implicitly dependent on the reinforcing ratio. 

£ = £ (1-_1 - J.,.; J = £ (1- f s; J + J., £ 
sm s 1 + n f 2 s f 2 f cr p ,\' .\' s 

(2.6) 
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This form the basis of the method used to account for tension stiffening in the CEB-FIP 

Model Code for concrete structures, 1978 [43], where the cracking strain of concrete &cr. is 

neglected to obtain a more simplified expression for the average steel strain &sm=t:s(l - j} 

If/). This approximate expression actually represents the average extension of the steel 

reinforcement relative to the concrete, and is used to calculate crack width . The more recent 

version of the Eurocode CEB-FIP 1990 Model Code, however, adopts a constant value of 

/3=0.4 in the stabilized cracking region, with a transition curve between the uncracked and 

fully cracked regions (CEB-FIP Model Code, 1990 (MC-90) [44]). The average concrete 

stress can then be normalized with the concrete cracking strength, giving a tension 

stiffening bond factor p = Ni that accounts for the variation of tensile stresses in the 

concrete between cracks. Collins and Mitchell, 1991 [45] propose using,B=(l+~SOOt:, )-1 , 

Belarbi and Hsu suggest a value of ,8 = (ccr I e m )0
.4 [ 46]; Fields and Bischoff, 2004 

,B=e-{).S(ccrc.,)xlo
3 

[47]; Hwang and Rizkalla (1983) proposed an effective concrete tensile 

stress after cracking of f3=e -'oooce",-e, >[48]. Marzouk and Chen, 1995 [5], developed a 

model to express the tensile behavior of high strength concrete after cracking 

asjlj,'=(c
1
lc;)/[(a(£

1
1£; )-l)fJ + (£

1
1£; )] , where a and pare tension stiffening 

constant and material dependent constant, respectively, see Fig. 2.11. 

To account for the tension stiffening effect in simulating the cracking response of 

reinforced concrete structures, some investigators have artificially increased the stiffness 

of the reinforcing steel (Link et a!., 1989 [49]; Massicotte et al., 1990 [50]; Lin and 

Scordelis, 1975 [51]; Gilbert and Warner, 1978 [52]; Cervenka et a!., 1985; 1990 [53, 
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54]) by modifying its stress-strain diagram of reinforcing steel by considering the tension 

stiffening factor ~· 

~ 
...... 
0 ..... 
(.) 0.8 
~ 
~ 
on 
.s 
I=: 0.6 
Q) 

~ ..... 
(/j 

1 - f3=(1+.J500e , t 

2 - f3 = (c cr I em )o 4 

3- /3=0 .4 

4 _ f3 = e -1000 (E ,m -I:" ) 

S _ /] = e -0.8 (c,1 - c" )xt0
3 

/3
- (£,1£; ) 

6 - - . fJ . 
a(£,1£,- 1) +£,1£, 

1 

--------~~~~----~--~-------------3 '·::.:-:.-.:-: ·· -
~ 0.4 
.9 

....... ,'--'·.:~~·:- . . - .. - .. - .. . . - . . - .. 6 
~~~·-·-· 2 .............. ::-.: .. ::.:.::-.: .. ::.: .. : 

c:n 
I=: 
Q) 

E-< 
0.2 

0.0 
0.0 

1000 2000 3000 

Member Strain e, 

Fig.2.11 Range of Values Reported for Tension Stiffening Bond Factor f3 

An alternative approach to the modeling of the tension stiffening effect to include this 

phenomenon was that introduced by Scanlon, 1974 [55]. In this approach, the stress-

strain curve of concrete in the tensile stress direction is modified by assigning a 

descending branch to account for the retained stiffness following cracking. By using this 

method different investigators have selected various shapes and strain levels, t 1o, to 

determinate the artificially assigned softening branch, see Fig. 2.12. Many investigators 

have conducted research on the softening responses and reported the complete load-

deformation diagrams of normal strength concrete under direct tension, see Fig. 2.12. 
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0 L-~4L, -----===:::::::::::::= ____ ·~ 
0 

Fig. 2.12 Modeling of Concrete Tension Stiffening 

(a) Steped unloading response (Scanlon, 1972); (b) Smooth unloading model (Lin and Scordelis, 1975); (c) Modified smooth 

unloading model (Mazars. 1981 ); (d) Bilinear unloading model (Cope et al. , 1979); (e) Modified bilinear unloading model 

(Massicotte et al., 1990); (f) Discontinuous unloading model (Damjanic and Owen, 1984); (g) Simple unloading model (Bazant 

and Oh, 1984); (h) Modified linear unloading model (Bergan and Holand, 1979); (i) Continuous Stress-deformation model (Guo 

and Zhang, 1987); (j) Continuous stress-crack width model (Gopalaratnan1 and Shah, 1985) 
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-- ----- --------------

2.5 Control of Cracking in Reinforced Concrete Members 

2.5.1 General Remarks 

The Concept of random formation of cracks in reinforced concrete members had been 

discussed by Base et al., 1966 [56]; Broms and Lutz, 1965 [57], Beeby, 1979 [58]; and 

Hognestad, 1962 [59], who all have indicated that the final crack pattern in crack spacing 

can be expected to vary from a minimum crack spacing to maximum crack spacing that 

can be up to twice the minimum crack spacing. 

The control of cracking can be as important as the control of deflection in flexural 

members. Crack control is also important to aesthetics of exposed concrete surfaces. 

Leonhardt, 1988 [60] conducted an extensive review of cracking in reinforced- and 

prestressed-concrete structures. Two extensive and independent testing programs were 

conducted by Rizkalla et al., 1983 [61, 62] to study the cracking behavior of reinforced 

concrete members subjected to pure uniaxial tension in the presence of transverse 

reinforcement. Panels of normal strength concrete (NSC) 34.5 MPa with thicknesses of 

27, 178, and 254 mm, and subjected to uniaxial tension, were investigated. Williams, 

1986 [63] prepared a technical report for the cracking behavior of NSC panels. The main 

objective of the report was to compare the results obtained from the experimental 

program performed on reinforced concrete panels with an average strength of 34.2 MPa 

and thickness of 250 mm with the existing design code and other formulae for the 

cracking response of reinforced concrete. Twelve prestressed concrete wall segments 

simulating portions of walls of secondary containment vessels were loaded by uniaxial or 

biaxial tensile loads to obtain load-deformation and cracking behavior (Simmonds et al. , 
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1979; 1980) [64, 65]. A typical specimen was 800 mm square by 260 mm thick, with 

concrete nominal compressive strength 31.7 MPa, reinforced in two directions and 

prestressed in one or two directions to provide data for use in calibrating the existing 

theoretical formulas for the crack width. Experimental program to investigate shear 

transfer in cracked containment vessel (Oesterle and Russell, 1980) [66] on large scale 

specimens subjected to biaxial tension and shear, the specimens were intended to simulate 

shear transfer with dimensions (1524 x 1524 x 610) mm with normal-strength concrete of 

21.2 MPa. 

Several of the most important crack-prediction equations are reviewed in this chapter. 

The control of cracking in a reinforced or prestressed concrete structure is usually 

achieved by limiting the stress increment in the bonded reinforcement to some 

appropriately low value and ensuring that the bonded reinforcement is suitably 

distributed. Many codes of practice specify maximum steel stress increments after 

cracking and maximum spacing requirements for the bonded reinforcement. Some codes 

include procedures for calculating design crack widths. 

Permissible crack width varies with design codes. Acceptable values can vary between 

0.1 mm and 0.4 mm. The smaller value may be suitable for water retaining and offshore 

structures and the larger value for structures in dry air or with protective membrane. The 

width of crack depends mainly on stress in steel after cracking. Other factors affecting 

crack width are thickness of concrete cover to reinforcement, bar diameter, bar spacing 

and the way they are arranged in the cross-section, bond properties of the bars, concrete 

strength and the shape of strain distribution. 
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2.5.2 Different Approaches for Estimating the Crack Spacing 

Extensive previous investigations have been carried out with respect to crack spacing in 

reinforced concrete members. Leonhardt, 1977 [67] assumed a possible value for the 

crack spacing at the final crack stage SL: 

(2.7) 

where, L1 is the transfer length that represents the length of active bond stress, and La is 

the length of no bond stresses, and Leonhardt proposed a value for La based on the 

experimental results as follows: 

L f s2,cr d t+ · Nl 2 ) o=4s Vs2,cr ln mm (2.8) 

where dis the diameter of the main reinforcement, and fsz.cr is the stress in the steel at the 

cracking stage. 

Beeby 1972 [68], proposed an approach for the value of the average crack spacing Sb as 

shown in the following equation: 

sb =1.33 c +0.08d 1 p (2.9) 

where C is the concrete cover, d is the diameter of the main reinforcement, and p is the 

effective reinforcement ratio. 

An attempt was made by Rizkalla et al., 1984 [61] to refine the crack spacing expression 

by using Beeby's expression where the value of the length La is evaluated. Rizkalla 

recommended an expression based on the experimental results as follows: 

Sm =5(d -7.2)+ 1.33 C +0.08d I p (2.10) 
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where Sm is the average crack spacing mm; C is the concrete cover to the surface of the 

bar; p is the reinforcement ratio; and d is the diameter of the main reinforcement. 

Based on the tension chord model, Marti eta!., 1998 [69] developed the following model 

to estimate the crack spacing for fully developed crack pattern: 

S,111 =A.S,1110 
(2.11) 

where the value of SrmO can be expressed as follows: 

S rmO (2.12) 

where (/> is the bar diameter, j,' is the tensile strength of concrete, p is the reinforcement 

ratio, rbo is the bond stress between the steel and the surrounding tensile concrete. Gilbert 

2006; 2008 [70, 71] expressed the value of the maximum crack spacing as follows: 

s = ¢!,' 
max 2 'rbo p 

(2.13) 

The actual crack spacing at the stabilized cracking stage may be expressed as [52]: 

S = A Smax where 0.5 :S 'A:S 1.0 

2.5.3 Allowable Crack Width in Reinforced Concrete 

The maximum crack width that may be considered not to impair the appearance of a 

structure depends on various factors including the position, length, and surface texture of 

the crack as well as the illumination in the surrounding area. According to Park and 

Paulay, 1975 [72], crack widths in the range 0.25 mm to 0.38 mm may be acceptable 

for aesthetic reasons. Crack width that will not endanger the corrosion of steel 
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reinforcement depends on the environment surrounding the structure. Table 2.1 shows 

the maximum allowable crack widths recommended by ACI Committee 224-2001 [73] for 

the protection of reinforcement against corrosion. 

Table 2.1 Guide to reasonable crack widths, reinforced concrete under service load 

Exposure condition 

Dry air or protective membrane 

Humidity, moist air, or soil 

Deicing chemicals 

Seawater and seawater spray; wetting and drying 

Water retaining structures 

Crack Width 
m mm 

0.016 0.41 

0.012 0.30 

0.007 0.18 

0.0006 0.15 

0.004 0.10 

For concrete structures of permanent character, dependent on the environmental 

conditions to which the structure is exposed, a material composition shall be selected and 

the nominal crack widths shall be limited as given in Table 2.2 in accordance with NS 

3473-92[74]: 

Table 2.2 Limiting values of nominal characteristic crack width wk (NS 3473-92) 

Environmental Reinforcement sensitive Reinforcement Slightly 
class to corrosion, wk Sensitive to corrosion, Wk 

SA Special Consideration Special Consideration 

MA 0.10 mm 0.20 mm 

NA 0.20 mrn 0.40 mrn 

LA 0.40 mrn 
SA: Especially aggressive environment, MA: Severely aggressive environment, A: Moderately aggressive 
environment, LA: Mildly aggressive environment. 
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2.6 Crack Spacing and Width Approaches in the Different Structures Codes 

2.6.1 CSA S474-2004; and NS 3473 E-1992 

Both the Canadian offshore code CSA-04 [74], and Norwegian code NS-92 [75] provide 

similar approaches for calculating the value of crack spacing. According to CSA-S474-

04, the average crack spacing of cracks normal to the reinforcement, Sm, may be 

calculated using the following equation: 

(2.14) 

where C = concrete cover, mm (not greater than 55 mm); S = bar spacing of the outer 

layer of the bars, mm; k1 =coefficient that characterizes bond properties of bars(= 0.4 for 

deformed bars, and = 0.8 for plain bars); k2 = coefficient to account for strain gradient= 

0.25 (E1+E2)12E1, c1 and c2 are the largest; and smallest tensile strains in the effective 

embedment zone; dbe. = equivalent bar diameter of the outer layer of the bars, mm; heff = 

effective embedment thickness, mm, taken as the greater of (a1+7.5dbe) and (a2+7.5dbe), 

but not greater than the tension zone or half the shell thickness (see Fig. 2.13 ); b = width 

of the section, mm; As = area of reinforcement within the effective embedment thickness, 

mm2
. 

The crack spacing presented in the above equation includes two terms. The first term 

[2.0 (C + 0.1 S)] is expressed in terms of the concrete cover and bar spacing, and the 

second term (k1k2dbe.he1b!As) is composed of the type of bar, diameter, effect of bond 

stress, and effect of strain gradient. 

The Norwegain Code NS-S474E provides the following equation for the calculation of 

the average crack spacing: 
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Sill =2(C+0.1S)+kl k2 ¢1 Pr (2.15) 

where C =concrete cover, mm; S =bar spacing of the outer layer of the bars, mm; k1 = 

factor reflects the effect of the environment class on the reinforcement corrosion (0.4 for 

ribbed bar); k2 = coefficient that takes account of the strain distribution over the cross 

section = 0.25 (c1+c2 )!2E:1, E:1 and c2 are the largest; and smallest tensile strains in the 

effective embedment zone; p1 = the effective reinforcement ratio = A/Ac, Ac = the 

effective concrete area in accordance with Fig. 2.14, the part of the tensile zone that is 

assumed to contribute effectively to resist tensile force transferred from the 

reinforcement to the concrete by bond, and As = the area of reinforcement of the ten ile 

reinforcement. 

It is obvious that both the CSA and NS codes present a similar equation for calculating 

the crack spacing, with a small difference attributed to the difference in the strain 

gradient and calculation of the effective reinforcement ratio. 

I 
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Fig. 2.13 Effective Embedment Thicknesses (CSA S474 2004 Code) [74] 

The NS- 92 code provides the following expressions for calculating crack width. Factor r 

is defined to account for the tension stiffening effect as follows : 

wk =1.7 will, (2.16) 
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t:1 is the principal tensile strain at the level of the tensile reinforcement. In an uniaxial 

stress condition with the principal tension directed parallel to the 

reinforcement £ 1 = £ ,. =a.,. I E,.k ; Sm is mean crack spacing; fJ is a coefficient that takes 

account of the type of action; k1 is 0.4 for ribbed bar; <Js is stress in the reinforcement in 

the crack; <J5 ,. is stress in the reinforcement at calculated crack load. 

The CSA-S474-04 code recommends that the average crack width may be calculated as 

the product of the average crack spacing times the average tensile strain of concrete after 

considering the contribution of tension stiffening. The tension stiffening effect calculated 

according to the following Eq. 2.17 is going to reduce the crack width. 

(2.17) 

where f, is the average tensile stress (MPa); j,' is the cracking strength of concrete (MPa); 

t:1 is the principal concrete strain; 

9.5<1> 7.5<1> 7.5<1> 7.5<1> 9.5<1> 

7.5<1> 

C+<l>/2 

/ 

C+<l>/2 ~ 15<1> C+<l>/2 

A 
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Fig. 2.14 Guidelines for Determination of Effective Concrete Area 
for Calculation of Crack Spacing (Shaded) [NS 3473 E 1992Code] [75] 
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2.6.2 Eurocode EC2 Provisions 

In the Eurocode EC2 (2004) [76], the average crack spacing formula includes the 

concrete cover as a parameter in the first term of the formula. The average stabilized 

mean crack spacing Sm is evaluated from the following expression: 

(2.18) 

where C = concrete cover; db = bar diameter; A/Aceff = effective reinforcement ratio, see 

Fig. 2.15; k1 = 0.8 for deformed bars and 1.6 for plain bars; and k2 = 0.5 for bending and 

1.0 for pure tension. In this approach, the EC2 code takes only the effect of the concrete 

cover and ignores the influence of the bar spacing of the outer layer of the reinforcing 

bars. 

The characteristic crack width wk is estimated by the next expression as: 

(2.19) 

Wk = Design crack width, Sm = Average stabilized crack spacing, ( = A dimensionless 

coefficient between 0 and 1, representing the effect of the participation of concrete in the 

tension zone to stiffness of the member, cs2 = Mean strain under relevant combination of 

loads and allowing for effects, such as tension stiffening or shrinkage, fJ = Coefficient 

relating the average crack width to the design valuel.7 and 1.3, respectively, for a section 

where the minimum dimensions exceed 800 mm. 
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2.6.3 CEB-FIP 1990 Provisions 

The crack spacing in CEB-FIP [44] code is presented in different expressions from 

previous codes (CSA, NS, and EC2). In thi code, the value of the crack spacing is stated 

by the following expression: 

/ .,·,max --'-¢.;;_,.- , for stabilized cracking, 
3.6 P s.ef 

l s,max = ()"2 ¢.,. 
1 

, for single crack formation 
2 -rbk 1 +a. P s.eJ 

(2.20) 

(2.21) 

(2.22) 

where ls,max is the length over which slip occurs between the steel reinforcement and 

concrete; (J52 = reinforcement stress at the crack location, N/mrn2
; Tbk = the value of the 

average bond stress, N/mrn2 = 1. 8 f ctm(tJ; and f ctm(tJ = the mean value of the concrete tensile 

strength at the time that the crack forms; ae is the ratio of E/Ec. Ps,ef = effective 

reinforcement ratio, A/Ac,ef ; As = area of tension reinforcement, mrn2
; and Ac,cf = 

effective concrete area in tension, mm2
, see Fig.2.15; and for the sake of simplicity, (1 + 

aePs,eff) can be set equal to 1. 

The CEB-FIP (CEB-90) code gives the following equation for calculation of the 

characteristic crack width: 

(2.23) 

where res is the free shrinkage of concrete, generally a negative value, csr2 is the steel 

strain at the crack, under a force causing stress equal to f ctm within Acef [csr2= f ctrr!Acef 
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(1 +apr)], es2 is the steel strain of transformed section in which the concrete in tension is 

ignored. 

The Lesser of 
2.5x(h-d) 

and (h-c)/f 

-r 
·········r· "'"""'"'"''"""""""~ 

(a) 

h 

Cover i 
c =depth of compression zone of 
db= bar diameter 2.5x(Cover+dJ2) and t/2 

(b) (c) 

Fig. 2.15 Effective Area, Aceff (a) Beam; (b) Slab; (c) Member in Tension (MC-90 or EC2) 

2.6.4 ACI Approach through ACI 224R-01 

ACI approach through ACI 318-01 [73] requirements for flexural crack control in beams 

and thick one-way slabs are based on the statistical analysis (Gergely and Lutz, 1968) 

[77] of maximum crack-width data from a number of sources. Based on the statistical 

analysis, the equations that were considered to best predict the probable maximum 

bottom and side crack widths are: 

w= 0.076 f3 J,. Vdc Axl0-3 (2.24) 

w = most probable maximum crack width, in.; !s = reinforcing steel stress, ksi ; de = 

thickness of cover from the extreme tension fiber to the closest bar, in.; A = area of 

concrete symmetric with reinforcing steel divided by number of bars, in.2
, as shown in 

Fig. 2.16; and ~ = ratio of distance between neutral axis and tension face to distance 

between neutral axis and reinforcing steel about 1.20 in beams. 
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The American Concrete Institute, Building code Requirements for reinforced concrete, 

ACI 318-2008 [78] controls flexural cracking by limiting the stress in the steel fs at a 

cracked section to service load to 7) of the specified yield strength (7)jy). The spacing of 

reinforcement closest to the tension face, S, shall not exceed that given by: 

S (in) =15( 40,000 )-2.5Cc 
f,. 

(2.25) 

but not greater than 12(40,000/fs), where Cc is the least distance from surface or 

reinforcement or prestressing steel to the tension face. 

I ...................... , ...................... . 
... ·······T············ 

I 
Effective Tension Area, 

A= (Shaded Area I No. of Bars) 

(a) 

··········"""""""""'""''""'""!!'"" 

Effective Tension Area, 
A= 2dcS 

(b) 

Fig. 2.16 Definitions of A, de and S for the equations of Crack Width: 
(a) Beam for 5 Bars; (b) Slab (ACI 224-01) [73] 

2.7 Summary 

The first part of this chapter presents a brief description for the nonlinear mechanical 

properties of the concrete in uniaxial and biaxial loading. Steel to concrete bond 

phenomenon, which allows longitudinal forces to be transferred from the reinforcement 
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to the surrounding concrete in a reinforced concrete specimen, is detailed in the second 

part of this chapter. The bond stress transfer mechanism of deformed bar is inherently 

three-dimensional, resulting from bearing stress that arises when the lugs of deformed 

bars push against the surrounding concrete. 

Tension stiffening phenomenon can be defined as the increase in stiffness in a reinforced 

concrete member due to the interaction between concrete and reinforcement. As a 

member cracks, concrete between cracks rebound to its original state but is restrained by 

the reinforcement. The concrete between cracks is still able to develop tensile stres es 

away from the crack as load is transferred from the reinforcing steel back into the 

surrounding concrete, resulting in some tensile stresses in the concrete. Various methods 

and models of incorporating the tension stiffening effect in the cracking response of 

reinforced concrete members are discussed in the second part of this chapter. 

The available codes approaches for the cracking behavior such as the Canadian Standards 

Association offshore code CSA-S474-04 (CSA 2004), Norwegain Council for Building 

Standardization code 3473E (NS 1992), the European Committee for Standardization 

Eurocode 2 (EC2-2004), the Comite Euro-Intemationale du Beton et Federation 

lntemationale de la Precontrainte model code MC 90 (CEB-FIP 1990), and ACI 

Approach through ACI 224R-O 1, are presented in the last part of this chapter. 
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Chapter 3 

Experimental Program 

The primary objective of the experimental program is to study the cracking behavior of 

reinforced concrete panels with different concrete strengths subjected to pure tension 

(uniaxial or biaxial) in terms of tension stiffening behavior, cracking load, crack pattern, 

crack spacing, and crack width of these panels. Normal- and high-strength concrete were 

used. This chapter contains the details of the experimental program, test setup, 

description of the experimental equipments, methods used throughout the testing 

program, and specimen preparation. 

3.1 Test Specimens 

Nineteen specimens were tested as a part of this research program. The te t panels 

represent thick normal and high strength reinforced concrete plates subjected to uniaxial 

or biaxial loading, which are used in offshore concrete structures and nuclear power plant 

construction. 

The selected sizes of the tested panels are detailed in Table 1. Also, Table 1 shows the 

specimen's design configuration in detail presenting the plates' dimensions, concrete 

compressive strength fc·. reinforcement ratio (p ), and ratio of concrete cover to the bar 

diameter (Ccldb), see Fig. 3.1. 
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Table 3.1-Reinforced concrete panel segments of the experimental program 

Specimens 
Specimen Concrete Bar Bar Rft. 

Loading 
Dimensions Strength f c·. Diameter Spacing Ratio Cc/db Symbol (mm) (MPa) (mm) (mm) % 

Ratio 

NS-U-15-2.5-6 40 15 150 1.2 2.5 1:0 

HS-U-15-2.5-6 90 15 150 1.2 2.5 1:0 

NS-B 1- 15-2.5-6 35 15 150 1.2 2.5 1: 1 
600x600x190 

HS-B 1-15-2.5-6 75 15 150 1.2 2.5 1:1 

HS-U-20-2.5-6 75 20 150 2.0 2.5 1:0 

HS-B 1-20-2.5-6 75 20 150 2.0 2.5 1:1 

HS-U-20-2.5-4 80 20 300 1.2 2.5 1:0 

HS-B 1-20-2.5-4 75 20 300 1.2 2.5 1:1 

HS-U-25-2.5-6 75 25 300 1.2 2.5 1:0 

Hs-u*-25-2.5-6 70 25 300 1.2 2.5 1:0 

HS-B 1-25-2.5-6 65 25 300 1.2 2.5 1:1 
900x900x260 

HS-U-25- 1.5-6 75 25 300 1.2 1.5 1:0 

HS-B l-25-1.5-6 70 25 300 1.2 1.5 1:1 

HS-B2-25-2.5-6 60 25 300 1.2 2.5 2:1 

HS-B3-25-2.5-6 65 25 300 1.2 2.5 3: I 

HS-B4-25-2.5-6 65 25 300 1.2 2.5 4:1 

HS-U-30-2.5-6 65 30 300 1.2 2.5 l :O 

HS-B l-30-2.5-6 900x900x380 65 30 300 1.2 2.5 l:l 

HS-U-30-1.5-6 65 30 300 1.2 2.5 l :O 

The experimental program was undertaken to investigate the cracking response of thick 

concrete plates subjected to uniaxial and biaxial loading. Two types of concrete were 

tested: 

a) A normal strength concrete (NSC) with a target strength of 35 MPa 

b) A high strength concrete (HSC) with a target strength of 75 MPa. 

In addition, three control cylinders having a nominal diameter of 100 mm and height of 

200 mm were cast at the same time as the specimens for each concrete batch, and tested 

under uniaxial compression to relate specimen strength to standard material test results. 
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Fig. 3.1 Specimen Configurations and Dimensions 

3.2 Specimen Variables 

Several variables are considered m the present experimental investigation. These 

included the influence of concrete strength, reinforcement ratio, arrangement of 

reinforcement in the concrete section, concrete cover to the bar diameter proportion 

Ccldb, and applying the load into uniaxial and biaxial directions. Details of the individual 

specimens and the variables studied in each specimen are presented in Table 3.1. 

Figure 3.2 illustrates the panels' name, where the first index indicates the type of the 

concrete, and the next indexes are the loading type, bar diameter, concrete cover to bar 

diameter ratio, and the number of the longitudinal reinforcing bars in the concrete 

section. 
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NS-U-15-2.5-6 -I 

I 

r-
i. ....... No. of the Reinforcing Bars in the Concrete Specimen 

6 = 6 Bars in the Concrete Specimen 
4 = 4 Bars in the Concrete Specimen 

__________ _. Concrete Cover to Bar Diameter Ratio 
Cc/db = 2.5 

= 1.5 

:.. ·- ·-·-·- ·- ·- ·- ·- ·- ·- ·- ·..,.. BarDiameter 
db= 15 

=20 
=25 
=30 

________________ ..,..Test Method 
U= Uniaxial Loading 
u ·= Uniaxial Loading without Using 

Transverse Reinforcement 
B I= Applied Load Ratio (1: 1) 
B2= Applied Load Ratio (2: 1) 
B3= Applied Load Ratio (3: 1) 
B4= Applied Load Ratio (4: I) 

I 
:.... . - .- .- .- .- .- .- .- .- .- .- .- .- .- .- . ..,.. Concrete Type 

NS= Normal Strength 
HS= High Strength 

Fig. 3.2 Panel Identification Scheme 

As shown in Fig. 3.2, this study considered two types of concrete, normal strength 

concrete (NSC), and high strength concrete (HSC). The load wa applied using five 

different methods, uniaxial loading condition (1:0), biaxial loading condition with 

loading ratio 1:1, biaxial loading condition with loading ratio 2:1, biaxial loading 

condition with loading ratio 3: 1, and biaxial loading condition with loading ratio 4 :1. The 

effect of the bar diameter was investigated using four different bar diameters, 15, 20, 25, 
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and 30 mm. two different ratios for the concrete cover thickness to the bar diameters were 

used (Cc/db = 2.5, 1.5). Two reinforcement ratios (1.2 %, 2.0%) were used for reinforcing 

the concrete panels. 

3.3 Test Setup and Instrumentation 

3.3.1 Axial Testing Apparatus 

Testing reinforced concrete panels under direct tension, either uniaxial or biaxial loading 

needs a special test setup. In the literature, many researchers fabricated test setups for the 

purpose of testing concrete panels to different kinds of loading in the axial directions 

(MacGregor et al., 1980 [79], Williams, 1986 [63], Hsu et al., 1995 [80], Cho et al., 2004 

[81]). Each setup was manufactured according to the objectives of the research. Most of 

these test setups were built of steel that show deformations during the application of load, 

and consequently, may affect the experimental results to some extent. 

A rigid and heavily reinforced concrete frame test setup was designed and fabricated at 

the structural laboratory of MUN [82]. The main function of this setup is to apply direct 

axial tension loads in one and/or two-dimensional directions; to simulate plane uniaxial 

and biaxial stress states. Details of this test setup are shown in Fig. 3.3 . The test setup 

consists of three main parts, namely, fixed reaction frame, four moving parts, and in 

between 8 hydraulic jacks fixed to apply forces on the moving parts. Detailed explanation 

for each part will be presented in the rest of this section [82]. 
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FixedFram 
Reinforcement bars 

(b) Plan 

Fig. 3.3- Test Setup 

3.3.1.1 Fixed Reaction Frame 

A fixed reinforced concrete frame was designed to take the reaction of the hydraulic jacks 

pushing against the moving parts. The concrete panel was cast and placed inside the free 

space area of fixed reaction frame. The frame is provided with twenty-eight slots, seven 

at each side. Through the slots, the reinforcement bars of the specimen were inserted 

inside the reaction frame. The slots are spaced at fixed distances equal 150 mm, see Fig. 

3.3. 
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The frame is square in plan and with total height about 660 mm. The walls of the frame 

are 350 mm thickness. The frame has a concrete base casted at the same time with walls. 

The frame walls and the base were fixed to the laboratory structural concrete floor 

(thickness 1.0 m) through 8 threaded anchor bolts. Each anchor bolt is about 60 mm in 

diameter passing through the laboratory floor. The bolts were located in a grid form that 

has 600 mm spacing in the two-plane direction. The concrete used in casting the frame 

has target compressive strength equal to 40 MPa. The frame was reinforced with 

deformed steel rebars with a yield stress and ultimate tensile strength of 410 MPa and 

650 MPa, respectively. 

3.3.1.2 Four Moving Walls 

The main objective of these parts is to apply tension loads for the steel bars in the two 

directions, and at the same time provide adequate anchorage length for gripping of the 

steel rebars. Therefore, four moving parts were placed at the four sides of the fixed frame, 

at a suitable distance for placing the jacks between the fixed frame and the moving walls. 

These parts are composite sections of concrete and steel; they were built using two steel 

plates at the front and back, welded in between with steel boxes around the bar slots. 

Then, reinforced concrete was cast between these plates to form the total section. The 

total thickness of the wall is 300 mm with about 660-mm height. The moving mechanism 

of the walls is facilitated through a sliding Teflon layer fixed on the bottom of the wall. 

The moving walls were provided with slots for passing the steel bars through, and on the 

other sides of the moving walls, the steel bars protrude outside the moving walls, and are 
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embeded inside the concrete gripping blocks with equal and sufficient lengths to adjust 

the transferred loads to each reinforcing bar to provide uniformly distributed forces on 

the concrete panel, as illustrated in Fig. 3.4. The criterion of these gripping blocks is to 

transfer the tension load by bearing through a bearing base plate fixed on the moving wall 

for each bar. 

3.3.1.3 Hydraulic Jacking System 

Eight jacks were used to apply loads in the four directions of the frame walls, two jacks 

were fixed on each side of the setup. Each jack had 1000 kN capacity, and a maximum 

stroke of 635 mrn (25 inch). To minimize local stresses in frame concrete under the 

jacking areas, different bearing steel plates were fixed on the jacks' locations. The jacks 

were connected through pipes, to apply load through hydraulic pumps. The jacking forces 

were distributed to apply load in the two directions with different ratios. 

This setup can accommodate different testing conditions. It can test specimen size up to 

1350 mm square, and the specimens can be with different thickness. The reinforcing bars 

can be placed in the specimens at different levels, using one or two layers of 

reinforcements within the specimen. The setup parts, fixed frame and the four moving 

walls, were provided with seven slots in each direction at 150 mrn spacing. Thus, 

different bar spacing can be considered in the experimental investigation (150 mrn, 300 

mrn, and 450 mm). The gripping system provided had the ability to pull out different bar 

diameters up to 30 mrn without any slippage for the reinforcing bars. 
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(d)Specimen after Casting (c)Setup before Casting the Specimen 

Fig. 3.4 Specimen Preparation Procedures 

3.3.2 Measurement Devices 

The load was measured using a hydraulic pressure transducer attached to the hydraulic 

jacks. The load was connected via the controller's valve to adjust the rate of the load 

application. The output voltage (10 V) from the controller was fed into the input channel 

of the data acquisition system. 

The deformations were measured using number of linear potential differential transducers 

(LPDTs) that are attached to the top of concrete surface for measuring the deformations 

and cracking properties. The gauge length of these LPDTs is 50 mm, and mainly works 

on the basis of linear relationship between the resistance and displacement due to the 
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deformations occurrence, as shown in Fig. 3.5. Digital crack gauges with an accuracy of 

0.001 mm were used to measure the crack width at regular interval of loading. Once the 

cracking occurs, the crack width readings are recorded using the crack gauges with a 

gauge length of 4.0 mm. 

The LPDTs and the crack gauges were glued to the panel surface at different locations by 

epoxy, as illustrated in Fig. 3.5. These LPDTs and crack gauges were hooked up using 

separate channels of 10 V connected to the data acquisition system used in the present 

experimental investigation. 

Crack ---- __ _ 
Gauges--,, 

.... ····r ······· 

lh 
..... J .... ······ 

······················ ... 

···· ... ··· ... 
· ········~······· 

Fig. 3.5 Location of LPDTs and Crack Gauges 

In addition, the strains were measured using electrical strain gauges. The strain gauges 

were 10 mm long, with a resistance of 120 n and a gauge factor of 2.07±0.5%. The strain 

gauges were affixed at different locations on the reinforcing bars of the top and the 

bottom layers in both north-south and east-west directions. The locations of the strain 

gauges were selected to provide sufficient information about deformation of the 
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reinforcing bars response at different location in the concrete panel. Fig. 3.6 shows a 

typical location of the concrete strain gauges on both top and bottom layers of the 

reinforcement. At each strain gauge location, the surface indentations of the 

reinforcement were ground smooth. In an effort to minimize the impact of the strain 

gauges on the bond characteristics of the steel, grinding was restricted to the smallest area 

that would permit placement of the strain gauges, and strain gauges were distributed in 

such a way that not more than two gauges were glued to each reinforcing bar, see Fig. 

3.6. 

Top Reinforcement Layer 
..................... \/··.\ ~ · 

XX 

...-·· ... 

---• Top Reinforcement Layer 

!11125l55151S151l-51ll!Bottom Reinforcement Layer Bottom Reinforcement Layer 

Strain Gauge Location 

Fig. 3.6 Typical Location of Strain Gages 

Gauges were attached to the reinforcing bars using an epoxy adhesive. After lead wires 

were attached, all gauges were covered with a layer of flow silicon to provide electrical 
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insulation. The outputs of the strain gauges were automatically logged into a 20 channel 

high speed data acquisition system connected to a computer. 

3.4 Mix Design 

Two levels of concrete strength, namely, normal-strength and high-strength concrete 

were used in the present experimental investigation. The mix proportions of normal- and 

high-strength concrete are shown in Table 3.2. 

The normal-strength concrete test specimens were made of ordinary Portland cement 

(Type 10) CSA3-AS5 with a modified C3A content of about 6%, and The high-strength 

concrete test specimens were made of CSA Cement type 10 E-SF cement blended with 

silica fume, as produced in Newfoundland. The coarse aggregate was crushed granite 

with a maximum nominal size of 19 mm. The fine aggregate had a composition identical 

to the coarse aggregate, with a fineness modulus (FM) of 3.02. Both types of aggregates 

were locally available. Due to the low water-cement ratios of the concrete mixtures, a 

superplasticizer of sulfonated naphthalene formaldehyde base, conforming to ASTM C 

494 Type F, was employed. In addition, a nonchloride water-reducing agent of poly­

hydroxy-carboxylic base, conforming to ASTM C 494 Type B and D, was used. The 

retarder was also useful in delaying the setting time so that the same consistency was 

achieved for all specimens prepared from each batch. The mixture proportions for the two 

batches are listed in Table 3.2. 
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The mixes design shown in Table 3.2 was used for all specimens constructed with 

normal- and high- strength concrete in this experimental program. The water to cement 

ratio= [w/(C+S.F.)] are 0.40, 0.29 for normal- and high-strength concrete. 

Table 3.2: Mix Proportions for One Cubic Metre of the Two Types of Concrete Used 

Normal Strength Concrete Mix (Target Compressive Strength = 35 MPa) 

Silica Fine Coarse Water 
Cement Superplastizer Retarder Water 

Fume Aggregate Aggregate Reducer 

400 kg 830 kg 1245 kg 160 ml 

High Strength Concrete Mix (Target Compressive Strength = 70 MPa) 

Silica Fine Coarse Water 
Cement Superplastizer Retarder Water 

Fume Aggregate Aggregate Reducer 

400 kg 50 kg 713 kg 1070 kg 2.25 I m1 12.01 ml 0.50 I ml 13 1 ml 

Three 100 mm diameter and height of 200 mm cylinders were cast from each batch. The 

cylinders were cabed with high-strength sulfur of 150 MPa at both ends and loaded about 

8 MPa per minute in compression to failure. 

3.5 Reinforcement Properties and Arrangements 

Grade 400 reinforcing Canadian steel bars conforming CAN/CSA-G40.20-M92, were 

used. The reinforcement consisted of deformed bars 15 mm, 20 mm, 25 mm, and 30 mm 

in diameter; with average yield stress and ultimate tensile strength of 410 MPa and 650 

MPa, respectively. The steel bars had a modulus of elasticity of 200 GPa. Two steel 

reinforcement ratios of 1.2% and 2% were used for the experimental program, as these 

ratios are commonly used in designing of offshore reinforced concrete panels. The e 
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panels were equally reinforced in both directions. Fig. 3.7 shows the stress-strain 

relationship for the reinforcement for the various bar diameters used in the present study. 

The reinforcement was placed into two layers and the tension reinforcing bars were 

spaced according to details shown in Fig. 3.1 , and as presented in Table 3.1. Both 

longitudinal and transverse reinforcing bars were passed through the slots in both reaction 

fixed frame and the four moving walls, as shown in Fig. 3.3. 
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Fig. 3.7 Stress-Strain Curve of Steel Reinforcement 

3.6 Mix Procedure 

The following mixing procedure was developed for the production of a workable high-

strength concrete mix: 

1) Charge 100% of the coarse aggregate. 

2) Batch 100% of cement. 

3) Batch 100% of sand 
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4) Mix for 3-5 minutes after adding 70% of estimated water with superplasticizier. 

5) Add 30% of mix water together with retarder and water reducer admixture. 

3.7 Specimen Fabrication 

3.7.1 Formwork 

Special Plexiglass moulds were manufactured for casting the uniaxial and biaxial 

reinforced concrete panels, as shown in Fig. 3.8. The mould consisted of a base, and four 

walls. The base of the mould was secured in the base of test setup by screws spaced at 

150 mm. Also, the vertical walls were stiffened with a wooden tie at the mid-height of the 

mould, to ensure that no distortion in the specimens occurred during casting. 

Fig. 3.8 Details of the Casting Formwork 

3.7.2 Placing Reinforcement 

The steel reinforcing bars were assembled in two stages. The first stage was performed 

by placing the lower layer of the reinforcement (longitudinal and transverse) in the 
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specimen. These reinforcing bars were passing through the slots in the frame and 

formwork in both north-south and east-west directions. The second stage of assembling 

the reinforcement was done by using wooden spacers on top of the lower layer of the 

steel reinforcement to support the top layer of reinforcement. Reinforcing bars for the top 

layer were inserted in their places in the panels following the same procedure used in 

assembling the bottom layer. The longitudinal and transverse reinforcement were tied 

together using steel wires for the top and bottom layers, see Fig. 3.4. 

For uniaxial loading condition, all of the longitudinal reinforcing bar protruded outside 

the concrete panel, and were embedded inside the concrete gripping blocks (in east-west 

direction) with equal and sufficient lengths to adjust the transferred loads to each 

reinforcing bar to provide uniformly distributed forces on the concrete specimen. 

However, for biaxial loading condition, both the longitudinal and transverse 

reinforcement extended outside the concrete panel and embedded inside the concrete 

gripping blocks (in both east-west and north-south directions), as shown in Fig. 3.4. 

3. 7.3 Casting Concrete 

Before placing the concrete, the forrnwork was thoroughly cleaned and the base and walls 

of formwork were slightly oiled. Concrete is poured in three layers and the compaction 

was achieved using a vibrator to consolidate the concrete. The top surface of the panel 

was finished, and a plastic cover was used to cover the mould to avoid drying out. 
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3.7.4 Curing 

Two days after casting, the panel was de-moulded and fresh water was used for curing. 

This curing process was continued for three weeks to avoid shrinkage cracks, and then 

the panel was prepared for testing. 

3.8 Test Procedure 

The load was applied by using 1000 kN capacity hydraulic jacks. Load was transmitted 

from the loading jacks to the specimen by using a specially designed test setup and end 

gripping blocks, as shown in Fig. 3.4. All of the longitudinal reinforcing bars protruded 

outside the concrete panel, and embedded inside the concrete gripping blocks with equal 

and sufficient lengths to adjust the transfened loads to each reinforcing bar to provide 

uniformly distributed forces on the concrete specimen. Before applying the load to the 

specimen, initial measurements were recorded on the sensors, and the strain gauges. Load 

was applied in increments; a continuous record of the deformations was made using 

LPDTs. The readings of the strain gauges were also recorded for every incremental 

loading stage. In addition, the crack opening was measured at regular intervals using 

digital crack gauges with an accuracy of 0.001 mm. Once the cracking occuned, the 

crack width readings were recorded using the crack gauges. Fig. 3.9 presents a typical 

specimen during the test proceeding. After the start of loading, the load was never 

intentionally decreased until the test was completed. Since a large amount of strain 

energy was induced in the loading system, it was decided that testing be curtailed before 

complete failure of the reinforcing bar could occur. The tests were discontinued when one 
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of the following conditions were achieved: crack widths were judged to be extremely 

large; the steel had appreciably yielded; or the maximum capacity of the hydraulic jacks 

was reached. 

Crack Gauge I ' 

I ' ' ... ... ... ' ' ____ .. ', 
' 

Fig.3 .9 Typical Panel during Test 

3.9 Summary of Experiments 

An extensive experimental program was carried out to study the cracking behavior of 

reinforced concrete panels subjected to uniaxial and biaxial tension. In this experimental 

investigation, a total of nineteen reinforced concrete panels were fabricated and the 

effects of the concrete compressive strength, reinforcement ratio, and applying the load in 

the uniaxial or biaxial direction, were investigated. A special test setup was manufactured 

to conduct the present experimental investigation. The main purpose of this test setup was 

to apply the axial load in uniaxial and/or biaxial directions. 
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The strains of the steel bars were measured by strain gauges affixed to the bars. Also, 

LPDTs were attached to the top of concrete surface for measuring the deformations and 

cracking properties. In addition, digital crack gauges were used to measure the crack 

opening at regular intervals. The experimental data was continuously recorded from the 

load cells, LPDTs, and the strain gauges. Afterwards, the data was collected and 

processed automatically using a data acquisition system. 
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Chapter 4 

Test Results and Discussion 

In this chapter, the experimental results and observations obtained from the uniaxial and 

biaxial testing program are reported and analyzed. Firstly, cracking loads and cracking 

strength of concrete panels under axial loading for the different types of concrete are 

presented. Secondly, cracking properties including the crack width and spacing obtained 

from various measuring systems are detailed. The influence of various parameters that 

have profound effect on the tension stiffening response of thick HSC plates used for 

offshore concrete structure applications and nuclear containment structures, are discussed 

in details in the subsequent section. Finally, the effect of different factors on the cracking 

response (crack width and spacing) such as the reinforcement distribution in the concrete 

section, thickness of the concrete cover and applying the load into uniaxial and biaxial 

loading are examined. 

4.1 Cracking Loads and Concrete Cracking Stresses 

A reinforced concrete structure can easily crack due to its low tensile strength. Cracking 

loads can be captured at the point that shows the first change in the lope of the stress­

strain curve, at which the first crack appears. Panels NS-U-15-2.5-6 and NS-81-15-2.5-6 

were cast with NSC, and subjected to uniaxial and biaxial tension loads (1: 1 ), 

respectively. Panel NS-U-15-2.5-6 cracked approximately at a load of 240 kN, with an 

average tensile stress of 2.1 MPa that was sustained by the concrete, equivalent to 6% of 
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fc ·, where !c' is the compressive strength of the concrete resulting from cylinder tests . 

However, panel NS-Bl-15-2.5-6 cracked when the tension force reached approximately 

220 kN, and the average tensile stress of concrete was 1.92 MPa, which represents 5.5 % 

offc·· 

Meanwhile, panels HS-U-15-2.5-6 and HS-B1-15-2.5-6 were cast with HSC, and tested 

under uniaxial and biaxial tension loads (1: 1), respectively. At a tensile force of 400 kN, 

panel HS-U-15-2.5-6 started cracking, and with an average concrete tensile stress of 3.2 

MPa, this is equivalent to 3.47% of fc·· Panel HS-B1-15-2.5-6 cracked when the tension 

force reached approximately 310 kN, and the average tensile stress of 2.72 MPa was 

sustained by the concrete. This is equivalent to 3.6 % f c·· 

For thick HSC plates, the cracking response of panels HS-U-25-2.5-6 and HS-B1-25-2.5-

6 is discussed. Panels HS-U-25-2.5-6 and HS-B 1-25-2.5-6 were placed with HSC, and 

tested under uniaxial and biaxial tension loads (1: 1), respectively. Panel HS-U-25-2.5-6 

cracked approximately at a load of 650 kN, with an average tensile stress of 2.71 MPa 

that was carried by the concrete, equivalent to 3.6% offc·· However, panel HS-B1-25-2.5-

6 cracked when the tension force attained approximately 595 kN, and the average tensile 

stress of concrete was 2.36 MPa, which represents 3.6 % offc·· 

Test results revealed that use of HSC has a significant effect on the cracking behavior of 

axially loaded panels. Once the concrete strength was increased (125%) from 40 to 90 

MPa, concrete tensile stress at the first cracking load increased by 52% for panels 

subjected to uniaxial loading. Also, for panels tested under biaxial loading, as the 

concrete strength was increased (115 %) from 35 to 75 MPa, the concrete stress at the 
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first cracking load increased by 42%, as shown in Table 4.1. Moreover, the experimental 

results show that applying the biaxial loading has some influence on the cracking 

behavior of the reinforced concrete panels. In comparison with panels tested under 

uniaxial loading conditions, applying the biaxial loading caused the tensile concrete 

strength to decrease by 8%, and 15% for NSC and HSC panels, respectively. 

4.2 Cracking Properties (Crack Width and Spacing) 

The cracking behavior of reinforced concrete panels subjected to uniaxial loading 

conditions can be discussed using an analysis of the cracking response of panels NS-U-

15-2.5-6 and HS-U-15-2.5-6. Panel NS-U-15-2.5-6 was made with NSC and subjected to 

uniaxial loading in the east-west direction. As the tension force was applied, the average 

strain in the longitudinal upper and lower reinforcement bars increased gradually. When 

the tension force reached approximately 240 kN, the first crack appeared on the surface 

along the transverse reinforcement bar placed along the center line of the specimen in the 

north-south direction, as indicated in Fig. 4.1(a), at which an average tensile stress of 

200 MPa was induced by the steel reinforcement bars in the east-west direction. The 

measured initial crack width was found to be equal to 0.122 mm. Another crack occurred 

at load 510 kN, on the surface along the first transverse reinforcement bar placed nearest 

to the east edge of the specimen and extended to approximately half width of the concrete 

panel, as shown in Fig. 4.1(a). At a steel stress of 270 MPa, which represents ?!J of the 

yield stress of the reinforcement (jy) (steel stress at the service load) [78], the measured 

crack width increased to 0.212 mm. 

61 



However, panel HS-U-15-2.5-6 was cast using HSC, and subjected to uniaxial loading in 

the east-west direction. When the tension force reached approximately 400 kN, two 

cracks occurred on the surface one along the first transverse reinforcement bar placed 

nearest to the west edge of the specimen and the other along the middle transverse bar; 

and the measured average tensile steel stress was 333 MPa. The measured initial crack 

opening was 0.21 mm. As the test progressed, another crack appeared at the first 

transverse reinforcement bar placed nearest to the east edge of the specimen, crossing the 

full width and thickness of the specimen at a load of 450 kN, and the measured average 

crack width was approximately 0.32 mm. Some cracks also occurred in the east-west 

direction at the end of the specimen. This phenomenon appears to be due to the bond 

failure between the reinforcement and concrete, as the reinforcing bars exceed the 

yielding stress, as shown in Fig. 4.1 (b). 

Meanwhile, as a result of applying the axial load in a biaxial direction, the cracking 

behavior can be investigated by analyzing the response of panels NS-B1-15-2.5-6, and 

HS-B1-15-2.5-6. Panel NS-B1-15-2.5-6 was cast with NSC and subjected to biaxial 

loading in the north-south and east-west directions with a loading ratio of 1:1. The 

average tensile strain in the longitudinal upper and lower reinforcement bars increased 

gradually in both directions. When the tension force reached approximately 220 kN, the 

first crack appeared along the surface perpendicular to the east-west direction right above 

the first transverse reinforcement bar near the west edge of the panel. The average tensile 

steel stress was 166 MPa. The measured initial crack width was found to be equal to 

0.095 mm. At a tension force of 280 kN, the second crack occurred at 150 mm away from 
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the first crack in the north-south direction along the line at which the reinforcement was 

placed and eventually propagated to cross through the full width of the specimen. The 

measured average crack width was 0.14 mm. At the same time, two cracks occurred in 

the east-west direction along the surface right above the longitudinal reinforcement bars 

in the east-west direction, as shown in Fig. 4.1(c). At the serviceability limit and steel 

stress of 270 MPa, the measured crack width increased to 0.179 mm. 

Identical to specimen NS-B1-15-2.5-6 in configuration and loading method, panel HS­

B1-15-2.5-6 was made using HSC. While applying tensile load in the east-west direction, 

equal tensile load was simultaneously applied in the north-south direction. When the 

tension force reached approximately 310 kN, the first crack occurred along the surface 

perpendicular to the east-west direction right above the middle transverse reinforcement 

bar in the north-south direction, with an average tensile steel stress of 260 MPa. The 

measured initial crack width was found to be equal to 0.13 mm. As the test progressed, 

the second crack occurred approximately 150 mm away from the first crack in the north­

south direction at a tension force of 330 kN along the line at which the steel bar was 

placed, and the measured average crack width was 0.19 mm. At the same time, two 

cracks occur in the east-west direction along the surface right above longitudinal 

reinforcement bars in the east-west direction, as indicated in Fig. 4.1(d). 

The cracking behavior of thick HSC plates HS-U-25-2.5-6 and HS-B1-25-2.5-6 is 

detailed. Panel HS-U-25-2.5-6 was made with HSC and subjected to uniaxial loading in 

the east-west direction. When the tension force reached approximately 650 kN, the first 

crack appeared on the surface along the transverse reinforcement bar placed nearest to the 
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east edge of the panel, as illustrated in Fig. 4.1(i), at which an average tensile stress of 

218 MPa was induced by the reinforcement bars in the east-west direction. The measured 

initial crack width was found to be equal to 0.102 mm. Another crack occurred at load 

700 kN, on the surface along the first transverse reinforcement bar placed nearest to the 

west edge of the specimen and extended to approximately full width of the concrete 

panel, as shown in Fig. 4.1(i). At a steel stress of 270 MPa, which represents 2!J jy, the 

measured crack width increased to 0.282 mm. 

HS-B1-25-2.5-6 was identical to panel HS-U-25-2.5-6 m configuration, but it was 

subjected to biaxial loading (1: 1). When the tension force reached approximately 595 kN, 

the first crack occurred along the surface perpendicular to the north-south direction right 

above the middle transverse reinforcement bar in the east-west direction, with an average 

tensile steel stress of 200 MPa. The measured initial crack width was found to be equal to 

0.095 mm. As the test progressed, the second crack occmTed perpendicular to the first 

crack right above the first transverse reinforcement bar placed nearest to the east edge of 

the specimen at a tension force of 750 kN, as shown in Fig. 4.1(j). 

Also, panel HS-B2-25-2.5-6 is identical to panel HS-U-25-2.5-6 in configuration, but it 

was subjected to biaxial loading (2: 1). While applying tensile load in the north-south 

direction, double tensile load was simultaneously applied in the east-west direction. 

When the tension force reached approximately 610 kN, the first crack occurred along the 

surface perpendicular to the east-west direction right above the middle transverse 

reinforcement bar in the north-south direction, with an average tensile steel stress of 205 

MPa. The measured initial crack width was found to be equal to 0.12 mm. As the test 
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progressed, the second crack occurred approximately 300 mm away from the first crack 

in the north-south direction at a tension force of 725 kN along the line at which the steel 

bar was placed near to east edge. As the load was increased, a crack occurred in the 

north-south direction along the surface right above reinforcement bars in the north-south 

direction near to west edge of the panel at load approximately of 1000 kN, as indicated in 

Fig. 4.1 (p ). At a steel stress of 270 MPa, which represents 2iJ /y the measured crack width 

increased to 0.354 mm. 

HSC panel Hs-u* -25-2.5-6 (without transverse reinforcement) is identical to panel HS­

U-25-2.5-6. When the tension force reached approximately 700 kN, the first crack 

occurred along the surface perpendicular to the east-west direction at a distance of 

approximately 525 mm from the east edge, with an average tensile steel stress of 233 

MPa. As the load was increased, a crack occurred in the north-south direction at load 

approximately of 900 kN, as indicated in Fig. 4.1(s). At a steel stress of 270 MPa, which 

represents 2iJ jy the measured crack width increased to 0.321 mm. In this panel without 

transverse reinforcement, most of the primary cracks developed randomly with increasing 

the applied load. 

Cracks in the panels tested under biaxial loading propagated in both directions 

perpendicular to the load application, as the principal stresses take the same direction as 

the loading in the two orthogonal directions. The final crack patterns for all of the tested 

panels at the stabilized crack stage were marked manually at each stage of loading 

throughout the experiment, as shown in Fig. 4.1. Also, Fig. 4.2 shows the procedures for 

mapping of the cracks for various loading stages. 
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Table 4.1 Results from Reinforced Concrete Panel Tests 

Cracking Stage Steel Stress 

Specimens Symbol f c"· j,", 
E:l(t!X} 

E c 

(MPa) (MPa) P c P , f rcr' MPa 
P er( ex} (kN) (kN) fscr(ex} (MPa) 
(kN) 

Eq.4.3a Eq.4.3b 
(MPa) Eq.(4.6) 

NS-U-15-2.5-6 40 2.1 89.4 240 214 26 200 195 19740 

NS-8 l -15-2.5-6 35 1.92 91 220 194 26 166 175 19080 

HS-U- 15-2.5-6 90 3.2 133. 1 400 354 46 333 295 29154 

HS-8 1-15-2.5-6 75 2.72 96.5 310 277 33 260 251 27900 

HS-U-20-2.5-6 75 3.1 113 360 300 60 200 185 26283 

HS-8 l-20-2.5-6 75 2.96 97.6 335 280 55 186 175 29750 

HS-U-20-2.5-4 80 3.0 115.5 330 295 35 270 277 26250 

HS-8 1-20-2.5-4 75 2.7 85.4 315 280 35 260 250 28270 

HS-U-25-2.5-6 75 2.71 97.8 650 578 72 218 249 27950 

HS-8 1-25-2.5-6 65 2.36 96 595 531 64 200 231 26150 

HS-U-25-1 .5-6 75 2.7 105 490 436 54 165 250 26050 

HS-8 l-25-1.5-6 70 2.46 95 450 400 50 150 227 26 150 

HS-82-25-2.5-6 65 2.42 105 610 544 66 205 222 22850 

HS-83-25-2.5-6 65 2.55 109 640 571 69 215 207 23300 

HS-84-25-2.5-6 65 2.61 113 655 585 70 220 190 23 100 

Hs-u *-25-2.5-6 70 2.82 94.3 700 620 80 235 260 27600 

HS-U-30-2.5-6 65 2.45 97 750 667 83 180 226 25350 

HS-8 1-30-2.5-6 65 2.1 90 700 615 85 182 193 24790 

HS-U-30-1.5-6 65 2.32 96 580 516 64 140 213 24210 

• *Panel without transverse reinforcement 

66 



----------------------~~------· -

I 

--+--
1 
I 

--T--
1 
I 

__ J. __ 

I 
I 

I 
I 

---t---
1 
I 

(a) Panel NS-U-15-2.5-6 

(c) Panel NS-B1-15-2.5-6 

(e) Panel HS-U-20-2.5-6 

I I 
P:6(K) kNI I - _. - - - - - - ---
:x; I ,-,/ I 

I •,-:'\ I 

: \ ~ : 
...__,_, .... ~ - - _} ~ - - ~ IL 

I I 
I I 
I ~ I 

(g) Panel HS-U-20-2.5-4 

(b) Panel HS-U-15-2.5-6 

(d) Panel HS-B1-15-2.5-6 

(f) Panel HS-B1-20-2.5-6 

.x~ ~P=315kN 
-.I-

I 
1=330 kN 

I 

(h) Panel HS-B1-20-2.5-4 
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Fig. 4.1 Final Crack Patterns for the Tested Panels (Continued) 
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Fig. 4.2 Typical Crack Detection for Different loading Stages 

4.3 Cracking of Concrete Panels under Axial Loading 

4.3.1 Behavior before Cracking 

The concrete strain was taken to be zero when the concrete was cast. Thus, the length of 

the concrete member at the time of casting is defined as the undeformed length of the 

member, L. The axial deformation measured from this undeformed condition was called 

~. The concrete strain, which is assumed to be uniform both over the cross section and 

along the length of the member, is given by c:1 = ML, assuming that the concrete and 

reinforcement bars are ail rigidly anchored together. Hence, any change in length of the 

concrete must be accompanied by an identical change in the length of the reinforcement 

(c:1 = c5). For the equilibrium requirement, the internal stresses balance the applied load. 

Prior to cracking, the steel reinforcement and concrete behave elastically and tensile force 
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P in a panel is resisted partly by concrete and partly by the main longitudinal 

reinforcement in accordance to the stiffness of the concrete and steel bar sections [83 , 

46]. 

(4.1) 

And the tensile stress of the concrete can be expressed as following, 

(4.2) 

in which Ec is the modulus of elasticity of concrete; Ac is the cross-section area of 

concrete; A5 is the area of the reinforcement; A8 is the gross-sectional area of the 

reinforced concrete panel (Ac+A5); (EA)uc is the stiffness of the uncracked cross section; 

and £1 is the tensile strain of concrete. Hence, each load transfeiTed into concrete and 

reinforcement can be expressed as follows [83]: 

PC=( 1 )P 
1+np 

Ps=( np )P 
1+np 

(4.3a) 

(4.3b) 

where Pc and Ps are the loads sustained by concrete and reinforcement, respectively; n is 

the modular ratio of concrete and reinforcement. At the time when the first crack occurs, 

P =Per. £1 = c;,·, and Ec c;,· = J,'. This can be written as follows: 

(4.4) 

(4.5) 

and the steel stress at cracking load can be calculated as follows [83]: 
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f per +' ( 1 1 ) 
scr =-=J t -- +n 

A,. p 
(4.6) 

Table 4.1 summarizes the loads and the measured concrete strains at the cracking stage 

for different concrete specimens, obtained from the experiments. Tensile strength i for 

different concrete specimens, obtained from the experiments conducted on the concrete 

plates, is also presented in Table 4.1. 

The cracking load was selected at the point where the slope of the stress-strain curve 

abruptly changes, and where this change can be observed in every specimen. In the mean 

time, Table 4.1 shows a comparison between the steel stress at the cracking stage 

observed experimentally and the calculated steel stress from Eq. (4.6). 

Prior to the cracking of the concrete member, steel reinforcement and concrete behave 

elastically and there is a compatibility condition between the concrete and reinforcing 

steel bars (Belarbi and Hsu, 1994 [46]; and Cho et al., 2004 [82]). The concrete and steel 

bars share the applied load in accordance to the stiffness of each material without any 

slippage between them. These stresses and strains can be approximately related by a 

straight line expressed as: 

(4.7) 

The normalized concrete stresses iii obtained from Eq. ( 4.2), and their corresponding 

measured strains e1 are plotted in Fig. 4.3. These stresses and strains can be expressed by 

straight line as shown in the following equation: 

(4.8) 
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The average value for all the measured cracking strains for each panel tested in the 

experimental program conducted m the present study is found to be about 102 

micros trains. 
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Fig.4.3-Ascending Branch of Tensile Stress-Strain Curves of Concrete 

Cracking stress was found to be related to the square root of the cylinder compression 

strength for the normal strength concrete specimens as: 

(4.9) 

The modulus of elasticity of the normal strength concrete can be obtained by substituting 

Eqs. (4.7) and (4.9) into Eq. (4.8): 

(MPa) (4.10) 
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This developed equation for the modulus of elasticity of NSC shows a good agreement 

with the prvious proposed values for the modulus of elasticity of NSC [ 46, 81] . 

For high strength concrete the cubic root of the compressive stress (f/J) provides a good 

representation of the tensile strength for the high strength concrete (Marzouk, and Chen, 

1995 [5]), as presented in the following equation: 

(MPa) (4.11) 

where fJ is a coefficient ranging from 0.6- 0.7. 

Also, the average value of the modulus of elasticity of the high strength concrete can be 

attained by substituting Eqs. (4.7) and (4.11) into Eq. (4.8): 

Ec = 6400 Vi (MPa) (4.12) 

4.3.2 Behavior after Cracking 

Based on the experimental results, constitutive relationships were developed to relate the 

average stress to average strain for orthogonally reinforced concrete plate segments. Fig. 

4.3 shows the best mathematical form to fit the descending branches after cracking of the 

experimental stress-strain curve of HSC concrete plates subjected to axial loading 

conditions. After cracking occurrence, the steel carries all the tensile force at the crack 

locations. The following model can represent the best fit of descending branch for the 

HSC plates after cracking, taking into consideration the influence of transverse bars: 

.f -{).0008 
J, --(c, -c0 ) 

-', = e atrmu 

!, 
(4.13) 
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~----------------------------------------------------- ---

The influence of the transverse bar on the stress distribution of the panels tested under 

uniaxial and biaxial loading conditions can be considered by a factor Urrans, where the 

value of Urrans is found to be equal to approximately between 0.92- 0.95. 

Fig. 4.4 shows a comparison of the previously proposed models (Hawng and Rizkalla, 

1983 [48]; Shima et al., 1987 [84]; Marzouk and Chen, 1995; 1993 [5, 36]; Fields and 

Bischoff, 2004 [47]), inclusive of the proposed model in Eq. (4.13) the descending 

portion in this study. All of these models were obtained from the experimental study for 

the behavior reinforced concrete members under axial loading. The proposed model 

represents an average value between the previously proposed models for tensile stress-

strain response of reinforced concrete, as shown in Fig. 4.5. 
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4.4 Factors Affecting the Tension Stiffening Response of Axial Tension HSC Thick 

Plates 

A comprehensive experimental investigation was conducted to study the tension 

stiffening response of reinforced concrete panels with different concrete strength under 

axial tension (uniaxial or biaxial). This section is investigating the influence of various 

parameters such as concrete strength, reinforcing bar distribution, concrete cover 

thickness, and applying the axial load into biaxial direction on the response of thick HSC 

plates used for offshore concrete structure applications and nuclear containment 

structures. 
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4.4.1 Effect of Higher Compressive Strength on the Tension Stiffening 

The experimental results showed that, changing the compressive strength of concrete led 

to significant changes in the tension stiffening and cracking behavior of the reinforced 

concrete panels. Figs. 4.6 and 4.7 illustrate the influence of using HSC on the tension 

stiffening behavior of reinforced concrete panels under uniaxial and biaxial loading, 

respectively. The changes can be summarized in the following observations: a rise of the 

cracking load due to a higher tensile strength of HSC; an increase of the cracking strain 

was observed in the case of the HSC panel due to higher cracking load; and lower strains 

and greater tension stiffening effects at a given load level due to improvement of the 

bond of the reinforcing steel bars to the high strength concrete matrix. 

Generally, four distinct regions characterized the typical tension stiffening behavior of 

the panels tested under axial loading, including: the uncracked phase where the concrete 

composite showed a linear and elastic behavior; crack formation phase in which the axial 

stiffness of the concrete panel gradually decreased due to cracks occurrence; stabilized 

cracking phase where the concrete panels and the bare reinforcing bars showed almost an 

identical slope for the stress-strain response; and failure phase that accompanied the 

yielding of the reinforcement, as illustrated in Fig. 4.6. 

HSC sustained tension forces well up to the point of the first crack occurrence, 

corresponding to higher steel stress levels compared to NSC panels, as implied in Figs 4.6 

and 4.7. The panels placed with HSC showed a larger discrepancy in the members' strain 

at the cracking load due to its brittle nature, where it led to a tension stiffening response 

that can be quite different from that of NSC. On the other hand, after the first crack 

77 



appearance, the slope of the stress-strain curve for the HSC panels radically decreased up 

to the yield point of the reinforcement with continuous variation of the slope through 

several steps. This indicated an additional cracks occurrence in the panel. 

Experimental results showed that using high strength concrete (HSC) led to an obvious 

improvement for the tension stiffening contribution (L1es= e5z-esm), compared to normal 

strength concrete (NSC). Fig. 4.6 illustrates the relative improvement of tension 

stiffening effect [(~es, Hsc -~es.Nsc)l~es.NscJ for different levels of the steel stress, when 

changing concrete compressive strength from NSC (Jc' = 40 MPa) of panel NS-U-15-2.5-

6 to HSC ifc' = 90 MPa) of panel HS-U-15-2.5-6. A continuou increase was noted for 

tension stiffening response of the HSC panels compared with the NSC panels, till the 

concrete reached the cracking stage of the HSC, which was corresponding to high level 

of steel stress (fs ::::: 333 MPa), as illustrated in Fig. 4.6. The improvement of the tension 

stiffening [(~es,Hsc-~es,Nsc)l~es,NscJ increased gradually up to approximately 300% at the 

crack formation of the HSC panel. The tension stiffening response of the HSC panel 

dropped suddenly after cracking formation stage where the relative tension stiffening 

[(~es.HSC - ~es,Nsc)l~es,NscJ decreased to 40%, as shown in Fig. 4.6. This abrupt decrease 

in the tension stiffening of the HSC panels after crack formation reflected the brittle 

nature of the HSC. 

Comparisons for the average tensile stress-strain relationship between NSC and HSC 

panels tested under uniaxial and biaxial loading conditions are presented in Figs. 4.8 and 

4.9, respectively. The tensile strains of concrete were obtained and averaged from four 

LPDTs that were installed at several locations to the surface of the specimens, as the 
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average strain from the LPDTs reflected the global behavior of the cracked reinforced 

concrete panels under the applied tensile load. Thus, the average strain €1 can be 

determined as: 

(4.14) 

where l!!.i is the individual reading from LPDTs; n is the number of the LPDTs attached to 

the concrete surface to measure the deformation; and lg is the gauge length of the LPDTs. 

The tensile strength of the concrete increased as compressive strength was increased. 

However, the ten ile strength increased slightly at a much lower rate compared to the 

compressive strength. Also, it can be seen that the initial axial stiffness of HSC panels 

appeared to be higher than that of NSC panels, reflecting the stiffer nature of HSC. 

However, the stress-strain curve of HSC panels descended more sharply after the peak 

stress in comparison to NSC panels that showed a gradual decrease, confirming the 

higher brittle nature of HSC. The maximum observed ultimate strain value €max measured 

from the experimental tests, was approximately equal to 16-20 times the value of strain at 

cracking €,·. 
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4.4.2 Effect of Reinforcement Ratio 

The influence of changing the reinforcement ratio on the tension stiffening and cracking 

response can be examined by comparing the experimental results of specimens HS-U-15-

2.5-6 (p = 1.2%) and HS-U-20-2.5-6 (p = 2%). In this series of tests, the layout of the 

bars was identical, but the diameter varied from 15 mrn to 20 mrn, where a constant 

reinforcing bar spacing of 150 mrn was chosen, as shown in Table 3 .1. There is a trend 

whereby the concrete surrounding the smaller bar diameter carried a higher stress at the 

same steel stress level than that surrounding the larger bar diameter for the same bar 

spacing, especially during the crack formation stage, as shown in Fig. 4.10. Thus, the 

tension stiffening contribution decreased for the panels with higher reinforcing bar 

diameters. Also, increasing the reinforcement ratio by increasing the bar diameter had an 

insignificant influence on the cracking strength of concrete, where changing the 

reinforcement ratio from 1.2% to 2% caused the tensile strength to drop by 3%, see Table 

4.1. 

Meanwhile, the effect of the reinforcement ratio on the tension stiffening behavior can be 

investigated by changing the bar spacing and using the same bar diameter. Figs. 4 (e) and 

(g) represent the crack patterns for the specimens HS-U-20-2.5-6 (p = 2%) and HS-U-20-

2.5-4 (p = 1.2%), respectively. The analysis of the failure mechanism and the final crack 

pattern recorded for panel HS-U-20-2.5-4 showed that the cracks locations were not 

significantly affected by the location of the transverse bars as the spacing between these 

bars exceed the required length to develop the tensile strength of concrete compared with 

the other specimen (HS-U-20-2.5-6) with closer transverse bar spacing. 
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The influence of changing the bar spacing between the longitudinal reinforcement on the 

tension stiffening behavior (L1c5= c5z-csm) can be investigated by comparing the re ponse 

of panel HS-U-20-2.5-6 (p = 2%, Sb = 150 mm) and HS-U-20-2.5-4 (p = 1.2%, Sb = 300 

mm). In this series of test, the reinforcing bar diameter was identical, but longitudinal bar 

spacing was changed from 150 mm to 300 mm, as shown in Table 3.1. These two panels 

were tested under uniaxial loading. 

Fig. 4.11 illustrates that, concrete ten ion stiffening contribution decays with strain at a 

rate that increases with bar spacing. Before the cracking stage, both panels HS-U-20-2.5-

6, HS-U-20-2.5-4 showed almost the same tension stiffening contribution for the 

concrete, as the relative variation of the tension stiffening did not exceed (10%). The 

improvement of the tension stiffening for panel HS-U-20-2.5-6 increased gradually up to 
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70% through the crack formation pha e, compared with panel HS-U-20-2.5-4. However, 

this improvement diminished gradually to 20% at the stabilized cracking phase, as shown 

in Fig. 4.11. 
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The influence of the distribution of the reinforcement on the tension stiffening respon e 

was more significant in case of applying the load in biaxial direction. This effect can be 

studied by considering the tensile stress-strain response for panel HS-B 1-20-2.5-6 

(S=150 mm) and HS-81-20-2.5-4 (S=300 mm). Fig. 4.12 shows that, after cracking stage 

the tension stiffening increased gradually through the crack formation and stabilized 

cracking phases, the improvement of the ten ion stiffening increa ed gradually up to 
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approximately 100% through the crack formation phase. At high steel stress level (350 

MPa), the tension stiffening contribution for the panel with high bar spacing (Sb = 300 

mm) diminished to zero, however the other panel with lower bar spacing (Sb = 150 mm) 

showed some tension stiffening contribution for the concrete between cracks, as shown in 

Fig. 4.12. As a conclusion, the concrete tension stiffening contribution between cracks 

decays with strain at a rate that increases with the bar spacing for panels subjected to 

uniaxial and biaxial loading. 
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4.4.3 Effect of Concrete Cover on Tension Stiffening Response 

Practical solution to protect the steel against the corrosion in harsh environmental 

conditions is by increasing the concrete cover, where using the reinforced concrete 
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sections with thick concrete cover is common in offshore and containment structures. 

Thus, one of the major objective of this study is to summarize and assess the effect of 

increasing the concrete cover on the tension stiffening behavior of HSC panels subjected 

to in-plane axial stress condition (uniaxial and biaxial) that is the case in some of the 

offshore and containment structures for nuclear power plants. 

The effect of increasing the thickness of the concrete cover on the tension stiffening 

phenomena can be investigated by analyzing the experimental results of panels HS-U-25-

1.5-6 (Ccldb = 1.5) and HS-U-25-2.5-6 (Ccldb = 2.5). In this series of test, the layout of 

the reinforcement was identical, where a constant reinforcing bar spacing of 300 mm and 

the reinforcement ratio of 1.2%, were chosen, but the concrete cover increases from 37.5 

mm to 62.5 mm. These panels were tested under uniaxial loading condition. Fig. 4.13 

shows that, there is a trend whereby the concrete surrounding reinforcing bars in both 

panels HS-U-25-1.5-6 and HS-U-25-2.5-6 provided almost the same tension stiffening 

contribution before the cracking occurrence. However, immediately after the cracking 

load, the concrete tension stiffening contribution was higher in HSC panels with thicker 

concrete cover for various steel stress level, as shown in Fig. 4.13. 

The results for the average stress-strain relationship of concrete for panels HS-U-25-2.5-6 

and HS-U-25-1.5-6 with the same bar diameter and spacing but varying concrete cover 

thickness are shown in Fig. 4.14. Panel HS-U-25-1.5-6 with the smaller concrete cover 

showed a faster decrease in the stress carried by the concrete between cracks with 

increasing the average concrete strain, compared with panel HS-U-25-2.5-6 with thicker 

concrete cover. 
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4.4.4 Effect of di/Peff Ratio on the Tension Stiffening of Thick HSC Panel 

The bar diameter-steel percentage proportion (dt!Peff) is proved to be one of the influential 

parameter on the tension stiffening and cracking behavior of the thick high strength 

reinforced concrete panel. 

Based on the experimental program results, for specimens with dt!Peff ratio that was 

approximately 150 em and above, consistent stress-strain response that exhibited similar 

characteristic features were obtained. Fig. 4.15 plots the stress-strain relationship for 

panels the HS-U-20-2.5-4 (di/Peff = 166 em), HS-U-25-2.5-6 (dt!Peff = 208 em), and HS­

U-30-2.5-6 (dt!Peff = 250 em), tested under uniaxial loading. Before the cracking stage, 

stresses and strains increased linearly. The initial crack caused notable increase in the 

member strain that influence the average stress-strain curves significantly. The axial 

stiffness of the composites decreased gradually with each additional crack until a 

stabilized crack pattern was developed. When the panels reached the stabilized cracking 

phase, the average stress-strain curve of the reinforced panels and that of a bare 

reinforcing bar had almost identical slopes, as shown in Fig. 4.15. 

However, different response was obtained for HSC panels with dt!Peff ratio that was less 

than 150 em, as shown in Fig. 4.15. For panel HS-U-15-2.5-6 with (dt!Peff = 125 em), 

after the first crack corresponding to high steel stress level (fs;:::: 333 MPa), all subsequent 

cracks developed without a significant further increase in total load. This was due to 

yielding of the steel reinforcement at this loading level, immediately after the formation 

of the first cracking. Thus, the reinforcing bars reached yielding stress stage before 
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occurance of stabilized crack pattern. Fig. 4.15 displays that the lower the value of di/Peff 

proportion, the higher the concrete tension stiffening response was obtained. 

Fig. 4.16 shows the results for the average stress-strain relationship of HSC panels with 

different ratios of the bar diameter to reinforcement ratio (di/Peff). The experimental 

results indicated that, after the peak concrete stress, the stress-strain curve of HSC panel 

HS-U-15-2.5-6 with di/Peff = 125cm showed higher tension stiffening contribution for the 

concrete between cracks in comparison with the other panels with higher values for 

(di/Peff) for various levels of concrete strains. 

Fig. 4.17 shows the stress level in the reinforcement at the time when the first crack 

formed ifscr) for different values of di/Peff for both panels subjected to uniaxial and biaxial 

loading. It is obvious that the steel stress at cracking stage was sensitive to the value of 

di/Peff, where the lower the value of d1/Peff• the higher the measured value of the steel 

stress at cracking for panels subjected to unaxial and biaxial loading conditions. This 

interesting result makes it possible to prevent crack formation under service load by using 

HSC panels with di/Peff ratio that is less than 150 em, which implies utilizing well 

distributed reinforcing bars in the concrete section, for the crack control and durability 

concerns. 
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4.4.5 Effect of Applying the Load into Biaxial Direction 

The experimental test results presented in this study can be used to provide a clear 

understanding for the influence of applying the axial load into biaxial direction compared 

with the panels tested under uniaxial loading. 

A comparison for the stress-strain response of reinforced HSC panels HS-U-20-2.5-4 and 

HS-B 1-20-2.5-4 tested under uniaxial and biaxial loading (1: 1), respectively, is presented 

in Fig. 4.18. Prior to cracking stage, a slight difference for the tensile stress-strain 

response was observed, where both panels have almost the same axial stiffness before the 

cracks occurence. However, after cracking stage the effect of applying the load into 

biaxial direction became more obvious. HSC concrete panels subjected to biaxial loading 
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showed lower tension stiffening contribution of concrete for different steel stress levels in 

comparison with the identical panels tested under uniaxial loading. This reduction in the 

tension stiffening was more obvious during the crack formation and the stabilized crack 

phases, as illustrated in Fig. 4.18. The main reason for this reduction in the tension 

stiffening was the gradual degradation of the axial stiffness of the reinforced concrete 

panel due to the additional cracks in the transverse direction. 

The reduction of the tension stiffening contribution of concrete between cracks due to 

applying the axial into biaxial direction became more obvious as the reinforcing bar 

diameter was increased, as shown in Fig. 4.19. After cracking stage, panel HS-B1-30-2.5-

6 tested under biaxial loading showed almost the same response as the bare bar, with 

sligh contribution for the concrete between cracks, in comparison with panel HS-U-30-

2.5-6 that showed some tension stiffening contribution for the concrete after cracking 

occurrence. 

Also, applying the axial load into biaxial direction reduced the tensile strength capacity of 

the concrete section. This reduction ranges between 5%-15%, as presented in Table 4.1. 

Generally, the concrete stresses resulting from the biaxial tension tests were lower than 

those from the uniaxial tension tests, and the average contribution of the concrete after 

cracking decreased at a higher rate with increasing the strains as the load was applied in 

biaxial direction, as shown in Fig. 4.20. The main reson for this effect is the higher axial 

degradation in the axial stiffness due to the development of the cracks in both directions 

as the load was applied in biaxial. 
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4.4.6 Effect Biaxial Loading Ratio (P1/P2) 

As detailed in chapter 3 (Fig. 3.2), this study considered five types of tension loads, 1:0, 

1:1, 1:2, 1:3, and 1:4, as shown in Fig. 4.21. These ratios are corresponding to 90, 45, 

26.5, 18.5 and 14 degrees expressed by an angle in the first quadrant of the tension-

tension region, respectively. 

Table 4.1 shows that tensile strength of the concrete panels decreased as the loading ratio 

was changed from 1:4 to 1: 1. The tensile strength of the concrete was found to be 2. 71, 

2.36, 2.42, 2.55, and 2.61 for panels HS-U-25-2.5-6 (1:0), HS-B1-25-2.5-6 (1:1), HS-B2-

25-2.5-6 (1 :2), HS-B3-25-2.5-6 (1:3), HS-B4-25-2.5-6 (1:4); respectively. 
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Furthermore, the tension stiffening contribution for the concrete between cracks was 

decreased as the loading ratio (P 1/P2) is changed from 1:4 to 1:1. Fig. 4.22 shows a 

comparison of the tension stiffening response of the thick concrete panels between panels 

HS-B 1-25-2.5-6, HS-B2-25-2.5-6, HS-B3-25-2.5-6, and HS-B4-25-2.5-6. At steel stress 

level of approximately 300 MPa, the tension stiffening of the concrete between cracks for 

panels HS-B1-25-2.5-6 (1:1) and HS-B2-25-2.5-6 (1:2) diminished and these panels 

show a response similar to the bare bar. However, at the same steel stress level, panels 

HS-B3-25-2.5-6 (1:3) and HS-B4-25-2.5-6 (1:4) showed some tension stiffening 

response for the concrete between cracks, as shown in Fig. 4.22. 
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4.4.7 Effect of Transverse Reinforcement Presence 

The presence of the transverse reinforcement in the concrete appears to cause a reduction 

in the tension stiffening effect of thick HSC panels. A comparison for the stress-strain 

response of reinforced HSC panels reinforced with transverse reinforcement (panel HS-

U-25-2.5-6) and without transverse reinforcement (panel Hs-u*-25-2.5-6), is presented in 

Fig. 4.23. Also, Fig. 4.24 presents a comparison of the average stress-strain curves of 

concrete between panels HS-U-25-2.5-6, and Hs-u* -25-2.5-6. It is evident that prior to 

cracking stage, a slight difference in behavior of the tensile stress-strain response was 

observed. However, after cracking stage the effect of the presence of transverse 

reinforcement became more obvious. 
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Generally, the panel with the transverse reinforcement showed lower tension stiffening 

contribution of concrete for different steel stress levels in comparison to the identical 

panel without transverse reinforcement. 

4.5 Factors Affecting the Crack Width and Spacing of Axial Tension HSC Thick 

Plates 

The above experimental investigation revealed that the spacing and width of the cracks 

developed in thick reinforced concrete panels tested under axial loading application at a 

given steel stress level, are governed by some variables such as, the concrete strength, 

thickness of the concrete cover, reinforcement ratio, applying the load into uniaxial or 

biaxial directions. 

To enable an accurate crack spacing measurements to be obtained, the tested panels were 

carefully inspected at each load step. The cracks were marked manually on all specimens 

at each load increment. Crack mapping of the specimen was depicted by means of 

photographs at each stage of loading throughout the experiment. These photographs were 

imported into a computer-aided AutoCAD, tools and the spacing was measured and 

averaged using the software. 

This section discusses and summarizes the main test results of the tensile cracking 

response of some of the tested panels, showing the relative significance of the effects of 

individual variable on the measured crack spacing and width observed in the present 

experimental study. 
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4.5.1 The Effect of the Concrete Strength,f c' 

Table 4.2 shows the measured results for the average crack spacing of the different panels 

in the experimental investigation conducted in the present study. The influence of 

concrete strength can be typically explained by comparing the cracking behavior of NSC 

panel NS-U-15-2.5-6 with HSC panel HS-U-15-2.5-6 as these panels were tested under 

uniaxial loading condition; and panels NS-B1-15-2.5-6 and HS-B1-15-2.5-6 as tested 

under biaxial loading condition. The experimental results presented in Table 4.2 indicate 

that, changing the compressive trength of concrete has insignificant effect on the 

measured value of the crack spacing, where other variables are kept constant. 

Compari on for the average crack width measured at different levels of steel stre s 

between normal and high strength reinforced concrete panels tested under biaxial loading 

condition is presented in Fig. 4.25. The influence of using HSC on the average crack 

width can be summarized in the following observation: At the same steel stress level, the 

higher the compre sive strength of the concrete, the lower the value of the average crack 

width. Also, using the high strength concrete causes the concrete to crack at a higher steel 

stress level compared with panel casted with NSC, as shown in Fig. 4.25. 

The value of the average crack width for panels NS-B1-15-6-2.5, and HS-B1-15-2.5-6 

reached approximately 0.179 mm, 0.145 mm, respectively, at the stres in reinforcement 

equal to service load (% /y = 270 MPa) [78]. Thus, the test results howed that as the 

concrete strength was increased by 115% the average crack width decreased by 20%, at 

the serviceability limit. 
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Fig. 4.25 Crack Width versus Steel Stress for Panels NS-81-15-2.5-6, and HS-81-15-2.5-6 

4.5.2 Effect of the Reinforcement Ratio 

The influence of changing the reinforcement ratio on the cracking response can be 

examined by comparing the experimental results of specimens HS-81-15-2.5-6 (p=1.2%) 

and HS-81-20-2.5-6 (p = 2%). In this series of tests, the layout of the bars was identical, 

but the diameter varied from 15 mm to 20 mm, where a constant reinforcing bar spacing 

of 150 mm was chosen, as shown in Table 3.1. It may be seen from Table 4.2 that there 

was no significant change in the measured value of the average crack spacing, due to the 

variation of the reinforcement ratio as the bar diameter was changed. Also, increasing the 
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reinforcement ratio by increasing the bar diameter has an insignificant influence on the 

average crack width of concrete, as shown in Fig. 4.26. 

Meanwhile, the effect of the reinforcement ratio on the cracking response can be 

investigated by changing the bar spacing and using the same bar diameter. Table 4.2 

presents the crack pacing for the specimens HS-U-20-2.5-6 (p = 2%) and HS-U-20-2.5-4 

(p = 1.2%). In this series of test, the bar diameter of the reinforcement, and geometrical 

propertie of the cro s section were identical, but the spacing between the reinforcement 

was changed from 150 mm to 300 mm, as shown in Table 3.1. 
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The experimental data indicated that as the bar spacing increased by 50%, the crack 

spacing at the stabilized cracking stage also increased by 37% and 46% for the panels 

tested under uniaxial and biaxial loading, respectively, as shown in Fig. 4.27. 
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Table 4.2: Measured Average Crack Spacing and Crack Width at Service load 

Bar 
Measured Crack Width at 

Specimen Specimen 
Cc/db 

Spacing di/Pe.ff• Average Crack service Load, :!!Jfy, 
Serial Number (mm) (em) 

spacing (mm) (mm) 

NS-U-15-2.5-6 2.5 150 125 151 0.212 

2 NS-B 1-15-2.5-6 2.5 150 125 144 0.179 

3 HS-U-15-2.5-6 2.5 150 125 152 

4 HS-B 1-15-2.5-6 2.5 150 125 151 0.145 

5 HS-U-20-2.5-6 2.5 150 100 150 0.089 

6 HS-B 1-20-2.5-6 2.5 150 100 148 0.12 

7 HS-U-20-2.5-4 2.5 300 166 240 0.17 

8 HS-B 1-20-2.5-4 2.5 300 166 275 0.215 

9 HS-U-25-2.5-6 2.5 300 208 270 0.282 

10 HS-B 1-25-2.5-6 2.5 300 208 290 0.358 

11 HS-U-25- 1.5-6 1.5 300 208 240 0.233 

12 HS-B l-25-1.5-6 1.5 300 208 285 0.306 

13 HS-82-25-2.5-6 2.5 300 208 290 0.354 

14 HS-83-25-2.5-6 2.5 300 208 295 0.3 17 

15 HS-84-25-2.5-6 2.5 300 208 300 0.308 

16 Hs-u*-25-2.5-6 2.5 300 208 295 0.321 

17 HS-U-30-2.5-6 2.5 300 250 290 0.335 

18 HS-B 1-30-2.5-6 2.5 300 250 305 0.394 

19 HS-U-30- 1.5-6 1.5 300 250 230 0.26 

Fig. 4.28 presents a comparison for the average crack width between panels HS-U-20-

2.5-6, and HS-U-20-2.5-4. This figure illustrates the significant effect of the bar spacing 

on the values of the average crack width for the different level of steel stress, where the 

higher the bar spacing the higher the value of the average crack width. 
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Fig. 4.27 Effect of the Bar spacing on the Average crack Spacing 

Also, it confirms that the well distribution of reinforcement in the concrete section 

provides adequate control for primary crack width, considering the significant influence 

of the spacing between the reinforcement in the concrete section. At a steel stress equal to 

the stress in reinforcement at service load (7) jy) [78], the measured average crack width 

was found to be 0.17 mm, and 0.089 mm for panels HS-U-20-2.5-4 and HS-U-20-2.5-6, 

respectively. Increasing the bar spacing by 50%, the average crack width increased by 

47% and 46% for the panels tested under uniaxial and biaxial loading, respectively, as 

presented in Table 4.2. 
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4.5.3 Effect of the Concrete Cover Thickness 

It has been realized that the most practical means of protecting the reinforcement of the 

offshore structures against corrosion, is by increasing the thickness of the concrete cover. 

Thus, one of the main goals of this experimental study is to investigate the effect of 

varying the concrete cover thickness on the cracking response of axially load HSC 

panels. 

The test results for panels HS-U-25-1.5-6 (Ccldb= 1.5) and HS-U-25-2.5-6 (Ccldb=2.5) 

indicated that as the concrete cover thickness was increased from 37.5 mm to 62.5 mm, 

the crack spacing increased from 240 mm to 270 mm, respectively, where both panels 
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were tested under uniaxial loading. Also, for panels HS-B 1-25-1.5-6 ( C/db= 1.5) and 

HS-Bl-25-2.5-6 (C/db=2.5) subjected to biaxial loading, the crack spacing increased 

from 285 mm to 290 mm, respectively. The experimental re ult showed that, the cracks 

occurrence was highly developed on the locations of the reinforcement in the 

perpendicular directions for panels subjected to biaxial loading compared with the panels 

tested under uniaxial loading state, see Fig. 4.29. This effect is mainly due to the effect of 

the splitting stresses in case of applying the load in biaxial directions. 
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Fig. 4.29 Effect of the Concrete Cover Thickness on the Average crack Spacing 

Fig. 4.30 plots the measured average crack width for various steel stress levels for panel 

(HS-U-25-2.5-6) with concrete cover equal to 62.5 mm, compared with panel (HS-U-25-

1.5-6) with concrete cover equal to 37.5 mm. At service load (YJ jy), the measured value 
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of the average crack width for panels HS-U-25-2.5-6 and HS-U-25-1.5-6 were 0.282 and 

0.233 mm, respectively. Also, Fig. 4.31 represents the experimental results for the 

average crack width of panels HS-B1-25-2.5-6 (Cc = 62.5 mm), and HS-B1-25-1.5-6 (Cc 

= 37.5 mm), tested under biaxial loading. At service load (l!J jy), the observed value of the 

average crack width for panels HS-B 1-25-2.5-6 and HS-B 1-25-1.5-6 were 0.358 and 

0.306 mm, respectively. The test results indicated that as the concrete cover increased by 

40%, the recorded value for the average crack width increases by 17% and 12% for 

panels subjected to uniaxial and biaxial loading, respectively. 
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4.5.4 Effect of Biaxial Load Application 

The experimental test results presented in this study can be used to provide a clear 

understanding for the cracking behavior of reinforced concrete structures subjected to 

biaxial tension. 

Generally, panels subjected to biaxial tension loading showed higher values for the crack 

spacing compared with the corresponding panels tested under uniaxial tension load, as 

presented in Table 4.2. For panels tested under biaxial loading, most of the cracks 

propagated approximately along the location of the reinforcing bars in both directions. 

Thus, the measured values for the crack spacing were found to be very close to the 

spacing between the reinforcing bars in both directions. However, for the panels 
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subjected to uniaxial loading, the cracks propagated not only along the transverse bars 

location but also between these bars in case the spacing between the transverse bars was 

higher than the required distance to develop the tensile strength of the concrete, see 

Table 4.2. 

The influence of applying the axial loading in biaxial direction on the crack width can be 

investigated by comparing the experimental results of panels HS-U-30-2.5-6 and HS-B1-

30-2.5-6 tested under uniaxial and biaxial loading (1:1), respectively. There was a trend 

whereby the panel subjected to biaxial loading condition showed higher values for the 

average crack width for the different levels of the steel stress than that the panel tested 

under uniaxial loading, as shown in Fig. 4.32. This increase in the average value of the 

crack width thanks to the higher value of the measured average crack spacing for the 

panels tested under biaxial loading condition compared with the corresponding panels 

subjected to uniaxial loading condition. At service load (¥J / y), the measured values of the 

average crack width for panels HS-U-30-2.5-6 and HS-B1-30-2.5-6 were 0.335 and 0.394 

mm, respectively. Thus, the average crack width increased by 14 % due to applying the 

load into biaxial direction (1: 1). 

4.5.5 Effect Biaxial Loading Ratio (P1/P2) on the Cracking Response 

The test results can be used to identify the cracking behavior of reinforced concrete 

structures subjected to biaxial tension, such as containment walls of nuclear power plants 

when subjected to monotonic biaxial tension. To simulate the actual behavior of the 

offshore and nuclear power structures, the biaxial load was applied using various ratios 
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such as 1:1, 1:2, 1:3, and 1:4 in the perpendicular directions, as this research ultimately 

aims to investigate the cracking behavior of concrete panels modeled on nuclear power 

plant containment walls when subjected to monotonic biaxial tension. 
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Fig. 4.32 Crack Width vs. Steel Stress for Panels HS-U-30-2.5-6, and HS-B1-30-2.5-6 

These panels subjected to biaxial loading with different ratios showed approximately 

similar average crack spacing as the cracks extended over the locations of the reinforcing 

bars in the perpendicular direction. 

Fig. 4.33 shows a comparison of the average crack width for panels HS-U-25-2.5-6, HS-

B1-25-2.5-6, HS-B2-25-2.5-6, HS-B3-25-2.5-6, and HS-B4-25-2.5-6, at different levels 

of steel stress. There was a general tendency that measured average crack width increased 

as the loading ratio changed from 1:4 to 1: 1. At the service load level (YJ /y), the 
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measured average crack width was found to be 0.282, 0.358, 0.354, 0.317, and 0.308 for 

panels HS-U-25-2.5-6, HS-Bl-25-2.5-6, HS-B2-25-2.5-6, HS-B3-25-2.5-6, HS-B4-25-

2.5-6, respectively, as shown in Fig. 4.33. 
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Fig. 4.33 Average Stress-Strain Curves for Panels Subjected to Different Loading 
Ratio in the Orthogonal Direction 

4.6 Summary 

An experimental investigation was carried out to study the cracking behavior of 

reinforced concrete panels with different concrete strengths subjected to pure tension 

(uniaxial or biaxial loading). The pre- and post-tensile behavior of the concrete panel i 
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discussed. The best fit to the test results is developed for pre- and post-cracking stress­

strain behavior of HSC panels. Influences of the main parameters that affect cracking 

behavior and the tension stiffening response of the reinforced concrete panels are 

investigated, such as the compressive strength, reinforcement ratio, concrete cover 

thickness, and applying the load in biaxial directions. 

Compared with NSC panels, HSC panels show lower strains and greater tension 

stiffening effects at a given load level thanks to the corresponding improvement of the 

bond between the reinforcing steel bars and the high strength concrete matrix. The 

concrete tension stiffening contribution between cracks decays at higher rate with 

increasing the bar spacing, for various loading stages. This effect is more obvious in case 

of applying the axial load into biaxial direction. 

HSC concrete panels tested under biaxial loading show lower tension stiffening 

contribution of concrete for different steel stress levels in comparison to the identical 

panels subjected to axial loading. Applying the load in the biaxial direction reduces the 

tensile strength capacity of the concrete section. This reduction ranges between 5%-15%. 

The increase in concrete cover to the main reinforcement leads to higher tension 

stiffening response for different level of the steel stress, the main reason for the reduction 

in the tension stiffening repose in case of panels with smaller concrete cover is the 

development of the splitting cracks. 
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Chapter 5 

Concrete and Steel Stresses and Bond 

Characteristics 

5.1 Introduction 

The transfer of forces across the interface between concrete and steel reinforcing bars is 

of fundamental importance to investigate the cracking behavior of reinforced concrete 

structures. Bond stress is the equivalent unit shear stress acting parallel to the reinforcing 

bars on the interface between the bars and concrete. Due to the transfer of forces through 

bond stress between the concrete and the reinforcing bars, the stress in the reinforcing 

bars changes along its length to satisfy the equilibrium between the reinforcing bars and 

the concrete. 

In this chapter, an analytical model is developed for predicting the complete distribution 

of the slip, bond stress, and concrete and steel stresses at different loading stages. This 

analytical model is derived based on the relationship between the local bond stress and 

the second derivative of the slip between the steel bar and the concrete section. The 

boundary conditions controlling the cracking behavior of the reinforced concrete 

members are considered, to ensure an accurate prediction for the response of the member 

under the applied load. Moreover, the analytical derivation considers the influence of the 

main factors that affect the cracking behavior such as the tensile strength of concrete, 

bond characteristics, and reinforcement ratio. 
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To validate the proposed model, a series of verification tests is performed to measure the 

reliability of this model. The analytical predictions are compared to the results of various 

experimental investigations conducted on different reinforced concrete members. 

5.2 Analytical Procedure 

A reinforced concrete member is subjected to axial tension is shown in Fig. 5.1, the 

applied load Pis carried partly by the concrete section Pcx. and partly by reinforcing steel 

Psx at any section located at distance x from the crack face. Considering the equilibrium 

of the horizontal forces, the total load can be expressed as following: 

(5.1) 

Assuming that both concrete and steel behave elastically: 

P=Ac Ec (ccx +npc.,.x ) (5.2) 

where Ac, Ec, and ecx are the concrete cross sectional area; concrete modulus of elasticity; 

and concrete strain, respectively; esx is the steel strain; p is the reinforcement ratio A/Ac; 

and n is the modular ratio that represents the ratio of the modulus of elasticity of the steel 

reinforcement Es to the modulus of elasticity of concrete Ec. 

P ex is zero at the cracked face and maximum at a distance of L, that represents the transfer 

length. The transfer length is the embedded length required to satisfy the following 

condition, at x = L, the strains in steel and concrete are equal (esx = ecx), as illustrated in 

Fig 5.1. 

The local slip Wsx between the reinforcement and the concrete section is an accumulation 

of the strain differences between the reinforcement and the concrete within the transfer 
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length. Thus, the local slip can be defined as the total difference in elongations between 

the reinforcement and the concrete measured over the length x and the center of the 

segment [24], 

sb /2 

wsx = J<csx -£cx )dx (5.3) 
X 

where, S& is the segment length that represents the crack pacing between two 

consecutive cracks. 

Eq. (5.2) can be retransformed as: 

p 
8 cx =---n£.,.x P 

Ac £ c 

Substituting the value of ccx in Eq. (5.5) into Eq. (5.4): 

dw P 
~=---£. (l+np) 

dx A E >X 
c c 

Es As E A E A I n P = --• c c = s s np 
ECAC 

Substituting Eq. (5.8) into Eq. (5.7) 

dwsx = npCY, 

dx Es 
£sx (1 + np )=n P£s -B,x (1 + np) 

where €5 is the steel strain at crack location (cs = P!As Es) 
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The local bond stress !bx can be defined by considering the equilibrium of the free body 

diagram in Fig. 5.2: 

f bx = dP,-x / dx A,. Es dcsx 
:Eo :Eo dx 

(5.11) 

Fig. 5.2 Free body Diagram for the Load Transfer from Steel to Concrete 

where :Eo i the surface area per unit length of the reinforcement 

dx A,. E, 
(5.12) 

Substituting Eq. (5.12) into Eq. (5 .10), 
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d 2w.,.x 
dx2 

LO 
(l+np)--fbx = 0 

As Es 
(5.13) 

This differential equation represents the basic relationship between the second derivative 

of the local slip Wsx, and the local bond stress f bx, where this differential equation of ba ic 

importance for slips and bond between the concrete and the reinforcing bars. Bond 

behavior is a key aspect of the cracking behavior of reinforced concrete since it controls 

the ability of the reinforcement to transfer tensile stresses to concrete. 

The proposed analytical model presented in this study based on the mathematical solution 

for the differential equation that relates the bond stress to the second derivative of the slip 

between the concrete and steel bars, presented in Eq. (5.13). This solution for the 

differential equation must satisfy the known values of the parameters at the cracked 

section and the center of the segment location. The second derivative of slip changes 

proportionally with the bond stress distribution along different sections from the crack 

face as proved in Eq. (5.13), and as shown in Fig. 5.1. 

To solve the differential equation that expresses the relationship between the bond stress 

and the second derivate of the slip in Eq. (5.13), polynomial equation from the third 

degree, that reflects a precise distribution for the second derivative of the slip (bond stress 

distribution) between the successive cracks, is proposed in solving the differential 

equation. This solution considers the boundary conditions that control the cracking 

behavior, as well as the bond characteristics between the reinforcing bars and the 

concrete, as detailed in the following derivation: 

d
2 w.,. 

dx2 
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dw,. 

dx 

A A A =A X+-2 X2+_3 X3+_4 X4+C 
I 2 3 4 I 

(5.15) 

(5.16) 

(5.17) 

In the proposed solution for the differential equation, there are six constants (A1, A2, A3, 

~. C 1, and C2) to be determined by considering the boundary conditions that satisfy the 

known values of the parameters at the cracked section and at the center of the segments. 

The boundary conditions are of fundamental importance in prediction of cracking 

behavior of reinforced concrete structures, as illustrated in Fig. 5.1, and are given as 

follows: 

1- At x = S/2, the value of the slip Wx = 0. At the mid distance between two consecutive 

cracks, the lip should equal to zero because of the symmetry and the compatibility 

condition between the steel reinforcement and the concrete material (cc = c5). Thus, 

Eq. (5 .16) can be retransformed as follows: 

(5 .18) 

2- At x = zero the value of dw/dx = -c5 • At the crack location, the value of ccx = 0, and 

the first derivative for the slip is equal to the steel strain (dw/dx = - c5), see Eq. (5.4). 

Substituting this value for the first derivative of the slip into Eq. (5.15), leads to: 

(5.19) 
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3- At x = L1, the value of dw/dx =0, where the compatibility between steel and concrete 

is attained (esx = ecx) at the transfer length L1 section. Thus, the first derivative for the 

local slip at that section will equal to zero, consequently, Eq. (5.15) can be expressed 

as: 

(5 .20) 

4- At x = 0, the value of d2w_/dx2 = 0, where the bond stress is zero at the crack face. 

Eq. (5.13) shows a proportional relationship between the bond stresses !bx and the 

second derivative for the local slip between the steel reinforcement and concrete, see 

Fig. 5.1, substituting by the above relationship into Eq.(5.14): 

0-A - I (5.21) 

5- At x = S/2, the value of d2w/dx2 = 0. Based on the experimental work results, it is 

observed that the bond stresses are zero at center of the segment. As a result, the 

second derivative of the local slip at this section is equal to zero, as it changes 

proportionally with the bond stress, and Eq. (5.14) can be rewritten as follows : 

0- A Az S A3 S z A4 S s - +- +- +-
1 2 4 8 

(5.22) 

Based on the experimental results, the peak bond stress occurs at a distance Z = (0.15-

0.25)£1 from the crack face (Yang and Chen, 1988) [29], where the test results showed 

that the peak bond stress occurs at the section closer to the crack face than to the other 

end of the transfer length L1• 

6- At x = Z, the value of d3 w/dx3 = 0. Substituting by the value of Z into Eq. (5 .17) 

leads to: 
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(5.23) 

By solving Eqs. (5.18) through (5.23) simultaneously, the value of the six constants (AI, 

A 2, A 3, ~. C 1, and C2) can be obtained based on the six boundary conditions mentioned 

earlier as follows: 

sz s3 s4 ss s 
1 

8 48 192 640 2 
A, 0 

0 0 0 0 1 0 A2 -Es 
L2 L3 L4 

A3 0 L, t t t 1 0 
2 3 4 = 

1 0 0 0 0 0 A4 0 (5.24) 

1 
s s2 s3 

0 0 
c, 0 

2 4 8 c 2 0 
0 1 2Z 3Z 2 0 0 

[C ]6X6 [A]6Xl =[V ]6Xl 

[A]6Xl =[C]~~6 [V]6Xl (5.25) 

where Z is the distance from crack at which the bond stress reaches the maximum value, 

S is the spacing between the sucssive cracks. 

Solving the previous Eq. (5 .25), the value of the constants can be evaluated as following: 

A1 =Zero (5.26) 

A=-£ 12(S-3Z)ZS 
2 

s L2 (-6 S 2 Z + 2 L S 2 + 18 Z 2 S- 3 S L2 
- 24 Z 2 L + 12 Z L2

) 
I I t t t 

(5.27) 

(5.28) 

(5.29) 

C,=-£ s (5.30) 

120 



From the solution of the previous differential equation Eq. (5.13), the six constants (A,, 

A2, A3, ~. C 1, and C2) depend on four parameters, which are the length of the segments 

(the crack spacingS), the transfer length Lt. the location of the peak bond stress from the 

crack face Z, and the steel strain at the crack location cs. 

The above model was proposed by Somayaji and Shah, 1981 [24] to predict the cracking 

response of a reinforced concrete member. That model assumed that the peak bond stress 

moves to the center of the transfer length L,, neglecting the actual distribution of bond 

stress, where, the test results proved that the local peak bond stress occurs at section 

closer to the crack face than the other end of the transfer length (ACI Committee 408) 

[85]. 

5.3 The Transfer Length (Lt) 

Transfer length L, is defined as the embedded bonded length required to develop the 

condition that the strain in steel equal to the concrete strain (at x = L1, €ex = csx) . Accurate 

estimation for the transfer length is crucial to represent the cracking behavior of 

reinforced concrete. Cracks occur whenever the principal tensile stress due to the applied 

load exceeds the tensile strength of concrete. At the initial crack formation stage, a 

portion of the element between cracks exists over which steel and concrete strains are 

equal, and slips are not produced. The crack pattern is developed fully if all the crack 

spacing varies between L, and 2L, as shown in Fig. 5.3, this phase referred to as stabilized 
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crack formation. The steel stress reaches its minimum where the slip is zero and the bond 

stress changes its sign. This point is approximately half way between the cracks. 

Based on CEB-FIP 1990 (MC-90) [ 44], this value for the transfer length L, is given by 

the following equations: 

L, = d" , for stabilized cracking 
3.6p, 

L = (J',.
2 db , for Single crack deformation 

1 
2rbk (1+np,) 

(5.32) 

(5.33) 

where, db = bar diameter (mm), O's2 = Steel stress at the crack, TiJk = Bond stress, n =E/Ec, 

and Pr is the steel reinforcement ratio and it is defined as (Pr = A/Acef) and A cef is the 

effective tension area around the steel reinforcement as shown in the Fig. 5.4. 
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X 

Fig. 5.3 Steel and Concrete Strain Distribution between the Consecutive Cracks 

Obviously, the value of the transfer length is dependent on the geometrical conditions of 

the segments, such as the ratio of rigidity of the reinforcement to that of the concrete, the 
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reinforcement ratio, the average value of the bond stress, and the diameter of the 

reinforcement. 

The Lesser of 
2.5x(h-d) Level of Steel 

and (h-c)/3 

' 
......... :t. .... 

(a) 

Til i t Tho~~of 
LJ~r~: '"' ~·"_c.T),u3.., ... ,.,....,....,/ ... 

Cover C =depth of compression zone 
db = bar diameter 

The Lesser of 
2.5x(Cover+dJ 2) and t/2 

(b) (c) 

Fig. 5.4 Effective Area, Aceff (a) Beam; (b) Slab; (c) Member in Tension (MC-90 and EC-91 ) 

5.4 Comparison with Experimental Results 

A series of verification tests, involving various types of structural elements and loading 

conditions, is conducted to measure the reliability of the model. The selection of the test 

series is based on that the test must allow the verification of the model in various loading 

conditions. Evaluating the constants (A 1, A2, A3, A4, C 1, and C2) using Eqs. (5.26) 

through (5.31), enables predicting the bond characteristics and cracking behavior of 

reinforced concrete member subjected to tension stresses at any loading stage using the 

above analytical model. The comparisons between the measured experimental data and 

the predicted analytical results are presented in terms of bond stress and slip distribution, 

steel and concrete stress distribution. 

123 



5.4.1 Bond and the Slip Distribution between the Consecutive Cracks 

Tests on various tension members were conducted by Yang and Chen, 1988 [29], to 

determine the distributions of the slip between the reinforcing steel and the concrete. The 

distribution of the slip between the steel bars and concrete matrix at any section between 

the successive cracks can be evaluated using the proposed model in Eq. (5.16). 

Figs 5.5(a, b) show the predicted slip distribution along different sections of axially 

loaded member according to Eq. (5.16), compared with the experimental test results [29] , 

as well as the results from previous analytical model proposed by Yang and Chen, 1988 

[29]. The results of proposed analytical model shown in Figs. 5.5 (a, b) provide a 

satisfactory agreement between the predicted response as compared with the measured 

experimental results . Also, Figs. 5.5 (a, b) confirm that, the slip between the steel bar and 

the concrete matrix reaches its maximum value at the crack location. 

Moreover, the test results conducted on specimens at the institute of metallurgy­

Architecture of China [87] are used as further verification for the proposed model. 

Figs. 5.6 (a, b, c) show the calculated values of the local slip at different levels of steel 

stress based on the previous analytical models proposed by Somayaji and Shah, 1981 

[24], and Yang and Chen, 1988 [29]. The value of local slip at the crack face can be 

estimated theoretically by substituting with x = 0 into the proposed Eq. (5.16). 
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The model can be utilized to predict the manner in which the bond stress is distributed 

along the length of the member. Eq. (5.13) shows a proportional relationship between the 

bond stress f&x . and second derivative of the slip d2w/dx2
. Thus, the relationship between 

the bond stress and the second derivative of the slip can be expressed as: 

LO 
(1 + np) -- f bx = f3 f bx 

A,. Es 
(5.34) 

where f3 is a constant coefficient depends on the material and geometrical properties of 

the steel bars (f3 = [(1 + np).Eo/A5E5 ]). Substituting by the equation of the second 

derivative of the slip Eq. (5.14) into Eq. (5.34), the local bond stress distribution at 

different sections along the members' length can be predicated as presented in the 

following equation: 

(5.35) 

Therefore, the bond stress distribution can be determined between the consecutive cracks 

using Eq. (5.35). Fig. 5.7 shows a comparison between the results of the local bond stress 

distribution based on the derived Eq. (5.35), and the experimental work results for 

specimen ~ conducted by Jiang et al., 1984 [25] at two different loading stages. From 

the experimental results and the analytical model, it is observed that the local peak bond 

stress occurs at a section situated closer to the crack face than the other end of the transfer 

length L,. 
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5.4.2 Steel and Concrete Stress Distribution 

The manner in which the axial load is shared between the concrete and the reinforcement 

along the length of a member can be evaluated by considering the distribution and 

magnitude of the bond stress between cracks that is presented in Eq. (5.35). The load 

component resisted by concrete P ex at any section between the successive cracks, is the 

accumulation of the transferred bond stress, thus, the value of Pcx carried by section at a 

distance x from the crack face can be expressed as: 

X 

pcx = fibx udx 
0 
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where fbx is the local bond stress at a distance x from the crack face; u is perimeter of the 

reinforcement. Substituting the value of bond stress in Eq. (5.35) into Eq. (5.36): 

(5 .37) 

Eq. (5 .37) represents the distribution of the load carried by the concrete section at various 

locations from the crack sections. The value of tensile stress of the concrete at any section 

from the crack face can be evaluated as follows: 

(5.38) 

Fig. 5.8 represents the distribution of the estimated values of concrete stress distribution 

at the cracking stage for different sections from the crack face, for specimen A4 

conducted by Jiang et al., 1984 [25] using the proposed Eq. (5.38). It is obvious that, the 

value of the concrete stress is equal to zero at the crack face, and reaches its maximum 

value at a distance equal to the transfer length L 1 from the crack face. 

The predicted value of the tensile strength of concrete l is equal to 1.88 MPa, as 

presented in Fig. 5.8, showing a favorable congruent with the value of cracking strength 

of normal strength concrete according to CSA-S474-04 (j,' =0.33J..[l = 1.94 MPa). In 

the mean time, the value of concrete cracking strain is equal to 98 microstrains, which is 

very close to the proposed value of the concrete cracking strain recommended by Belarbi 

and Hsu, 1994 [46]; and Marzouk and Chen, 1995 [5]. 
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Fig.5.8 Distribution of the concrete stress for specimen~ [25] 

Similarly, the distribution of load component carried by steel reinforcement Psx can be 

determined (Psx = Pr- Pcx). Consequently, steel stress distribution can be evaluated for 

various sections from the crack face. Fig. 5.9 shows a comparison between the results of 

the analytical model for calculating the steel stress distribution between the successive 

cracks and the experimental results for specimen ~tested by Jiang et al., 1984 [25] for 

two stages of loading, favorable agreement between the experimental and theoretical 

results is noted. 

Figs 5.7 and 5.9 demonstrate that, the bond stress at any point is proportional to the rate 

of change of the steel stress in the reinforcement dfsxldx at the same point, where bond 

stress must be present whenever the stress or force in a reinforcing bar changes from 

point to point along the length of the bar to keep the equilibrium. 
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This observation can be explained by the free-body diagram in Fig. 5.10. If fs2 is greater 

than fsJ, the bond stress, /bx. must act on the surface of the bar to maintain equilibrium. 

Summing forces parallel to the bar, one finds the equilibrium for the free body of 

differential steel of length dx is: 

(5.39) 

f oc dfrx 
bx dx (5.40) 
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Fig. 5.10 Relationship between Change in Bar Stress and Bond Stress 

To check the suitability of proposed analytical model for predicting the response of thick 

reinforced concrete specimens, which is the case for offshore structures, the results of the 

proposed model are compared with the experimental test results conducted in this study 

on thick reinforced normal and high strength concrete panels. Figs 5.11(a, b) show the 

concrete stress distribution at different sections between two consecutive cracks at the 

cracking stage for panels NS-U-15-2.5-6, and HS-U-15-2.5-6, respectively. Based on the 

proposed model, the value of the tensile strength for normal and high strength concrete is 

found to be 2.22 MPa and 3.26 MPa, respectively, see Fig. 5.11. The test results revealed 

that, the tensile strength of concrete for the normal and high strength concrete panel is 2.1 

MPa, and 3.2 MPa, respectively. These results show a favorable agreement with the 

predicted value of tensile strength concrete. 
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5.5 Summary 

A rational model is developed for predicting the bond characteristics and the cracking 

behavior of reinforced concrete member under tension stresses. The derivation of the 

analytical model is based on the solution of the deferential equation, which relates the 

local bond stress to the second derivative of the slip between the steel bar and the 

concrete section. The model enables the determination of the complete distribution of the 

slip, bond stress, and concrete and steel stresses at different loading stages. The influence 

of the main factors that affect the cracking behavior, such a the tensile strength of 

concrete, and reinforcement ratio on the bond stress distribution, are taken into 

consideration. Moreover, this model considers all the boundary conditions that have 

profound effect on the cracking behavior at different sections between cracks, to provide 

an accurate prediction for the response of the member under the applied load. 

The predicted values using the proposed analytical model are compared to results of 

various experimental investigations conducted on thick reinforced concrete panels loaded 

axially in tension conducted in the present study. The model preformed satisfactorily as 

compared with the experimental data for the different levels of the steel stress. 
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~----------------------------------------------------------------------------- ---

Chapter 6 

Bond Effects on the Cracking Response 

6.1 Introduction 

The safety and proper design of the enormous yet indispensable structures such as 

offshore oil platforms and containment structures for nuclear power plants need a clear 

understanding of the cracking behavior and bond characteristics. The transfer of the 

forces across the interface between concrete and steel reinforcing bars is of fundamental 

importance in analyzing of reinforced concrete structures behavior. Forces are transferred 

from the reinforcing bars to the surrounding concrete primarily by inclined compressive 

forces radiating out from the bars (Abrams, 1913[88]; Losberg and Olsson, 1979[89]). 

As a result, the forces on the concrete have longitudinal and radial components. The 

radial component causes circumferential tensile stresses in the concrete around the bars 

(Goto, 1971) [23]. Eventually, the concrete splits parallel to the bars and the resulting 

cracks propagate out to the surface of the reinforced concrete panels. Once these cracks 

develop, the bond transfer drops rapidly unless transverse reinforcement is provided to 

restrain the opening of the splitting cracks. 

Several research studies were conducted on the transfer of forces across the interface 

between concrete and steel reinforcing bars, and the splitting cracks influences on the 

cracking response of RC members. Abrishami and Mitchell, 1996 [37] investigated the 

influence of splitting cracks on tension stiffening of reinforced concrete tension members 

considering the effect of different sizes of reinforcing bars. The bond strength 
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characteristics of high strength concrete under monotonic and cyclic pull out loading 

were studied by Alavi-Fard and Marzouk, 2002; 2004 [27, 28], considering the load 

history, confining reinforcement, bar diameter, concrete strength, and the rate of pull out 

loading. Azizinamini et al., 1993; 1995 [90, 91] conducted a research study to evaluate 

the bond performance of reinforcing bars embedded in high-strength concrete. Maekawa 

et al., 2003 [92] studied the bond stress transfer mechanism of the deformed bar, the 

typical distribution of the local bond stress in concrete was defined, taking into account 

the average post cracking tensile behavior. 

The current chapter analyzes the relationship between the bond and the splitting forces, 

resulting from the bearing of lugs of the reinforcing steel bars. Effects of the confinement 

provided by the tensile resistance of the concrete cover and transverse reinforcement on 

the splitting occurrence are investigated, as the transverse reinforcing bars provide 

additional tensile resistance to the bond failure across the splitting plane. Influence of the 

forces that tend to split the concrete cover around the bars, on the cracking behavior of 

orthogonally reinforced concrete panels subjected to in-plane axial stresses, is discussed. 

Furthermore, this study is extended to provide simple design equations for evaluating the 

tensile strength of normal and high strength reinforced concrete thick plates subjected to 

biaxial loading condition, considering the secondary effect of the splitting stress on the 

cracking behavior of these members. Results of the experimental program conducted in 

the present research, as well as the available experimental data of various experimental 

investigations, are utilized to validate the reliability of the proposed model. In all of the 
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studied cases, the model performed satisfactorily with respect to the measured respon es 

from the experimental work. 

6.2 Review of the Bond Mechanism 

Bearing stress arises when the lugs of the deformed bars push against the surrounding 

concrete. Conical compression struts are developed as the reinforcing bars are stretched 

out, as shown in Fig. 6.1 . These inclined forces are not perpendicular to the surface of the 

bar lugs due to the friction forces between the surface of the lugs and the surrounding 

concrete. The conical bond action between bar and concrete can be resolved into radial 

and tangential components. The splitting force is the radial component of the force 

applied on the concrete by the reinforcing bars (Canbay and Frosch, 2005 [93]). These 

radial forces are generated by the longitudinal bar forces that can be calculated according 

to the following Eq. (6.1): 

(6.1) 

where F, is the forces carried by the longitudinal reinforcing bars, As is the area of the 

longitudinal steel reinforcement,Js is the stress on the reinforcing bar. The radial force F sp 

can be related to the longitudinal force F1 through the geometrical relationship shown in 

Fig. 6.1 and as provided by Eq. (6.2) 

F sp 
tana=-

F; 

where a is the angle of inclination of the forces radiating from the reinforcing bars. 
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The radial component Fsp of the inclined compressive force is balanced by 

circumferential tensile stresses in the concrete surrounding the bar (Tepfers, 1973 [94] ; 

MacGregor and Bartlett, 2000 [95]). The mechanical locking of lugs with surrounding 

concrete is the major component transfers tensile stress from a deformed bar to concrete. 

The resultant force exerted by the lug on the concrete is inclined. 
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Fig. 6.1 Tensile stress Rings in Concrete Balance Radial Components 
of Inclined Compressive Stresses 

The radial stress causes tensile ring stress and splitting cracks if the splitting stress 

exceeds the cracking strength of concrete. Also, the bond stress can lead to primary 

cracks if its summation over a certain length exceeds the concrete tensile strength. Two 

types of failure modes are distinguished: (a) pull-out failure if adequate confinement is 

provided by the concrete cover or by transverse reinforcement; and (b) splitting failure 

with drop of bond stress if concrete cover splits along the reinforcing bar, see Fig.6.2 

(Harajli, 1994 [96]; CEB-FIP, 1990 [44]). In this figure, •s represents the peak local bond 

stress in the pull-out failure; and • sp is the splitting bond resistance due to the 

development of splitting cracks. 
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The ability of a deformed bar to transfer its load into the surrounding concrete is typically 

limited by failure of this ring of tension when the thinnest part of the ring splits (splitting 

failure), unless transverse reinforcement is provided to restrain the opening of the 

splitting crack. 

Pullout Bond Failure .... ·················································· 

Splitting Bond Failure \ ................................ .................................................... .. 

\_____ .... 

---- Jl. ---- ----------
'---------------------~slip 

Fig. 6.2 Schematic Representation of Bond Stress vs. Slip Relationship 

The damage proceeds outward from the reinforcing bar lug region toward the top surface 

that is through the cover, as well as downward into the interior of the specimen. Thus, the 

presence of the concrete cover of the specimens is important in providing confinement to 

absorb the fracture energy associated with the splitting cracking process. 

Typical splitting crack surfaces (MacGregor, and Bartlett, 2000 [95]) are shown in 

Fig. 6.3; the splitting cracks tend to develop along the shortest distance between a bar and 

the surface or between two bars. Two different splitting failure planes can develop. Side 

splitting occurs when a horizontal split extends at the level of bars, and face splitting 

occurs when vertical split develops below the bars (Kemp, 1986 [97]; Canbay and 

Frosch, 2005 [93]), as shown in Fig. 6.3. The circles that touch the edges of the member, 
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where the distances are shortest, are considered the effective area that provided the 

splitting resistance. Thus, the load at which splitting failure develops is a function of the 

minimum distance from the bar to the surface of the concrete or to the next bar; the 

tensile strength of the concrete; and the average bond stress between the reinforcement 

and the concrete. 

(a) Side Splitting, side cover and 
two thirds the bar spacing 
both less than bottom cover. 

(b) Side splitting and face splitting, 
side cover = bottom cover, both 
less than two thirds the bar spacing. 

.c .. ;{ib;. s b ;d b;. c, . 
·:. ········:-r-··.:1········-.. ·············.:r ···.:r ········:. ·. 

(c) Face splitting, bottom cover 
less than side cover and two 
thirds the bar spacing. 

Fig. 6.3 Typical Splitting Failure Surfaces 

Based on the experimental results conducted in the present study, the splitting cracking 

occurrence is highly pronounced in case of using high bar diameter. However, if a bar 

with a relatively small diameter is embedded in large block of concrete, the bar might 

pull out of the concrete (pull out failure) or reach its yield stress, before splitting cracks 

occurrence. 

6.3 Development of Side and Face Splitting Cracks 

The three-dimensional bond action mechanism between the concrete section and the 

reinforcing bars generates a radial splitting force F sp around the bar circumference. The 
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relationship between radial splitting forces Fsp and longitudinal force Ft can be expressed 

as presented in Eq. 6.3 and as shown in Fig.6.1. 

(6.3) 

Radial splitting force Fsp is developed around the reinforcing bar when the steel bar is in 

tension, and it causes the splitting of concrete based on the tensile strength of concrete 

and the clear cover thickness. The circle that can be drawn within the section of a panel 

around the reinforcing bar is considered the effective concrete restraining portion that 

provides the confinement for the splitting action of the reinforcing bar, as shown in 

Fig. 6.4. Internal pressure of fsp is acting within a circular hole with diameter db that 

represents the bar diameter embedded in a concrete section. Considering a cylindrical 

prism of concrete of diameter 2C, containing a bar with a diameter of db. The radial 

component force on the concrete causes an internal splitting pressure fsp on a portion of 

the cross section of the reinforced concrete panel, as shown in Fig. 6.4. This pressure is 

equilibrated by the tensile stress in concrete on either sides of the bar. The distribution of 

these stresses is arbitrarily assumed to be of a parabola, as illustrated in Fig. 6.4. Splitting 

is assumed to occur when the maximum tensile stress induced in the concrete rings 

reaches the tensile strength of the concrete Jr', to satisfy the equilibrium condition in a 

panel of length equal to l. 

Thus, the main assumptions, which are made in this study are: the effective area that 

provides the confinement for the splitting cracks is simulated by the concrete section 

surrounded by the circle of radius of C, as shown in Fig. 6.4; the distribution of the 

tensile stresses in concrete around the reinforcing bars follows 2"d degree parabola; the 
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angle of inclination of the forces radiating from the reinforcing bars depends on the 

relationship in Eq. (6.2); and the replacement of the concentrated forces on the lugs of the 

reinforcement with a force that is uniformly distributed along the length of the bar. 
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Fig. 6.4 Stresses Distribution in the Effective Circular Area 
of Concrete around the Reinforcing Bars 

The splitting force generated by bond action may be obtained by integrating the splitting 

stresses around and along the length of the reinforcing bar as shown in Fig. 6.5. Thus, the 

total splitting force can be expressed as following: 
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(6.4) 

where fsp is the splitting stress, db is the longitudinal bar diameter, and l is the embedded 

length of the reinforcing bars. The splitting stresses are assumed to be uniform around the 

bar circumference and along the bond length, thus the integration may be evaluated to 

give: 

I 

Fsp = fJ,p db dl= fsp db l 
0 dl 

. -.-.-. 

Fig. 6.5 Splitting Stress Distribution Due to Bearing of the Lugs of the 

(6.5) 

These internal splitting forces are equilibrated by the tensile stress of the concrete 

surrounding the reinforcing bars, as shown in Fig. 6.4. Considering the equilibrium in 

vertical direction, the splitting stress fsp can be expresses as: 

f,p db l 21 (C-~)f l 
2 /3 2 I 

(6.6) 

(6.7) 

At the time when the splitting crack occurs, the concrete stress .fr in Eq. (6.7) reaches the 

tensile strength of the concrete i. 
Therefore, the radial splitting pressure required to cause the splitting crack can be 

determined by: 

143 



(6.8) 

Inserting the value of the splitting stress from Eq. (6.8) into Eq. (6.5), leads to the 

following expression for evaluating the force that causes the splitting crack: 

-41 _:!_p_ . F,.P - 13 l ( C 
2 

) f, (6.9) 

The value of ( C-dfl2) represents the clear concrete cover Cc over the steel reinforcing 

bars, thus, the splitting force to cause cracking can be expressed as: 

(6.10) 

Based on the derived Eq. (6.10), for the side-splitting failure case (Cs < Cc) shown in 

Fig. 6.3(a), the force Fsp that causes splitting cracking can be calculated using the 

following equation: 

(6.11) 

where, F sp is the force that causes the splitting crack; .t;" is the concrete tensile strength; 

Cs is the side clear cover; n is the number of the reinforcing bars, and Sb is the spacing 

between the longitudinal reinforcing bars. In case of using equal side and face concrete 

cover in a reinforced concrete member (Cs = Cc), the possibility of side and face splitting 

cracks occurrence are equal, as shown in Fig. 6.3(b), and the force required to cause 

splitting F sp can be expressed as the following equation: 

4 ' 4 ' 
F,.P = 3c,. l !, =3cc l !, (6.12) 

For the face-splitting cracking (Cs > Cc), as shown in Fig. 6.3(c), the total force required 

to cause splitting cracks F sp can be calculated using the following equation: 
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(6.13) 

For a reinforced concrete member subjected to tensile stresses, the oblique angle a. of the 

forces radiating from the reinforcing bars can be directly calculated using Fsp (Eqs.6.11 

through 6.13) and F1 (Eq. 6.1). In this tudy, the experimental results conducted in the 

present experimental investigation parallel with the available experimental results in the 

literature (Chinn et al.,1955 [98]; Chamberlin, 1958 [99]; Ferguson and Breen, 1965 

[100]; Goto, 1971 [23]; Abrishami and Mitchell, 1992, 1996 [26, 37]; Azizinamini et al., 

1999 [91]), are utilized in an attempts to develop design criteria for the relationship 

between the radial splitting (Fsp) and the longitudinal (FL) forces. Thus, the values of the 

oblique angle (a.) are calculated based on Eq. 6.2 for different values of C/dJJ. A good fit 

to the experimental test results is obtained using the following prediction equations for 

both normal and high strength concrete specimens, as presented in Figs. 6.6, 6.7: 

1.81~ 
tana=0.073e db , for normal strength concrete (6.14) 

1 .53~ 
tan a=0.121e db , for high strength concrete (6.15) 

where a. is the oblique angle of stress due to the bearing of the bar lugs against the 

surrounding concrete, and C/db represents the ratio between the clear concrete cover and 

the bar diameter. These design criteria are proposed based on a comprehensive 

experimental data obtained from the experimental program conducted in the present 

study, as well as the test data available in the literature. 
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The correlation coefficient, R2
, is a measure of the compatibility between the 

experimental data and the predicted values based on equations 6.14 and 6.15. For normal­

and high-strength concrete specimens, the value of R2 is found to be 0.86 and 0.84, 

respectively, see Fig. 6, and 7. Thus, for reinforced concrete with its usual wide scatter in 

data, on average base R2 = 0.85 is generally accepted as a satisfactory indication of 

compatibility. Also, the results from the proposed equations for predicting the 

relationship between the radial splitting and the longitudinal bond stresses show a good 

agreement with the previous measurements of the angle a, at which the compressive 

struts radiate from the bar lugs, reported by (Goto, 1971 [23]; Tepfers, 1973 [94]; and 

Tepfers and Olsson, 1992 [101]; Esfahani and Regan, 1998 [102]). 

6.4 Analytical Expression of Splitting and Bond Stresses Relationship 

The equilibrium between the applied longitudinal force F1 carried by the reinforcing bars 

(FL = Asfs) and the resisting bond force (A 11 Tsp) can be expressed as follows [93, 102]: 

(6.16) 

In the present study, the proposed model in equations (6.14) and (6.15) for predicting the 

relationship between the splitting and the longitudinal forces can be used to evaluate the 

value of the splitting bond strength Tsp of the concrete surrounding the reinforcing bars. 

Substituting by the value offsp in Eq. (6.8) into Eq. (6.14), and Eq. (6.15), the equations 

to evaluate the splitting bond strength for normal and high strength concrete can be 

expressed as: 
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------------------------------ ---------

A C 1 -Ls i ~ , . v~ 
r .,·p = 18.3 ___:_!!_ (---) j

1 
e b , for the normal strength concrete 

A11 db 2 
(6.17) 

A C 1 -Ls3ff. 
r ,.P =11.1 ~(---) fr' e db , for high strength concrete 

Ab db 2 
(6.18) 

where rsp is the splitting bond stress, Ab is the bond surface area of the 

reinforcement(7rdbl); Asp is the area that provides confinement for the splitting 

stresses(Ccl). These equations reflect the effect of the concrete tensile strength Jr', and 

C/db ratio on the bond characteristics of concrete. 

Meanwhile, the average value of the steel stress at the splitting failure can be predicted 

based on the equilibrium between the applied bar forces (As fs) and the resisting bond 

force (Ab rsp), as given by Eq. (6.16). Thus, the average value of the steel stress at the 

splitting failure can be predicted. 

(6.19) 

where, Ab is the surface area of the bar over the splice length (n db l); l is the embedded 

length; Asp is the area that provides confinement for the splitting stresses (C l); As is the 

cross sectional area of the longitudinal reinforcing bars (n d"2/4). 

A series of verification tests is conducted to measure the reliability of the model for 

predicting the value of the splitting bond strength. The selection of the test series was 

based so that the test must allow the verification of the model for normal and high 

strength concrete. The validity of the proposed expressions in equations 6.17 and 6.18 are 

based on the literature survey (Chinn et al., 1955 [98], Hamad and Itani, 1988 [102]). 
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Tables 6.1 and 6.2 present a comparative study between the measured value of splitting 

bond and steel stresses at the splitting failure and the corresponding predicted values, for 

normal and high-strength concrete specimens, respectively. 

As a further verification, Table 6.3 presents the average f.1, standru·d deviation cl-, and the 

coefficient of variance eel /p) for the ratio of the experimental and theoretical results of 

the various experimental results available in the literature for both normal and high 

strength concrete specimens (Chamberlin, 1956 [99]; Azizinamini et al. , 1999 [103]). 

The statistical values presented in Tables 6.1 through 6.3 shows a favorable agreement 

between the measured experimental and the predicted results based on the proposed 

model. 

Esfahani and Rangan, 1998 [104] conducted an experimental program to evaluate the 

influence of different parameters such as the Ccldb ratio, andj,' on bond stress, using pull­

out test on various normal and high strength concrete specimens. 

The results of that experimental investigation [104] are used as a further confirmation of 

the accuracy of the analytical approach developed in this study (Equations 6.17, 6.18). 

Figs. 6.8 (a, b) present the results of the proposed model expressed in Eqs. (6 .17) and 

(6.18), as well as, the modified Tepfers' model proposed by Esfahani and Rangan [104], 

and ACI 318R-08 approach [78], compared with the experimental results for normal and 

high strength concrete members. Fig. 6.8 shows the importance of concrete cover in 

increasing of the bond stress between the reinforcing bars and the surrounding concrete. 

The proposed design equations are able to adequately predict the bond behavior of 

reinforced concrete specimen with different concrete cover, as shown in Fig. 6.8. 
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Table 6.1- Comparison between the Experimental and predicted values of Usp. and is 
(Noraml Strength Concrete SEecimens) 

Specimen No. f c·· MPa T.rt>(exp)• MPa f,r•xt>i• MPa Tst>(cal)• MPa / r(ca/J• MPa T,lp(<xt>! T.IJJ(ca/) lsrallsrcat) 

Dl 26.75 3.76 22 1.33 3.33 195.81 1.12 1.13 
D2* 33.24 3.64 200.0 3.71 198.40 0.97 1.01 
D3* 30.0 4.16 245.33 4.16 244.23 1.001 1.004 
D4* 30.82 3.64 312.0 3.37 288.25 1.07 1.08 
D5* 28.82 5.03 298.0 4.82 283.28 1.04 1.05 
D6* 29.93 3.7 218.0 3.58 210.48 1.03 1.03 
Di 30.68 3.78 222.66 3.83 225.23 0.98 0.98 
D8* 31.51 4.02 236.66 3.38 198.44 1.19 1.19 
D9* 30.20 3.9 230.0 3.24 190.41 1.20 1.20 

DIO* 30.13 4.60 172.66 4.14 154.69 1.11 1.11 
Dll * 31.24 315.33 6.86 331.78 0.95 
Dl2* 31.24 3.50 301.33 3.58 306.03 0.97 0.98 
Dl3* 33.24 6.07 334.66 6.80 399.49 0.89 0.83 
Dl4* 51.58 3.64 215.33 3.24 190.46 1.12 1.13 
DIS* 29.58 4.88 288.0 4.53 266.01 1.07 1.08 
Dl6* 29.58 2.52 324.66 2.78 356.64 0.90 0.91 
Dl7* 24.68 3.05 260 3.43 293.29 0.89 0.88 
D18' 24.68 2.96 253.45 
Dl9* 29.17 4.76 408.66 4.36 372.26 1.09 1.09 
D2o· 29.17 5.06 177.33 4.62 172.90 1.09 1.02 
D21 ' 30.89 5.37 296.0 4.91 288.23 1.09 1.03 
D22' 30.89 4.2 157.33 3.84 143.54 1.09 1.09 
D23• 30.68 3.22 258.0 3.72 318.26 0.86 0.81 
D24* 30.68 3.42 294.66 3.88 331.32 0.88 0.88 
D25* 35.17 3.21 384.66 3.65 468.37 0.87 0.82 
D26* 35.17 2.86 369.33 2.86 367.04 1.0 1.01 
D27* 31.37 3.83 226.66 3.40 199.93 1.12 1.13 
D28• 30.13 3.14 270.0 3.33 285.0 0.94 0.94 
D29* 51.58 5.04 298.0 5.23 307.49 0.96 0.96 
D30* 51.58 4.11 353.33 4.48 383.31 0.91 0.92 
D31* 32.41 7.22 424.66 5.93 389.20 1.21 1.09 
D32* 32.41 6.15 314.66 6.82 400.52 0.90 0.78 
D33* 33.31 0.32 178.66 4.08 233.21 0.079 0.76 
D34* 26.20 3.60 241 .33 3.09 206.63 1.16 1.16 
D35* 26.20 2.79 360.0 3.03 388.94 0.91 0.92 
D36* 30.41 5.84 344.0 5.06 312.63 1.15 1.10 
D37• 30.41 5.94 336.66 6.83 401.07 0.86 0.83 
D38* 21.79 3.14 186.0 2.86 168.20 1.09 1.10 
D39* 21.79 3.05 180.0 2.91 17 1.28 1.04 1.05 
D4o· 36.41 4.22 346.66 3.89 332.25 1.08 1.04 

Mean (!l) for (exp)/(cal) 1.002 1.006 
Standard Deviation (cr) for (exp)/(cal) 0.181 0.115 

Coefficient of Variance (cr/~) for (ex E)/( cal)% 18.03 11.44 
• Experimental Investigation Conducted by Chinn et al., 1955 [98] 
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Table 6.2- Comparison between the Experimental and predicted values of Usp. and !s 

(High Strength Concrete Specimens) 

Specimen No. ! c'· MPa Tsp(exp)• MPa fr(exp)• MPa rsJ>(caiJ• MPa fr(lhoJ• MPa T.rp(expf Tsp(cal) 

PC-OO-B-SP2* 65.6 8.22 401.08 9.07 434.57 0.91 

SC-05-B-SP2* 76.7 8.06 393.47 7.35 352.30 1.09 

SC-l0-B-SP2* 76.7 7.36 358.25 7.35 352.30 1.01 

SC-15-B-SP2* 67.1 7.85 383.25 6.88 329.52 1.14 

SC-20-B-SP2 • 73.5 8.17 398.53 7.20 344.87 J.l3 

PC-00-T -SP2 • 63.7 8.28 404.15 6.70 321.06 1.23 

SC-05-T -SP2* 76 7.7 375.82 7.32 350.69 1.05 

SC-IO-T-SP2* 84.9 7.23 352.8 7.74 370.66 0.93 

SC- 15-T-SP2' 83.4 7.07 345.15 7.67 367.37 0.92 

SC-20-T -SP2 • 84.3 7.2 351.37 7.71 369.34 0.93 

PC-OO-B-SP4* 52.3 7.85 382.89 6.07 290.92 1.29 

SC- I 0-B-SP4 • 70.7 7.28 355.07 7.06 338.24 1.03 

SC-20-B-SP4 • 76.4 5.52 269.57 7.34 35 1.61 0.75 

PC-00-T -SP4 • 54.7 8.36 407.85 8.28 396.83 1.01 

SC- I O-T-SP4* 74.8 7.52 367.05 7.26 347.91 1.04 

SC-20-T -SP4 • 79.5 7.09 346.22 7.49 358.68 0.95 

Mean (J.l) for (exp)/(cal) 1.026 

Standard Deviation (cr) for (exp)/(cal) 0.134 

Coefficient of Variance ( cr/J.l) for (exp )/(cal) % 13.07 

* Experimental Investigation Conducted by Hamad and Itani, 1988 [ 102] 

Table 6.3- Comparison of expressions for Splitting bond and steel stresses 

Reference 
Mean, Jl 

Chamberlin, 1956 [99( 

Azizinamini et at., 1999 [103(* 

Normal Strength Concrete Spectmens 
•• High Strength Concrete Specimens 

1.029 

0.975 

Tst>(exp f Tsp(cal) 

Standard 
Deviation 

(cr) 

0.065 

0.156 
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Coefficient 
Mean, 

Standard 
of Variance Deviation 

(cr/J.l) % Jl (cr) 

6.35 0.996 0.064 

16.03 0.971 0.134 

.fsrexlfsrcatJ 

0.92 

1.11 

1.02 

1.16 

1.16 

1.25 

1.07 

0.95 

0.94 

0.95 

1.32 

1.05 

0.77 

1.03 

1.05 

0.96 

1.046 

0.1367 

13.06 

Coefficient 
of Variance 

(cr/Jl)% 

6.38 

13.91 
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6.5 Confinement Effect Provided by Transverse Reinforcement 

It is important for reinforced concrete members to resist splitting failure along 

longitudinal bars, as the bond stress drops dramatically once the splitting crack appears, 

unless a sufficient confinement is provided. Little evaluation for the confinement 

provided by the concrete cover and lateral reinforcement has been reported. Thus, it is 

desirable to investigate the confinement effect provided by both concrete cover and 

transverse reinforcing bars against the splitting cracks, to establish a clear understanding 

for the bond characteristics and cracking behavior. As the transverse reinforcement 

extends perpendicular to the direction of the splitting cracks, it restrains the opening of 

these cracks, thus increases the bond stress between the reinforcement and concrete, as 

illustrated in Fig. 6.9. 

The effect of transverse reinforcing bars on the splitting behavior can be incorporated 

through the addition of the forces induced in the transverse reinforcing bars due to the 

splitting action into Eq. 6.2, as illustrated in Fig. 6.9. 

These forces can be calculated by multiplying the total area of the transverse bars 

crossing the splitting cracks plane by the average transverse bars stress. 

F,rans =I: ~rans crtrans (6.20) 

where L'A1rans represents the total area of the of transverse reinforcement normal to the 

splitting cracks and contributes in resisting the splitting forces; CJu·ans = average stress 

induced in the transverse reinforcement due to splitting stresses. Thus, to calculate the 

forces developed in the transverse reinforcing bars due to applying the forces in the 
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longitudinal direction, the average stresses in the transverse bar should be measured at the 

occurrence of splitting. 

Splitting Crack 

Splitting Force Resisted by the 
Transverse Reinforcement 

Splitting Force Resisted by the 
Concrete Cover 

·· ............................. ,;::·:: ..... . 

) 

Transverse 

Fig. 6.9 Confinement Provided by the Transverse Reinforcing Bars 

The manner in which the splitting stress resistance is shared between the concrete cover 

and the transverse reinforcement along the length of a member can be expected 

considering the equilibrium of forces shown in Fig. 6.9. 

(6.21) 

where F spT is total splitting force, Fsp and Frrans are the forces induced in the concrete 

section and the transverse reinforcing bars passing through the splitting crack, 

respectively. Substituting by the values of Fsp and Frrans in Equations 6.4 and 6.20, 

respectively, into Eq. 6.21: 
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' · tr/ 2 d 
FspT = I I f sp _b COS (} .d (}. dl + LAtrans (Jtrans 

0 -tr/2 2 (6.22) 

(6.23) 

Substituting by the value of the splitting force in Eq. (6.23) into Eq. (6.1), the value of the 

oblique angle (tan a) can be expressed as: 

F.,,, + Ftruns 
tan a=---'----

F, 
(6.24) 

For the sake of simplicity, the experimental measurements are performed in the present 

experimental program to determine the average tensile stress induced in the transverse 

due to the splitting stress influences. Some strain gages are affixed to the transverse 

reinforcement to measure the value of the tensile strain induced in the transverse 

reinforcement due to the load application in the longitudinal direction for the various 

loading stages. These measured stresses induced in the transverse reinforcement at the 

splitting crack occurrence are found to be approximately (5-15) % of the yield stress of 

the reinforcing bars f y· Thus, on average (J1rans can be assumed as 10% jy. 

To verify the confinement effect provided by the transverse reinforcement, the 

experimental program conducted by Hamad and Machaka, 1999 [105] is used in the 

present study. Table 6.4 presents a comparison between the experimental and predicted 

values of the bond splitting and steel stress at the splitting crack occurrence. It is quit 

clear that the transverse reinforcement enhance the splitting bond resistance of concrete; 

also there is a good agreement between the experimental and the predicted values for the 

bond strength and the steel stress at the splitting crack failure. 
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Table 6.4 Transverse Reinforcement confinement effect on the Splitting bond resistance 

Specimen No. f c·, MPa rsp(q!)> M Pa fsleXJ!)• MPa l sp(ccll)• MPa f ,uho)•MPa lSf!(t.q,J r.,p(ca/) f,(exl fs(cal) 

coso· 46.7 7.14 348.6 6.40 312.45 1.12 1.12 

c1so· 51.4 7.87 384.2 7.06 344.71 1.12 1.11 

c2so· 65 8.98 438.1 8.06 393.72 1.15 1.11 

c3so· 65.1 10.11 493.2 9.08 443.52 1.12 1.12 

cos8' 92.8 6.44 314.3 5.78 282.25 1.12 1.13 

CIS8' 75.9 7.48 365 6.71 327.85 1.14 1.13 

C2S8' 80.2 8.16 398.3 7.33 358.01 1.11 1.12 

C3S8' 75 .6 8.98 438 8.07 393.83 1.13 1.12 

COSI6' 85 .6 5.16 252 4.62 225.84 1.11 1.13 

CIS16' 98.4 8.84 285.2 7.21 352.21 1.22 0.81 

C2S16' 96.2 8 390.6 8.30 405.07 0.96 0.97 

C3S16' 81.3 8.99 438.5 8.93 436.11 1.01 1.05 

Mean(!!) for (exp)/(cal) 1.102 1.067 

Standard Deviation (cr) for (exp)/(cal) 0.064 0.0957 

Coefficient of Variance (cr/J!) for (exp)/(cal)% 5.78 8.94 

'Experimental Investigation Conducted by Hamad and Machaka, 1999 [105] 

6.6 Tensile Strength of Reinforced Concrete Panels under Biaxial Loading 

Most of the existing research work and design equations for estimating the tensile 

strength of concrete consider only the applied load in uniaxial direction and tend to 

ignore the influence of biaxial loading that is the case in some structures such as offshore 

oil platforms, liquefied natural gas structures and containment structures for nuclear 

power plants. 

In attempts to understand how the cracking behavior will be influenced by applying the 

tension loads into two perpendicular directions, an extensive experimental program was 

conducted in the present study to investigate the cracking behavior of reinforced concrete 
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panels with different concrete strength under axial tension (uniaxial and/or biaxial) to 

provide a clear understanding of the response of cracked concrete. One of the main goals 

of the present study is to develop a design equation for the tensile strength of concrete 

subjected to biaxial loading condition, to be more robust and practical for such structures 

subjected to biaxial tension stresses. Fig. 6.10 shows the normal and splitting stresses 

distribution, as it is assumed that splitting stresses are uniformly distributed along the 

reinforcing bars. 

' I . ' I . ' 

Sec. I 
Zt X 

~-r::~·y ···· · ···· · ··· · · ··· ·· ·· · ·····• • l t~::=~~ft' (, (a) Axial Stress Distribution 

f r p 
A8[1 +(n - l )p] 

(b) Splitting Stress Distribution 
(J,P = F,/A,1,) 

Fig. 6.10 Stress Distribution for a Specimen under Biaxial Loading 

For the normal strength concrete specimens (Eq. 4.9), the average of the cracking stress is 

found to be related to the square root of the cylinder compression strength as: 

l=0.34fi (6.25) 
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The cubic root of the compressive stress (f/') provides a good representation of the 

tensile strength for the high strength concrete as shown in the following equation (Eq. 

4.10): 

(6.26) 

where, ~is a coefficient ranging from (0.6- 0.7). 

However, for panels subjected to biaxial loading, beside the primary effect of axial 

stresses form the applied load in the longitudinal direction, there is an additional stress 

component effect due to the influence of the splitting forces radiating from the 

reinforcing bars running in the perpendicular direction, as shown in Fig. 6.1 0. 

Based on the experimental results, it can be observed that applying the load in biaxial 

direction reduced the concrete cracking strength and cracking load. The tensile strength 

of concrete panel subjected to biaxial loading is found to be (95% - 85 %) of the tensile 

strength of the identical panel subjected to uniaxial loading condition, this effect is 

mainly due to the influence of splitting stress, as presented in Table 6.5. 

The variation of the factor a.1rans. that reflects the influence of the splitting stresses, is 

significantly influenced by the ratio of d!IPeff· The higher the value of d!IPeff ratio, the 

more influence for the splitting stresses is observed. For panel HS-B-20-2.5-6 subjected 

to biaxial loading with d!IPeff=100 em, the splitting stresses causes a small reduction in 

the concrete cracking strength_t;', compared with the identical panel (H-U-20-2.5-6) under 

uniaxial loading, and hence the value of the factor a.1rans is found to be equal to 0.955. 

However, panel HS-B-30-2.5-6 with d!IPeff ratio equal to 250 em shows an obvious 

reduction in the cracking load and the cracking strength of concrete thanks to the splitting 
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stresses effect, and the value of a1rans is found to be equal to 0.86. Assuming a linear 

relationship between the factor O.rrans and di/Peff ratio, see Fig. 6.11, this relationship can 

be expressed as follows: 
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Fig.6.11 Relation between the Reduction factor a. and the Bar Diameter d 1/Peff 

(27) 

Thus, to account for the influence of splitting cracks on the tensile strength of the 

reinforced concrete panels, an additional factor O.rrans is introduced into Eqs. (6.25) and 

(6.26), giving the following equations to calculate the value tensile strength for reinforced 

concrete members subjected to biaxial loading: 
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!,' =0.3397 a,rans .Jf: For normal strength concrete (6.28) 

+' = fJ a 3 r7f· For high strength concrete J 1 trans 'J J c 
(6.29) 

Validation of the model is based on data that is collected during the test program 

conducted in the present study, as well as the test data available in the literature [81], as 

presented in Table 6.5. 

Table 6.5: Comparison of Tensile Strength between the Proposed Design Equations and 

the Experimental Results 

Specimens Tensile frrcal) Tensile 

s Specimens 
Dimensions f c' • dt/p,ff Strength Eq.28, 29 Strength rJ,rrx-frrcatJl l 

Symbol (mm) MPa (em) 
f ,r,xJ (MP) 

MPa Reduction frrcal)% 
% 

I NS-U-15-2.5-6 40 
125 

2.1 2.15 
8.5 

2.4 
2 NS-B- 15-2.5-6* 35 1.92 1.96 2.3 
3 HS-U-15-2.5-6* 90 

125 
3.2 3.15 15 2 

4 HS-B-15-2.5-6* 75 2.72 2.88 5.5 
5 HS-U-20-2.5-6* 

600x600xl90 
75 3.1 2.95 4.5 

6 HS-B-20-2.5-6* 75 
166 

2.96 2.78 
4.5 

6 
7 HS-U-20-2.5-4* 80 

200 
3 3.01 

10 
0.6 

8 HS-B-20-2.5-4* 70 2.7 2.78 2.8 
9 HS-U-25-2.5-6 75 

210 
2.71 2.74 

12 
1.2 

10 HS-B-25-2.5-6* 65 2.36 2.35 0.2 
11 HS-U-25-1.5-6* 900x900x260 75 2.7 2.74 1.5 

12 HS-B-25-1.5-6* 70 
210 

2.46 2.41 
9 

2 

13 HS-U-30-2.5-6 65 2.45 2.61 6 

14 HS-B-30-2.5-6* 
900x900x380 

65 
250 

2.1 2.26 
14 

7.6 

15 CL-U-Rl-1 •• 44 1.98 1.96 1.5 

CL-B-RI-1 •• 
330 8 

16 
1500x 1500x380 

44 1.65 1.78 7.8 

17 CL-U-R2-1 •• 46.2 
230 

1.9 2.05 8.5 
CL-B-R2-l •• 

25 
18 43.4 1.4 1.8 28 
~rrent Experimental Program, Experimental Program Conducted by Cho et al., 2004 [81]. 

6.7 Numerical Example 

Sample calculations using the proposed model for the bond stress are presented for the 

experimental program conducted by Abrishami and Mitchell, 1992 [26]. In this 
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experimental study, the bond stress versus slip response was studied, as well as, the 

investigation of both pull out and splitting failures. 

The following numerical example shows the estimated and the measured value for the 

bond strength for specimen 35A. 

Concrete compressive Strengthfc' = 25 MPa, 

Bar diameter db= 35 rnm 

Specimen diameter = 150 rnm 

Specimen length= 300 mm 

Based on the proposed model, the value of the bond stress for normal strength concrete 

can be estimated according to Eq. (6.21) as follows: 

A C 1 - 1.81 ~ 
t' . =18.3 ___!!__(---) +' e vd. 

·'P A d 2 Jr 
b b 

r . =18.3 57·5 x 300 ( 75 _ _!_)x1.73x e - 1.
81 p;f = 2.67 MPa 

·'P trx35x300 35 2 

The value of the measured bond stress according to the experimental results was found 

equal to 3.0 MPa. Thus, the proposed model can be used as a simple and practical design 

equation to predict the expected value of splitting bond stress. 

Using the same manner, the value of the bond stress for different specimens in that 

experimental program, can be estimated, considering the expected value for the bond 

stressfh in Eq. (6.21), as shown in Table A-1. 
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Table 6.6 Experimental and Theoretical Values for Tensile Strength of Concrete 

Specimen 
Cylinder 

db Bond Stress Tsp(cal) Eq.J6 rfr!rx·fr(ca/)]1 s Diameter/Length 
Symbol mm/mm Tsp(ex) (MP) MPa f r(cal)% 

1 35A 150/300 35 3.0 2.67 15 
2 35B 200/300 35 3.6 3.46 7.7 
3 30B 200/300 30 4.0 3.83 10.7 
4 20A 150/300 20 4.2 4.10 5.1 
5 20B 200/300 20 5.6 4.85 7.1 
6 15C 200/100 16 5.3 4.70 8.1 

Mean (!!) for (exp)/(tho.) 1.09 

Standard Deviation (cr) for (exp)/(tho) 0.054 

Coefficient of Variance (cr/~-t) for (exp)/(tho) % 4.93 

6.8 Summary 

A model to predict the effect of the splitting stresses, caused by bond action between the 

uncracked concrete and deformed bars, on the cracking behavior of orthogonally 

reinforced concrete panels subjected to in-plane axial stresses, is developed. This model 

considers the influence of confinement provided by the tensile strength of concrete cover 

and the transverse reinforcing bars perpendicular to the direction of splitting cracks 

propagation. Furthermore, this study is extended to provide design equations for 

evaluating the tensile strength of normal and high strength reinforced concrete thick 

plates subjected to biaxial tension loading condition, considering the secondary effect of 

the splitting stress on the cracking behavior of these members. The comparison between 

the predicated results of the concrete tensile strength and the corresponding measured 

data obtained experimentally reveals a favorable agreement. 
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Chapter 7 

Estimate of Crack Spacing and Width 

7.1 General Remarks 

Cracking in reinforced concrete structures is unavoidable due to the low tensile strength 

of concrete. To provide a reasonable crack control, the concrete structures are designed 

based on the available equations and guidelines prescribed in various building codes. 

Most of the available expressions for crack spacing and width were developed for 

building structures of normal-strength concrete and normal concrete cover. However, 

most of the offshore structures are built using high-strength concrete with thick concrete 

cover as these structures are constantly exposed to harsh environmental conditions. 

In the first part of this chapter, a practical and new analytical model that is capable of 

predicting the crack spacing of orthogonally reinforced concrete plate elements is 

developed. The major parameters influencing the cracking behavior of reinforced 

concrete members, such as the tensile strength of concrete, reinforcement ratio, bar 

diameter and spacing in both longitudinal and transverse directions, are also considered. 

A reinforced concrete plate element is studied using equilibrium and compatibility 

equations to formulate the average stresses of steel and concrete. A series of verification 

comparisons with the experimental investigation conducted in this study, as well as the 

previous experimental work that involved various types of structural elements and 

loading conditions, are performed to measure the validity and reliability of the model. 
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The second part of this chapter investigates the cracking behavior of several thick high 

strength reinforced concrete plates. The experimental results raise questions about the 

variations in the crack widths that propagate in the transverse direction. An analytical 

model is proposed for estimating the variations in the primary crack opening along the 

length of the crack that occurs in thick high strength reinforced concrete panels subjected 

to axial loading. The main objective of this investigation is to provide a theoretical 

estimate for the crack width due to axial loading, and also ways to ensure the control of 

crack openings in designing thick high strength reinforced concrete structures subjected 

to in-plane axial stresses. The main objective is then extended to investigate the effects of 

factors that primarily have a profound influence on the expected value of crack widths, 

such as spacing between the reinforcing bars, and the concrete cover. 

7.2 Analytical Model Formulation for the Crack Spacing 

For a reinforced concrete member that is subjected to axial force or a bending moment; 

the member is free from cracks as long as the stress in the concrete never exceeds its 

tensile strength. When the tensile strength in concrete is exceeded, primary cracks are 

formed in a region of maximum tensile stresses when the external loads reach the 

cracking load. At the location of a crack, the tensile stress is assumed to be resisted 

completely by the reinforcement, where the concrete stress is zero at the crack location. 

When a segment of reinforced concrete panel is subjected to axial tension loading that is 

greater than the cracking load Per. as illustrated in Fig. 7.1(a), the idealized cracked panel 

is assumed to consist of the effective tensile area of concrete Ac1, and reinforcing steel 
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area Asr· In a section situated between two cracks, the bond between the concrete and 

reinforcing bars restrains the elongation of the steel and the compatibility between the 

reinforcing bars and the surrounding concrete is assumed, thus, a pa1t of the tensile force 

in the reinforcement at the crack is transmitted to the concrete situated between the 

cracks. 

The equilibrium of a segment of the longitudinal chord representing the tensile zone 

between two consecutive cracks subjected to an axial tensile force Pis studied; the length 

of the segmentS represents the crack spacing. 

The free body diagrams of the steel reinforcement and concrete elements are shown in 

Fig. 7.1(b). The equilibrium for the free body of differential steel of length dx is: 

da,. _ Jr ¢1 rb 4rh 

dx - Jr ¢
1
2 I 4 ¢

1 

(7.1) 

(7.2) 

Fig. 7(c) shows a pa1t of the concrete panel and the layout of the reinforcement in the 

directions X and Y. As a result of presence of the reinforcement in two perpendicular 

directions, and considering the a firm connection between the longitudinal and transverse 

reinforcements, when the load is applied in the longitudinal direction, the bars in the 

longitudinal bars are stretched and concrete bond mechanism in the longitudinal direction 

is considered plus the contribution of the transverse bars in the perpendicular direction 

through the assumed bearing against the surrounding concrete (Desayi and Kulkarni, 

1976) [106]. 
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The crack will form over in the transverse direction, when both of the bond force and the 

bearing force of the transverse bars exceeds the maximum tensile capacity of concrete. 

The crack is located at a distance X=S (the spacing between cracks). Considering uniform 

stress distribution along the concrete cross section (Desayi and Kulkarni, 1976) [106], the 

equilibrium of forces acting on the concrete segment can be written as follows: 

(7.3) 

(7.4) 

(7.5) 

(7.6) 

where !bb is the bearing stress due to the presence of the transverse reinforcement 

extended in Y-direction, r b is the bond stress at steel-concrete interface, Peff is the effective 

reinforcement ratio (ratio of the tensile reinforcement area to the area of the effective 

concrete in tension), 0 1 is the longitudinal bar diameter, 0 2 is the transverse bar diameter, 

S1 is the longitudinal bar spacing, and S2 is the transverse bar spacing. For simplicity, it is 

assumed that on average, this bearing stress !bb on all bars placed in both directions X and 

Y is half of the tensile strength concrete (Desayi and Kulkarni, 1976) [106]. 
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Gilbert, 2006; 2008 [70, 71] proposed that Tb = a1a2l. where a , depends on the steel 

stress at the crack (and varies from 3.0 at low stress levels to 1.0 at high stress levels); 

and where a2 = 1.0 for short-term calculations and a2 = 0.5 for long-term calculations. 

Short-term calculations are considered is the present investigation to study the cracking 

response of the concrete plates. For short-term calculations, the bond stress Tb = (2.2-2.5) 

l. Concrete tensile stresses (Jc in Eq. 7.6 cannot be greater than the direct tensile strength 

j,', so the requirement should be satisfied for the maximum crack spacingS= S max, which 

will occur when the concrete stress (Jc= las presented in the following equations: 

(7.7) 

Therefore, the maximum crack spacing in a fully developed pattern may be expressed as: 

(7.8) 

As loading is increased, additional cracks will form and the number of cracks will be 

stabilized when the stress in the concrete no longer exceeds its tensile strength at further 

locations regardless of load increase. This condition basically produces the absolute 

minimum crack spacing that can occur at high steel stresses; termed here as stabilized 

crack spacing Gilbert, 2006 [70]. In this research, the stabilized crack spacing is assumed 

to be expressed as: 

(7.9) 

168 



where "A is a factor that represents the ratio between the stabilized crack spacing at high 

steel stress value and the maximum crack spacing at the primary crack formation stage 

and it is assumed to be equal to 0.67 (Marti et al., 1997) [107, 108]. 

The proposed model presented in Eq. (7.9) takes the effect of transverse steel 

reinforcement bar diameter, and the bar spacing in both perpendicular directions into 

account. 

7.3 Comparison with Experimental Results 

A series of verification tests, involving various types of structural elements and loading 

conditions, is conducted to measure the reliability of the model. The selection of the test 

series was based so that the test must allow the verification of the model in various 

loading conditions for thick normal and high strength concrete structures that is the case 

for offshore and nuclear power plants structures. The selected tests involve direct tension 

tests conducted in the present research as well as the previous experimental work 

conducted by Rizkalla et al., 1984 [61, 62]. Also, the accuracy of the model is verified 

using laterally loaded thick slabs experimental data conducted by Hossin and Marzouk, 

2006 [109]. 

7.3.1 Direct Tension Tests 

Table 7.1 shows a comparison of the average crack spacing of thick plates tested in the 

present study, between the results of the experimental work and the analytical model 

proposed in Eq. (7.9) next to the previously proposed equations in Eq.(2.7); (2.9); and 
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(2.10) proposed by Leonhardt, 1977 [67]; Beeby, 1972 [68]; and Rizkalla et al., 1984 

[61], respectively. Statistical comparison study is presented in Table 7.1 between the 

proposed model in Eq. (7.9) and the previously developed model by Beeby, Leonhard, 

and Rizkalla, at the stabilized crack pattern. 

Furthermore, the proposed Eq. (7.9) is used to predict the value of the crack spacing for 

previous experimental work on uniaxially loaded slabs conducted by Rizkalla et al., 

1983; 1984 [61, 62], as presented in Table 7.2. 

Table 7.1: Measured and Calculated Average Crack Spacing of Reinforced Concrete 
Plates under Axial Loading, (Current Ex,Eerimental Investigation) 

Specimen Specimen Measured Beeby Sb Leonhard SL Rizkalla Proposed 

Serial Number Average Crack Equation Equation Equation ModelS 
SEacing (mm) (mm) (mm) (mm) (mm) 

NS-U-15-2.5-6 151 139.9 203.3 178.9 155.9 

2 NS-B 1-15-2.5-6 144 139.9 186.1 178.9 148.5 

3 HS-U-15-2.5-6 152 139.9 238.9 178.9 166.9 

4 HS-B1-15-2.5-6 151 139.9 211.9 178.9 157 

5 HS-U-20-2.5-6 150 133.2 172 197.2 156.6 

6 HS-B 1-20-2.5-6 148 133.2 159.5 197.2 147.2 

7 HS-U-20-2.5-4 240 186.5 268.3 261.2 250 

8 HS-B 1-20-2.5-4 275 186.3 245.3 261.2 265 

9 HS-U-25-2.5-6 270 233.2 318.8 322.2 310 

10 HS-B 1-25-2.5-6 290 233.2 288.5 322.2 320 

11 HS-U-25-1.5-6 240 200 304.8 289 260 

12 HS-B 1-25-1.5-6 285 200 293 .8 289 275 

13 HS-U-30-2.5-6 290 279.8 369.2 393.8 340 

14 HS-B 1-30-2.5-6 305 279.8 339.6 393 .8 310 

15 HS-U-30-1.5-6 230 239.9 357.5 353.9 300 

16 HS-B2-25-2.5-6 290 233.2 277.5 322.2 286.9 

17 HS-B3-25-2.5-6 295 233.2 270.4 322.2 286.9 

18 HS-B4-25-2.5-6 300 233.2 270 322.2 286.9 

Mean (!!) for Sm(ex/Sm(tho.) 1.176 0.881 0.849 0.967 

Standard Deviation (cr2
) for Sm(exYSm(tho) 0.138 0.154 0.097 0.07 

Coefficient of Variance (cr2
/ !!) for Sm(exYSm(tho) 11.7% 17.5% 11.4% 7.2% 
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Table 7.2: Measured and Calculated Average Crack Spacing of Reinforced Concrete 
Plates under Axial Loading (Rizkalla et al., 1984 [61]) 

Beeby Sb 
Leonhard Rizkalla Proposed Specimen Specimen Measured Average SL 

Serial Number Crack spacing (mm) Equation Equation 
Equation ModelS 

(mm) (mm) (mm) (mm) 

1 •• Slab #1 96.01 86.9 142.8 102.36 96.91 

2** Slab #2 103.89 86.9 139.2 99.31 123.3 

3** Slab #3 137.16 112.3 163.6 131.32 121.2 

4 •• Slab #4 101.85 112.3 162.1 129.54 11 1 

5 •• Slab #5 155.7 112.3 162.6 126.24 112.5 

6** Slab #6 129.79 112.3 162.1 126.49 116.8 

7** Slab #7 123.7 112.3 162. 1 123.19 133.3 

Mean ().!) for Sm(ex/Sm(tho.) 1.153 0.772 1.011 1.00 

Standard Deviation ( cr2) for Sm(ex/Sm(lho) 0.145 0.109 0.134 0.11 

Coefficient of Variance (cr2
/ ).!) for Sm(ex/Sm(tho) % 12.6 14.1 13.3 11.0 

Experimental Program Conducted by Rizkalla et al, 1984 [61]. 

This is to ensure the suitability of the proposed model for evaluating the value of the 

average crack spacing for both thick and thin reinforced concrete members under axial 

loading conditions. 

7.3.2 Reinforced Thick Reinforced Concrete Members under Punching Load [109] 

A series of two-way reinforced thick concrete slabs were tested under punching load by 

Hossin and Marzouk, 2006 [109]. This experimental testing program was designed to 

examine the influence of the concrete cover and bar spacing of normal and high strength 

concrete on the cracking behavior. A total of eight concrete slabs were tested. Five high 

strength concrete slabs (HSC) and three normal strength concrete slabs (NSC) were 
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selected for the experimental investigation of the cracking behavior study as presented by 

slabs 1 through 8 as shown in Table 7.3. The variables considered in that experimental 

investigation were the concrete cover, slab thickness, and bar spacing for normal- and 

high-strength concrete. The selected dimensions for the experimental testing were typical 

of those for possible use in Canadian offshore applications. 

Table 7.3: Measured and Calculated Average Crack Spacing of Reinforced Concrete 
Members Loaded laterally (Rossin and Marzouk, 2006 [109]). 

Specimen Specimen 
Measured Average Beeby Sb Leonhard SL Rizkalla Proposed 

Crack spacing Equation Equation Equation ModelS 
Serial Number 

(mm) (mm) (mm) (mm) (mm) 

I • Slab NSCl 134 99.52 161.56 188.52 121 

2* Slab NSC2 223 173.82 218.42 212.82 235.3 

3* Slab NSC3 239 221.2 275.48 235.2 252.2 

4. Slab HSC1 171 126.12 172.7 21.5.12 142. 1 

5. Slab HSC2 185 139.42 174.19 228.42 154.2 

6* Slab HSC3 163 119.47 204.71 208.47 161.4 

7* Slab HSC4 172 139.26 243.18 228.26 165.5 

8* Slab HSC5 120 96.15 184.12 135.15 11 2.3 

Mean (!l) for Sm(ex/Sm(tho.) 1.28 0.86 0.85 1.02 

Standard Deviation (cr2
) for Sm(ex/Sm(tho) 0 .094 0.149 0.123 0.06 

Coefficient of Variance (cr2
/ !l) for Sm(ex/Sm(tho) 0.073 0.172 0.145 0.059 

Experimental Program Conducted by Rossin and Marzouk, 2006 [105] 

Tables 7.1 through 7.3 show a comparison between the proposed model in Eq. (7.9) 

versus different approaches for calculating crack spacing of reinforced concrete 

structures. This is to check the suitability of such expressions for evaluating the crack 

spacing of offshore structures that require using high strength concrete sections and thick 

concrete covers. 
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Based on the comparisons presented in Tables 7.1 through 7.3, the model proposed by 

Leonhardt in Eq. (2.6) overestimates the value of the crack spacing. However, the 

approach suggested by Beeby in Eq. (2.8) underestimates the value of the crack spacing 

when it is compared with the experimental results. Thus, it might be concluded that 

neither of these two expressions is accurate enough to predict the value of the crack 

spacing of the offshore structures that include the presence of transverse reinforcement 

and a thick concrete cover. The model recommended by Rizkalla eta!., 1984 [61] in Eq. 

(2.10) offers reasonable results as the reinforced structures have a small bar diameter, 

such as 10 rnm and 15 mm. However, when a higher bar diameter, such as 20, 25, 30 mm 

is used, the model starts to overestimate the value of the crack spacing, since the first part 

in Eq. (2.10) [5(db- 7.2)] is sensitive to the effect of increasing the bar diameter. The 

equation is very sensitive to the effect of the bar diameter. Thus, when a higher bar 

diameter is used, the final value of the crack spacing is relatively high in comparison to 

the experimental value. For all of the studied cases, the proposed model in Eq. (7.9) in 

this study has a satisfactory performance as it is compared with the measured crack 

spacing. 

7.3.3 Comparison of Experimental versus Different Codes Approach for Crack 

Spacing 

One of the main objectives for this investigation is to check the applicability of the 

various approaches in the different code provisions for calculating the value of crack 

spacing, by comparing the calculated value of the crack spacing according to different 
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code equations and the proposed model with the experimental results for various concrete 

members. The test results will be evaluated with regards to available codes, such as: 

Canadian offshore CSA code S474 (CSA-04) [74], Norwegian Code 3473E (NS-92) [75], 

European Committee for Standardization Eurocode 2 (EC2-2004) [76], ACI Committee 

318-01 [73] and the European CEB-FIP model code (CEB- 90) [44]. The average crack 

spacing measured at each experiment is considered and presented in Tables 7.4 through 

7.6 along with numerical estimations of other international codes. 

Table 7.4: Measured and Calculated Average Crack Spacing, (Current Experimental 
Investigation) 

Specimen 
Measured 

CSA NS EC2 CEB-FlP ACI 
Proposed 

Serial 
Specimen Number Average Crack 

(mm) (mm) (mm) (mm) (mm) 
ModelS 

spacing (mm) (mm) 

NS-U-15-2.5-6 151 230 230 285 230 212 155.9 

2 NS-B 1-15-2.5-6 144 230 230 285 230 212 148.5 

3 HS-U-15-2.5-6 152 230 230 285 230 212 166.9 

4 HS-B 1-15-2.5-6 151 230 230 285 230 212 157 

5 HS-U-20-2.5-6 150 230 230 280 185 250 156.6 

6 HS-B 1-20-2.5-6 148 230 230 280 185 250 147.2 

7 HS-U-20-2.5-4 240 325 325 480 305 360 250 

8 HS-B 1-20-2.5-4 275 325 325 480 305 360 265 

9 HS-U-25-2.5-6 270 390 390 515 385 390 310 

10 HS-B 1-25-2.5-6 290 390 390 515 385 390 320 

II HS-U-25-1.5-6 240 340 340 450 345 335 260 

12 HS-B 1-25-1.5-6 285 340 340 450 345 335 275 

13 HS-U-30-2.5-6 290 460 460 635 460 424 340 

14 HS-B 1-30-2.5-6 305 460 460 635 460 424 310 

15 HS-U-30-1.5-6 230 400 400 475 355 350 300 

16 HS-B2-25-2.5-6 290 400 400 475 355 350 286.9 

17 HS-B3-25-2.5-6 295 400 400 475 355 350 286.9 

18 HS-B4-25-2.5-6 300 400 400 475 355 350 286.9 
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Table 7.5: Measured and Calculated Average Crack SEacing, (Rizkalla et al., 1984 [61]) 

Specimen Specimen Measured 
CSA NS EC2 CEB-FIP ACI 

Proposed 

Serial Number 
Average Crack (mm) (mm) (mm) (mm) (mm) ModelS 
seacing (mm) (mm) 

Slab#! 96.01 92.26 89.39 119 88.9 122.7 96.91 

2 Slab #2 103 .89 92.62 89.39 119 88.9 122.7 123.3 

3 Slab #3 137.16 130.4 127.5 211.7 125.9 188.5 121 .2 

4 Slab #4 101.85 130.4 127.5 211.7 125.9 188.5 11 I 

5 Slab #5 155.7 130.4 127.5 211.7 125.9 188.5 11 2.5 

6 Slab #6 129.79 130.6 127.5 211.7 125.9 188.5 116.8 

7 Slab #7 123.7 130.6 127.5 211.7 125.9 188.5 133 .3 

Table 7.6: Measured and Calculated Average Crack Spacing, (Rossin and Marzouk, 2006 
[109]) 

Specimen Specimen 
Measured 

CSA NS EC2 CEB-FIP ACI 
Proposed 

Serial Number 
Average Crack 

(mm) (mm) (mm) (mm) (mm) 
ModelS 

SEacing (mm) (mm) 

Slab NSCI 134 127 127 93 78.2 192 121 

2 Slab NSC2 223 203 203 163 189.8 268.3 235.3 

3 Slab NSC3 239 223 223 195 143.3 264 252.2 

4 Slab HSC1 171 167 167 137 69.3 250 142.1 

5 Slab HSC2 185 187 187 11 8 67.6 283 154.2 

6 Slab HSC3 163 148 148 109 109.5 233.2 161.4 

7 Slab HSC4 172 170 170 123 130.9 277.3 165.5 

8 Slab HSC5 120 139 139 Ill 83.3 156.2 11 2.3 

Tables 7.4 through 7.6 show that both CSA and NS code approaches for calculating the 

crack spacing fail to take the effect of the transverse reinforcement into consideration, 

and that is the reason for giving the same value for crack spacing for some slabs with 

different transverse bar spacing. 
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With regards to the EC2 code, in spite of its simplicity in calculating the value of the 

crack spacing, it is obvious in Table 7.4 that this code equation overestimates the 

calculated value for the crack spacing when using a thick concrete cover of 50-60 mm 

for offshore structures. 

The CEB-FIP code equation gives reasonable values for both pure tension and flexural 

specimens with a normal concrete cover of 20-35 mm. However, for specimens with 

thick concrete covers, the CEB-FIP equation overestimates the value of the crack spacing 

where the effect of the concrete thick cover is not taken into consideration, as shown in 

Tables 7.4 and 7.5. 

In general, the calculated average crack spacing is higher than the actual test results for 

the HSC plates with thick concrete cover, and as both the concrete cover and bar spacing 

increa e, the crack spacing increases theoretically and experimentally. All of the previous 

code equations ignore the effect of the transverse reinforcement on the cracking behavior 

of the reinforced concrete structures. 

7.4 Crack Width Model for Thick Reinforced Concrete Plates 

The use of thicker concrete covers has been increasing due to durability concerns, where 

the durability of reinforced concrete is of prime interest in the designing of offshore 

structures and containment structures for nuclear power plants. The question arises 

whether current design provisions for evaluating the crack width applicable for thick 

concrete structures subjected to in plane axial stresses. This study develops a model for 

evaluating crack widths for thick reinforced concrete plates subjected to axial loading. 
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The calculation procedure is supported by an evaluation of existing test data. Based on 

this procedure, analyses that investigate the primary crack width variation along its length 

are conducted, as well as parameters necessary to control the primary crack opening 

under the serviceability limit. Meanwhile, the available codes such as the Canadian 

Standards Association (CSA) offshore code CSA-S474-04 (CSA-2004) [74], Norwegian 

Council for Building Standardization code 3473E (NS-1992) [75], the European 

committee for standardization Eurocode 2 (EC2-2004) [76], ACI Committee 224R-01 

[73], and the Comite Euro-Intemationale du Beton et Federation Intemationale de la 

Precontrainte model code MC 90 (CEB-FIP 1990) [44], are used to evaluate the average 

crack width for thick concrete plates compared with the measured experimental results . 

7.4.1 Crack Width Variations 

Most of the existing design equations for predicting crack width evaluate the average or 

maximum value as a function of the average crack width, ignoring the variations in the 

crack opening along the length of the crack. Crack width variations reflect the need to 

adjust the spacing between the longitudinal reinforcing bars and concrete cover thickness, 

so as to provide proper cracking control of reinforced concrete structures. 

Based on the experimental results conducted in the present research, the minimum value 

of the crack opening for a primary crack is obtained over the location of the longitudinal 

bars. The width of the crack that propagates perpendicular to the principal stress direction 

increases with increasing the distance from the longitudinal reinforcing bars until it 

reaches its maximum value at the mid-distance between the longitudinal bars, as shown 
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in Fig. 7.2. The measured maximum and minimum crack widths, as illustrated in Fig. 7.2 

for a typical panel, are compared to the average crack width for each panel in the 

experimental program conducted in this study for the various levels of steel stresses. The 

ratios of W 111a./Wave and W111;,/Wave are found to be approximately 0.7 and 1.3, respectively, 

as shown in Fig. 7.3. These values emphasize the nature of the variation of the crack 

opening along the primary cracks and introduce the range within which the prediction of 

the crack width could be acceptable for reinforced concrete thick plates subjected to axial 

loading. Thus, the measured maximum value of the crack opening at the mid-distance 

between the longitudinal bars reaches approximately 1.3 of the average crack width, 

however, the minimum value of the crack width over the bar location is approximately 

0.7 of the average crack width. 

Expressing the variation of the crack opening along the length of the crack, factor (x is 

introduced into the equation for calculating the value of the average crack width. Thus, a 

relevant crack model that allows the calculating of the crack width at any location along 

the length of the crack of reinforced concrete panels subjected to axial loading is 

provided, so that it is possible to construct a profile for the primary crack. Measuring the 

value of the crack opening at different locations reveals that the exponential equation is 

the best function for simulating crack width variations at different locations from the 

longitudinal bar reinforcement, as shown in Fig. 7.2. Thus, the value of (x can be 

expressed as shown in the following equation: 

(7.10) 

Figure 7.2 shows that can be expressed as follows: 
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e sb -2x sb 
tan 

2
C then x = 2 -c tan(} (7.11) 

Substituting by the value of x in Eqs (7 .11) into Eq. (7 .1 0), the value of ~x can be 

expressed as: 

s 2 
- B (C tan 8-___!!_) 

~x =Ae 2 

where Cis the concrete cover; and Sb is the spacing between the reinforcing bars. 

(7.12) 

Calibrated experimentally, consider that the boundary conditions control the primary 

crack width profile, as follows: 

At x = 0, tan e = St/2C and ~x = 1.3 (7.13) 

At x = St/2, tan e = 0 and ~x = 0. 7 (7.14) 

Substituting the boundary conditions presented in Eqs. (7.13) and (7.14) into Eq. (7.12), 

the values of A and B can be expressed as: 

A= 1.3, B= 
2
·; 

sb 

Thus, 

2.5 s" 2 
--(Ctan8--) 

c;x=l.3e s,~ 2 

(7.15) 

(7.16) 

Fig. 7.4 presents the variations in the value of ~x by changing the distance from the 

longitudinal bar. It also shows the expected variations in the crack width along its length, 

where the crack width reaches its maximum and minimum values at mid-distance 

between the adjacent reinforcing bars, and over the center line of the longitudinal 

reinforcement, respectively. 
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Fig. 7.3 Comparison between Maximum, Minimum, and Average Measured Crack Width 

The average crack width can be estimated by the following expression in Eq. (7.17) for 

the crack runs in a direction that is perpendicular to the main reinforcement in members 

subjected to an axial force. In this equation, it is assumed that the elongation of the 

concrete between two adjacent cracks is small enough to be neglected as it is compared 

with the elongation of the reinforcing bars. Then, the average crack width can be 

evaluated by the following equation: 

(7 .17) 

where Sm is the average spacing between cracks; esm is the average increase in the strain 

of the reinforcement relative to the adjacent concrete. 
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To determine the local value of the crack opening over the length of the crack between 

the longitudinal reinforcing bars in a concrete member subjected to axial loading 

conditions, it is necessary to consider the factor ~XI as it reflects the effect of the 

longitudinal reinforcing bar on the values of the crack width. Thu , the value of the local 

crack width at any location along the length of the crack can be expressed as: 

(7 .18) 

The average crack width Wm is equal to the average crack spacing Sm. which can be 

evaluated based on Eq. (7.9), times the average increase in strain of reinforcement 
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relative to the adjacent concrete (esm). The average strain increase m steel can be 

estimated as follows: 

(7.19) 

(7.20) 

where e52 is the calculated strain in the steel calculated for a transformed section in which 

the concrete in tension is ignored (state 2) and neglecting the contribution of concrete 

tension stiffening. Variable (is a strain reduction factor to allow for the tension stiffening 

effect of the concrete. Variables (J52 and (Jsr are the steel stresses in a cracked section 

under the applied load and at initial crack formation, respectively. Variable ..81 is a factor 

characterizing the bond quality of the steel (~ 1 is 0.5 for smooth bars, otherwise is 1.0). 

Variable ,82 is a factor representing the effect of load type (,82 is 0.5 for cyclic load or long 

term, otherwise is 1.0). 

As illustrated in Fig. 7 .2, the value of the crack width at any location on the cross section 

can be calculated using Eq. (7 .18). To evaluate the value of the crack width at point A 

(the point on the surface located closest to the center of the reinforcing bar), the value of 

the average crack width presented in Eq. (7 .17) should be multiplied by the calibrated 

value of the factor ~r(A) at this location, as explained in the aforementioned Eq. (7 .16). 

In the same manner, the value of the crack width at a point located at any distance 

between two adjacent reinforcing bars can be estimated, if it is taken into consideration 

that the expected value for (x at that point based on Eq. (7.16). 
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7.4.1.1 Experimental Validation of the Model 

a) Current Experimental Investigation 

The proposed model for calculating the crack width variation of the reinforced concrete 

member subjected to axial loading presented in Eq. (7.18) enables the estimation of the 

crack width at any section along the crack length. Figs 7.5 and 7.6 illustrate the variation 

of crack width for panels tested under uniaxial loading (HS-U-25-2.5-6); and biaxial 

loading (HS-B1-25-2.5-6), respectively, at different steel stress levels. 

Figs. 7.5 and 7.6 show that the model performs satisfactorily for thick HSC plates 

subjected to uniaxial and biaxial loading conditions, respectively, as it compared with the 

measured values of the crack width. 
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b) Williams' Test Results 

Direct tension tests on large reinforced NSC panels with a typical cross section of 

1500x250 mm, and a test length of 2500 mm, was conducted by Williams, 1986 [63]. 

The variations in the crack width for the cracks that propagated perpendicular to the 

longitudinal bars were investigated. Fig. 7.7 shows a comparison between Williams' 

experimental test results of the crack width at different locations between the longitudinal 

reinforcing bars, and the predicted values of the crack width using the proposed model in 

Eq. (7.18), for two specimens of Group (1) that was designed to investigate the effects of 

varying the bar size and spacing while maintaining a constant reinforcement ratio (p = 

1.0%). Meanwhile, Fig. 7.8 shows a comparison for the variations in the value of the 

crack opening between Williams' experimental results of the panels in Group (3) in which 

the effects of the bar spacing for the same bar diameter was investigated, and the 

predicted values of the crack width according to the proposed model in Eq. (7.18). 

In understanding the general crack width profile as well as specifying the location where 

the maximum crack width can be expected, it is possible to investigate the influence of 

major factors that affect the value of the crack width, and ways that ensure cracking 

control for structures subjected to in-plane axial stress. 
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7 .4.2 Estimate of Crack Width 

Reinforced concrete structures can crack easily due to their low tensile strength, where 

the tensile strength of concrete is less than 10 percent of its compressive strength. Hence, 

the cracking of reinforced concrete is expected and can not economically be eliminated. 

Control of cracks then becomes one of the crucial concerns in designing reinforced 

concrete structures, especially for certain types of structures, such as containment 

structures, nuclear reactors, offshore structures, and water tanks, where tensile cracks can 

cause very serious problems. One of the main targets of this study is to develop a model 

that considers the effects of reinforcement distribution and thickness of the concrete 

cover on the cracking behavior of thick reinforced concrete plates subjected to in-plane 

axial stress conditions. 

a) Effect of Transverse Reinforcement 

The crack spacing model in Eq. (7.8) is utilized to predict the value of crack width 

considering the influence of the thickness of the concrete cover and the spacing between 

the longitudinal bars. 

The second term in the parentheses in Eq. (7.8) represents the effect of the transverse 

reinforcement on the cracking behavior, and it is found that the influence of the 

transverse bar represents approximately 10% of the first term of the denominator between 

the parentheses. Therefore, for simplicity, the maximum crack spacing can be determined 

by: 

(7.21) 
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where 'tb is the bond stress at the steel-concrete interface, Peff is the effective 

reinforcement ratio, and 0 1 is the longitudinal bar diameter. The proposed Eq. (7.21) 

relates the value of the maximum crack spacing to the concrete characteristics 

represented by tensile and bond strength and also depends on the geometric properties of 

the cross section represented by the reinforcement ratio of the member. 

b) Effects of Bar Spacing 

Fig. 7.9 illustrates the effective tension area of the concrete surrounding the tension 

reinforcement, and thus the effective reinforcement ratio can be defined as: 

(7.22) 

where sb is the spacing between the longitudinal reinforcing bars, heJJ is the effective 

concrete height around the reinforcing bar, as illustrated in Fig. 7.9. 

Substituting the value of the effective reinforcement ratio in Eq. (7.22) into Eq. (7.21), 

(7.23) 

, sb , 
~········ · ·· ·· ···· · ··········~ 

; sb ; 
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Fig. 7.9 Effective Tension Area around the Steel Reinforcement 
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Gilbert, 2006 [70] proposed that rb = a1a2 j,', where a1 depends on the steel stress at the 

crack (and varies from 3.0 at low stress levels to 1.0 at high stress levels); and a2 = 1.0 

for short-term calculations and a2 = 0.5 for long-term calculations. 

For short-term calculations, the bond stress at the serviceability limit can be estimated 

based on the developed design equation (6.17, 6.18) or using the proposed model by 

Gilbert [70]: 

'tb = (2.2 - 2.5) j,' (7.24) 

Substituting the above relationship for the bond stress into Eq. (7 .24 ), the relationship 

between the maximum crack spacing and the spacing between the reinforcing bars is 

derived in Eq. (7.25): 

(7.25) 

c) Effects of Concrete Cover 

Assuming that heff = a C, where the value of a has a range between 1 and 2 (1.0 < a :::; 

2.0), as shown in Fig. 7.9: 

(7.26) 

Based on the experimental observations reported by Gillbert, 2006; 2008 [70, 71], and 

Rizkalla et al., 1984 [61] , the ratio of Sma..ISm is taken to be (1.34 - 1.5). Thus, the value 

of the average crack spacing can be expressed as: 

(7.27) 
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Inserting the average crack spacing value from Eq. (7.27) into Eq. (7.18) that represents 

the value of the crack width as a function of the crack spacing at any level of steel strain, 

the following expression is given for the crack width: 

(7.28) 

Eq. (7.28) shows that, the crack width along the cross section of reinforced concrete 

panels subjected to axial loading is a function of the geometric properties of the cross 

section, spacing between the longitudinal reinforcing bars, thicknes of the concrete 

cover, and the strain level of the reinforcing bars. 

7.4.2.1 Comparison with Experimental Results of Axially Loaded Members 

Eq. (7.28) presents a developed model that can be used to predict the cracking behavior 

of thick reinforced concrete panels subjected to axial loading. Validation of the model is 

based on data that was collected during the test program conducted in the present study, 

as well as the test data available in the literature (Lorrain et a!., 1998) [ 11 0]. Also, the 

expected values for the average crack width are evaluated with regard to the available 

codes such as the Canadaian Standards Association (CSA) off hore code CSA-S474-04 

(CSA-2004) [75], Norwegian Council for Building Standardization code 3473E (NS 

1992) [74], European Committee for Standardization Eurocode 2 (EC2-2004) [76], ACI 

Committee 224R-01 [73], and the Comite Euro-Intemationale du Beton et Federation 

Intemationale de Ia Precontrainte model code MC 90 (CEB-FIP 1990) [ 44] . The 

measured crack width from the experimental program conducted in the present study is 
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compared with the computed crack width based on Eq. (7.28) along with the different 

code provisions, at different levels of steel stress. 

Fig. 7.10 shows the cracking response of panel HS-U-20-6-2.5. The concrete cover of 

this panel is 50 mm, and the spacing between the reinforcing bars is 150 mm, as shown in 

Table 2.1. At the serviceability limit (YJ / y) (ACI 318-08) [78], the measured value for the 

crack width is 0.089 mm, and the corresponding calculated values are 0.096, 0.109, 

0.173, 0.124, 0.181, and 0.092 mm according to CSA 2004, NS 1992, EC2 2004, CEB­

FIP 1990, ACI 318-01, and the proposed model in Eq. (7.28), respectively. 

Also, Figs. 7.11, 7.12 present the average crack width for panels HS-81 -25-2.5-6 with a 

concrete cover of 62.5 mm, and HS-U-25-1.5-6 with a concrete cover of 37.5 mm, 

respectively. Generally, the codes approaches show a good agreement with the 

experimental results for the panel with normal concrete cover, as shown in Fig. 7 .12. 

However, the code equations are sensitive to increasing the thickness of the concrete 

cover. EC2-2004 and CEB-FIP code equations overestimate the predicted value of the 

crack width; but the ACI-01 expression underestimates the calculated value of the crack 

width, as shown in Fig. 7.12. Figures 7.10 through 7.12 show the model's ability to 

replicate the experimental results with favorable agreement, substantiating it as a valuable 

analytical tool for research and design applications related to the cracking response of 

thick reinforced concrete panels subjected to axial loading conditions. 
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Additionally, the experimental results provided by Lorrain et al., 1998 [110] are used to 

add a further verification for the reliability of the proposed model in Eq. (7.28). 

Experimental values and model predictions agreed satisfactorily, as presented m 

Fig. 7.13. 
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7.5 Effects of the Bar Size and Reinforcement Ratio on the Crack Width and 

Crack Control 

The bar diameter-reinforcement ratio (di/Peff) is found to be the one of the most 

influential parameters on the cracking behavior of the thick reinforced concrete plates. 

Results of the experimental program conducted in the present investigation reveal that 

using HSC panels with well distributed reinforcing bars has a positive influence on crack 

control and durability concerns. 

In the absence of specific requirements, such as water tightness or specific exposure 

classes, a limiting value of w1;m equal to 0.30 mm (0.012 in.) is satisfactory with respect 

to appearance and safety, according to crack-control recommendations proposed in the 

ACI 224R- 01 [73], as well as the European Model Code for Concrete Structures (CEB­

FIP 1990 [44]; and Euro EC2 2004 [76]) applied to reinforced concrete structures. At this 

crack opening value, the steel stress reaches 0.72jy, and 0.83 jy for panels HS-U-20-2.5-4, 

and HS-U-15-2.5-6, respectively, as illustrated in Fig. 7.14. The significant effect of the 

di/Peff ratio on the cracking behavior and the stress level of steel reinforcing bars required 

to keep the crack opening value within a range guide to reasonable crack width values, is 

calibrated based on the conducted experimental investigation in thi study, and the 

available experimental results conducted by Williams, 1986 [63]. Fig. 7.15 shows the 

relationship between the measured average value of the steel stress versus the various 

values of the di/Peff ratio. It was observed that to control the crack width value, the 

average value of the steel stress should be kept in the range of (0.55 - 0.70) of the yield 

stress of the reinforcing bars (jy) according to the corresponding value of the di/Peff ratio. 
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500 

This relationship between the allowable steel stress for crack control and di/Peff can be 

expressed as fo llows: 

[ J
-0.24 

(}Sill =1.395 ~ f y 
P eff 

(7.27) 

The CEB-FIP 1990 [44], EC2-2004 [76], and AS3600-2001 [111] codes also stipulate 

that for cracks dominantly caused principally by flexure, their width will not usually 

exceed the standard 0.30 mm if the size of the reinforcing bars and the steel stress are 

within the range of values as presented in Fig. 7.16. The predicted values of the steel 

stress based on the aforementioned model show the same trend in comparison with the 

values of the steel stress recommended by the EC2 [76] , CEB-FIP 1990 Code [44], and 

AS3600-2001 [111]. 
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7.6 Summary 

In this chapter, a rational crack spacing model is developed by considering the 

equilibrium and compatibility equations of reinforced concrete elements. The influence 

of the main parameters affecting the cracking behavior of reinforced concrete structures, 

such as the tensile strength of concrete, reinforcement ratio, and longitudinal bar diameter 

0 1 and spacing S 1 are taken into consideration. Moreover, the effect of transverse 

reinforcement is incorporated into this model in terms of the transverse bar diameter 0 2 

and spacing S2. 

To validate the proposed model, the predicted value of the crack spacing based on the 

proposed model is compared to the results of various experimental investigations 

conducted on thick reinforced concrete panels loaded axially in tension, thick reinforced 

concrete slabs subjected to lateral loads. In all of the studied cases in this research, the 

model predicts the value of crack spacing satisfactorily. This new approach shows a 

favorable performance in predicting the values of the crack spacing for thick reinforced 

concrete members under different loading conditions. Therefore, this model can be used 

as a practical aid for calculating an accurate value for the crack spacing in designing thick 

heavy reinforced concrete structures, such as offshore oil platforms, and containment 

structures for nuclear power plants. 

This theoretical investigation is extended to develop a model for calculating the crack 

width for thick reinforced concrete plates subjected to in-plane axial loading. This model 

enables the estimation of the variations in crack width at any section along the crack 

length. As well, a crack width model is developed that considers the significant effect of 
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the reinforcement distribution, concrete cover, and the level of the strain of the 

reinforcement. Recommendations for control of cracking for thick reinforced concrete 

panels are achieved based on the mea ured data from the experimental results. 
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Chapter 8 

Nonlinear Finite Element Analysis of NSC and 

HSC Plates 

8.1 Introduction 

Nonlinear analysis of reinforced concrete structures has become increasingly important in 

recent years. This type of analysis is particularly desirable for certain type of structures 

such as concrete reactor vessels, nuclear containment structures, and parts of offshore 

platforms, to assess all safety aspects of a structure and find its deformational 

characteristics. The nonlinear response is caused by two major effects, namely; cracking 

of concrete in tension, and yielding of the reinforcement or crushing of concrete in 

compression. Nonlinearities also arise from the interaction of the constituents of 

reinforced concrete, such as bond-slip between reinforcing steel and surrounding 

concrete, aggregate interlock at a crack and dowel action of the reinforcing steel crossing 

a crack. Cracking in concrete takes place at low load levels due to its low tensile strength, 

where the tensile strength of concrete is less than 10 percent of its compressive strength. 

The mechanical response of concrete is weakened by the development of micro-cracks 

and is mainly characterized by strain softening, progressive deterioration, volumetric 

dilatancy, and induced anisotropy. 

The nonlinear behavior of concrete can be pre ented using the plastic-damage model 

proposed by (Lubliner et al., 1989 [111]; Lee and Fenves, 1998 [112]). An adequate yield 

function is defined for taking into account the different responses of concrete under 
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tension and compression states. Therefore, cracking can be interpreted a a local damage 

effect, defined by the evolution of know material parameters and by a single yield 

function that controls the onset and evolution of damage. 

The model takes into account all the important aspects under tension and compression, 

the effect of stiffness degradation and the problem of the results with respect to finite 

element mesh (Oller et al., 1990 [113]; Lee and Fenves, 1998[112]; Grassl and Jin1sek, 

2006 [114]). This model was developed for quasi-brittle materials like concrete, rock and 

ceramics. It captures the material behavior u ing both classical plasticity and continuum 

damage mechanics. Therefore, this model is supposed to have a wide range of 

applicability and can serve as an appropriate material model for the pre ent material. 

Also, one of the advantages of such a model is the independence of the analysis with 

respect to the crack directions that can be simply identified from the converged values of 

the nonlinear elution. This allows to overcome the problems a sociated to most elastic­

brittle smeared cracking models such as the need for an uncoupled constitutive equation 

along each cracking direction (Borst and Nauta, 1984 [115]); the use of arbitrary defined 

shear retention (Galvez et al., 2002 [116]; Rots et al., 1985 [117]); and the lack of 

equilibrium in the damage points when more than one crack is formed. 

In the plastic damage approach, the stiffness degradation is implemented in a plasticity 

model by introducing the effective stress concept in continuum damage mechanics (Simo 

and Ju, 1987 [118]; Ju, 1989 [119]; Lubliner et al., 1989 [111]) to represent stiffness 

degradation occuning in to the cracked concrete section. The essential elements of 
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simulation of the material behavior under static loading based on damaged plasticity 

model are depend on yield criterion, the flow rule and hardening rule. 

The modeling of the material behavior is performed with the finite element software 

ABAQUS 6.7-1, where an implementation of the plastic-damage model is 

available (ABAQUS/Standard User's Manual, 2007 [120]). The plasticity damage model 

provides a general capability for modeling concrete in all types of structures (beams, 

trusses, shells, and solids); uses concepts of isotropic damaged elasticity in combination 

with i otropic tensile and compressive plasticity to represent the inela tic behavior of 

concrete. This model can be used for plain concrete, even though it is intended primarily 

for the analysis of reinforced concrete structures; can be used with rebar to model 

concrete reinforcement; is primarily intended to provide a general capability for the 

analysis of concrete structures subjected to monotonic, cyclic, and/or dynamic loading 

under low confining pressures. 

In section 2 of this chapter, mechanical behaviors of concrete under tension and 

compresswn are discussed that serve as the source of the material parameters. The 

proposed tension stiffening model is described to simulate the actual tensile capacity of 

the intact concrete between cracks. The finite element modeling, material properties 

determination process, and the simulation of the finite element meshing are discussed in 

sections 3. The model predictions were compared with the experimental results and these 

comparisons are presented in section 4. The experimental data include the results of tests 

of thick reinforced concrete plates in axial tension (uniaxial and biaxial) conducted in the 

present research; as well as the available experimental data from the previou ly 
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conducted tests, to verify the proposed model for the tension stiffening. The conclusions 

and the outlook of the present work are mentioned in section 5. 

8.2 Mechanical Behavior of Concrete 

In the plasticity-based damage model for concrete, it is assumed that the two main failure 

mechanisms are tensile cracking and compressive crushing of the concrete material. The 

-pi 

evolution of the yield (or failure) surface is controlled by two hardening variables,&, 

- pi 

and & c , linked to failure mechanisms under tension and compressiOn loading, 

-pi -pi 

respectively. &, and & c are referred to the tensile and compressive equivalent plastic 

strains, respectively. The following sections discuss the main characteristics of the 

mechanical behavior of concrete. 

8.2.1 Defining Tension Stiffening 

Tension stiffening is a global property of reinforced concrete, because of the presence of 

the steel within the concrete. Tension stiffening phenomenon can be defined as the 

increase in stiffness in a cracked reinforced concrete member due to the interaction 

between cracked concrete and reinforcement. As a member cracks, concrete between 

cracks rebound to its original state but is restrained by the reinforcement. The concrete 

between cracks is still able to develop tensile stresses away from the crack as load is 

transferred from the reinforcing steel back into the surrounding concrete, resulting in 

some tensile stre ses in the concrete. 
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The inclusion of a realistic tension stiffening model is very important when analyzing 

reinforcing concrete sections using the finite element modeling, as the tension stiffening 

phenomenon in reinforced or prestressed concrete members is related to crack 

distribution and the tensile capacity of the intact concrete between the cracks. Different 

models for tension stiffening were developed to express the tensile response of concrete 

between cracks (Hawng and Rizkalla, 1983 [48]; Shima et al., 1987 [84]; Marzouk and 

Chen, 1993 [36]; Fields and Bischoff, 2004 [47]). 

Based on the experimental study conducted in the present experimental progam, a new 

approach for the post cracking stress strain of reinforced concrete member in tension is 

defined. The best mathematical form to fit the descending branch of the experimental 

stress-strain curve can be expressed as: 

.f - 0.0008 ( ') 
J, -- e, - e, _r.=e a 
!, 

(8.1) 

where f,/f,' represents the normalized tensile stress, £1 is the measured member train, £1 

represents the concrete cracking strain, and the factor a in Eq. (8 .1) reflects the influence 

of the transverse reinforcement bars on the constitutive laws for the stress-strain 

relationship of concrete in tension. The value of a is found to be equal to approximately 

between 0.92- 0.95. 

In reinforced concrete, the specification of post-failure behavior generally means giving 

ck 

the post-failure stress as a function of cracking strain ( £ , ) . The cracking strain is defined 
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as the total strain minus the elastic strain corresponding to the undamaged material; that 

_ ck 

is, £1 =£1 -£~~,where £~~ = j
1 
I E0 , as illustrated in Fig. 8.1. 

Based on Eq. (8 .1), the relationship between the average concrete strain after the cracking 

stage and average stress is derived as: 

' f t 
£1 =£1 -llOOLn(-.) 

fr 

f, 

Eo 

,( , ' , : 

, , , 

, : , 
/ U.tJt)Eo ,' 

,' l I 
, l I 

, , ......................... , I 

, ' 
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i i Et i Eot 
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dt (51 
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1
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Fig. 8.1 Response of Reinforced Concrete to Tension Axial Loading [120] 
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The implementation of the tension stiffening model is relatively simple, since the 

formulae is derived based on stress-strain relationship and the descending portion of this 

relationship is considered. The tension stiffening model developed in the present study 

has been implemented in 3D concrete model that combines features from Drucker-Prager, 

1952 [121] hyperbolic function for the nonassociated potential pia tic flow, and the yield 

function of Lubliner et al., 1989 [111] with the modifications proposed by Lee and 

Fenves, 1998 [112]. 

8.2.2 Defining Compressive Behavior 

The stress-strain behavior of plain concrete in uniaxial compression can be defined 

outside the elastic range, as the compressive stress data are provided as a tabular function 

in 

of inelastic (or crushing strain), £ c • The stress-strain curve can be defined beyond the 

ultimate tress, into the strain-softening regime. 

~ -~ 

Hardening data are given in terms of an inelastic strain,£ c , instead of plastic strain, £ c . 

The compressive inelastic strain is defined as the total strain minus the elastic strain 

_in _ el 

corresponding to the undamaged material, £ c = £ c - £~~, where £ oc = O"c I E0 , as illustrated 

in Fig. 8.2. 

Thus, based on experimental cr-E curves for both axial tension and compression, it is 

_ ck 

possible to definite the dependence between stress- cracking strain ( £ 1 ) in axial tension, 
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in 

and stress-crushing strain ( e c ) in axial compression, as presented in Figs 8.1 and 8.2, 

res pecti vel y. 
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Fig. 8.2 Response of Concrete to Uniaxial Loading in Compression [120] 

8.3 The Finite Element Model 

8.3.1 General 

A non-linear finite element analysis (F.E.A.) was carried out to predict the tensile 

response of the tested panels under uniaxial and/or biaxial loading conditions. The 

computer code ABAQUS version 6.7-1 was used to perform the numerical analysis for 

the tested reinforced concrete panels. The concrete damaged plasticity model in 
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ABAQUS/Standard provides a general capability for modeling concrete and other quasi­

brittle materials in all types of structures (beams, trusses, shells, and solids). This model 

uses concepts of isotropic damaged elasticity in combination with isotropic tensile and 

compressive plasticity to represent the inelastic behavior of concrete. The model takes 

into consideration the degradation of the elastic stiffness induced by plastic straining both 

in tension and compression. Also, this model assumes that the main two failure 

mechanisms are tensile cracking and compressive crushing of the concrete material. 

In this study, one quarter of the panel was modeled, as two symmetry plans in the test set­

up was utilized when building the FE models. The symmetry plans are the apparent 

symmetry plans along the middle of the concrete panels in X and Z directions. In the 

latter case, the symmetry is certainly present during elastic deformations but can be 

questionable in the nonlinear region. It was a sumed that this irregularity does not have a 

significant influence on the results. 

The concrete and the steel rebars in the reinforced concrete panel were adapted by eight­

node linear brick elements C3D8 with full Gaussian integration rule over the element 

face. The embedded element technique was used to model rebar reinforcement. Full 

transfer of load between the reinforcement and concrete, was assumed. The boundary 

conditions for the model were set along the middle of the panel in X and Z plans of 

symmetry, and at the four corner points of the bottom surface in Y directions. 

There are very close similarities between the predicted result and the experimental 

results such as the pre and post cracking stress strain relationship, and the tensile strength 

of the reinforced concrete panels tested under in-plane axial stresses. 
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8.3.2 Material Properties 

8.3.2.1 Concrete 

Two levels of compressive strength were used to cast specimens in the present 

investigation. The average concrete compressive strength !c' was found equal to 35 MPa 

for normal strength concrete specimens, and 75 MPa for high strength concrete 

specimens. The concrete average cracking strength and the modulus of elasticity are 

estimated according to the proposed equations 4.9 through 4.12 for both normal and high 

strength concrete in chapter 4. 

The yield function is formulated in terms of effective hydrostatic pressure and the Mises 

equivalent effective stress and depends on two hardening variables. The two hardening 

variables are the integrated plastic strain rates separated into tension and compression. 

The shape of the yield surface can be governed by the two parameters Kc, and abrlaca. The 

first describes the shape of the deviatoric plane; the latter defines the ratio of initial 

equibiaxial to uniaxial compressive yield stress. The model uses a non-associated plastic 

flow rule to describe the plastic strain increments, and the flow potential follows the 

Drucker-Prager, 1952 [121] hyperbolic function. The dilation angle for concrete defines 

the plastic strain direction with respect to the deviatoric stress axis. In this study, a value 

of 45° was used for the dilation angle of concrete (Rahman et al., 2007) [122]. Damage 

characterizes the stiffness degradation for the unloading response. 

The proposed tension stiffening model in Eq. 8.1 was used to define pre- and post­

cracking properties for the concrete. The model assumed that the direct stress across a 

crack gradually reduced to zero as the crack opened. Tension stiffening was defined in 
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the present study using stress- train data, as expressed in Eq. (8.3), and as shown 

Fig. (8.1). The hardening and softening rule and the evolution of the scalar damage 

_in ck 

variable for compression £ c and tension£ 1 are presented in Tables 8.1 and 8.2, for 

Normal and high strength, respectively. 

Table 8.1 The material parameters of Damaged Plasticity model for NSC 

Material 's Parameters NSC 

Potential Eccentricity 

E (MPa) 19500 

v 0.2 

Concrete Compression Hardening 

I 
_in 

Stress, MPa Crushing Strain e c 

22.98 0 
30.85 0.0004 
35.0 0.0007 

32.43 0.0025 
27.22 0.0028 
22.98 0.003 
18.14 0.0032 
12.70 0.0034 
6.65 0.0036 
3.40 0.0037 

ck 
Stress, MPa Strain er 

2.2 0 
2 0.000121 

1.8 0.000237 
1.6 0.000366 
1.4 0.000513 
1.2 0.000683 
1 0.000883 

0.8 0.001129 
0.6 0.00144 
0.4 0.00189 
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The Parameters of Damaged 
Plasticity Model 

dilation angle '!' 

0.1 

1.16 

Concrete Compression Damage 

Compressive damage variable de 

0 
0 
0 

0.086 
0.229 
0.371 
0.486 
0.657 
0.81 

0.903 
Concrete Tension Dama e 

Tensile damage variable d, 

0 
0.091 
0.182 
0.273 
0.364 
0.455 
0.545 
0.636 
0.727 
0.818 



Table 8.2 The material parameters of Damaged Plasticity model for HSC 

Material's 
Parameters 

HSC 

Potential Eccentricity 

E (MPa) 27000 

v 0.2 

Concrete Compression Hardening 
- ifl 

Stress, MPa I Crushing Strain & , 

57.6 
63.47 
75.0 

68.76 
63.47 
57.6 

44.08 
28.21 
19.39 
9.99 

0 
0.0002 
0.0008 
0.0038 
0.004 

0.0042 
0.0046 
0.005 
0.0052 
0.0054 

Concrete Tension Stiffenin 

Stress, MPa 

2.7 
2.3 
2.1 
1.9 
1.7 
1.5 
1.3 
0.9 
0.5 
0.3 

8.3.2.2 Steel 

0 
0.000345 
0.000464 
0.000594 
0.000738 
0.000901 
0.00108 
0.00156 
0.00232 
0.00299 

ck 

The Parameters of Damaged 
Plasticity Model 

dilation angle !JI 45 

£ 0.1 

1.16 

Concrete Compression Damage 

Compressive damage variable de 

0 
0 
0 

0.093 
0.16 

0.232 
0.413 
0.624 
0.747 
0.868 

Concrete Tension Dama e 

Tensile damage variable d, 

0 
0.148 
0.222 
0.296 
0.37 

0.444 
0.519 
0.667 
0.815 
0.889 

The modeling of the reinforcing bar in concrete must be based on the properties of the 

bare bar and the effect of the bonding between the bar and the concrete. For simplicity, an 

elastic-plastic model was used to describe the constitutive behavior of steel bars. The 

213 



Tensile stress-strain curve of the steel was modeled by two straight lines. The first 

straight line represents the elastic range with slope of Es, the second straight line model 

the post-yield average bar behavior with Ep. The plastic modulus Ep is taken as the slope 

of strain hardening region of the steel reinforcement with a value ranging from 1.8% to 

2.5% of the elastic modulus Es (Shima et al., 1987 [84]; Maekawa et al., 2003 [92]; 

Belarbi and Hsu, 1994 [ 46]), see Fig. 8.3. Material properties of steel reinforcement, such 

as the Young's modulus and Poisson's ratio were taken as Es=200000 MPa and v = 0.3, 

respectively. 

tl) 
tl) 
Q.) 

.tJ (Jy 
Cl) 

d) 
Q.) ..... 

Cl) 

Q.) 
0.0 
(;:! 
1-< 
Q.) 

> 
--< 

Average Steel Strain 

Fig. 8.3 Idealized Stress-Strain Relationship of Reinforcing Steel Using 
the Elastic-Plastic Model 

8.4 Finite Element Mesh 

8.4.1 General 

It has been recommended earlier (Bazant and oh, 1983 [123, 124]), that for the finite 

element approximation to accurate! y represent the cracking behavior close to the crack 
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tip; it is necessary that the size of the finite elements be smaller than the actual size of the 

crack band zone. The approximation length of the crack band zone for plane stres Mode 

I could be approximated on the basis of optimum fitting of numerous test data (Bazant 

and Oh, 1983) [123] . The width of the crack band front was found to be approximately 

3d0 (da is the maximum aggregate size). As well, it was recommended (Hillerborg et al., 

1964 [125]) that, the distance between nodes point in finite elements should not be 

chosen greater than 0.2 lch· The material characteristic length is defined by the following 

Eq. (8.4): 

EG1 K J / =-_,_c 
ell /,2 /,2 

(8.4) 

where G1 is the fracture energy of the concrete, and K1c is the fracture toughness for 

mode I cracking. The fracture energy value for normal strength concrete (35 MPa) is 

around 110 N/m, while for high-strength concrete (75 MPa) its value is in the range of 

160 N/m reported by Marzouk and Chen, 1995 [5, 36]. 

In the modeling of the concrete panel and steel rebar a three-dimensional eight-node 

element C3D8 (3D 8-node solid elements) with three degree of freedom at each node was 

used as shown in Fig. 8.4. C3D8 is a general purpose linear brick element, with fully 

integration points, and with translations in the nodal x, y, and z directions. The element is 

capable of plastic deformation, cracking in three orthogonal directions, and cmshing. The 

node and the integration point numbering follow the convention of Fig. 8.4. This latter 

information is important since element variables printed with the EL PRINT keyword are 
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given in the integration points. For purposes of analysis, it is convenient to replace each 

round bar with an equivalent square bar having the same area. 
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Face3 

Fig. 8.4 Node Ordering, Face Numbering, and Elements Numbering of Integration 
Points for Brick C3D8 [120] 

Over the past decade, a number of embedded representations for reinforcement have been 

published. Phillips and Zienkiewicz, 1975 [126]; and Elwi and Murray, 1980 

[127] separately developed embedded representations in which the virtual work 

integration is performed along the reinforcing layer and the reinforcement is aligned with 

one of the local isoperimetric element coordinate axes. Fig. 8.5 shows typical F.E. model 

for the reinforced concrete panel. 

The embedded element technique was used to specify that an element or group of 

elements was embedded in "host" elements. The embedded element technique can be 

used to model rebar reinforcement. ABAQUS searches for the geometric relationship 

between nodes of the embedded elements and the host elements. If a node of an 
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embedded element lies within a host element, the translational degrees of freedom at the 

node are eliminated and the node becomes an "embedded node". The translational 

degrees of freedom of the embedded node are constrained to the interpolated values of 

the corresponding degrees of freedom of the host element. 

,_1__, 

(a) Steel 

(c) Reinforcement Embedded in Concrete 

(b) Concrete Block 

Fig. 8.5 Typical FEM Discretization for a Quarter of the Reinforced Concrete Panel 

Embedded elements are allowed to have rotational degrees of freedom, but these 

rotations are not constrained by the embedding. Multiple embedded element definitions 

are allowed. With this modeling approach, the embedded element technique can be used 

to model a set of rebar-reinforced elements that lie embedded in a set of three-

dimensional solid (continuum) concrete elements. 
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8.4.2 Loading and Boundary Conditions 

The reinforced concrete panels were tested under axial load, as shown in Fig. 8.6. 

Because a quarter of the entire panel was used for the model, planes of symmetry were 

required at the internal faces. At a plane of symmetry, the displacement in the direction 

perpendicular to the plane was held at zero. Fig. 8.6 shows loading and boundary 

conditions for a typical finite element model. 

Fig. 8.6 Loading and Boundary Conditions 

8.5 Comparison with Experimental Results 

Realization of the full potential of the damaged plasticity model with the developed 

tension stiffening model in Eq. (8.3) to study the nonlinear behavior of structural concrete 

elements requires an extensive verification to establish the accuracy of the responses of a 

variety of structural members, by comparing their computed responses under a variety of 

loadings with the available experimental results. This comparative study includes stress 

strain relationship, and tensile strength of concrete. 
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8.5.1 Direct Tension Tests (Current Experimental Program) 

Several tests were performed in the current investigation on thick normal and high 

strength concrete panels subjected to uniaxial and biaxial loadings, to study the cracking 

behavior of reinforced concrete thick plates under tension. The details of tested panels are 

given in Chapter 3 in Table 3.1, and shown in Fig. 3 .1. 

The main purpose of the finite element modeling is to simulate the pre- and post­

cracking behavior of the thick reinforced concrete panels subjected to axial loading 

(uniaxial and biaxial), and also to predicted the tensile strength of normal and high 

strength concrete. These numerical results were compared with the experimental results 

to check the suitability of the damaged plasticity model to simulate the tensile response of 

thick plates, and to verify the reliability of the proposed tension stiffening model 

implemented in the damaged plasticity model. 

Figs. 8.7 (a) and (b) illustrate a comparison between the numerical and experimental 

results for NSC panels tested under uniaxial (panel NS-U-15-2.5-6) and biaxial (panel 

NS-B 1-15-2.5-6), respectively. Meanwhile, Figs. 8.7 (a) and (b) show the numerical 

results using the proposed tension stiffening model in Eq. (8.3), and the bilinear model 

proposed by Bazant and Oh, 1984 [128] to simulate the complete response of the 

reinforced concrete. 

Furthermore, Figs. 8.8 and 8.9 illustrate a comparison between the numerical and 

experimental results under uniaxial and biaxial tension for the different tested HSC 

panels, parallel with the predicted response of the panels using the bilinear model for 

simulating the tension stiffening effect proposed by Bazant and Oh, 1984 [128]. 
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Based on the comparative study in Figs. 8.7 through 8.9, it is clear that the numerical 

results are sensitive to the concrete tensile strength and the shape of the descending 

response for the concrete, where a slight variance in these parameters can significantly 

reduce the accuracy of the solution. Accurate methods of determining these material 

parameters are essential for the finite element analysis. Results of the nonlinear analyse 

using the proposed tension stiffening model, and brick elements to model the response of 

reinforced concrete panels show a good agreement with the experimental test result. 

Table 8.3 shows the tensile strength measured experimentally and the predicted values 

from the numerical analysis, for the different concrete panels. Finite element analysis 

shows good agreement with the experimental results. 

Table 8.3 Summary of the Measured Test Result and Predicted Numerical Data 

Specimens Numerical 
Absolute 

Concrete Experimental Difference in 
s Specimens Dimensions 

Strength Tensile 
Tensile 

!,'(%) 
Symbol (mm) f c. (l'v1Pa) Strength l rexJ 

Strength 
(j,'rexr J.,'(F.E.A.J)I (a X b X h) t,'(F.E.A.) 

t ex 

I NS-U-15-2.5-6 40 2.10 2.15 2.3 
2 NS-BI - 15-2.5-6 35 1.92 2.08 8.4 
3 HS-U- 15-2.5-6 90 3.2 3.08 3.7 
4 HS-B 1-15-2.5-6 600x600x190 75 2.72 2.70 0.75 
5 HS-U-20-2.5-6 75 3.10 3.08 0.65 
6 HS-B 1-20-2.5-6 75 2.96 3.01 1.7 
7 HS-U-20-2.5-4 80 3.0 3.02 0.67 
8 HS-B 1-20-2.5-4 75 2.70 2.9 1 7.8 
9 HS-U-25-2.5-6 75 2.71 2.69 0.75 
10 HS-B 1-25-2.5-6 

900x900x260 
65 2.36 2.32 1.5 

11 HS-U-25- 1.5-6 75 2.7 2.73 1.1 
12 HS-B 1-25-1.5-6 70 2.46 2.48 0.8 
13 HS-U-30-2.5-6 65 2.45 2.51 2.5 
14 HS-B 1-30-2.5-6 900x900x380 65 2.1 2.02 3.8 
15 HS-B 1-30-1.5-6 65 2.32 2.37 2.2 
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8.5.2 Verification with the Previous Experimental Results 

In the present study, the proposed tension stiffening model is based on experimental 

investigation conducted in this study, as a result the prediction will undoubtedly be 

acceptable as the model parameters are obtained from the set of data used for verification. 

Thus, the verification should be extended to verify the proposed model based on data not 

directly used for obtaining model parameters. The selection of the test series was based 

that the test must allow the verification of the model in various loading conditions for 

normal and high strength concrete structures. The selected tests involve direct tension 

tests, laterally loaded slabs. 

8.5.2.1 Direct Tension Tests 

The Damaged plasticity model was used to predict the tensile stress-strain response for 

previous experimental work on uniaxially loaded members conducted by Fields and 

Bischoff, 2004 [47]. This is to ensure the suitability of the proposed tension stiffening 

model in Eq. 8.3 to simulate the tensile response of the reinforced concrete members 

under axial loading conditions. 

Fig. 8.10 shows a comparison between the predicted tensile stress-strain responses based 

on the numerical simulation using the damaged plasticity and proposed tensing stiffening 

models, and results of experimental program conducted on RC members with different 

levels of concrete strength. Fig. 8.10 shows that, the model preformed satisfactorily as 

compared with the experimental data on the reinforced concrete members. 
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Fig. 8.10 Comparison of Numerical Solutions against Experimental Results [47] of 
Tensile Stress-Strain Response of RC Concrete members under axial Loading 

8.5.2.2 Reinforced Thick Concrete Members under Punching Load 

A series of two-way reinforced thick concrete slabs were tested under punching load by 

Hossin and Marzouk, 2008 [109]. This experimental testing program was designed to 

examine the influence of the concrete cover and bar spacing of normal and high strength 

concrete on the cracking behavior. 

Fig. 8.11 plots the measured values of the deflection at the center of the slabs versus the 

value of the applied load, for experimental program conducted on RC slabs with different 

levels of concrete strength. It also shows the predicted load-deflection curves based on 

the numerical simulation using the damaged plasticity and proposed tensing stiffening 

models. For both normal and high thick concrete slabs, experimental values and model 
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predictions agreed satisfactorily in terms of load-deflection behavior and the failure load, 

as shown in Fig. 8.11. 
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Fig. 8.11 Comparison of Numerical Solutions against Experimental Results [109] 
of Load Deflection Curves at Center Span of Test Slabs 

8.6Summary 

18 

The present study suggest that using the damaged plasticity model for the finite element 

analysis is considered a helpful tool at the establishment of rational numerical bases for 

providing a clear understanding for the tensile response of the reinforced concrete 

structures. One of the essential contributions of the present investigation is the 

development of a theoretical model for the tension stiffening behavior based on the 

experimental results m the current study, and implementation of that model into the 
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damaged based plasticity model to reflect the actual behavior of various reinforced 

concrete structures subjected to different loading conditions. 

To validate the proposed model, the predicted value of the concrete tensile strength and 

tensile stress-strain relationship of concrete are compared to the experimental results 

conducted in the pre ent investigation. As well, the comparative study is extended to 

verify the propo ed model based on data not directly used for obtaining model 

parameters. In all of the studied cases in this research, the model predicts the cracking 

response (tensile strength and stress-strain relationship) satisfactorily. 
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Chapter 9 

Summary and Conclusions 

9.1 Summary 

In the current research, the cracking behavior of normal- and high-strength reinforced 

concrete panels under uniaxial and biaxial states of loading was studied carefully. In 

order to do that, an extensive experimental program was carried out. A special test set-up 

was used to perform the experimental program. For panels tested under biaxial loading 

condition, proportional loading was used for all the tests. The ratio of the two applied 

load into the perpendicular directions was kept constant throughout the test. The 

experimental data was continuously recorded from the hydraulic pressure transducer, 

LPDTs, and the strain gauges. Afterwards, the data was collected and processed 

automatically using a data acquisition system. Influences of the main parameters that 

affect cracking behavior and the tension stiffening response of the reinforced concrete 

panels were critically investigated, Constitutive models for pre- and po t cracking stress­

strain behaviors of the concrete panels were developed. 

In the second phase of the current research, an analytical study was conducted to study 

the bond characteristics between concrete and steel reinforcing bars. Analytical models 

for predicting the complete distribution of the slip, bond stress, concrete and steel stress, 

are developed. 

A reinforced concrete plate element was studied using equilibrium and compatibility 

equations to formulate the average stresses of steel and concrete. A practical and new 
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analytical model that is capable of predicting the crack spacing of orthogonally reinforced 

concrete plate elements was developed. Afterwards, this study developed a model for 

evaluating crack widths for thick reinforced concrete plates subjected to axial loading. 

The calculation procedure was supported by an evaluation of existing test data. Based on 

this procedure, analyses that investigate the primary crack width variation along its length 

were conducted, as well as, parameters necessary to control the primary crack opening 

under the serviceability limit. 

Finally, the nonlinear analysis of reinforced concrete plates using the damage plasticity 

model was preformed. The tension stiffening model developed in thi study was 

implemented to simulate the cracking response of the concrete. The comparison between 

the predicted value of the concrete tensile strength and tensile stress-strain relationship of 

concrete and the corresponding experimental results conducted in the pre ent 

investigation shows a favorable agreement. 

9.2 Experimental Findings 

The cracking behavior of two types of reinforced concrete panels was studied in this 

experimental program: a normal strength concrete (35 MPa), and high strength concrete 

(75 MPa). The main findings of the experimental program can be briefly summarized as 

follows: 

1. Compared with NSC panels, HSC panels showed lower strains and greater tension 

stiffening response at a given load level thanks to the corre ponding improvement 
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of the bond between the reinforcing steel bars and the high strength concrete 

matrix. 

2. Once the concrete strength increased from 40 to 90 MPa (125%), the concrete 

tensile stress at the cracking stage also increased by 52% for panels subjected to 

uniaxial loading. However, for panels tested under biaxial loading, as the concrete 

strength was increased from 35 to 75 MPa (115%), the concrete stress at the 

cracking stage increased by 42%. 

3. High strength concrete cracked at a higher steel stress level as compared with 

panel casted with NSC. At the first cracking load, the measured steel stress was 

found to be 0.48 jy, and 0.8/y for panels NS-U-15-2.5-6 and HS-U-15-2.5-6, 

respectively, tested under uniaxial loading condition. Also, the steel stress reached 

approximately 0.4/y, 0.63/y for panels NS-B1-15-2.5-6 and HS-B1-15-2.5-6, 

respectively. 

4. The concrete tension stiffening contribution between cracks decayed at higher rate 

with the bar spacing, for various loading stages. This effect was more obvious in 

case of applying the axial load into biaxial direction. 

5. The panels tested under biaxial loading conditions showed lower concrete tensile 

strength and tension stiffening response, compared with the panels subjected to 

uniaxial loading conditions. This reduction in the tensile strength of concrete 

panels subjected to biaxial loading was found to be equal to 5% - 15%. The 

reduction of the tension stiffening contribution of concrete between cracks due to 
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applying the axial into biaxial direction became more significant as the 

reinforcing bar diameter was increased. 

6. The transverse reinforcing bars acted as crack initiators as long as the spacing 

between these bars didn't exceed the length required to develop the cracking stress 

in concrete, forcing the cracks to propagate at certain locations across the panel. 

7. The increase in concrete cover to the main reinforcement led to higher tension 

stiffening response for different level of the steel stress. 

8. The steel tress at cracking stage was sensitive to the value of di/Peff. where the 

lower the value of di/Peff• the higher the measured value of the steel stress at 

cracking stage, for both panels tested under uniaxial and biaxial loading. 

9. Based on the experimental results, a good fit for the ascending and descending 

branches of the stress-strain curves for HSC plates subjected to axial loading 

conditions were recommended. 

10. Concrete strength has insignificant effect on the average crack spacing for the 

panels under uniaxial or biaxial loading conditions. However, the value of the 

average crack width was influenced by the level of compressive strength of 

concrete, where at the serviceability limit, as the concrete strength increased by 

115% the average crack width becomes smaller by 20%, as the test results of 

panels NS-Bl-15-2-5-6 and HS-B1-15-2-5-6 were compared. 

11. For panels tested under biaxial loading, most of the cracks propagated 

approximately along the location of the reinforcing bars in both directions. Thus, 

the measured values for the crack spacing were found to be very close to the 
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spacing between the reinforcing bars in both directions. However, for the panels 

subjected to uniaxial loading, the cracks propagated not only along the transverse 

bars location but also between theses bars, as long as the spacing between the 

transverse bars was higher than the required distance to develop the tensile 

strength of the concrete. 

12. The experimental data indicated that, as the bar spacing increased by 50%, the 

crack spacing at the stabilized cracking stage is also increased by 37% and 46% 

for the panels tested under uniaxial and biaxial loading. Also, increasing the bar 

spacing by 50%, the average crack width increased by 47% and 46% at the 

serviceability load limit for the panels tested under uniaxial and biaxial loading, 

respectively. 

13. Increasing the concrete cover thickness by 40% led to a conesponding increase in 

the average crack spacing by 14%, 2% for the panels subjected to uniaxial and 

biaxial loading conditions, respectively. Furthermore, the test results for the 

measured crack width showed that as the concrete cover increased by 40%, the 

recorded average crack width At service load (% j y) became higher by 20% and 

12% for panels subjected to uniaxial and biaxial loading, respectively. 

14. This investigation examined five types of tension loads, 1:0, 1:1 , 1:2, 1:3, and 1:4. 

Tensile strength of the concrete panels decreased as the loading ratio was changed 

from 1:4 to 1:1. The tensile strength of the concrete was found to be 2.71, 2.36, 

2.42, 2.55, and 2.61 for panels HS-U-25-2.5-6 (1 :0), HS-B1-25-2.5-6 (1:1), HS­

B2-25-2.5-6 (1 :2), HS-B3-25-2.5-6 (1 :3), HS-B4-25-2.5-6 (1 :4), respectively. 
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15. The tension stiffening contribution for the concrete between cracks was decreased 

as the loading ratio (P1/P2) is changed from 1:4 to 1:1. At steel stress level of 

approximately 300 MPa, the tension stiffening of the concrete between cracks for 

panels HS-B1-25-2.5-6 (1:1) and HS-B2-25-2.5-6 (1:2) diminished and these 

panels show a response similar to the bare bar. However, at the same steel stress 

level, panels HS-B3-25-2.5-6 (1:3) and HS-B4-25-2.5-6 (1:4) showed some 

tension stiffening response for the concrete between cracks. 

16. There was a general tendency whereby the measured average crack width 

increased as the loading ratio changed from 1 :4 to 1: 1. At the service load level 

(YJ /y), the measured average crack width was found to be 0.282, 0.358, 0.354, 

0.317, and 0.308 for panels HS-U-25-2.5-6, HS-B1 -25-2.5-6, HS-B2-25-2.5-6, 

HS-B3-25-2.5-6, HS-B4-25-2.5-6, respectively. This effect is maily due to the 

reduction in the tension stiffening concrete contribution between the successive 

cracks as the loading ratio changed from 1 :4 to 1: 1. 

9.3 Analytical Investigation Conclusions 

The following conclusion can be drawn from the analytical study carried out in Chapters 

5, 6, and 7: 

1- Theoretical Model was developed for predicting the bond characteristics and 

concrete behavior of reinforced concrete member under tension stresses. The 

model enables the determination of the complete distribution of the slip, bond 

stress, concrete stress, and steel stress at different loading stages. The model 
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preformed satisfactorily as compared with the experimental data for the different 

levels of the steel stress. 

2- A mechanical model was developed to predict the effect of the splitting stresses, 

caused by bond action between the uncracked concrete and deformed bars, on the 

cracking behavior of orthogonally reinforced concrete panels subjected to in­

plane axial stresses. Furthermore, this study was extended to provide design 

equations for evaluating the tensile strength of normal and high strength 

reinforced concrete thick plates subjected to biaxial tension loading condition, 

considering the secondary effect of the splitting stress on the cracking behavior of 

these members . 

3- A rational crack spacing model was developed by considering the equilibrium and 

compatibility equations of reinforced concrete elements. The influence of the 

main parameters affecting the cracking behavior of reinforced concrete structures, 

such as the tensile strength of concrete, reinforcement ratio, and longitudinal bar 

diameter 0 1 and spacing S 1 were taken into consideration. Moreover, the effect of 

transverse reinforcement was incorporated into this model in terms of the 

transverse bar diameter 0 2 and spacing S2. 

4- The theoretical study was extended to develop a model for calculating the crack 

width for thick reinforced concrete plates subjected to in-plane axial loading. This 

model enables the estimation of the variations in crack width at any section along 

the crack length. 
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5- Recommendations for control of cracking for thick reinforced concrete panels 

were achieved based on the measured data from the experimental results and 

proposed models. 

6- The Canadian Offshore code CSA-04, Norwegian Code NS-92, and the American 

Code ACI 224R-01 provided good results for the crack width value compared 

with the experimental results of the specimens with normal concrete cover (::::: 40 

mm). However, these codes showed a conservative estimation for the value of the 

average crack width and spacing of the reinforced concrete panels with thick 

concrete cover. 

9.4 Finite Element Model 

A damaged plasticity model based was adopted. This model was used in the general 

purpose finite element program ABAQUS. The numerical implementation of the 

calibrated tension stiffening model using the data obtained from the experiments was 

carried out. The numerical results were then compared to the experimental data. Results 

of the verification indicated that the damaged plasticity model with the implemented 

tension stiffening model revealed a favorable agreement with the experimental results. 

9.5 Contribution 

1. This thesis contains comprehensive experimental study to investigate the cracking 

response of thick high strength reinforced concrete panels subjected to uniaxial and /or 

biaxial loading conditions used for offshore platforms, containment structures for 
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nuclear power plants. The previous studies in the literature were quite limited to 

specimens subjected to uniaxial loading state. The influence of various actual test 

parameters that have profound effect on the tension stiffening response and cracking 

behavior of thick HSC plates such as concrete strength, reinforcing bar distribution, 

concrete cover thickness, and applying the axial load in biaxial direction were 

critically investigated. This type of study can further our understanding of cracking 

response and cracking control of such structures. 

2. To the author's knowledge, this is the first model developed to simulate the cracking 

behavior (crack spacing and width) of thick high strength concrete panels considering 

the effects of factors that have a profound influence on the value of crack widths, such 

as the tensile strength of concrete, reinforcement ratio, and longitudinal bar diameter 

0 1 and spacing S 1• Moreover, the effect of transverse reinforcement is incorporated 

into this model in terms of the tran verse bar diameter 0 2 and spacing Sz, and the 

concrete cover. Most of the available expressions for crack spacing and width were 

developed for building structures of normal-strength concrete and normal concrete 

cover. However, most of the offshore structures are built using high-strength concrete 

with thick concrete cover as these structures are constantly exposed to harsh 

environmental conditions. 

3. The calibrated tension stiffening model based on the experimental data was 

implemented in nonlinear damaged plasticity model to investigate the cracking 

response of the concrete plates subjected to axial loading. It is a powerful tool that can 

be used to provide insight into the behavior of reinforced concrete structures. 
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9.6 Recommendations for Further Research 

1. Studying the behavior of thick high strength concrete plates subjected to in plane shear 

condition. 

2. Inve tigating the cracking response of thick high strength concrete plates using teel 

fiber in the concrete mix. 

3. Using the fiber optic sensor technology to monitor cracking respon e and provide 

assessment of damage, such a the locations of cracks and their corresponding depth, 

width, and spacing, as fiber optic ensor is thought to be the most promi ing 

alternative to conventional sensors. 

4. Using of FEA to study the various effects of the factors that affect the cracking 

response of thick high strength concrete panels. 
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