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Abstract

This work focuses on the bond behavior of large diameter bars with hooks 

embedded in short reinforced concrete joints. The research has three parts. First 

an experimental work with a reinforced concrete specimen has been conducted. In 

the next step a finite element analysis was carried out. In order to perform an 

accurate analysis a bond-slip model was proposed. To accelerate the analysis the 

proposed model was automated. Good agreement was found between the results 

from the proposed approach and the literature test results. A parametric study of a 

series of reinforced concrete models with hooked bars was carried out and the 

results were used for a comparison with CSA-A23.3 code provisions for hook 

development. Recommendations for improvement in design have been presented. 

Finally, conclusions and suggestions for future research have been presented.

As for experimental work a reinforced concrete joint under closing moments was 

tested. Load was applied using MTS-6000 machine with displacement control 

type of loading.

Finite element analysis was carried out using explicit quasi static analysis with 

three dimensional elements for concrete and steel. A bond-slip model was 

developed to define the interaction at the steel-concrete interface.The proposed 

bond model accounts for strength of concrete, bar diameter, concrete cover and 

level of confinement. Verification is done using previous researchers’ test results
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and finite element analyses. The proposed model renders results close to the ones 

in literature.

A series of reinforced concrete models with large bars hooked into them were 

studied to determine the effects of bend radius and tail length. Comparison with 

CSA-A23.3 provisions shows whether or not they are conservative.
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1. Introduction

1.1. Scope

Bent bars are frequently used in reinforced concrete structures to help develop bar 

forces up to required capacities where there is shortage of space for straight bar 

development. These hooks are especially seen at comers and side joints of a 

building. These joints are essential parts of every reinforced concrete building. 

Therefore, their behavior has a major role in maintaining the safety of the 

structures. Figures (1.1) to (1.4) show schematic drawings of a variety of comer 

joints with hooks as a means of anchorage.

Reinforcement is always designed for the yield capacity at the cross section. Thus, 

failure to deliver this functionality will result in an un-conservative design. In 

order to make sure a reinforcement arrangement is strong enough, influential 

parameters have to be checked. In addition to the reinforced concrete design code 

CSA-A23.3 provisions for tail length, CSA-A23.3 commentary has a set of 

provisions with regard to bend radius. However, it is not clear which parameter 

has more influence on the strength of a hook. In addition, it is not clear if the bend 

radii proposed in commentary are the most efficient values with respect to 

capacity. Anchorage becomes more critical when bar diameter is large because 

with increased bar diameter increased bond is needed to develop the yielding 

capacity of the cross section. Therefore, the focus of the parametric study in this 

research is on bars with large diameters.

Reinforced concrete joints can be designed with or without stirrups inside of them 

based on different conditions in design. In seismic design it is essential to have 

extra confinement at the joint and, therefore, joints have stirmps. In regions not 

prone to earthquake there is no need for seismic considerations and thus joints can 

be stirrup free if other design requirements including cover are met. Hooks can be 

bent with minimum radius given in CSA-A23.3 commentary as well as a bend 

radius larger than the minimum. In the parametric study of this research the

1
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effects of bend radius and tail length are studied. However, to accomplish this 

objective an appropriate finite element model is developed.

Part of this research, therefore, is an attempt to model and predict the behavior of 

reinforced concrete structures with respect to bond and anchorage. For this 

reason, explicit modeling of concrete-steel interface is considered. This ensures 

that further predictions by this modeling are reliable. The stated model has to 

account for various influential parameters that affect the behavior. In addition, it 

has to give close results in comparison to present and previous test results. 

Furthermore, it accounts for confined and unconfined conditions. After the 

completion of test, modeling and verification a number of the provisions of the 

Canadian code with respect to hook development will be studied and an 

evaluation is presented.

1.2. Objectives

Several objectives are pursued in this research. First, a finite element bond model 

is developed which is able to model confined and unconfined conditions. Both 

active confinement under compressive pressure and passive confinement provided 

by lateral reinforcement are studied. Secondly, this model is verified with many 

test results from the present experimental work and past researchers’ experiments. 

As explained in the forthcoming chapters, implementation of the proposed model 

is extremely time consuming and uneconomical. Therefore, as the third objective, 

a comprehensive automatic interface model is developed to save tremendous time 

in analysis and to eliminate the necessity of performing a large number of trials 

and errors for each case of analysis. The last objective is to perform a parametric 

study on hooks with respect to bend radius and tail length.

1.3. Methodology

This research has been conducted in three phases. In stage one, a knee joint under 

closing moment has been designed, fabricated, instrumented and tested. As the 

second phase, a finite element analysis is carried out to model the test. However,

2
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there are major complexities involved in this kind of analysis. Thus, an 

appropriate bond model is developed to enable the general purpose software 

ABAQUS to accurately analyze this specimen. The problem with the proposed 

bond model was that it needed an iterative procedure to converge to acceptable 

results. This iterative procedure was very time consuming and tedious to use. 

Therefore, as the third phase, a constitutive model is developed which is 

automatic and convenient to implement as a user subroutine in the software. To 

make sure the constitutive model is working properly, a set of evaluative analyses 

was carried out to compare the results of analysis and tests. Good agreement with 

present and previous experiments was achieved. The developed model was then 

used to study the behavior of bent large diameter bars. The anchorage of these 

bars was evaluated and suggestions for improvement to code provisions were 

made.

1.4. Outline of the Thesis

In chapter (2), major related research by past researchers is presented. In chapter 

(3) the experimental work for this thesis is presented. Chapter (4) explains how 

finite element modeling and analysis are carried out as well as how the proposed 

bond model is developed. Chapter (5) is a description of how to automate the 

procedure to save time and avoid trials and errors. In chapter (6), several cases of 

analysis are carried out to verify the proposed bond model against the present test 

and experimental work by past researchers. Chapter (7) presents a parametric 

study of hooks with large bar diameters. In this chapter analysis results are 

compared to code predictions and conclusions and suggestions are made to 

improve development of the bars with diameters studied.

3
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Fig (1.1) -  Comer Beam-Column Connection with Minimum Bend Radius
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Fig (1.2) -  Corner Beam-Column Connection with a Bend Radius Larger Than

Minimum

5
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Fig (1.3) -  Comer Beam-Column Connection Vertical Stirrups
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Fig (1.4) -  Corner Beam-Column Connection with Horizontal Stirrups
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2. Literature Review

2.1. Introduction

There are two different types of modeling of bond in structures. The first one 

considers full compatibility of displacement between concrete and bars. In this 

type of approach, bars are embedded elements into the concrete elements and the 

behavior of bond is modeled implicitly by modifying the concrete material 

properties. This is accomplished using a tension stiffening diagram. Figure (2.1) 

shows a schematic illustration of tension stiffening for plain and reinforced 

concrete. This diagram indicates that in tension tests reinforced concrete exhibits 

more tension capacity than reinforcement without concrete. In other words, some 

of the tension resistance in reinforced concrete is due to the concrete itself. The 

transfer of forces from reinforcement to concrete is by bond. Therefore, modeling 

the tension stiffening phenomenon numerically along with embedded bar 

elements means that bond is considered indirectly. This approach is particularly 

suited to structures with distributed reinforcement such as slabs and walls. An 

example of this type of analysis is the work by Link et al (1989) where they 

analyzed a slab with distributed reinforcement in two inclined directions. Their 

slab is shown in figure (2.3). Application of this approach is not desirable when 

bond behavior and anchorage of single bars are going to be studied.

Another method of modeling is to consider the interaction of bars and concrete 

explicitly. In this respect, coincident steel and concrete interfaces are defined and 

then related using a bond-slip model. A typical bond-slip relationship is shown in 

figure (2.2). A bond-slip model associates the bond of steel-concrete interface to 

the slippage of surfaces on one another. The bond-slip model can involve many 

other parameters besides slippage and thus is more effective in the research 

focusing on bond development. The second is used in this research. This has been 

partly accomplished through careful study of many different cases of

8
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experimental work other researchers have done. Hence, a review of the past 

researchers’ work on bond is of special interest for this thesis.

2.2. Experimental Work by Past Researchers

There are various methods to measure the bond between concrete and steel. The 

simplest form of measurement used by many researchers is to conduct a pullout 

test and divide the applied tension force by the peripheral surface of the bar to 

find the average bond at any time during the test. Among the many researchers 

who used this method are Malvar (1992), Eligehausen et al. (1983), Untrauer et 

al. (1968), Lormanometee (1974) and Thro et al. (1987). Another approach is 

direct measurement of bond at various locations along the length of the bar in a 

pullout or tension test. In this approach, strain gauges are installed at different 

locations on the reinforcement and the bond is computed in terms of the gradient 

of stress with respect to length. The work by Nilson (1972) is of this type.

Nilson (1968, 1972) performed a tension test on a rectangular prism specimen 

with a steel bar in the middle and strain gauges placed at various locations on the 

bar. Concrete gauges were placed inside concrete and close to steel surface to 

measure the strain in concrete. Nilson (1972) presented an equation to find slip in 

terms of steel and concrete strains. Nilson’s specimen is shown in figure (2.4).

Malvar (1992) did a series of eleven experiments with cylindrical concrete 

specimens confined with a confining ring that applied normal radial pressure on 

the surface of concrete. The level of normal pressure was different in different 

specimens. The steel bar was placed in the middle of concrete cylinder and pulled 

out gradually. Malvar (1992) concluded that bond increases with increased 

confinement and bars with lugs perpendicular to the bar are more effective than 

the ones with inclined ribs. Figure (2.5) illustrates Malvar test specimen.

Eligehausen et al. (1983) carried out one hundred twenty five pullout tests on 

rectangular prism concrete specimens with a steel bar in the middle. This team

9
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tested different confining pressures and different stirrup sizes as well as vertical 

reinforcement ratios, load rates and load types. They also performed experiments 

on the effect of rate of loading. Eligehausen et al. (1983) concluded that the bond 

capacity increases with increased normal pressure and that lateral reinforcement 

improves both the ultimate bond capacity and the bond slip response.

Untrauer et al. (1968) performed a set of thirty seven tests on 6 inch cube concrete 

specimens with a steel bar in the middle which is pulled out gradually. The 

specimens were tested under different conditions of concrete strength and normal 

pressure applied on the top and bottom of specimens. Untrauer et al. (1968) 

concluded that normal pressure has an increasing effect on maximum bond and 

the splitting cracks occur in a plane normal to the pressure surface along the bar.

Lormanometee (1974) carried out sixty pullout tests on a set of cube and 

rectangular prism specimens with steel bars in the middle and normal pressure on 

two opposing surfaces of these specimens. Different bar sizes and different 

pressure levels were investigated. Lormanometee (1974) concluded that confining 

pressure is more effective when applied on cube specimens rather than prism 

specimens. Figures of test setups by Eligehausen, Untrauer and Lormanometee 

will be presented in the verification chapter since they are used for that purpose.

Gambarova et al. (1997, 1998) carried out a series of pullout experiments on 

cylindrical and rectangular prism concrete specimens with a bar in the middle 

shown in figure (2.6). Their specimens included pre-split cracks that made it 

possible to control the cracking and location of concrete failure. Confining normal 

pressure was applied at different levels on their specimens. Gambarova et al. 

(1997, 1998) presented limit analysis equations for bond capacity in terms of 

number of pre-split cracks, width of pre-split cracks as well as level of 

confinement. Figure (2.6) shows Gambarova et al. (1997, 1998) test setup.

As for hook pullout tests, Marques et al. (1975) tested a series of twenty two

10
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column specimens shown in figure (2.5) with #8 longitudinal bars and #7 or #11 

hooks in the middle of the column. The columns had different types of 

confinements. Shear and axial forces were applied at the two ends of columns 

while the hook was pulled. Marques et al. concluded that when side splitting is 

restrained hook strength is increased and that 90 and 180 degree hooks do not 

differ in behavior. The test setup by Marques et al. (1975) is shown in figure 

(2.7).

Figures of test setup by Untrauer et al. (1968), Eligehausen et al. (1983) and 

Lormanometee (1974) will be presented in chapter 6. Properties of straight bar 

pullout and tension specimens used in forthcoming chapters of this research are 

given in table 2.1.

2.3. Analytical Work by Past Researchers

One of the earliest finite element approaches to reinforced concrete has been done 

by Ngo et al. (1967). Ngo et al. modeled the bond between concrete and steel 

surfaces with spring elements. Normal interaction was also modeled using spring 

elements. These springs had constant stiffness. Nilson (1968) proposed a curve 

for bond in terms of slip and used springs to connect the nodes of steel and 

concrete elements interacting by bond. Hofstetter (1995) reported that Keuser et 

al. (1987) and Mehlhom (1990) developed bond elements that worked better than 

spring elements while Miguel et al. (1990) used a combination of bond elements 

and spring elements to model steel-concrete interaction. Lowes et al. (2004) 

proposed a bond-slip model and an interface element for confined concrete. 

However, their approach does not render appropriate results for unconfined 

concrete. Equations (2.1) to (2.3) show the relationship proposed by Lowes et al. 

(2004) for bond-slip behavior. Their relationship is in close agreement with 

Eligehausen et al. test results. All these studies were carried out using two 

dimensional representations of the specimens. In addition there are other 

deficiencies in these models such as inadequate modeling of confinement since 

they are able to model some conditions such as specimens with both stirrups and

11
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confining pressure but are not able to give accurate results for other situations 

such as confining pressure only.
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Where, rb is the total bond stress, s , s{, s2, s3, , r , , Tr and r v represent slip, slip 

corresponding to peak bond, slip where bond starts to decrease, slip where 

mechanical interaction fails, mechanical bond, residual friction and virgin friction. 

Residual and virgin frictions are small values of bond remaining after mechanical 

failure. The function f  is described in equation (2.2)

f(u ,b ,R ) = b + { l -b )
1 + \u\

i + -

r, = o.8r0r,r2r 3r 4r5

r0 =2.1 1 + 0.35 

Tj = exp(- H a)

1 + 1.4

f  (  \ ]  (
1-exp  - 4 0 4 -  +0.4

f 'J  c .
1-  exp( —)

J  cC J
47:

r,=

/ / r \ \
1 -exp 0.4 £1 + —

V V v s y > /

0.1+ 0.9
C f  f sexp
V V

0.4
V s y JJ

e <

e >-

(2.2)

(2.3)

(2.4)

(2.5)

(2 .6)

r3 = 0.27 + 0.58 exp [- 0.225(.?_ -  ,sm]n )(l -  exp(- 20(v -  0.25)))(at° ■*>)] -< 1 (2 .7)

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r4 =

1.09

0.91

db < 19 mm

1.09~ ^ - { d b -19)
13

0.8
/

r5 =<11-0.067
V “ J /d h

db >- 32mm

c < d h

db <c<  4 db

0.1 c >- 4 d h

19mm <d, < 32mm (2 .8)

(2.9)

Where, p , f ' , H , a ,  e ,  s y , smax, 5min, N , c and db present confining

pressure, strength of concrete, softening parameter, damage parameter, steel 

strain, steel yield strain, maximum historic slip, minimum historic slip, number of 

load cycles, concrete cover and diameter of bar. Radial forces are represented by 

equation (2.3).

a rad

f
V5!

-,0.15,2

+ f r a d { r )

f i + y f r - ' O

f r a d ( f )

+ frad(r)

5, -<s -<s2

+  f r a d { r )  S2 - < S ^ S 3
(2 .10)

s>- s.

Here, f md  is a deformation dependent ftmction that is specified for each case of 

analysis. Figures (2.8) and (2.9) show Nilson and Lowes et al. approaches.
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Researcher Number of Specimens Tested / ;
(MPa)

f y
(MPa)

C / D

Malvar 11 39-44 400 1.5

Nilson Not Available 30 280 2.5

Untrauer 37 25-45 634 2.2-3.5

Eligehausen 125 30 400 2

Lormanometee 60 27-36 400 2.2-3.5

Table 2.1 -  Properties of Specimens

Reinforced Concrete

Concrete

Figure (2.1) -  Tension Stiffening
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Figure (2.5) -  Schematic Drawing for Malvar’s (1992) Test Setup
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Figure (2.7) -  Schematic Drawing for Marques et al. (1975) Test Setup
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Repeated Nodes

Longitudinal Spring Transverse Spring

Reinforcing Bar

Fig (2.8) -  Spring Elements by Nilson (1968)

V4 Concrete Element v3

ZD
Steel Element

Integration Points

Fig (2.9) -  Bond Element by Lowes et al. (2004)
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3. Experimental Work

3.1. Introduction

Beam-column joints are one of the most important parts of a reinforced concrete 

structure. They are also the most challenging in finite element analysis. In 

designing this test it was important to make the specimen as simple as possible. 

At first, it was intended to design a joint under pure moments but later it was 

decided to go for a knee joint to have an easy loading format to apply. The 

simplest and the most practical way to test a reinforced concrete joint in 

laboratory is loading a knee joint in a universal servo controlled machine. This 

will produce closing moments, shear and axial force at the face of the joint. Since 

a reinforced concrete joint is a disturbed region, a strut and tie model is an 

effective way to design it. The results of this test will be used in a comparison 

against a finite element analysis.

3.2. Specimen Design

As mentioned above, strut and tie model has been used for designing of the 

specimen shown in figure (3.1). This method works with a series of load paths 

which are either in tension or compression called ties and struts respectively. The 

load paths chosen in strut and tie models are simplified and are approximations of 

what happens in reality. The indications P and F are approximations of strut and 

tie forces in figure (3.1). This is in fact an analogy to truss since a truss works 

with tension and compression members only. Special care was taken to ensure 

compression struts will not crush under peak compression stresses. This is 

accomplished by checking the dimensions of C-C-C, C-C-T and C-T-T nodes and 

by checking maximum compressive stresses along the length of struts. In 

addition, there has to be sufficient steel bars at the place of tension ties to make 

sure tension can be transferred throughout the model. The present specimen was 

designed for a capacity up to yielding of bars at the face of the joint. However, 

choice of hook development length was made in a way that the bars cannot fully 

develop yield strength and, therefore, they have to fail by loss of bond according
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to the provisions of the Canadian concrete design code CSA, A23.3-94. This will 

ensure we can study the effect of partial confinement on bond capacity since other 

modes of failure have been eliminated. Partial confinement results from the 

normal pressure produced in the bend region. Thus, at the time one face of steel is 

under normal pressure the other is not.

According to CSA-A23.3 the hook development length as shown in figure (3.2) is 

the distance from the critical cross-section to the back surface of the hook. For 

35M bars embedded into 35 MPa concrete the hook development length is 603 

mm. However only 375 mm of development length was provided to make sure 

failure happens by splitting.

3.3. Test Setup

The specimen shown in figure (3.3) was tested under compressive force from 

MTS-6000 machine that will produce negative moment in the joint region. The 

layout of steel reinforcement is shown in figure (3.4). The strength of concrete 

and reinforcement were 35MPa and 400MPa respectively. The diameters of the 

longitudinal and shear reinforcement are 35mm and 15mm respectively. The 

longitudinal reinforcement is bent by 90 degrees in the middle with a diameter of 

10 inches and is hooked by 180 degrees at both ends with the same diameter as 

the middle bend. The specimen is symmetric. The two ends of specimen have 

cross-section dimensions of 400mmx 623mm. In addition, the two ends of 

specimen have a length of 200 mm. Each arm of the specimen is 1000 mm long 

with the cross-section dimensions of 400 mm x 440 m m . Three layers of 35M 

longitudinal tension reinforcement were used. There were two layers of 20M 

longitudinal compression bars. Seven layers of 15M stirrups were positioned at 

100 mm center to center. The clear concrete cover at the side, top and bottom 

were 22.5 mm, 65 mm and 80 mm respectively. The loading point was 283 mm 

below the top of the cross-section of specimen end.
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3.3.1. Specimen Details and Instrumentation

Two 19mm thick steel plates were installed inside the wooden formwork at the 

two ends along with four steel studs welded to each plate to anchor them inside 

the concrete which was poured later on. Surface dimensions of the plates were the 

same as the two ends of the specimen. These plates help distribute the MTS-6000 

compression load on the two ends to prevent the crushing of concrete at these 

locations.

One knife edge was installed on every plate to serve as a pin support for the 

specimen. Two restraining arms were secured on the top knife edge attaching to a 

steel column at the other end to prevent overturning of specimen during 

installation before loading. These arms were released after the loading began. 

Figure (3.4) shows the test setup.

Vertical displacement measurement is taken by LVDT’s from the top end to the 

ground and from the comer to the ground. Figure (3.5) shows LVDT’s. Strain 

gauges were installed from the face of the joint to the beginning of the bend 

shown in figure (3.8).

3.3.2. Results

The loading method was displacement control with an approximate rate of 

loading of 0.001 millimeters per second. Figure (3.6) shows the loading of the 

specimen. The loading was stopped several times to facilitate the demec readings 

however the demec data was never used because the growth of splitting cracks 

were so obvious there was no need to prove lateral expansion of crack widths by 

demec readings as with increased loading demec reading became impossible since 

the distance between demec targets became larger than the gauge.

The failure was by splitting of the concrete at the joint region near the peak load 

and as a result the side covers spalled off and then a descending branch occurred 

on load versus displacement diagram as can be seen in (3.7). The failed specimen 

is shown in figure (3.8). In the load-displacement diagram, the vertical
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displacement is the average of the two measurements taken during the test as can 

be seen in the following equation:

2A, + 2A,
A = — * 2 = A, + A2 (3.1)

Figure (3.10) shows the strain gauges placed at the beginning of the bend and the 

face of the joint. Figures (3.11) to (3.20) show strains at various locations for the 

working strain gauges.

As seen in figures (3.15) and (3.20) the values of peak average strains at the 

beginning of the bend and at the face of the joint are close. It means that at the 

peak load the value of average bond in the straight part of the joint reinforcement 

is small. This is because bond stress is a demand stress produced by the gradient 

of axial stress between two locations. In other words, the resultant force from 

bond stress between any two locations has to balance with the resultant forces 

obtained from the stress values in the cross-sections corresponding to these 

locations. Additionally, bond is the result of interaction between steel and 

concrete surfaces adjacent to each other. However, after the peak and close to the 

end of the test the stress at the beginning of the bend drops more than the stress at 

the face of the joint. Therefore, large bond stresses will be produced on the 

straight part of the joint region reinforcement between the face of the joint and the 

beginning of the bend.
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Figure (3.1) - Strut and Tie Model

Hook Development Length

Figure (3.2) -  Hook Development Length
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Figure (3.3) -  Test Specimen
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Fig (3.4) -  Reinforcement
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Fig (3.6) -  Loading of Specimen
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Figure (3.7) -  Load-Displacement Diagram

Figure (3.8) -  Failed Specimen

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig (3.9) -  Strain Gauges
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Figure (3.10) - Strain Gauges at the Beginning of the Bend and at the Face of the

Joint
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Figure (3.19) -  Strain at SGI2
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4. Analysis and Bond Model Development

4.1. Introduction

There are different methods of analysis for structural applications. These methods 

can be categorized as Newton-Raphson methods, implicit dynamic methods and 

explicit dynamic approach. Newton-Raphson methods are iterative analyses that 

work with nonlinear stiffness matrices. This category has a poor performance in 

reinforced concrete analysis. That is because of convergence problems and they 

are extremely time-consuming. The implicit dynamic analysis approach uses 

numerical integration methods such as linear acceleration (Bathe 1996). This kind 

of approach is not well suited to contact problems in reinforced concrete and 

similar to the Newton-Raphson algorithm is time consuming. Explicit dynamic 

analysis is the method of choice for reinforced concrete and contact problems 

because of the inherent discontinuous nature of these problems. This approach is 

powerful because it is not iterative, thus eliminating the convergence problem. 

This method uses the central difference integration scheme. Because of the 

obvious advantages, explicit dynamic analysis has been used in this research and 

will be explained in detail later in this chapter.

Modeling of material properties can be done in four major ways which are 

elasticity, hypo-elasticity, hyper-elasticity and plasticity. Elasticity is the simplest 

and the most inaccurate way to model a reinforced concrete structure and is not 

suitable for research purposes. Hypo-elasticity attempts to relate increments of 

stresses to increments of strains in a non-linear way. Mathematical 

implementations of hypo-elasticity were largely unsuccessful. Hyper-elasticity 

tends to establish a non-linear relationship between total stresses and total strains 

at each point of time and is decidedly not suitable for inelastic behavior. Plasticity 

is the most accurate approach for inelastic material modeling. This method 

assumes the existence of a yield surface and a plastic potential function and 

relates the increment of stress to the elastic part of the strain increment. When
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modified for cyclic loads and load reversals, it is called damaged plasticity. 

Damaged plasticity approach has been used in this research.

There are two other major methods of modeling concrete material properties. The 

first method is discrete crack modelling. In this method when the tensile stress at 

a node of the concrete elements reaches the tensile strength of concrete, that node 

separates from surrounding elements and different node numbers are defined at 

the same location for adjacent elements. This method works best with a very fine 

mesh so the crack propagation path can be correctly simulated (Hofstetter, 1995). 

The second method is smeared crack modeling which maintains complete 

displacement continuity at nodes. However, when the principal stress at an 

integration point exceeds the tensile strength of concrete the strength of concrete 

in that direction is considered zero. Therefore, smeared crack model is like an 

orthotropic material model. In other words, in smeared crack model initial 

material properties of concrete are the same in both principal directions. However, 

with initiation of cracks material properties in these two directions deviate from 

each other (Hofstetter, 1995).

In comparison, damaged plasticity is the most accurate concrete model since it 

accounts for nonlinear compression and tension behavior of material in a tri-axial 

state of stress using yield and plastic potential functions. This method is explained 

in more detail in the following sections.

Modeling bond can be done in implicit and explicit ways. In the first method full 

connectivity between concrete and bar elements is implemented and bond is 

considered indirectly by a tension stiffening phenomenon. In explicit modeling of 

bond however, bond is considered directly by bond elements or surface 

interactions. The latter is used in this research and will be discussed in detail in 

this chapter.
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4.2. Finite Element Mesh

The concrete is modeled with eight node three dimensional brick elements with 

eight nodes on each element along with wedge, triangular prism elements with six 

nodes per element. The main steel tension reinforcement is modeled with three 

dimensional brick elements while stirrups and compression bars are modeled with 

truss elements. All these elements have three translational degrees of freedom at 

each node. Shear and compression truss reinforcement are embedded into the 

concrete elements. In the embedment method, the nodes of an embedded steel 

element are considered parts of the host concrete elements. Thus, the degrees of 

freedom at the nodes of embedded elements can be found by interpolation of 

degrees of freedom of the nodes in the corresponding host elements using finite 

element shape functions (Hibbit et al, 2005). This type of interpolation produces 

the necessary constraint equations needed to eliminate the embedded element 

degrees of freedom and account for their influence on the concrete element 

degrees of freedom.

The end plate is modeled with flat rigid elements and the load is applied through 

one node on this rigid surface using displacement control conditions.

Because the specimen is symmetric there is no need to model all of it. Therefore, 

only one fourth of the specimen is modeled and symmetry is taken into account 

by means of appropriate boundary conditions on the planes of symmetry. Various 

types of meshes were tried and the one in figure (4.1) was found to be efficient.

One special problem with the brick elements is hourglassing. Hourglassing is a 

problem with first-order, reduced-integration elements including three 

dimensional brick elements. Hourglassing is a spurious deformation mode 

associated with zero energy levels (Belytschko, 1984). The wedge elements at the 

top of the model are used in the shown arrangement to prevent hourglassing 

formation as much as possible. This has been done along with enhanced 

hourglassing control over the whole model to make sure there will be little

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



spurious energy modes produced in the analysis.

The cross section of the tension reinforcement is modeled by an equivalent 

rectangular cross section that gives the same cross section area and moment of 

inertia as the actual circular cross section. This simplifies the mesh generation 

without sacrificing much precision. The equivalent cross section dimensions are 

shown in figure (4.2).

To allow modeling of the bond in surface behavior, tension bars are not 

connected to the concrete elements by nodal degrees of freedom, rather the 

normal interaction is modeled by a contact algorithm. The contact algorithm is 

based on a numerical concept. First the contact surfaces on the concrete and the 

corresponding surfaces on the bars are defined with separate nodes. As the 

surfaces tend to move relative to each other, the algorithm calculates compressive 

forces that tend to separate the nodes when surface penetration is detected.

To model tangential “bond” interaction the corresponding nodes, which are 

coincident at the beginning of analysis are linked with “Cartesian connector 

elements”. A Cartesian connector element provides a connection between two 

nodes that allows definition of independent behavior in three local Cartesian 

directions. In this analysis these elements act only along the bar direction. In 

other words, the “x” axis in figure (4.3) is defined along the bar while “y” and “z” 

axes are perpendicular to “x” and form a right handed coordinate system. 

However, “y” and “z” axes are not used here. The relative movement between 

coincident nodes connected by Cartesian connector elements is controlled by a 

bond-slip relationship that will be discussed later in detail.

Briefly, the connector elements act like springs and for different values of 

slippage produce corresponding resisting forces on the connected nodes. The 

forces generated by the Cartesian elements are computed using the bond stresses 

from bond slip diagrams and tributary areas associated with nodes of concrete- 

steel interface. Each node is assigned a tributary area equal to one fourth of the

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lateral surface extending halfway through lengths of adjacent elements. Since the 

perimeters of real and equivalent cross-sections are not equal the tributary area 

associated with each node corresponds to the real cross-section perimeter.

4.3. Analysis Procedure

The analysis is quasi static in an explicit dynamic form. It forms a class of time 

domain step by step integration. (Benson, 1992; Hibbit et al, 2005). The method 

of time integration is based on a central difference scheme. The equation of 

dynamic equilibrium is written for the current configuration (Bathe, 1996; Hibbit

et al, 2005). The central difference method assumes that velocities at times f ~ ~

and t + —  equal to slopes of displacement-time relationship from time t -  At to t

and from time Mo t + At respectively. The velocity at time t is calculated as the 

average of the mid increment velocities and the same velocities are used to 

compute the current acceleration as the slope of velocity-time diagram. (Hibbit et 

al, 2005). Equations governing the central difference method are obtained as 

follows (Bathe, 1996):

q (4.1a)

q * = q" “ ~ q‘ (4-lb)
'+7 At

4t A, + 4  A,

& = — 2 " 2 (4-lc> 

q = Qi+*-qt-* (4.ld)
2A t

4 t Al - 0  Al

~ " ?+ 2 . " 2 (4-If)At

qt = q,+A f~ 2ft+.g*-A< (4.!g)
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Where, q , q , q and t denote displacement, velocity, acceleration and time 

respectively. Considering the equilibrium for the current configuration, time “t”, 

the following equations are obtained:

Wlq}t +[c]{q}t +[K]{q}t ={f}t 

{?},♦* = {/}, -_ ^ [m ]+_L [c] 
A t  2 A t

W i ,  - JL[M]__L[c]
A t  2A  t {?}/-

(4.2a)

(4.2b)

(4.2c)

Where, [m ], [c], [if] and {/} represent the mass matrix, damping matrix, 

stiffness matrix and external force vector respectively.

The central difference method is conditionally stable with respect to the time 

increment. The critical time increment is the smallest natural vibration period of 

the structure divided by;r (Bathe, 1996). This relationship can be shown in the 

following equation:

T ■J1 — mm
n

(4.3)

Where, Tcr and Tmm show the critical time increment and the smallest natural

period of the structure respectively. An acceptable time increment can be 

approximated as the ratio of the smallest element dimension to the sound wave 

velocity defined as the square root of the ratio of the modulus of elasticity to the 

medium density, (Benson, 1992). This concept is shown in the following 

equations:

Ie

*  dAt = — 
v

(4.4)

(4.5)

Where, v , E , p , d  and At denote sound velocity, modulus of elasticity, density 

of material, smallest element dimension and time increment respectively.
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Therefore, the sound wave velocities for steel and concrete media are 

approximately 5100 m/s and 3290 m/s respectively. Thus, for the same element 

dimension the required time step for steel is smaller.

To accelerate the analysis, the method of mass scaling has been used. In this 

method the density of the model is increased by a magnification factor to give a 

slower sound wave velocity, which results in a larger stable time increment for the 

same mesh (Hibbit et al, 2005). This will reduce the computing time. In this 

analysis variable mass scaling method has been used to apply the proper scale to 

the mass to give a critical time increment of 0.0005 Sec.

To verify the analysis is quasi static a check of kinetic energy level is necessary. 

In other words, the internal and external energy levels have to be fairly close 

while the kinetic energy has to be bounded and small, say 10 percent of the 

internal energy during the whole time of analysis.

4.4. Modeling of Material Properties

In order to perform an accurate analysis, there is a need for a concrete model that 

is able to account for the real behavior of concrete. According to the literature, 

modeling of material properties can be done in various ways such as elastic, hypo- 

elastic, hyper-elastic and plastic. In elastic type of modeling the relationship 

between stress and strain is usually linear and total strains are related to total 

stresses by a constitutive matrix. If the relationship between total stresses and 

total strains is nonlinear this kind of modeling is called hyper-elastic. However, if 

increments of strains are related to increments of stresses the material model is of 

hypo-elastic type.

In plastic analysis a yield surface is defined along with a plastic potential 

function. Negative values of yield function indicate elastic behavior while 

positive values indicate plastic behavior. The increment of plastic strain is 

assumed proportional to the gradient of a plastic potential function of stress. The
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coefficient of proportionality is a function of both yield and plastic potential 

functions. This relation is called the flow rule. If the yield function and the plastic 

potential function are the same the flow rule is called “associated”, otherwise it is 

a non-associated flow rule.

In modeling the steel material the yield function and plastic potential function are 

the same and defined by the well known von-Mises relationship.

In concrete damaged plasticity, used here, the yield function is Lubliner and the 

plastic potential function is Drucker-Prager (Drucker, 1951 and Hibbit et al., 

2005). Damaged plasticity accounts for both compression hardening and tension 

softening. This method has been developed by Hillerborg et al. (1976), Lubliner 

et al. (1989) and Lee et al. (1998).

Damaged plasticity assumes that there are two main reasons for concrete failure. 

They are compression crushing and tension cracking. Uniaxial tension and 

compression behavior are the main input values of analysis and have to be defined 

before analysis is carried out. The corresponding stress-strain curves are used to 

define compressive and tensile behavior of concrete in terms of Cauchy stresses 

and logarithmic strains. Accordingly, the regular stress-strain values have to be 

adjusted to reflect this. However, this conversion only makes a real difference 

when strains are of very large values. Damage factor is used for cyclic loading 

and is not used in this research. Therefore, in this case damaged plasticity turns 

into concrete plasticity. In concrete plasticity stress invariants are used to define 

the plastic potential and yield functions. The constitutive relationship in absence 

of damage parameter depends on elastic strain increments and elastic material 

matrix only. Elastic strain increments are computed by subtraction of plastic strain 

increments from the strain increments. Plastic potential relationship by Drucker- 

Prager is a function in terms of hydrostatic pressure, Mises equivalent stress and a 

dilation angle which is normally taken as 15 degrees for concrete.
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For the compression model the well-known Saenz stress-strain curve has been 

used to define the effective stress effective plastic strain relation (Chen, 1982). 

This model has been widely used in finite element analyses and has rendered 

good results. This model is shown in Figure (4.4). In this model, the ascending 

branch follows a curve described as:

cr =
E0e

1 + —  - 2 f ̂  1 +
r / v 

£/k  JV b'c)

(4.6)

Where, £ 0is the initial modulus of elasticity, Es is the secant modulus of 

elasticity corresponding to peak stress and s c is the strain corresponding to the 

peak stress. The descending branch is a straight line passing through two points 

( / > c)and(0.2/;,4£„).

Concrete exhibits two phenomena associated with cracking in tension. The first is 

tension softening which is associated with gradual growth of the crack width in 

the so called “crack process zone” (Hillerborg, 1976). This is accounted for using 

the tension-displacement relation shown in figure (4.5) and described by the 

following curve proposed by Li et al (2002):

(4.7)

Where, w and wf  are the crack width and the final crack width respectively and 

f t is the tensile strength of concrete. This equation is based on the energy of 

fracture approach of Hillerborg (1976).

The second phenomenon is tension stiffening resulting from gradual loss of bond 

between concrete and reinforcement over the distance between cracks. In much of 

the literature this is described using a phenomenological average approach. It is 

more suited to distributed reinforcement such as in plates and walls. It is not 

suited for single bar representation. In this work, bond behavior is modeled

'

1 -  exp
(  0 .05/ ^

/  w
1.3 "'

— >
w f
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explicitly as shown next.

4.5. Modeling of Bond

Bond is composed of three components: chemical adhesion between concrete and 

steel surfaces, friction between concrete and reinforcement and bearing 

interaction of concrete keys against bar lugs. Before any failure, slippage is 

basically induced by local crushing and deformation of the concrete in the 

proximity of steel ribs. Bond failure is either caused by shearing of the concrete 

sections in front of the lugs of the reinforcing bar or by splitting of concrete 

adjacent to the bar. Splitting of concrete is a much more sudden type of failure 

than shearing of concrete sections.

The proposed model is based on a number of concepts:

1- The ultimate bond capacity is a function of the normal pressure on the 

bond surface in addition to all other parameters such as surface roughness, 

cohesion, etc. This capacity is obtained as a modification of the 

unconfined bond capacity.

2- The bond-slip relation in the absence of passive confinement such as the 

one provided by stirrups is a tension softening relation. Conversely, in the 

presence of heavy stirrups the relation is bilinear in which bond increases 

with slip then it remains constant. In between a rational transition of 

behavior can be defined.

This approach will be constituted similar to orthotropic concrete relationship.

4.5.1. Unconfined Ultimate Bond Capacity

The bond capacity for unconfined concrete can be obtained by either Tepfers’ 

(1979) or Eligehausen’s (1983) relationships which are shown in equations (4.8) 

and (4.9) respectively. Tepfers’ relationships are based on theory of plasticity 

while Eligehausen’s equation is empirical. Tepfers’ relationships are accurate for 

small to medium ratios of concrete cover to bar diameter and are close to
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Eligehausen’s. However, for cover ratios more than 2.0 it is preferred to use 

Eligehausen’s equation since Tepfers’ approach results in capacities larger than 

those obtained from tests by previous researchers.

r(0)= j(
1.664D D 2

— <1 
D

— > 2 (4.8)
D

Interpolation o f  the above for ratios o f  1 and 2

TI(o) = 1 -5 (4.9)

Where, C is the smallest concrete cover, D is the bar diameter and f  is the 

tensile strength of concrete. Thus, the ratio of cover to bar diameter is an 

important factor in unconfined concrete bond capacity.

4.5.2. Confined Bond Capacity

Bond-slip relationship is accounted for on a node by node basis. In other words, 

depending on the normal pressure crN in different locations, different values of 

bond capacities can be assigned. The normal pressure in any direction provides 

confinement of concrete in that direction and confinement helps increase the bond 

capacity. It is expected that in different locations there are different normal 

pressures and consequently different bond capacities that have to be assigned to 

different places on the bars. One location may be subject to different levels of 

confinement on the exterior and interior sides as it is the case in the bend region. 

There is high normal pressure on the interior side of the bend while there is little 

on the exterior side. Therefore, these two sides experience different bond 

behaviors. Figure (4.6) shows the ratio of confined bond capacity, r max to 

unconfined bond capacity r(0) as a function of the ratio of the normal pressure 

<j n to concrete strength f'c .
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Bond capacity curves in figure (4.6) except the present one are created based on 

other researchers experiments, Malvar (1992), Eligehausen (1983), Untrauer 

(1968). The present bond capacity curve has been obtained by a large number of 

trials beginning from Eligehausen’s curve and ending in the present curve in 

figure (4.6). In other words, different bond-confmement curves have been 

associated to the model and the present curve in figure (4.6) is the final result of 

that procedure. This curve leads to the closest results to the test described in 

chapter 3. It is also in good agreement with both Malver and Untrauer test results. 

It is a third order polynomial. The confined bond capacity in this research follows 

the curve shown in Figure (4.6). The relationship for this curve is equation (4.10).

Tmax = r(0)(o.4086«3 -2.4855ft2 + 3.4769« + l) , n = ^  (4.10)
fc

Where, r max is the confined bond capacity and r(o) is obtained from equation 

(4.8). It is also worthwhile to note that figure (4.6) makes a comparison of the 

present curve and the ones obtained from previous researchers test results. The 

reason Eligehausen et al (1983) results are somewhat lower is that they applied 

compression on concrete tied with high ratios of stirrups which renders the 

concrete already confined. It is clear that applying compression on already 

confined concrete has less bond increasing effect than confining the initially 

unconfined concrete.

However, bond behavior is not a function of normal compression only. It is 

dependent on slippage too. The bond-slip relationship proposed in this research is 

given in equations (4.11a) to (4.1 Id). The procedure to find this equation is 

explained later. This model is initially developed to analyze the test described in 

chapter 3. However, it will be used to analyze other specimens from the literature 

in later chapters.
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2505 s < s m
s m< s < s m2

m a x
(4.11a)

m a x

T
m a x ( S - S m2) Sm2 <S  <S U

Where,

S m a x (4.11b)

Sm2 =1.468(5m -0 .018)+  0.018 

Su =21.11(5m -0 .018)+  0.018 (4.1 Id)

(4.11c)

Here, rb is the current bond stress value and S , S m ,S m2 and S u represent slip in 

millimeters, slip value beyond which bond does not increase, slip value at 

initiation of bond deterioration and the maximum slip value beyond which bond is 

considered zero respectively. A schematic illustration for equation (4.11a) is 

shown in Figure (4.7). In this figure r max is the confined bond capacity which is a

function of unconfmed bond capacity, normal stress and concrete strength as 

described by equation (4.10).

The proposed bond-slip model accounts for slip and confinement as well as the 

ratio of cover to diameter. Equations (4.11) are illustrated in Figure (4.8).

The concrete with stirrups is treated differently as it does not have an abrupt loss 

of bond due to splitting. Therefore, there is no descending branch for this type of 

confinement. To model the behavior of concrete confined by stirrups equation

(4.12) has been obtained using the results of tests by Eligehausen et al (1983). 

However, the descending branch for confined concrete is approximated as flat. 

The reason for this will be presented in chapter 5.

The bond capacity for concrete confined with stirrups is shown in Figure (4.9).

(4.12)

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5.3. Discussion to Summarize the Rationale of the Research

The concept of the proposed model accounts for different concrete strengths and 

cover to bar diameter ratios using the equation for unconfined bond capacity. The 

maximum bond capacity is then considered a function of the normal stress as well 

as the unconfined bond capacity. According to previous research the slope of the 

ascending branch of the bond-slip relationship changes very little with increased 

compression. In other words, in a tri-linear model, like the proposed one, the 

stiffness of the ascending branch, is taken to be constant for all levels of 

confinement as proposed in equations (4.11). The actual value of initial slope used 

here which is 250 N  / mm3 is within the range of previous research results ranging 

from approximately 838 N I mm3 by Nilson (1968) to 68 N l m m 3 by Durate (Brant 

et al., 1986). In addition, this slope results in a capacity and a load-deflection 

ascending branch that are close to the test results as will be discussed later.

Based on the results from tests in the literature, the slope of descending branch in 

the bond-slip diagram becomes less steep with increased levels of confinement 

and descending branches for fairly high levels of confinement tend to become 

almost parallel (Eligehausen et al., 1983 and Malvar, 1992). This is reflected in 

equations (4.11). Nevertheless, the descending branch of the bond-slip diagram 

has a direct effect on the descending branch of the load-deflection diagram of the 

structure. Hence, it has been chosen in a way to render a close approximation of 

the behavior of test specimen.

4.5.4. Development/Test of the Model

In order to test the model, the bond parameters were applied in an iterative 

procedure. First, to find the slope of the ascending branch, different linear bond- 

slip relationships were tested to find the slope that gives the closest behavior to 

the ascending branch of load deflection diagram. Hence, the 250 N / m m 3 value is 

used in equation (4.11).

Next it was necessary to find a bond-confinement curve and a descending branch

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that render correct results. Therefore, an arbitrary bond-confinement and an 

arbitrary descending curve for bond-slip diagram were assumed. Based on the 

assumed bond-confinement curve different bond capacities were assigned to 

different locations of steel-concrete interface and a preliminary analysis was 

carried out. Compared to the previous trial analysis, the state of normal stress 

changed at different locations and hence new bond capacities were assigned to 

different locations for reanalysis. This process was repeated untill little difference 

was observed between capacities from output and input. However, having close 

input and output curves does not necessarily mean the correct bond-confinement 

relationship was achieved. The load bearing capacities of the model and the test 

had to be compared. If they were not close the bond-confinement curve was 

adjusted and the abovementioned procedure was repeated.

After a proper bond-confinement diagram was found, comparison was made to 

decide if the descending branch of load-deflection diagram was close to test. If it 

was not the case, the descending branch for bond-slip curve was adjusted for 

reanalysis and the iterative procedure was repeated. Equations (4.10) and (4.11) 

are the results of this procedure presenting bond-confinement and bond-slip 

respectively.

Figure (4.10) shows a 2D view of a typical tension bar and the corresponding 

elements and how the nodes are numbered. These numbers are used in captions 

for Figures (4.11) to (4.25). In Figures (4.11) to (4.25) diagrams for bond stress 

versus compressive stress are depicted. Figures (4.11) to (4.16) are for the bend 

region. Figures (4.17) to (4.25) show the bond-compression curves for some 

nodes in the hook region. The output bond-slip diagrams for some of the nodes 

are presented in Figures (4.26) to (4.29).

Capacities from output are obtained using bond-confinement diagrams such as 

those shown in Figures (4.11) to (4.25). This is done in conjunction with output 

bond-slip diagrams in Figures (4.26) to (4.29) to check if a node has already
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reached its peak bond stress. In other words, a check of both output bond- 

confinement and bond-slip diagram is needed to make it clear if the peak bond 

stress in the bond-confinement diagram is the bond capacity. This check is shown 

in figure (4.11) where a schematic bond-slip and bond confinement for a node are 

illustrated. For clarity, in figure (4.11) different bond values on the bond 

confinement curve and their corresponding points on the bond-slip diagram are 

connected with horizontal lines. The locations corresponding to the bond capacity 

on the bond-confinement and bond-slip diagram in figure (4.11) are marked with 

crosses. When the bond slip curve starts to move into a descending branch at a 

specific bond value that value is the bond capacity. Otherwise, it is not clear 

whether or not a bond value is the real capacity since it maybe possible that the 

capacity is a higher value, which was never reached due to low slippage values. 

For the sake of brevity, only some diagrams from the last analysis trial are 

presented.

This approach has been applied to many input curves to obtain the one that gives 

the best results. As a result the input curve in Figure (4.6) and equation (4.10) has 

been proven the most efficient since it results in a behavior close to test and is in 

agreement with the literature and the corresponding output curve does not deviate 

much from it as it has an R 2 measurement of 0.97. Comparison between output 

and input curves for the bond capacity is made in Figure (4.30). This Figure 

shows these two diagrams are fairly close to give a good approximation of results 

and stop the iteration. The output curve has been obtained from diagrams of the 

type shown in Figures (4.11) to (4.25).

The input curve in Figure (4.6) determines what bond capacities are given to 

ABAQUS and the output curve has been obtained using bond-confinement output 

graphs some of which are presented in Figures (4.11) to (4.25).

Figure (4.26) shows the output bond-slip curves for the bend region. Figure (4.27) 

shows the bond-slip relationship from output for the straight region which is tied.
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Figure (4.28) shows the bond-slip curves for nodes on the left hand side of the 

hook region. Figure (4.29) illustrates bond-slip output for the nodes on the right 

hand side of the hook region.

4.6. Comparison with Test

The load versus displacement diagram is presented in Figure (4.31). This Figure 

depicts the load and deflection of the loading point for the test and analysis. The 

figure shows that the two diagrams are close to each other as they have almost the 

same features which are load capacity, ascending branch and descending branch. 

Comparison of stresses at the beginning of the bend and at the face of the joint is 

shown in Figures (4.32) and (4.33).
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Figure (4.1) -  Three and Two Dimensional Views of the Mesh
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Figure (4.2) -  Real Bar Cross Section and Its Equivalent
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Figure (4.3) - Cartesian Connector Element in Local Coordinates
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Figure (4.5) -  Tension Softening
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Figure (4.9) -  Bond Slip Model for 35MPa Tied Concrete
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Figure (4.10) -  Node Numbering
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Figure (4.11) -  Schematic Nodal Bond-Confinement and Bond-Slip Curves
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Figure (4.12) -  Bond vs. Confinement for Node 103
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Figure (4.13) -  Bond vs. Confinement for Node 104
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Figure (4.14) -  Bond vs. Confinement for Node 105
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Figure (4.15) -  Bond vs. Confinement for Node 106
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Figure (4.16) -  Bond vs. Confinement for Node 107
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Figure (4.17) -  Bond vs. Confinement for Node 128
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Figure (4.18) -  Bond vs. Confinement for Node 129
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Figure (4.19) -  Bond vs. Confinement for Node 130
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Figure (4.20) -  Bond vs. Confinement for Node 131
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Figure (4.21) -  Bond vs. Confinement for Node 132

Normal Stress (Mpa)
- 0.2- 0.6- 1.6 -1.41 - 1.2 - 0.8 -0 .4

-1 .5

-2 .5

-3 .5

-4

-4 .5  -

Figure (4.22) -  Bond vs. Confinement for Node 183
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Figure (4.23) -  Bond vs. Confinement for Node 184
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Figure (4.24) -  Bond vs. Confinement for Node 185
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Figure (4.25) -  Bond vs. Confinement for Node 186
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Figure (4.26) -  Bond-Slip Relationship for Nodes 102-108
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Figure (4.27) -  Bond-Slip Relationship for Nodes 109-128
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5. Interface Constitutive Model

5.1. Introduction

The iterative procedure described in chapter 4 is time consuming. In this chapter a 

faster and more efficient method for analysis of problems with concrete-steel 

interface is developed. This is accomplished by introduction of an automatic 

procedure that applies the bond model, developed in chapter 4, to the interface 

without running the software several times. In other words, there will be no need 

to perform a trial and error procedure which is extremely time consuming. 

Therefore, using an automated method only one analysis will be performed per 

model. To achieve this purpose, there is a need for a FORTRAN subroutine added 

to ABAQUS to model this special surface behavior. An algorithm of this program 

is presented in this chapter. Two forms of this model, total and incremental, are 

presented. The total form works with total slip and stress values while the 

incremental method involves increments of these parameters. According to 

experience the incremental form seems to be working more efficiently with a user 

subroutine.

5.2. Total Form of the Bond Stress-Slip Response

The total form of this model is the same as the one developed in the preceding 

chapter but there is a modification with respect to stirrups. Here, a more general 

case is considered where the amount of lateral reinforcement is not zero but is not 

sufficient to provide full restriction of splitting either. Therefore, this is a case 

between the two extremes. With regard to the case without stirrups, there is no 

restraint against splitting and the slopes of the bond slip diagrams are steep in the 

descending branch.

For the case of fully confined concrete, the mode of failure is not splitting since 

concrete fails in shearing of concrete keys against steel surface. In this case there 

is still a descending branch corresponding to shearing mode of failure but it is far
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less steep because the end of descending branch will occur at very large slippages 

that never happen for ordinary structures.

Therefore, for the type of analysis with small slip values carried out in here the 

slope of the descending branch for shear mode of failure is approximately zero 

and hence that descending branch is modeled as a flat branch. In addition, there is 

no need to model the descending branch for shearing failure because this failure 

mode is not a bond failure but a concrete failure. It happens by itself even with a 

flat descending branch. When the concrete at the interface reaches its critical 

value of shearing deformation it fails even without modeling of shear descending 

branch. For the case in between the two extremes and wherein confinement is not 

prefect the slope has to be a function of the splitting and the shearing zero slopes. 

Thus, there is a need to measure what amount of stirrup is sufficient. The 

recommendations of code for stirrup reinforcement are not adequate here since 

they are aimed to address the shear failure problem which is different from 

splitting. On the other hand, the seismic design deals with the confinement issue 

exclusively. For this purpose the code references to seismic demand have been 

used. The amount of lateral reinforcement enough to prevent splitting is

considered sufficient if the ratio of —  which we will call the reinforcement ratio
P a

is equal to or more than 1.0. Here p a is obtained from chapter 21 of ACI manual 

of concrete practice (2005), for spiral and circular hoop reinforcement as follows:

P a  = 0 .12^ -  (5 - 1)
J y

Here, p a is defined as the volumetric ratio of lateral reinforcement to the concrete

core confined by this reinforcement. Since this is a simulation of failure with 

seismic loads using a more complicated equation for rectangular reinforcement 

may not help make modeling more accurate and, therefore, only the 

abovementioned equation is used for all cases.
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When the reinforcement ratio —  equals 1 or more, perfect confinement is
P a

assumed and when this ratio is zero, concrete is unconfmed. For this reason, with 

the ratio of 1.0 or more there is zero slope for the descending branch as with the 

zero ratio steep splitting slope is deemed. In other words, with the reinforcement 

ratio of zero the ultimate slip is the same as its unconfmed value and for the 

reinforcement ratio of one or more the ultimate slip is a much larger value which 

will never be reached for structural cases of analysis. This large value only serves 

to provide a flat slope for the descending branch of the bond-slip relation. This 

phenomenon resembles the behavior of an exponential function. Thus, equations

(5.2) to (5.8) are developed which are modifications to the equations (4.11a) to 

(4.1 Id) presented in chapter 4. The coefficient inside the exponent is chosen to 

give a good approximation of slope at both extremes.

n  =f(S,(yN)-
250S

T +
m a x sm2- s u( S - S m2)exp -10

/ \ 1 .5

p
\Pa ;

S < S m
Sm< S <S m2 (5-2)

Sm2<S<S„

Where,

m̂ax = 2.4 r(o)

' r \ 1 .5 '

1 -  exp- -1 0 P
>

\Pa j
(2.98n3-3 .7 5 « 2 + 1.61#i + l)

+ r(o)(o.4086rc3 -2 .4 8 5 5 « 2 + 3.4769« + l) exp

/ ;

s  =-
250

S m2 =1.468(Sm -0 .0 1 8 )+  0.018 

Sul=2l .U(Sm -0 .0 1 8 )+  0.018

10
f  \ 15 
£ .

\ P a  J

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)
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Equation (5.3) which defines the confined bond capacity, r max, has two parts. The

first part deals with the effect of normal pressure in the presence of stirrups while 

the second part is the one developed for unconfmed concrete. In fact, equation

(5.3) is a combination of equations (4.10) and (4.12) together with inclusion of a 

new exponential expression related to volumetric lateral reinforcement ratio. In 

the presence of perfect reinforcement the reinforcement ratio is equal to or more 

than 1. Therefore, the first exponential expression in equation (5.3) would be 

extremely close to 1.0 and the second exponential expression would be close to 

zero. In other words, in presence of perfect confinement only the first part of 

equation (5.3) would be effective. In contrast, in case of no confinement the first 

expression in equation (5.3) would be zero and the second expression would be 

effective. In presence of partial confinement, a combination of first and second 

expressions of equation (5.3) is effective. Therefore, equation (5.3) can be used in 

the presence of both forms of confinement, normal pressure and stirrups. 

Equations (5.4) to (5.7) are explained in chapter 4. The exponential function in 

denominator of equation (5.8) equals 1.0 and approximately zero in cases of no 

confinement and perfect confinement respectively. Thus, in presence of no 

confinement equation (5.8) is the same as equation (4.1 Id). However, with 

increased levels of confinement equation (5.8) deviates from equation (4.1 Id) and 

becomes asymptotic to a flat line in case of perfect confinement. This 

phenomenon is illustrated in figure (5.1).

5.3. Incremental Form of Automatic Procedure

This form of modeling has been proven more efficient when used with an 

incremental surface interaction subroutine in ABAQUS. The necessary equations 

are derived by partially differentiating the equations in section 5.2 as follows:

dr  = — dS +— dn (5.9)
3S dn
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Where,

(5.12)

+ r(o)(l.2258rc2 -  4.971 w + 3.4769)expi -1 0  -
\ P a  J

Equations (5.9) to (5.12) show that increment of bond stress has two parts one 

corresponding to slip and the other corresponding to normal stress and the total 

bond is accumulation of these increments as follows:

5.4. Algorithm and Flowchart Diagram

Figure (5.3) presents the flowchart for the bond model automatic procedure. In 

this flowchart, the area associated with each node is specified first. Then, the 

orientation of the local frame of reference is given using the direction cosines of 

the tangent to the bar. The normal pressure increments and the increment of slip 

are computed next. The normal pressure is considered proportional to the amount 

of penetration by the master surface into the slave surface. Here, the master 

surface is the steel surface and slave surface is the concrete surface. However, the

(5.13)
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reference coordinate system for the interface is different from the one used here 

and, therefore, a conversion has to be made to obtain the slip and its increment in 

the local frame of reference. This is accomplished using the direction cosines of 

the interface reference frame and the local reference system assigned at the 

beginning. These direction cosines are used to perform a dot product of the 

components of slip and slip increment on the local coordinate system. Thus, a 

projection of slip and its increment on the local frame of reference is obtained 

through this procedure. Figure (5.2) shows the interface and proposed model 

reference frames. As mentioned in ABAQUS user manual, the interface x 

direction is defined as the projection of the global x direction on the interface 

unless the global x direction is normal to the interface (Hibbit et al., 2005). In this 

case the interface x coordinate is the projection of z axis on the interface (Hibbit 

et al., 2005). The interface y axis is perpendicular to the interface x axis in a way 

that x and y and z axes make a right handed system (Hibbit et al., 2005). The 

interface z axis is the slave surface normal and therefore the direction of which is 

determined by node numbers of the slave surface (Hibbit et al., 2005).

The next step is to calculate the bond capacity based on the values obtained in 

preceding steps. Next is to compute the incremental bond stress, d t , 

corresponding to different regions on the bond-slip diagram depending on the 

value of slip. These increments have to be mapped back to the software frame of 

reference and added to the previous values corresponding to the preceding 

iterations. The last stage is to store the current values of bond in the local 

coordinate system for every location as they will be used in the next step. 

Considering the small value of tensile chemical adhesion normal to the concrete- 

steel interface may help some cases of analysis become more stable as in some 

cases where there may be large out of plane deformations of the interface but in 

many cases it is neglected. According to the pullout tests by Feldman et al. (2005)

on plain reinforcement the value of this stress is about 0 . 3 to 0.35^ f f l  along

the length of the plain bars. Here, it is assumed that this stress is the same in the
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direction normal to bars. Considering this phenomenon when there is no 

instability due to deformations has little effect and hence is neglected.
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6. Verification of Constitutive Model

6.1. Introduction

In this chapter, the proposed automatic bond model is tested against the results 

from the experimental work of chapter 3 and other researchers’ tests to further 

verify the accuracy of the model. A total of 14 models were studied. These finite 

element models are simulations of past researchers’ test specimens.

6.2. Properties of the Models

In this section properties of all test specimens tested by previous researchers are 

explained. These properties include strength of concrete, yield stress of steel bars 

and diameter of reinforcing bars as well as the number of specimens modeled in 

this chapter.

The properties of the present experimental work are explained in chapter 3. 

Specimens from Untrauer (1968), Eligehausen (1983) and Lormanometee (1974) 

are straight bar pullout specimens while specimens tested by Minor et al. are hook 

pullout tests. Table 6.1 shows all cases studied in this chapter.

6.2.1. Untrauer et al. (1968)

Three pullout specimens from Untrauer et al. (1968) are modeled. Untrauer’s 

specimens are 6 inch cubes with a #6 (19mm) American bar in the middle. 

Normal pressure was applied on the top and bottom surfaces of the specimen. 

Three different values of 25 MPa, 32 MPa and 33 MPa define the strength of 

concrete in these specimens and the corresponding finite element models. Yield 

strength of steel is 635 MPa for all three specimens. Untrauer et al. used high 

strength steel to make sure their specimens fail in splitting. Figure (6.1) shows 

specimens tested by Untrauer et al.

6.2.2. Lormanometee (1974)

Six pullout specimens from Lormanometee (1974) were modeled by finite 

element method. Lormanometee’s specimens are 6 inch cubes with #6 (19mm)
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and #9 (28.5mm) American bars in the middle and top and bottom surface 

pressure were applied on them. Four different values define concrete strength in 

these specimens and the corresponding finite element models. These values are 

35.8 MPa, 27 MPa, 28.45 MPa and 33 MPa. Yield stress for steel is 400 MPa for 

all these specimens and finite element models. Figure (6.1) shows specimens 

tested by Lormanometee.

6.2.3. Minor et al. (1975)

Two hook pullout specimens from Minor et al (1975) are modeled by finite 

element method. Specimens tested by Minor et al. are 90 degree hook pullout 

tests. These specimens are shown in figure (6.2). As for type of bar, #7 

(22.22mm) American bars were used in Minor’s specimens. The nominal yield 

strength of steel was 400 MPa but in the actual tests, each specimen exhibited a 

somewhat higher strength. However in analysis the nominal strength was used 

and analysis was terminated at that strength and the corresponding diagrams are 

presented up to this nominal strength.

6.2.4. Eligehausen et al. (1983)

Two pullout specimens from Eligehausen (1983) are modeled by finite element 

method.

A typical Eligehausen’s specimen is shown in figure (6.3) which includes a #8 

(25.4mm) American bar. Pressure is applied on top and bottom surfaces. The 

strength of concrete is 30 MPa for both specimens and the corresponding finite 

element models. Yield strength of steel is 530 MPa for both models and the 

corresponding finite element models. Eligehausen et al. specimen 1.4.2 does not 

have any stirrups or vertical reinforcement. However, specimen 6.4 has #4 

stirrups and vertical bars and a normal pressure of 13.5 MPa on the two ends. In 

all Eligehausen’s specimens a plastic sheet was placed in the middle of specimen 

to make a pre-split region in the middle except a small area within the stirrups. In 

addition, a tube has been used to de-bond that part of steel going through the 

plastic sheet region.
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6.3. Finite Element Mesh

The finite element mesh for specimen of chapter 3 is shown in figure (6.4) and 

has already been explained in detail in chapter 4. Therefore, in this chapter only 

the finite element meshes for specimens tested by other researchers will be 

described in detail.

6.3.1. Untrauer et al. (1968) and Lormanometee (1974)

The finite element mesh for these specimens is illustrated in figure (6.5). Three 

dimensional wedge elements have been used to model concrete in these 

specimens. However, reinforcement is modeled with three dimensional brick 

elements. The type of elements used for these specimens are chosen according to 

several trials because using three dimensional brick elements for concrete in these 

cases results in severe distortion of elements and the mesh. Using a very coarse 

mesh decreases the accuracy of analysis. Because of the symmetry of these 

specimens, only one fourth is modeled. Appropriate boundary conditions are 

applied on the planes of symmetry to reflect the symmetry about the 

corresponding planes. These specimens were pullout tests and therefore in 

analysis a moving boundary condition is applied to one end of reinforcement and 

the corresponding face of the concrete finite element mesh is restrained by 

appropriate boundary conditions to simulate the pullout condition. Normal 

pressure was applied on top and bottom faces of these specimens. Therefore, in 

the finite element model normal pressure was applied on the bottom face while 

the top face was restrained by symmetry boundary conditions.

Considering the steel-concrete interface, the nodes of steel and concrete elements 

on this interface are not connected in the mesh. In other words, different node 

numbers are assigned to the same location corresponding to the nodes on steel- 

concrete interface. Although at the beginning of analysis concrete and steel nodes 

of the contact interface are coincident they slip on each other later in the analysis 

and the bond model procedure of chapter 5 is applied on this surface by a 

FORTRAN user subroutine. In addition, the steel contacting surface tends to
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penetrate into the concrete contacting surface which is checked by the model 

normal interaction between two surfaces in the abovementioned subroutine. In 

the three finite element models made for Untrauer et al. specimens three different 

normal pressures are applied: 6.21 MPa, 0 MPa and 6.53 MPa. For the case of six 

finite element models simulating Lormanomette’s tests four different normal 

pressures were applied: 0 MPa, 17.23 MPa, 2.6 MPa and 14.6 MPa.

6.3.2. Eligehausen (1983)

The finite element mesh for Eligehausen’s specimens consists of three 

dimensional wedge elements for concrete and steel. This type of element was 

chosen based on a number of trials with other element types. Here, coarse meshes 

rendered inaccurate results and on the other hand too fine meshes result in 

excessive distortion of mesh. Therefore, in this case using a large number of 

elements should be avoided. Eligehausen’s specimens were modeled from the 

face of the bonded bar through the end of its length and the unbonded length was 

not modeled since it is not considered in the bond model procedure and carries no 

force.

Eligehausen’s tests are pullout tests and to simulate that the end of the bar in the 

finite element mesh has to be under moving boundary conditions while the 

corresponding concrete face is restrained. These specimens are symmetric about 

two planes, and therefore, only one fourth was modeled. Boundary conditions due 

to symmetry were imposed on the planes of symmetry. In these specimens, 

Normal pressure was applied on two opposite faces. Therefore, in the finite 

element mesh a normal pressure was applied at the bottom face while the top face 

of mesh was restrained as a condition of symmetry. Figure (6.6) shows the finite 

element mesh for Eligehausen’s specimen. Stirrups were modeled by truss 

elements but are not highlighted here.

At the steel-concrete contact surface, nodes are not connected in the conventional 

way in a finite element mesh. They are connected through the contact algorithm
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described in chapter 5 using a FORTRAN user subroutine. Coincident nodes are 

considered for the concrete-steel interface at the beginning of analysis but later in 

analysis these nodes take different locations and corresponding bond stresses and 

normal pressures are imposed on them. Normal pressures applied to the two finite 

element meshes simulating Eligehausen et al. specimens were 0 MPa and 13.5 

MPa.

6.3.3. Minor et al. (1975)

As for the specimens tested by Minor et al. three dimensional wedge elements 

have been used for both concrete and steel. The choice of element type has been 

made according to several trials. Minor et al. specimens were symmetric about 

only one plane, and therefore, only half of them were modeled. Appropriate 

boundary conditions were applied to reflect on this symmetry. Since this is a 

pullout test, moving boundary conditions have been imposed on the end of 

reinforcement while the bottom part of the corresponding face of concrete was 

restrained against moving. This produces a moment which is balanced by a couple 

produced by the boundary conditions on a group of elements on top and bottom 

faces of finite element mesh. This is illustrated in figure (6.7). The steel concrete 

interface is modeled using concrete and steel elements with initially coincident 

but separate nodes, which relate to each other later in analysis using the contact 

algorithm of chapter 5. Since there is an unbonded straight part in Minor et al. 

specimen, the corresponding steel-concrete interface in that part is not assigned 

any bond behavior. Therefore, for the unbonded part of interface steel and 

concrete surfaces can freely slip on each other without any resisting bond.

6.4. Material Properties

The damaged plasticity model is applied to model the concrete. This type of 

material model is described in chapter 4 and will not be explained here.

The compression and tension softening curves for different models are presented 

in figures (6.8) to (6.25).
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6.5. Analysis Procedure and Results

For the case of the specimen of chapter 3, three diagrams are compared. These 

diagrams are the test load-displacement diagram, analysis result using the method 

explained in chapter 4 and analysis result using the method of chapter 5. For other 

cases only two graphs are compared which are the test result and analysis result 

using the method of chapter 5.

Analysis procedure is explicit analysis using software ABAQUS which is 

explained in chapter 4. To speed up analysis the method of mass scaling has been 

used. The values of scaling used in these analyses are different. That is because 

based on the dimensions of specimen and steel and conditions of loading different 

values are needed to give a stable analysis. All specimens were tested with low 

loading rates except Eligehausen’s which were tested under higher loading rate 

conditions. For Untrauer specimens a variable mass scaling procedure was used to 

give a stable time increment of at least 0.0005 seconds for all elements. The time 

increment used was 0.0003 for the total analysis period of 10 seconds. For 

Lormanometee’s specimens a variable mass scaling was used to give a stable time 

increment of 0.005 seconds. The time increment used was 0.0005 seconds for a 

total analysis period of 10 seconds. In the case of Eligehausen’s specimens 

variable mass scaling was used to give a stable time increment of 0.001 seconds. 

The time increment used was 0.0003 seconds for a total analysis period of 20 

seconds. For Minor’s specimens a variable mass scaling was used to give stable 

time increment of 0.005 seconds and the time increment used was the 0.005 

seconds for the total analysis period of 5 seconds.

Table 6.2 provides a summary of the present finite element models and analysis 

results of straight length pullout specimens tested by past researchers. This table 

makes it clear that there is close agreement between the present finite element 

results and the literature. Table 6.3 provides a summary of the present finite 

element results and the experimental results of hook pullout tests. Slip values for 

each model are mentioned in terms of u which is the slip value at yielding of
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steel in finite element analysis. Good agreement can be seen between analysis and 

test results in this table using R 2 measure.

Additionally in this section, bond-slip diagrams for a number of these models are 

compared with the available test result diagrams. These diagrams are shown in 

figures (6.26) to (6.33). According to these figures there is good agreement 

between the present finite element results and the present and past test result 

diagrams. Two comparisons have been made with the finite element model 

proposed by Lowes et al. (2004). Their model is accurate with respect to confined 

concrete but is not accurate to model unconfmed concrete. This is because Lowes’ 

model is not able to model splitting of concrete. Lowes et al. tried to model both 

confined and unconfined concrete by proposing a zero thickness interface element 

and imposing special mathematical conditions in their formulation. They were 

successful with respect to perfectly tied concrete cases since their model is 

perfectly able to simulate shearing mode of failure which happens in confined 

cases. However, their model failed to render an accurate result for cases involving 

no confinement. For the unconfmed case, Lowes et al. approach does not match 

the real capacity and general behavior exhibited by test. Eligehausen et al. 

confined and unconfined specimens were modeled by Lowes et al. Comparison of 

their results with test results and the present finite element approach in this 

research is given in figures (6.30) and (6.31). These figures show the present 

finite element model is able to model both confined and unconfined concrete.

6.6. Conclusion

The present automatic bond model has been compared with the present and past 

experimental results. Good agreement is observed between results from present 

finite element approach and present and previous tests. In two cases, the present 

approach has been compared with previous finite element results. As can be seen 

in figure (6.30), when there is no stirrups the previous finite element model gives 

results that do not match test results. The present model does not exhibit this 

deficiency and it gives a close match to previous test results. With respect to the
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case with lateral reinforcement although a flat descending branch was used, 

failure due to shear of concrete happened in a close match to test results.
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Case
Specimen

Name
Researcher

Bar

Type
f ' c

(Mpa)

fy

(Mpa)

1
Specimen of

Present 35M 35 400

2

Chapter 3 

36625
Untrauer

# 6 25 635

3 46600

(1968)

Untrauer
# 6 32 635

4 47620

(1968)

Untrauer
# 6 33 635

5 6-6-52-0-A4

(1968)

Lormanometee
# 6 35.8 400

6 6-6-52-48-A2

(1974)

Lormanometee
# 6 35.8 400

7 6-6-52-24-A6

(1974)

Lormanometee
# 6 35.8 400

8 6-6-39-0-D1

(1974)

Lormanometee
# 6 27 400

9 9-6-41-0-G1

(1974)

Lormanometee
# 9 28.45 400

10 9-6-48-43-J6

(1974)

Lormanometee
# 9 33 400

11 1.4.2

(1974)

Eligehausen
# 8 30 530

12 6.4

(1983)

Eligehausen
# 8 30 530

13 7-8.5-90-1.5 A

(1983) 

Minor (1975) # 7 38 400

14 7-8.5-90-1.5 B Minor (1975) # 7 40 400

Table (6.1) -  Specimens Modeled in This Chapter
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R
eproduced 

with 
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copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

Case Specimen Name Researcher
< ?N

(Mpa)

x max
from Test 

(Mpa)

x max
from FE 

(Mpa)

^ tm x - F E  

Tthx -Test

2 36625 Untrauer 6.21 13 12.3 0.95

3 46600 Untrauer 0 9 8.8 0.98

4 47620 Untrauer 6.53 16.3 14 0.86

5 6-6-52-0-A4 Lormanometee 0 8.8 9.6 1.09

6 6-6-52-48-A2 Lormanometee 17.23 19 19.7 1.04

7 6-6-52-24-A6 Lormanometee 8.61 18.9 17 0.9

8 6-6-39-0-D1 Lormanometee 0 8.1 7.9 0.98

9 9-6-41-0-G1 Lormanometee 0 6.2 6.13 0.99

10 9-6-48-43-J6 Lormanometee 14.6 18.6 15.5 0.83

11 1.4.2 Eligehausen 0 6 5.5 0.92

12 6.4 Eligehausen 13.5 17 17 1

Average = 0.958182 
Standard . _7 

Deviation =

00 Table (6.2) -  Summary of Straight Length Tests and FE Models



Model
Slip

(mm)

Lead Stress 
from Test

(MPa)

Lead Stress 
from FE
(MPa)

Comparison

uy = 0.85 357 400

0J5uy 298 330.5
....<L>
T3o

0.5 uy 224 245.3 R 2 = 0.96

2 0.25 uy 116 133.1

0 0 0

Uy =1 371.62 400

n 0.l5Uy 311 383

<D
O

0.5 Uy 225 282.1 R 2 =0.92

s 0.25 uy 123.32 151.34

0 0 0

Table (6.3) -  Hook Pullout Models
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Pressure Surface

Pressure Surface

6 in

Figure (6.1) - Schematic Drawing of Specimen Tested by Lormanometee (1974)

and Untrauer et al. (1968)
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Figure (6.2) - Schematic Drawing of Specimen Tested by Minor et al. (1975) (Not

to Scale)
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Figure (6.3) - Schematic Drawing of Specimen Tested by Eligehausen et al.

(1983)
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Figure (6.4) -  FE mesh for Specimen of Chapter 3
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Bottom Pressure SurfaceSurface Restrained 
against Moving

Figure (6.5) -  FE mesh for 6 Inch Cube Specimens from Untrauer and

Lormanometee
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Figure (6.6) -  FE mesh for Eligehausen’s Specimens
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Figure (6.7) -  FE mesh for Minor Specimens
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Figure (6.8) -  Saenz Compression Curve for FE Model of Case 2
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Figure (6.9) -  Tension Softening Curve for FE Model of Case 2
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Figure (6.10) -  Saenz Compression Curve for FE Model of Case 3
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Figure (6.11) -  Tension Softening Curve for FE Model of Case 3
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Figure (6.12) -  Saenz Compression Curve for FE Model of Cases 4 and 10
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Figure (6.13) -  Tension Softening Curve for FE Model of Cases 4 and 10
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Figure (6.14) -  Saenz Compression Curve for FE Model of Cases 5, 6 and 7
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Figure (6.15) -  Tension Softening Curve for FE Model of Cases 5, 6 and 7
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Figure (6.16) -  Saenz Compression Curve for FE Model of Case 8
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Figure (6.17) -  Tension Softening Curve for FE Model of Case 8
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Figure (6.18) -  Saenz Compression Curve for FE Model of Case 9
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Figure (6.19) -  Tension Softening Curve for FE Model of Case 9
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Figure (6.20) -  Saenz Compression Curve for FE Model of Cases 11 and 12
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Figure (6.21) -  Tension Softening Curve for FE Model of Cases 11 and 12
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Figure (6.22) -  Saenz Compression Curve for FE Model of Case 13
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Figure (6.23) -  Tension Softening Curve for FE Model of Case 13
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Figure (6.24) -  Saenz Compression Curve for FE Model of Case 14
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Figure (6.25) -  Tension Softening Curve for FE Model of Case 14
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Figure (6.26) -  Comparison of the Present Finite Element Approach with Present

Test Results
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Figure (6.27) -  Comparison of the Present Finite Element Approach with 

Lormanometee’s Test Results
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Figure (6.28) -  Comparison of the Present Finite Element Approach with 

Lormanometee’s Test Results
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Figure (6.29) -  Comparison of the Present Finite Element Approach with 

Lormanometee’s Test Results

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bo
nd

 
(M

Pa
)

9
8
7
6
5
4
3
2
1
0
■1

Lowes FE Model (2004)

-A— 1.4.2 (Eigehausen 1983)

Present FE Model

Slip (mm)

Figure (6.30) -  Comparison of the Present Finite Element Approach with

Eligehausen’s Test Results

20
18

16

14
12
10
8
6
4
2
0

0 2 4 6 8 10 12 14

Slip (mm)

Present FEM

Eligehausen
(1983)

Low es FEM 
(2004)
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Figure (6.32) -  Comparison of the Present Finite Element Approach with Minor’s

Test Results
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Figure (6.33) -  Comparison of the Present Finite Element Approach with Minor’s

Test Results
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7. Parametric Study of the Anchorage of Hooked Bars

7.1. Introduction

The purpose of this chapter is to evaluate a few of the Canadian code provisions 

with respect to anchorage of hooked bars. In this chapter a finite element 

parametric study of 90 degree hooks is carried out using the bond model 

developed in this research. Reinforcing bars used in this study are of large 

diameters. This kind of hook is widely used in beam-column joints and other 

structures such as tunnels and bridges. The development length of large diameter 

bars are the most critical since they require more bond accumulated to achieve 

yield stress of the corresponding large cross-sections. The parameters of interest 

in this chapter are the radius of bend, and the length of hook tail. These 

parameters are studied to determine their influence on hook capacity. A 

comparison of results with the provisions of the Canadian code is made to identify 

if these provisions are conservative. Finally conclusions and suggestions are 

presented.

7.2. Description of the Models

Figure (7.1) illustrates the type of joint models being studied. The hook consists 

of a bent part, a tail and a straight length. The pulling force is applied at the end of 

the straight part as the reaction to this force is applied on the concrete below. The 

resulting moment will balance with two compressive reactions on top and bottom 

faces of the model. Except in one case, the straight part is unbonded but the bend 

and tail parts are fully bonded. This facilitates the exclusive study of the bent and 

tail parts as it greatly helps make a meaningful comparison with the code.

Bars of interest are 30M, 35M and 45M Canadian bars. For every bar size two 

radii of bend are studied which are the minimum bend diameter and twice the 

minimum bend diameter as defined in the Appendix A of the CSA-A23.3 code for 

the 400W type of steel. The minimum bend diameter in the code is recommended
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for practical reasons. In other words, it is impractical to bend large bars with 

smaller than minimum diameters in the workshop. These minimum values are 

specified in table (7.1) with a star in front of the corresponding values. However, 

it is possible to have a bend diameter larger than the minimum. Development 

lengths of hooks in CSA-A23.3 are based on an equation in terms of bar diameter 

and strength of concrete. In other words, the development length equation of the 

code does not account for the bend radius and the same equation is used for the 

different bend radii as long as strength of concrete and bar sizes are the same. Tail 

lengths of interest are 12 db, 8 db and 4 db. The concrete strength is 30 MPa. The

tail length of 12 dbis recommended by the A23.3 code for anchorage of 90 degree 

hooks. Based on ACI Manual of Concrete Practice (2005), for small concrete 

covers and small tail lengths there is a possibility for the tail to pop out. Different 

tail lengths are examined to clarify the effect of tail length on the capacity of 

hooks.

Based on CSA-A23.3, when both the side and top covers are less than 60 mm 

thick, stirrups should be used to confine the hook. However, dimensions of these 

models are selected to give a stirrup-free design based on the provisions of CSA- 

A23.3. Stirrups are avoided because only the effects of bend radius and tail 

length are to be studied. In other words, using stirrups would interfere with other 

parameters and a clear conclusion on the effect of the parameters of interest 

would not be made.

High strength concrete and large covers are avoided to allow for the undesirable 

failure, which is under investigation, to happen, although there is no apparent 

mistake in design. Based on bond capacity equations for confined and unconfined 

concrete in chapters 4 and 5, bond capacity increases with increased concrete 

strengths and cover values.

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.3. Finite Element Mesh

Nineteen different finite element meshes were used in this study. For cases 1 to 3 

the cross section dimension and the length of the model in millimeters are 

425 x 648 and 680 respectively. The bend radius of reinforcement for these cases 

is 125 mm. For case 1, 2 and 3 the tail lengths are 140 mm 280 mm and 420 mm 

respectively. For cases 4 to 6 the cross section dimensions and the length of the 

models in millimeters were 425 x 773 and 805 respectively. The bend radius of 

reinforcement for these cases is 250 mm. In cases 4, 5 and 6 the tail lengths are 

140 mm, 280 mm and 420 mm respectively. For cases 7 to 9 the cross section 

dimensions and the length of the models in millimeters are 400x558 and 590 

respectively. The bend radius of reinforcement for these cases is 100 mm. In cases 

7, 8 and 9 the tail lengths are 120 mm, 240 mm and 360 mm respectively. For 

cases 10 to 12 the cross section dimensions and the length of models were 

400x658 and 690 millimeters respectively. The bend radius of reinforcement 

for these cases is 200 mm. In cases 10,11 and 12 the tail lengths are 120 mm, 240 

mm and 360 mm respectively. For cases 13 to 15 the cross section dimensions 

and the lengths of models were 475x853 and 885 millimeters respectively. The 

bend radius of reinforcement for these cases is 200 mm. In cases 13,14 and 15 the 

tail lengths are 180 mm, 360 mm and 540 mm respectively. For cases 16 to 18 the 

cross section dimensions and lengths of models were 475x1053 and 1085 

millimeters respectively. The bend radius of reinforcement for these cases is 400 

mm. In case 16, 17 and 18 the tail lengths are 180 mm, 360 mm and 540 mm 

respectively. For case 19 the cross section dimensions and the length of the model 

were 400x558 and 590 millimeters respectively. The bend radius of 

reinforcement for this case is 100 mm. In case 19, the tail length is 360 mm. Table 

7.2 shows all mesh dimensions. In this table, because of the condition of 

symmetry the model widths are divided by two.

Concrete and steel elements are both modeled with three dimensional wedge 

elements as shown in figures (7.4) to (7.22). Because of the symmetry only half 

of the structure is modeled and the condition of symmetry is applied by
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appropriate boundary conditions on the plane of symmetry. To demonstrate the 

difference in different meshes important concrete and steel dimensions are shown 

on the surface of the meshes in figures (7.4) to (7.22).

Coincident concrete and steel nodes are defined at the concrete-steel interface. 

These nodes initially take the same location but further in analysis they take 

different locations and will not be coincident. In other words, they slip on each 

other and steel nodes penetrate into concrete surface. The relative movement of 

steel and concrete nodes in governed by the bond model explained in chapter 5. 

FORTRAN user subroutines have been used to facilitate this bond model. The 

unbonded part of steel is excluded in the contact modeling since the movement of 

steel in this region produces no bonding force.

The pullout condition is modeled by using changing displacement boundary 

conditions on the nodes on the perimeter of the cross section of the reinforcement. 

The bottom part of the concrete cross section is restrained against movement in 

pullout direction. The resulting moment from the pullout procedure is balanced by 

a set of boundary conditions on a group of elements on top and bottom surfaces. 

These boundary conditions restrain movement in vertical direction. Equivalent 

cross sections are used to model reinforcement. This kind of cross section was 

described in chapter 4. Since the perimeter of the equivalent cross section is not 

the same as the real circular cross section the bond forces carried by nodes are 

computed with regard to the real cross section perimeter.

7.4. Analysis Procedure

Quasi static explicit analysis has been carried out using the bond model and 

automatic procedure introduced in the preceding chapters. To accelerate the 

analysis the method of mass scaling has been adopted. Variable mass scaling has 

been used in a way that for meshes with 30M bars it gives a stable time increment 

of 0.002 seconds for all elements. The time increment was 0.0004 seconds for a 

total time period of 5 seconds. Continuation of pullout boundary conditions
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beyond the mentioned total time results in instability of analysis. This can be 

attributed to the abrupt nature of failure once the bend region has failed. In this 

situation the bond on the tail cannot balance the pullout force no matter what the 

length of tail is. For meshes with 35M bars and minimum bend radius the variable 

mass scaling used gives a stable time increment of 0.004 seconds for all elements. 

The time increment used is 0.0004 seconds for a total time period of 5 seconds. 

For meshes with 35M bars and double minimum bend radius the mass scaling 

used gives a stable time increment of 0.002 seconds. The time increment used was 

0.0004 seconds for a total time period of 5 seconds. For meshes with 45M bars 

and minimum bend radius the mass scaling used gives a stable time increment of 

0.002 seconds. The time increment was 0.0004 seconds for the total time period 

of 5 seconds. For meshes with 45M bars and twice minimum bend radius the 

mass scaling used gives 0.002 seconds stable time increment. The time step was 

0.0004 for total time period of 8.0 seconds.

7.5. Material Properties

The material model used for concrete is the damaged plasticity model. It accounts 

for both effects of nonlinear compression and tension. This is accomplished by 

incorporating a compression curve and tension softening curve into the model. In 

addition, Lubliner yield surface and Drucker-Prager plastic potential functions are 

used. Because of the monotonic nature of loading in these models damage 

parameters are not used. The compression and tension softening curves used are 

Saenz and Li et al. curves. The compression and tension softening curves are 

shown in figures (7.23) and (7.24). Steel stress-strain curve is shown in figure 

(7.25).

7.6. Analysis Results

Figures (7.26) to (7.32) show the stress-displacement curves for all models. These 

curves show the conditions for the beginning of the bend which is called lead 

here. As can be seen in figure (7.26) the behavior of different models with 

different tail lengths with 30M bars bent with minimum radius are very close.
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Figure (7.27) shows that the capacity of a bent bar increases with increased bend 

radius. Figure (7.28) demonstrates the fact that by adding the straight 

development length required by the code the stress at the bar end becomes very 

close to yielding stress. Figure (7.29) shows that for 35M bars with different tail 

lengths and minimum bend radius the capacity remains the same. Figure (7.30) 

illustrates that 35M bars bent with twice minimum radius exhibit a much larger 

capacity. Figure (7.31) indicates that for 45M bars bent with minimum bent radius 

and different tail lengths there is little difference in pullout capacities. Figure 

(7.32) shows that with twice the minimum bend radius for 45M bars with 

different tail lengths the capacity increases remarkably and the one with 12db tail 

length exhibits a slightly larger capacity. This can be attributed to the large bend 

diameter of the bend which makes the bar exhibit some of the characteristics of 

straight bars. In other words, as the shape of the bar approaches that of a straight 

bar, the tail length becomes a more influential parameter.

Slippage tends to decrease from the beginning of the bend toward the end of the 

bend. It is worthwhile noting that the amount of slip becomes smaller as it 

proceeds through the tail. The slippage at the end of the tail is a very small value. 

Figure (7.33) shows a number of locations on the bar. These locations correspond 

to beginning, middle and the end of the bend region. Load-slip diagrams for the 

locations shown in figure (7.33) on the bar are given in figures (7.34) through

(7.52). In these diagrams the load is presented as a fraction of the load necessary 

to yield the bar. These diagrams are presented to clarify the trend of slip at 

different locations on the bend region.

The diagrams in figures (7.34) to (7.52) also provide a means to make a 

comparison of slip trends for bars with the same diameter but different tail 

lengths. This kind of comparison is presented in figures (7.53) to (7.59). 

Comparison of slip values provides a deeper understanding of hook behavior. 

Figures (7.34) to (7.36) show that for 35M bars with minimum bend radius and 

different tail lengths slip at the beginning of the band is always larger than other
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places on the bend region. The amount of slip decreases further through the 

middle to the end of the bend.

Figures (7.37) to (7.39) show that for 35M bars bent with twice minimum bend 

radius and different tail lengths slippage at location 283 is larger than the one at 

location 346 which in turn is larger than the slip at location 409. The peak load 

and the corresponding slip are larger than those in figures (7.34) to (7.36). Figures 

(7.37) to (7.39) also show that with increased tail length the amount of slip in the 

middle and end of the bar decrease slightly. Figures (7.40) to (7.52) exhibit the 

same general features mentioned above for 30M and 45M bars.

In Figures (7.53) to (7.59) the slip trend is shown along the length of the bend 

region with origin being the beginning of the bend. The slip values in diagrams

(7.53) to (7.59) correspond to the peak load. Horizontal axes in these diagrams are 

in terms of bend length divided by the bend radius. It can be seen in these 

diagrams that for the same location of bend region, slip is slightly larger for hooks 

with smaller tails, however in general they are very close. Table (7.3) shows the 

slip values at different locations on the bend region corresponding to the peak 

load.

Overall, from figures (7.34) to (7.36) the peak load for cases 1 to 3 is 50 % of the 

yielding load. The slip values discussed from now on are values corresponding to 

the peak load. For case 1, the slips at the beginning, middle and end of bent region 

are 0.75 mm, 0.19 mm and 0.09 mm respectively. In case 2, slippage varies from 

0.75 mm at the beginning to 0.17 mm in the middle to 0.09 mm at the end of the 

bend region. In case 3, the amount of slip at locations 283, 346 and 409 are 0.7 

mm, 0.17 mm and 0.1 mm respectively. From figures (7.37) to (7.39) the peak 

load for cases 4 to 6 is eighty one percent of the yielding load. Case 4 exhibits 

slippages of 0.9 mm, 0.24 mm and 0.015 mm for locations 283, 346 and 409 

respectively. Case 5 has a slippage of 0.9 mm for the beginning of the bend, 0.14 

mm for the middle and 0.02 mm at the end. Case 6 shows a slip of 0.9 mm at
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location 283, 0.108 mm at location 346 and 0.015 mm at location 409. From 

figures (7.40) to (7.42) the peak load for cases 7 to 9 is fifty six percent of the 

yielding load. For case 7, there is a slippage of 0.67 mm for location 283, 0.24 

mm for location 346 and 0.08 mm for location 409. In case 8, slippages at the 

beginning, middle and end of the bend are 0.68 mm, 0.16 mm and 0.09 mm 

respectively. Case 9, shows slip values of 0.7 mm, 0.15 mm and 0.09 mm for 

locations 283, 346 and 409 respectively. From figures (7.43) to (7.45) the peak 

load for cases 10 to 12 is eighty percent of the yielding load. Case 10 exhibits a 

slippage of 0.95 mm at the beginning, 0.22 mm in the middle and 0.1 mm at the 

end of the bend. In case 11, slip varies from 0.83 mm at location 283 to 0.17 mm 

at location 346 to 0.04 mm at location 409. Case 12 slips at locations 283, 346 

and 409 are 0.93 mm, 0.06 mm and 0.08 mm respectively. From figures (7.46) 

and (7.47) the peak load for cases 13 and 14 is forty four percent of the yielding 

load. From figure (7.48) the peak load for case 15 is forty seven percent of the 

yielding load. In case 13, there is a slippage of 0.89 mm at the beginning, 0.18 

mm in the middle and 0.11 mm at the end of the bend region. In case 14, 

slippages at the beginning, middle, and end of bend are 0.8 mm, 0.15 mm and 

0.09 mm respectively. In case 15, slips at locations 283, 346 and 409 are 0.8 mm, 

0.13 mm and 0.05 mm respectively.

From figures (7.49) and (7.50) the peak load achieved for cases 16 and 17 is 

eighty one percent of the yielding load. From figure (7.51) the peak load for case 

18 is ninety percent of the yielding load. Case 16 has slip values of 2 mm, 0.2 mm 

and 0.09 mm at the beginning, middle and end of the bend. Case 17, has a 

slippage of 1.68 mm at location 283, 0.13 mm at location 346 and 0.07 mm at 

location 409. The amounts of slip at the beginning, middle and end of the bend 

for case 18 are 1.66 mm, 0.04 mm and 0.03 mm respectively. From figure (7.52) 

the peak load for case 19 is approximately the yielding load. Case 19, shows slip 

values of 0.03 mm, 0.02 mm and 0.01 mm for locations 283, 346 and 409 

respectively.
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7.7. Comparison with Code and Conclusions

In this section an evaluation of CSA-A23.3 code provisions with respect to 

capacity of hooked bars is presented. In figure (7.60), two 90 degree standard 

hooks are schematically shown. Every hook is composed of a straight part, a bent 

part and a tail. Hooks in figure (7.60) are illustrated with the bend radii of 

r and2r. Based on the code, the hook development length does not depend on the 

bend radius and, therefore, is the same for the two hooks illustrated in figure 

(7.60). The equation of A23.3 for hook development length using 400 MPa steel 

is as follows:

{71)

Here, db and f'c denote bar diameter and strength of concrete respectively. The 

value of ldh for 30 MPa concrete and 30M bars equals 546 mm. Equation (7.1) 

implies that the increase in the bend region capacity is proportional to the bend 

radius increase. In other words, a radius of bend increased by r will result in an 

increased capacity of the bend region equal to the capacity of a straight bar with 

length r . Thus, the contribution of the bent region with the radius of 2r compared

to the one with the radius of r is larger by a value of
( r \
T * f > 

V d  /

with ld being the

straight development length and /  the yielding stress of reinforcement. This

conclusion is based on the straight development length equation in A23.3 which 

implies that the stress in reinforcement is proportional to the length of the bar. In 

other words, if the straight development length is reduced by say fifty percent the 

stress in the bar is also reduced by fifty percent. The code equation with regard to 

straight length development is presented as follows:

Jr 1r ]r Jr fld =1.15 ' 2 3 4 Jj^Ab (7 .2 )
d . + K *  J / I  b

Where, kx,k2,k3,kA, K tr, Ab and dcspresent water accumulation coefficient,

coating coefficient, density coefficient, bar size coefficient, stirrup coefficient, 

area of bar cross-section and the distance from closest concrete surface to the
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center of the bar or two thirds of center to center distance of bars whichever is 

smaller. In this work, coefficients kx to kA are taken equal to 1.0 because there is 

no water accumulation considered in analysis, there is no coating on bars, only 

normal density concrete is considered and bar sizes are large. Stirrup coefficient is 

zero here since there are no stirrups in these models. Here, the parameter 

dcs equals 2db.

The code approach to hooked bars neglects the effect of normal stresses on the 

bent region and, therefore, a larger increase in the capacity of this region is 

predicted. To verify this prediction the analyses in the preceding section were 

carried out. Table (7.4) is derived according to the results from analysis.

From the analysis results and the table 7.4, it becomes clear that the capacity of 

bend region increases due to an increase in the bend radius and this increase is 

2.35 to 3.18 times more than what the code predicts. Therefore, the application of 

a hook with a radius twice the minimum is conservative in all cases. Furthermore, 

usage of a hook with 45M bar and minimum bend radius is un-conservative and is 

not recommended. On the other hand a 45 M bar bent with a radius twice the 

minimum results in a conservative hook and hence it is recommended to use this 

radius of bend for 45M bar.

For 30M bars the code based bend capacity for minimum and twice minimum 

bend radii are 231.22 MPa and 271.72 MPa respectively. This implies that the 

improvement due to the increase in bend radius is 40.5 MPa. However, the finite 

element based bend capacities for minimum and twice minimum bend radii are 

225 MPa and 320 MPa respectively. It means the improvement due to bend 

capacity is 95 MPa which is 2.35 times larger than the code based prediction of 

improvement.

For 35M bars the code based bend capacity for minimum and twice minimum 

bend radii are 228.9 MPa and 272.4 MPa. Therefore, the code based improvement
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corresponding to the increase in the bend radius is 43.5 MPa. However, the bend 

capacities for minimum and twice minimum bend radii based on finite element 

analysis are approximately 200 MPa and 325 MPa. It means the finite element 

based improvement due to the bend radius increase is 125 MPa which is 2.87 time 

larger than the code based prediction.

For 45M bars the bend region capacities for minimum and twice minimum bend 

radii according to the code are 250.42 MPa and 304.42 MPa. This implies that the 

increase in the bend capacity due to the bend radius increase is 54 MPa. However, 

according to finite element analysis the bend capacity for 45M bar and minimum 

bend radius for tail lengths of 12db, 8dh and 4db are 188 MPa, 176 MPa and 176 

MPa respectively. From finite element analysis, the bend region capacities for 

45M bars bent with twice minimum radius and tail lengths of 12db, %clhand 

4db are 360 MPa, 324 MPa and 324 MPa. Thus, the improvement in capacity 

corresponding to the bend radius increase for tail lengths of 12db, %dh and 

4db based on finite element analysis are 172 MPa, 148 MPa and 148 MPa 

respectively. These values show that for 45M bars the improvement due to bend 

radius increase according to finite element analysis for tail lengths of 12db,

8db and 4dh are 3.18, 2.74 and 2.74 times larger than those predicted by the code 

respectively.

Concerning the minimum bend radius, Table (7.4) shows that finite element 

results and code predictions for the bend region capacity are close for all cases 

except the ones involving 45M bars. In other words, the code predicted capacities 

for 45M bars bent with the minimum radius is much more than what the finite 

element analysis predicts and hence they are not conservative. On the other hand, 

provisions of code for 35M and 30M bar are adequate but can be improved by 

using a radius of bend equal to twice the minimum bend radius. In addition, 

according to the results of analysis there is not much difference in capacity 

between tail lengths of 4db, 8db and 12db. In Table (7.4), the bend region
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capacities are calculated by subtraction of the straight region capacities from /  .

The straight region capacities are obtained from equation (7.2). This approach is 

presented in the following relationship:

= f y - U  7 ~ rf‘ / ,  (7.3)
l d

Where, Cbend is the bend region capacity in MPa. To further validate this 

approach, the case of 30M bar with full code based hook development length has 

been studied in case 19 of this chapter. This analysis shows that using equation 

(7.2) gives a good approximation for the computation of straight region capacity 

since with the addition of the bonded straight part required by the code the 

capacity of the hooked bar becomes almost equal to the yield stress. As a 

conclusion, in order to have a conservative design the following equation is 

recommended to be used to determine the bend radius:

''mm db ^ 35
'min ( j  o J  ^  A cl (7-4)
10

(db -  25) 3 5 < d b < 45

Here, is the minimum bend radius. Equation (7.4) gives a conservative hook 

design. However, there may be other more economical options that need to be 

further investigated as a future research topic. The capacity of the models did not 

change much with different tail lengths. However, tail lengths shorter than twelve 

times the bar diameter are not recommended. This is because there is a possibility 

for a short tail to pop out of the joint region due to a small amount of concrete 

cover at the back of the hook.
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Case

Bar

Diameter

(mm)

/ ;

(MPa)

Bend

Radius

(mm)

Tail Length

Bonded

Straight

Length

1 35 30 125* 4db 0

2 35 30 125* H , 0

3 35 30 125* 12 db 0

4 35 30 250 4 db 0

5 35 30 250 Sdb 0

6 35 30 250 12 db 0

7 30 30 100* 4db 0

8 30 30 100* M b 0

9 30 30 100* 12 db 0

10 30 30 200 4db 0

11 30 30 200 M b 0

12 30 30 200 12 db 0

13 45 30 200* 4 dh 0

14 45 30 200 %db 0

15 45 30 200 12 db 0

16 45 30 400 4db 0

17 45 30 400 Sdb 0

18 45 30 400 12 db 0

19 30 30 100* 12 db U - r - d „

* Minimum Bend Radii

Table (7.1) -  Cases to be Studied

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Case Width
(mm)

Height
(mm)

Length
(mm)

Tail Length 
(mm)

Unbonded Length 
(mm)

1 212.5 648 680 140 520

2 212.5 648 680 280 520

3 212.5 648 680 420 520

4 212.5 773 805 140 520

5 212.5 773 805 280 520

6 212.5 773 805 420 520

7 200 558 590 120 460

8 200 558 590 240 460

9 200 558 590 360 460

10 200 658 690 120 460

11 200 658 690 240 460

12 200 658 690 360 460

13 237.5 853 885 180 640

14 237.5 853 885 360 640

15 237.5 853 885 540 640

16 237.5 1053 1085 180 640

17 237.5 1053 1085 360 640

18 237.5 1053 1085 540 640

19 200 558 646 360 0

Table (7.2) -  Mesh Dimensions
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Case Slip at Peak at 283 
(mm)

Slip at Peak at 346 
(mm)

Slip at Peak at 409 
(mm)

1 0.75 0.19 0.09

2 0.75 0.17 0.09

3 0.7 0.17 0.1

4 0.9 0.24 0.015

5 0.9 0.14 0.02

6 0.9 0.108 0.015

7 0.67 0.24 0.08

8 0.68 0.16 0.09

9 0.7 0.15 0.09

10 0.95 0.22 0.1

11 0.83 0.17 0.04

12 0.93 0.06 0.08

13 0.89 0.18 0.11

14 0.8 0.15 0.09

15 0.8 0.13 0.05

16 2 0.2 0.09

17 1.68 0.13 0.07

18 1.66 0.04 0.03

19 0.03 0.02 0.01

Table (7.3) -  Slip at Different Bend Locations
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Bar

Size

(mm)

Tail

Length

Bend

Radius

(mm)

Bend

Capacity

From

Code

(Mpa)

Bend

Capacity

from

FE

(Mpa)

Improvement 

Based on Code 

(Mpa)

Improvement 

Based on 

FE 

(Mpa)

Comments on 

Code 

Based on 

Capacity

30 12 d b 100 231.22 225 0 0 Adequate

30 8 d b 100 231.22 225 0 0 Adequate

30 4 d b 100 231.22 225 0 0 Adequate

30 u d b 200 271.72 320 40.5 95 Conservative

30

-a

00

200 271.72 320 40.5 95 Conservative

30 4d„ 200 271.72 320 40.5 95 Conservative

35 12 d b 125 228.90 200 0 0 Adequate

35 OO 125 228.90 200 0 0 Adequate

35 4 d b 125 228.90 200 0 0 Adequate

35 12 d b 250 272.40 325 43.5 125 Conservative

35 8 d b 250 272.40 325 43.5 125 Conservative

35 4 d b 250 272.40 325 43.5 125 Conservative

45 12 d b 200 250.42 188 0 0 Unconservative

45 8 d b 200 250.42 176 0 0 Unconservative

45 4 d b 200 250.42 176 0 0 Unconservative

45 n d b 400 304.42 360 54 172 Conservative

45 8 d b 400 304.42 324 54 148 Conservative

45 4 d b 400 304.42 324 54 148 Conservative

Table (7.4) -  Summary of Results and Conclusions
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End o f the Bar

1 0 0 mm r  +  d . 12  d .

6 8  m m

Lead

V a r i a n t
12  d ,

Axis of Symmetry

250+ Sd,

Figure (7.1) -  Schematic Drawing of Models Studied
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100mm r + du ldh- r - d ,

68 mm

! d b

12 db

Figure (7.2) -  Schematic Drawing of the Model with Full Hook Development

Length

Figure (7.3) -  Schematic Drawing of the Loads
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Figure (7.4) - FE Mesh for 30M bar with 100 mm bend radius and 12 db tail
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Figure (7.5) - FE Mesh for 30M bar with 100 mm bend radius and 8 db tail
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200 mm

Unbonded I.enmli = 460 mm
Bend
Radius = 100 mm

240 mm

558 mm

590 mm

Figure (7.6) - FE Mesh for 30M bar with 100 mm bend radius and 4 d h tail
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Figure (7.7) - FE Mesh for 30M bar with 100 mm bend radius, 12 dh tail and straight

bonded length of ld
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200 mm

■V--. I Jnhondcd Length = 460 mm

Bend
Radius = 200 nun

360 mm

690 mm

658 mm

Figure (7.8) - FE Mesh for 30M bar with 200 mm bend radius and 12 db tail
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200 mm

l inbondcd I ength = 460 mm

Bend
Radius = 200 nun

240 mm

690 mm

658 mm

Figure (7.9) - FE Mesh for 30M bar with 200 mm bend radius and 8 dh tail
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I inhondcd L.etigth = 460 mm

Bend
Radius =  200 mm

120 mm

Figure (7.10) - FE Mesh for 30M bar with 200 mm bend radius and 4 db tail
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I :nbondcd l.ength = 520 mm

Bend ^
Radius =  125 mm

Figure (7.11) - FE Mesh for 35M bar with 125 mm bend radius and 12 db tail
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Unbonded Length = 520 mm

Bend
Radius = 125 mm

Figure (7.12) - FE Mesh for 35M bar with 125 mm bend radius and 8 db tail
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Figure (7.13) - FE Mesh for 35M bar with 125 mm bend radius and 4 db tail
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212.5 mm

Unbonded Length = 520 mm

Bend ^
Radius =  250 mm

Figure (7.14) - FE Mesh for 35M bar with 250 mm bend radius and 12 db tail
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I Inbonded Length = 520 mm

Bend
Radius =  250 mm

Figure (7.15) - FE Mesh for 35M bar with 250 mm bend radius and 8 db tail
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-*-*. I Jnbondeil L.cnuth = 520 mm

Bend
Radius =  250 mm

Figure (7.16) - FE Mesh for 35M bar with 250 mm bend radius and 4 d b tail
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237.5 mm

■vr. Unbonded Length -6 4 0  mm

Bend
Radius =  200 nil

Figure (7.17) - FE Mesh for 45M bar with 200 mm bend radius and 12 db tail
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237.5 mm

Unbonded Length -  640 mm

Bend 
Radius =  200 mm

360 mm

885 nun

853 mm

Figure (7.18) - FE Mesh for 45M bar with 200 mm bend radius and 8 dh tail
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t'nbondcd Length 640 mm

Bend ^
Radius = 200 mm

Figure (7.19) - FE Mesh for 45M bar with 200 mm bend radius and 4 db tail
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Unbonded Lenuth = 640 mm

Bend «  
Radius =  400 mi

540 mm

Figure (7.20) - FE Mesh for 45M bar with 400 mm bend radius and 12 db tail
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237.5 mm

Unbonded Length = 640 mm

Bend ^
Radius =  400 111111

Figure (7.21) - FE Mesh for 45M bar with 400 mm bend radius and 8 db tail
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237.5 mm

Bend 
Radius =  400 mm

180 mm

Unbonded Length = 640 mm

1085 mm

1053 mm

Figure (7.22) - FE Mesh for 45M bar with 400 mm bend radius and 4 dh tail
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Figure (7.23) -  Compression Curve
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Figure (7.24) -  Tension Softening Curve
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Figure (7.25) -  Steel Stress-Strain Diagram
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Figure (7.26) -  Load-displacement for 30M bar and minimum bend radius
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Figure (7.27) -  Load-displacement for 30M bar and twice minimum bend radius
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Figure (7.28) -  Load-displacement for 30M bar, minimum bend radius and straight

development length of ld
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Figure (7.29) -  Load-displacement for 35M bar and minimum bend radius
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Figure (7.30) -  Load-displacement for 35M bar and twice minimum bend radius

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200 n

180 -

160 -

140 -

120
inind>
55
T3<0d>—I

100

80

40 -

20 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Lead Displacement (mm)

 45M bar;Tail=4db

 45M bar;Tail=8db

 45M bar;Tail=12db

Figure (7.31) -  Load-displacement for 45M bar and minimum bend radius
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Figure (7.32) -  Load-displacement for 45M bar and twice minimum bend radius
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Figure (7.33) -  Different Locations on the Bar
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Figure (7.34) -  Slip at Different Locations on the Bend for Case 1
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Figure (7.35) -  Slip at Different Locations on the Bend for Case 2
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Figure (7.36) -  Slip at Different Locations on the Bend for Case 3
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Figure (7.37) -  Slip at Different Locations on the Bend for Case 4
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Figure (7.38) -  Slip at Different Locations on the Bend for Case 5
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Figure (7.39) -  Slip at Different Locations on the Bend for Case 6
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Figure (7.40) -  Slip at Different Locations on the Bend for Case 7
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Figure (7.41) -  Slip at Different Locations on the Bend for Case 8
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Figure (7.42) -  Slip at Different Locations on the Bend for Case 9
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Figure (7.43) -  Slip at Different Locations on the Bend for Case 10

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.1

p/py

o
0.4 0.6 0.8

Location 409
- 0.1

Location 346
- 0.2

-0.3

-0.4

-0.5

- 0.6

Location 283

-0.7

- 0.8

-0.9

Figure (7.44) -  Slip at Different Locations on the Bend for Case 11
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Figure (7.46) -  Slip at Different Locations on the Bend for Case 13
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Figure (7.48) -  Slip at Different Locations on the Bend for Case 15
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Figure (7.49) -  Slip at Different Locations on the Bend for Case 16
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Figure (7.50) -  Slip at Different Locations on the Bend for Case 17
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Figure (7.51) -  Slip at Different Locations on the Bend for Case 18
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Figure (7.52) -  Slip at Different Locations on the Bend for Case 19
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Figure (7.53) -  Slip Trend on the Bend at Peak Load for Cases 1 to 3 with 4 d h to 12 db of

Tail Length Respectively
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Figure (7.54) -  Slip Trend on the Bend at Peak Load for Cases 4 to 6 with 4 d h to 12 dh of

Tail Length Respectively
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Figure (7.55) -  Slip Trend on the Bend at Peak Load for Cases 7 to 9 with 4 db to 12 db of

Tail Length Respectively
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8. Conclusion

8.1. Summary

A test specimen of a joint has been designed, fabricated, and tested under a 

negative moment produced from loading vertically with MTS-6000 machine. The 

specimen was designed with strut and tie model, which is an adequate tool to 

design disturbed regions such as beam-column joints. This specimen contained 

large diameter bent bars. Three layers of 35M bars were used as main tension 

steel. The main tension steel was bent at the comer with a radius of 5.0 inches and 

at the steel end with the same radius to make two 180 degree hooks near the end 

of specimen. Two layers of 20M bars were used as compression steel. Stirrups 

with 15 mm diameter were placed at 100 mm center to center. Two 19 mm thick 

steel plates were installed at the ends of specimen to distribute the compressive 

force of MTS-6000 on the two end cross-sections of specimen. This arrangement 

prevents crushing of concrete at the two ends of specimen. Material properties 

were 35 MPa concrete and 400 MPa steel.

For the purpose of instrumentation, LVDT’s were installed from the top to ground 

and from the comer to ground to measure the vertical deflection. Strain gauges 

were placed on the 35M reinforcing bars from the beginning of the bend to the 

face of the joint.

In order to simulate the abovementioned specimen, a finite element analysis has 

been carried out using three dimensional brick and three dimensional wedge 

elements for concrete and steel. Stirrups and compression bars were modeled with 

three dimensional tmss elements embedded into concrete elements. End steel 

plates were modeled with flat rigid elements. The method of damaged plasticity 

was used to model the concrete material properties. Damaged plasticity of the 

concrete includes compression and tension softening phenomena. The yield 

surface and plastic potential function used in damaged plasticity are Lubliner
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(1989) and Drucker-Prager (1951). Saenz (Chen, 1982) and Li et al. (2002) curves 

have been used to model compression and tension behaviors of concrete 

respectively. Explicit bond modeling was necessary to accurately analyze the 

specimen.

Three dimensional Cartesian elements were used to model the steel-concrete bond 

interface. For simplification of mesh generation an equivalent rectangular cross- 

section was used for main tension bars. This equivalent cross-section has the same 

area and moment of inertia as the real circular cross-section but its perimeter is 

different. Therefore, the association of bond forces to the nodes of steel and 

concrete elements on the interface should be done according to the real perimeter. 

This method ensures the same stresses will be produced in the equivalent cross- 

section as the real bar cross-section with the same amount of bond stress applied 

on them.

According to literature bond is composed of three components: chemical adhesion 

between concrete and steel surfaces, friction between steel and concrete surfaces 

and keying of concrete deformations against steel ribs. Failure mechanism of 

bond is by shearing off the concrete keys against steel surface or by splitting 

which is a much more abrupt phenomenon. The proposed bond-slip model for un

tied and perfectly tied concrete assumes tri-linear and bilinear forms respectively. 

This model evaluates the bond stress in terms of slip and the maximum bond 

capacity which can be confined or unconfined. The unconfined bond capacity can 

be obtained from equations in the literature. The confined bond capacity can be 

obtained from an expression proposed in chapter 4, which is a function of the 

unconfined bond capacity and the ratio of the normal pressure over compressive 

strength of concrete. This expresion has been obtained by a large number of trial 

analyses of the specimen described in chapter 3. A comparison of this expression 

with the past researchers test results show that it is close to test results from 

Malvar (1992) and Untrauer (1968).
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This model accounts for strength of concrete, cover, bar size, level of 

confinement, stirrups and splitting of concrete. In this model bond is a function of 

slip and the level of confinement. With increasing level of confinement the bond 

capacity increases. For unconfined concrete the mode of failure is splitting which 

can be simulated by the proposed bond model. The splitting of concrete is 

modeled through a descending branch in the bond-slip relationship. The ultimate 

slip beyond which the bond value is zero increases with increased confining 

pressure and the descending branches of bond-slip diagrams at high confining 

pressures tend to become parallel. For fully confined concrete, splitting does not 

happen and thus a flat branch is considered after the ascending branch.

The analysis procedure was ABAQUS explicit analysis in quasi static form. This 

type of analysis uses a large number of time steps and is a fast method since it 

does not solve a simultaneous system of equations. This type of analysis is the 

most appropriate for reinforced concrete because of the inherent discontinuous 

nature of reinforced concrete structures. Compared to other methods of analysis 

such as Newton-Raphson explicit dynamic analysis is more efficient in terms of 

convergence. To further accelerate the procedure method of variable mass scaling 

was used.

This bond model was automated to provide a surface constitutive model that does 

not need an iterative procedure. The concept of non-perfect lateral reinforcement 

has been considered using an analogy to seismic design. For this purpose, a 

reinforcement ratio is adopted as a means to measure whether or not the 

reinforcement is perfect. This ratio is a function of the volumetric ratio of lateral 

reinforcement to the concrete core confined by it and the yielding strength of steel 

and the compressive strength of concrete. If this ratio is equal or larger than 1.0, 

perfect lateral confinement is deemed. If this ratio is zero no confinement is 

provided, and for the values of the lateral reinforcement ratio between zero and 

1.0 a non-perfect condition is assumed. The descending branch of the bond-slip 

model is dependent on the lateral reinforcement ratio and for perfect confinement
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is flat whereas for no confinement it is a steep descending branch. However, for 

non-perfect confinement the descending branch is between the two extremes.

For the purpose of verification of the proposed bond-slip model fourteen different 

cases were studied out of which thirteen models were simulations of test 

specimens in the literature. Based on the results of simulations the proposed bond 

model is in good agreement with previous researchers’ test results and it also 

renders results which are close to the test results explained in chapter 3. A 

comparison of the proposed finite element approach with Lowes et al. (2004) 

finite element model shows that the present bond-slip model is able to model the 

unconfined condition although Lowes et al. model was not capable of doing so. In 

addition, the present approach was proven to be able to efficiently simulate 

confined concrete conditions. The proposed model can predict the shear failure of 

concrete since this failure is a material type of failure and when the shear stresses 

at the interface reach the critical values shearing starts to happen in concrete 

elements.

For the purpose of parametric study 90 degree hooks with large bar diameters 

were studied. These bar sizes are the most critical in development since they have 

large cross-sections which demand more bond forces accumulated to yield the bar 

cross-section. The parameters of interest were bend radius and tail length. These 

parameters were studied to find out their effect on the bend region capacity. There 

are recommendations in the code commentary which specify minimum bend radii 

for different bar sizes. These recommendation are based on practical 

considerations since it is not possible to bend a bar with a radius smaller than 

minimum in the workshop. However, these values are not the best concerning the 

bend region capacity and it is possible to bend a bar with a radius larger than 

minimum.

High strength concrete and large covers were avoided to target those situations 

where there is no obvious mistake in design according to code but undesirable
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failure happens. A total of nineteen different joint like pullout models were 

studied. The reason a joint configuration was chosen was to avoid impractical 

configurations in terms of extremely large concrete covers and to make the model 

as close to reality as it can be without making it too complex. The dimensions of 

the models are chosen in way that there is no need to use stirrups in the joint 

region. Stirrups are avoided because they increase the hook capacity and make it 

difficult to draw a conclusion about which configuration is originally un

conservative. The straight development lengths in these models were zero except 

one case where full hook development length was considered. The reason the 

straight part was un-bonded was to prevent interference of straight length bond 

effect on capacity of the bend region. In other words, pure bend region capacities 

were to be studied. The proposed automatic bond-slip model was used to carryout 

the analysis. According to analysis results with increased bend radius there is 

increased capacity in the bend region and the tail length is not very influential 

regarding capacity. In addition, for 45M bars it was found that application of 

minimum bend radius is not conservative and it is recommended to use a radius 

twice minimum in hooks with this bar size. However, it is not recommended to 

use a short tail length since in some occasions in practice there may not be 

sufficient amount of cover on extension to prevent the tail from popping out.

8.2. Conclusions

The steel-concrete interface follows a specific bond behavior. The bond capacity 

changes from location to location along a bent bar because of the different 

corresponding confinement levels. For curved bars the inside face of steel is 

confined while the outside face exhibits unconfined behavior. When there is no 

confining reinforcement, the mode of failure is splitting. Conversely when there is 

perfect confinement the mode of failure is shearing of concrete. For non-perfect 

confinement the mode of failure is a combination of the above modes which have 

been modeled in this research. Although some past finite element approaches 

were able to model confined concrete conditions but they were not able to 

effectively simulate the bond-slip behavior in the un-tied concrete. In addition,
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past finite element models did not consider the non-perfect confinement concept. 

These deficiencies are not observed in the proposed model. The capacity of hooks 

increases if the radius of bend is increased. This increase is 2.35 to 3.18 times 

larger than what the code implies. The Canadian code provisions for hook 

development length are adequate for most cases except for 45M bars for which a 

bend radius twice the minimum radius is proposed to give a conservative hook.

8.3. Suggestions for Future Researchers

Since the code does not differentiate between 90 and 180 degree hooks it is 

suggested that the same type of parametric study be done for 180 degree hooks. In 

addition, a parametric study can be done on the performance of nonstandard 

hooks with 45 and 135 degree of bend angle. Investigating the effect of stirrups 

and the level of improvement due to different levels of reinforcement using the 

present bond model is another suggestion.
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