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Summary 
Precast concrete elements are getting more and more popular in the construction industry. 

The precast elements are casted into many different shapes and sizes, which includes walls, 

beams, columns, slabs and more. There are many advantages of using them, although there 

are also many limitations. Moreover, concrete elements pass different stages such as casting, 

storing, transporting and disassembling. Especially the last two stages, brings several 

limitations regarding size and especially weight to the picture. 

A specific project turned out to have some problems regarding the weight of a large 

continuous beam with cross-shaped (special DLB) cross section, carrying hollow decks on both 

corbels, created the motivation for the topic of this thesis. Many different ideas on how to 

reduce the weight of the beam were mentioned. Use of lightweight concrete, use pf pre-

stressing beams, hollow sections, geometrical changes and many others were proposed. 

Inspiration from hollow decks and IB-beams created the final idea of using longitudinal cavities 

as a measure. Originally, the beam was designed using a Gerber system, a system which allows 

for splitting a continuous beam in parts. It also had transverse cavities. However, for simplicity, 

the original beam has been re-designed for a case without either Gerber or transverse cavities. 

The beams have been designed using rules given in Eurocode 2 [1] and design guidelines given 

in the concrete element book [2] [3]. Also, a publication [4] regarding where the Euler-

Bernoulli beam theory is valid for concrete structures has been used in the design phase. 

Practical design with regards to production has had a very high focus. Preliminary control and 

calculations for design were mostly done using simple software [5] for design of concrete 

structures directly towards Eurocode 2 with Norwegian annex. 

Through discussion and trial & error, a design with a cavity below the neutral axis were 

proposed, which then maintained almost all its theoretical bending moment capacity (cracked 

section assumed). As the initial beam were assumed to be sufficiently constrained in the 

lateral direction, the shear capacity then turned out to be the main issue for design. Reduction 

in shear capacity introduced further limits to where the design may be used. 

The initial beam cross section consists of a rectangular beam 520mm*980mm with 

rectangular corbels 150mm*250mm on each side starting at 350mm above the most bottom 

part. Space for two layers of ø32 in both top and bottom, shear rebar ø16, and corbel rebar 

both in the transverse ø12 and longitudinal direction. For the modified cross section, the 

bottom part of corbels was angled at 45 degrees. A cylindrical cavity ø300 were added and 

corbel rebar adjusted accordingly. Longitudinal and shear rebar were unaffected. The cavities 

were added at a distance equivalent to effective depth, “d”, of the cross section from the face 

of each support, unless the shear capacity of the cross section were violated, in which it was 

moved accordingly. In sum, these modifications reduced the total weight of the continuous 

beam by ~9%. 
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To study the structural behavior of the proposed beam, numerical analysis was then carried 

out using a non-linear finite element software (i.e. ATENA [6]) specifically aimed at concrete 

structures. Two models were produced for comparison, and two extra for control of shear 

rebar and mesh size. All the numerical results produced a way too high crack width, though 

all models mostly passed criteria for deflection, crushing of concrete and yielding of rebar. 

Comparatively, the higher range of values in the modified beam had mostly ~5-10% higher 

values for crack width, deflection and compressive stress in concrete. 

In sum, this design approach seems to be a good measure, though the economical and other 

aspects have not been analyzed in detail. Further studies must be performed for a proper 

conclusion.   
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1. Introduction 

1.1. Background 

1.1.1. About precast concrete elements 

Precast concrete elements are getting more and more popular within the construction 

industry. Many structures where it is normal to cast in-situ are now set up using either precast 

elements or a hybrid. The background for using precast elements is that they represent a 

rational, economic and timesaving method of construction. [7] 

Regardless of all the advantages of precast concrete elements, it is important to know that 

there are many limitations to their use. For instance, precast elements are very easily 

subjected to geometrical and placement imperfections, which may cause eccentricities and 

different resistance conditions. Buildings with precast elements also tend to behave 

differently with respect to transverse loads from earthquakes and wind.  

  

Figure 1 – Precast elements [7] 
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1.1.2. Precast reinforced concrete beams 

Precast beams are easily produced in a high variety of c/s (cross section) types and sizes, some 

of which are given in Table 1.  

Table 1 – Some of the most usual beams used for buildings [7] 

BEAM TYPE DESIGNATION SKETCH (mm) NORMAL 
C/S 
HEIGHT 
(mm) 

NORMAL 
SPAN 
WIDTHS (not 
maximum) 
(m) 

Rectangular RB 

 

300-800 4-12 

Rectangular 
flange beam 

LB 
DLB 

 

300-800 4-12 

Rectangular 
low flange 
beam with 
special corbel 
(LB/DLB for 
hollow decks) 

LFB  260-500 4-8 

I-beam IB 

 

600-2000 10-30 
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1.1.3. Challenges and possible solutions for precast reinforced concrete beams 

Although very large and long beams can be precast at factories, as may be seen in Table 1, 

they must be transported to and at the site in a safe and economical manner. Transportation 

and assembling of long and heavy beams could easily become very expensive and difficult. 

Especially continuous beams are subjected to these problems. 

A possible way to solve issues regarding transportation and assembling of continuous beams, 

is to use a Gerber system. This system allows for splitting the beam in parts and still maintain 

most of the benefits of continuous beams. Although it seems very versatile at first glance, it 

causes some problems by itself. 

Weight reduction is also a measure which may solve some problems. It may be done using 

light weight aggregate, pre-stressed concrete, hollow sections. Regardless of method, weight 

reduction usually has a backside in terms of loss in capacity or increase in cost. 

1.2. Scope of the thesis 
The goal is to optimize a pre-designed continuous concrete beam with respect to weight. The 

cross section of the beam initially shaped like a cross and is supposed to carry the weight of 

hollow decks on its corbels. The cross section will be changed by using a cylindrical cavity 

through parts of the beam. The corbels will also be slightly modified. 

Pre-calculations are either done by hand or by use of software called K-bjelke (bjelke=beam) 

and E-bjelke [5], which uses Eurocode 2 with Norwegian annex [1] directly. Numerical 

calculations will be done using a non-linear finite element software, i.e. ATENA [6]. 

Characteristic loading will be applied for the numerical analysis. 

Then the results for the modified design will be compared with the results from the initial 

design. 

1.3. Objective 
The reference beam is a continuous beam with a total length 46.79 m, consisting of 5 spans of 

lengths ranging from 6m to 12m. The beam consists of 5 parts using a Gerber system. The 

main part the cross section is 520mm*980mm. Geometric details are given in 2.6 and 3.2. 

Figure 2 – (a) continuous beam (b) part of the beam, original design 
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The task will be to analyze the specific case of a continuous span for possible modifications in 

terms of weight reduction. One measure is to be analyzed in detail for comparison with the 

original design. To ease the analysis, the beam is modelled as a continuous beam, i.e. without 

joints. This will most notably cause a fall in moments, which may be seen in Figure 3, and in 

consequence, also the required main reinforcement.  

The reason for the change in moments is that while using pinned joints, the zero moment will 

be forced into a specific position regardless of unfavorable distributed loads. Comparatively, 

the zero moment may move freely in a continuous beam. 

The initial beam also has several transverse cavities, which in general lowers the capacity. 

These will be disregarded in the analysis. 

All changes will be adjusted for in calculations. 

  

Figure 3 – Bending moment envelope without and with joints (kNm) 
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1.4. Weight reduction measures for precast concrete beam 
Figure 4 shows an overview of the specific case. The structure which is to be built is enclosed 

in thick lines. The position of the crane is limited to two specific locations shown with purple 

circles. The distance of which the crane can carry a certain load is also limited, this is shown 

by using circles around the crane positions. However, some concrete beams’ position and 

weight is not in favor of the selected crane, most notably to the right part in which the cranes 

cannot reach. One solution is to use a larger, but costlier crane, a measure which is generally 

not preferable. Weight reduction is another alternative which may be both cheaper and 

easier, and therefore preferable. 

Detailed overview of planned beam element distribution may be found in 8.5. 

There are many possible ways to reduce the weight in concrete beams. Some includes pure 

geometrical alterations, others include changes within the materials and so on. Many methods 

may even be combined. However, with every advantage some disadvantages always come 

along for the ride. That being either loss in capacity or increase in cost. 

Some weight reduction measures/examples/ideas include: 

- Lightweight aggregate 

- Hollow sections 

o Transverse cavity 

o Longitudinal cavity 

Figure 4 - Crane circles 
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o Bubble cavity 

- Geometrical changes 

- Steel profile within (i.e. composite steel and concrete beam) 

- Pre-stressed concrete 

1.5. Limitations 
Limitations are mainly set by NS-EN 1992-1-1:2004+NA:2008 [1] along with Eurocodes above 

it. Design guidelines are given in Betongelementboken, mostly B [2] and C [3], and 

Betongkonstruksjoner [8]. 

In design, the main measure is only to be applied where Euler-Bernoulli beam theory is valid. 

This is to avoid the critical shear area, which is within a distance equivalent to the effective 

depth, “d”, from the face of the supports and face joints. However, this is only in addition to 

avoid conflicts with required stiffening at the column support. [4] 

The proposed cavity will also be placed below the equivalent compressive stress block, in 

positive bending, for both cracked and un-cracked section to limit reduction in capacity and 

increase of crack width and deflection.  
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2. Literature review 

2.1. Developments in precast concrete beams 
Through history, many different c/s types and sizes has been used in practice, some of which 

can be seen in Table 1. There are fewer and fewer limits in possibilities in making precast 

beams. However, the main limitation has mostly been the effectiveness in production. Though 

for instance, a new method to save resources is pre-set steel formwork for frequent beam 

geometries. 

Regarding structural analysis, continuous beams have significantly less deformations than the 

corresponding simply supported beams, one can therefore reduce building height. This has 

led to an increase in use of floor-high columns and continuous beams, especially in 

combination with low corbel heights for support of hollow decks. [3] 

2.2. Method of continuous beams 

2.2.1. Gerber system 

Using Gerber systems is a normal way to ease transportation and montage of precast 

continuous beams. Most notably, it allows for splitting the beam in parts. Splitting is done at 

approximately zero moment in the BMD (Bending Moment Diagram) and with as low shear 

force as possible. The parts are then joined together in-situ.  

 

Regardless of the usefulness of a Gerber system, it will cause some changes and there are 

some extra measures required. For instance, the joints must be designed in specific ways. The 

joints are also mainly supposed to transfer vertical shear force and are therefore designed 

accordingly. This will lock the zero moments in place, regardless of the load distribution, and 

consequently cause changes in the Bending Moment Diagram. 

 

Figure 5 - Gerber system example 
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2.2.1.1. Joints 

There are many different types of joints for concrete beams, two of which are shown in Figure 

7. These joints are normally calculated using strut & tie models and require additional 

reinforcement. This reinforcement will usually take up a lot of space, which is exemplified in 

Figure 6. 

  

Figure 7 - Examples of joints in continuous beams at zero moment [3] 

Figure 6 - Reinforced joint [3] 
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2.2.2. Transport, storage and assembling 

When the beam parts are transported and stored, the supports are generally not the same 

size nor at the same place the final supports. Therefore, the beam parts must also be designed 

to withstand different moment distributions compared to the final placement. Although in 

these preliminary stages, self-weight is the main concern. 

When assembling, the loadings may also be very different then the final one. For instance, all 

precast elements are not placed at the same time, but in steps. Therefore, eccentric loading 

may occur and cause torsional moments and other unwanted effects. This is normally solved 

using temporary supports or other various methods. 

One cannot assume that the elements will always be made or placed with millimeter precision 

every time. To counter this, as with cast in-situ elements, tolerances should be initiated. 

Tolerances are usually held through conservatism in design, i.e. worst-case scenario. [3] 

2.2.3. Corbels on beams 

Corbels on beams may be modelled similarly to corbels on columns. Referring to Figure 8, a0/d 

should be in the range of 0.4 to 0.6 to reduce effects of tolerance deviations and for practical 

rebar placement. [3] 

As with joints, corbels are usually calculated using strut and tie models. Depending on the 

length vs height of the corbel, it may rather be designed as a cantilever beam. 

Figure 9 shows a simplified model of the functional principle of a corbel. The model is made 

using elastic models. Not all trajectories are shown. 

As one can see, the bottom outermost part of the corbel is inactive. This makes room for 

reduction in cross sectional area. Though, rectangular shapes are usually made due to the fact 

that they are easier to both calculate and produce. These are resource uses which usually 

outweigh the cost of resources saved in materials in these cases. However, 45 degree angles 

are not very much harder to accomplish. 

Figure 8 - Recommended design of corbels [3] 
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Precast elements will at some point be lifted out of the formwork, a process which causes 

friction and vacuum between the element and the formwork. This effect is usually very small, 

but is important to be aware of. Small surface area is therefore preferred. 

 

 

 

 

 

 

 

 

 

 

2.2.4. B- and D-regions 

Regions in which the Bernoulli hypothesis of plane strain distribution is assumed valid, may be 

referred to as B-regions (beam or Bernoulli regions) as given in Figure 10. In these regions, 

internal state of stress can easily be derived from sectional forces, i.e. bending, shear, torsion 

and axial. 

Figure 9 - Elastic model of corbel [3] 

Figure 10 - Stress trajectories in B- and D-regions [4] 
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However, the standard methods are not applicable to all other regions and details of 

structures, where strain distribution is strictly non-linear. They are not applicable near 

concentrated loads, bends, corners, openings, and other discontinuities. These regions may 

be referred to as D-regions (discontinuity, disturbance, or detail). 

For beams, the D-region extends from the discontinuity itself to a distance equivalent to the 

depth of the beam. Normally, cracked section design is applied when designing beams, this 

induces an effective depth, “d”, of the beam which is the distance from the top compressive 

fiber to the centroid of the tensional rebar. If cracked section design is assumed, the 

discontinuity region reduces to “d” from the support. [4] 

2.3. Distortional Energy Density (von Mises) Criterion 
The von Mises Criterion is a failure criteria which applies to ductile materials like metals. It 

states that, for a single point, yielding begins when the distortional strain-energy density is 

equal to distortional strain-energy density when the material yields in uniaxial 

compression/tension. In short, it is a method which accounts for all principal stresses into one 

single value for control. It is similar to the Maximum shear-stress criterion (Tresca). [9] 

  

Figure 11 - Yield surface in principal stress space [9] 
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2.4. Numerical modelling of precast concrete beams 
Concrete has a non-linear stress/strain distribution, and unlike steel, its capacity differs 

dramatically in compression vs tension and shear. For instance, although very over-simplified, 

it may be said that the strength in tension is approximately 10% of strength in compression. 

Concrete is also a material which changes over time and many different properties and 

adjustments comes into play. In further addition, concrete is often combined with 

reinforcement steel bars to counter its low shear and tensional capacity. Due to, but not 

limited by, these factors, concrete is a difficult material to model correctly.  

The finite element method (FEM) is a very popular tool to use for structural analysis. A method 

which builds on the principle of splitting a structure into smaller, but finite elements and 

nodes, at which parameters like stress, strain, displacements and many others may be 

calculated. FEM is a tool which may also be used for non-linear analysis, which is very welcome 

in terms of concrete structures. FEM is available through a wide range of software. 

A reliable element for the task should be chosen to avoid bad results. Elements vary in both 

geometry and order, including, combinations of line segments, triangular shapes, 

quadrilateral shapes, and a jungle of others. In bending, the use of quadrilateral shapes is 

preferred over triangular ones. This is mainly due that triangular elements like triangles or 

tetrahedral are very stiff in bending and fails to display displacements in a proper way. 3-

dimensional quadrilateral elements may be called hexahedral or brick elements, which is 

illustrated in Figure 13. However, hexahedral elements may not show other values properly. 

To sum it up, there are no “one size fits all” in FEM. 

Figure 12 - Hexahedral/brick element [13] 
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Sizes and number of elements are very important aspects of FEM. How fine a mesh needs to 

be depends largely on the case, type of elements, and what results are interesting. A too fine 

mesh may also cause wrong results. For instance, stresses are usually too high when using a 

too fine mesh. Though, probably the most important aspect regarding number of elements is 

that a higher number of elements generally causes the need for more computing power. For 

this reason, applying symmetry where possible is a good practice. The mesh may also be 

refined at important areas, which includes among others, at corners, concentrated loads or 

other input, or changes in general geometry or material. 

For bending, an appropriate minimum of elements per length is 4 to 6. For instance, this may 

be visualized through a simply supported beam, where a one can see that the stiffness 

approximates sufficiently at 4+ elements. However, this also bring the aspects ratio into the 

picture, which is exemplified in Figure 13. To avoid computational problems within an 

element, the longest length should not exceed 10 times the shortest length. 

Just to notify, this is only an extremely short and simplified summary of FEM, how it works 

and some important properties to be aware of. There are many books of several hundred 

pages which explains it in further detail. 

[10] [11] [12] [13]  

Figure 13 - Aspects ratio, good vs bad [11] 
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2.5. Non-linear FE analysis using ATENA 

2.5.1. Using ATENA 

ATENA is a FEM software specifically designed for nonlinear analysis of reinforced concrete 

structures. Good default values for parameters in concrete structures are given and the 

software also allows for control towards EC2 [1]. [6] 

Recommendations regarding 3D beam elements 

- A minimum of 4 elements per thickness 

- A minimum of 4 to 6 elements per length 

- Limit aspects ratio to a maximum of 4 

[14] [15] 

Theory may be found in [16]. 

Pre-processing (up to and including meshing) in ATENA builds on a non-linear FEM software 

called GiD, which is initially a very general software. ATENA places a plugin within GiD, which 

applies possibilities of using pre-defined materials like concrete, reinforcement bar and 

others. Meshing may be done in either a structured, unstructured or semi-structured manner. 

Semi-structured means for example unstructured cross section and structured in the 

longitudinal direction. 

Figure 14 -  Graphical user interface of ATENA-GiD [14] 



22 
 

Post-processing (after meshing) is done through the ATENA software itself which opens a new 

window. In this interface, one may analyze several results like displacement, crack width, and 

other useful results. It is also possible, through monitors, to create graphs and simulations for 

analysis of the behavior of the structure. 

GiD also has its own post-processor, though compared to ATENA, it is missing some tools for 

analysis. 

  

Figure 15 - ATENA interface [14] 
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2.5.2. Material models in ATENA 

Concrete has non-linear behavior and one should therefore design accordingly. In ATENA, the 

biaxial stress state of concrete is described using a so-called effective stress 𝜎𝑐
𝑒𝑓

, along with 

equivalent uniaxial strain 𝜀𝑒𝑞. The effective stress is in most cases one of the principal stresses. 

Equivalent uniaxial strain is introduced to eliminate the Poisson’s effect in plane stress state. 

𝜀𝑒𝑞 =
𝜎𝑐𝑖

𝐸𝑐𝑖
 may be considered as the strain produced by the governing stress, 𝜎𝑐𝑖, through a 

uniaxial test with an elastic modulus 𝐸𝑐𝑖 in the direction 𝑖. This assumes that nonlinearity 

representing a damage is only caused by 𝜎𝑐𝑖. 

A complete equivalent uniaxial stress-strain diagram for concrete is given in Figure 16. 

Numbers within the diagram are used in results to indicate damage of the concrete. [16] 

 

 

Reinforcement on the other hand may be assumed to be linear in the elastic state. However, 

in the plastic state, steel is not linear, something which ATENA is able to consider 

approximately. Reinforcement in ATENA may be modelled as either discrete or smeared. 

Discrete modelling models the rebar as truss elements. Smeared modelling models the rebar 

in layers, i.e. for beams, all rebar in one layer of rebar is assumed evenly distributed along the 

breadth. Linear stress-strain behaviour is assumed for both cases. 

ATENA may use either a bilinear or a multi-linear behavior for reinforcement. The multi-linear 

behavior allows for modelling of all four stages of steel behavior; elastic, yield plateau, 

hardening and fracture. The multi-linear behavior is shown in Figure 17. [16] 

Figure 16 -Uniaxial stress-strain law for concrete [16] 
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Discrete model along a multi-linear stress-strain distribution with 2 multi-linear values are 

used in the thesis. 

 

2.5.3. Cracking models in ATENA 

Two approaches for crack modelling are available in ATENA, fixed crack model and the rotated 

crack model. Both models initiate cracks when principal stress exceed the tensional strength. 

An assumption of uniform distribution of cracks within the material volume is also made. 

For fixed crack model, the crack direction is given by the principal stress direction at the 

moment of crack initiation. This direction is fixed regardless of further loading and possible 

change in principal stress direction. Consequently, shear stresses may induce along the crack 

surface. 

As with the fixed crack model, the rotated crack model models the crack in the direction of 

principal stress at crack initiation. However, the difference comes with change in the principal 

stress direction after the crack has been initiated. In the rotated crack model, the crack follows 

the direction of the principal stress after initiation. Shear stresses does consequently not occur 

at the crack surface. [16] 

The fixed crack model is used in the thesis. 

  

Figure 17 - Multi-linear stress-strain law for reinforcement [16] 
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2.5.4. Convergence criteria in ATENA 

The are several methods to analyze a set of nonlinear equations, which uses both direct and 

iterative solvers, many of which are available in ATENA. Regardless of the solver, they must 

solve a set of linear algebraic equations, i.e. [𝐴][𝑥] = [𝑏]. There pros and cons with the use of 

direct vs iterative solvers, which will not be explained in detail. However, it is advised to use 

iterative solvers for advanced problems. Some methods which uses iterative solvers, most 

notably the Newton-Raphson Method and the Arc-Length Method, are available in ATENA, 

both in their original- and modified form. 

It is important to ensure convergence in numerical analysis as divergence is usually fatal to 

the numerical results. During analysis, convergence is measured using a rate of convergence. 

Numerical analysis is produced using several iterations of which is calculated. 

The most widely used method, the Newton-Raphson method works in principle through use 

of the following controls for each iteration.  

- Norm of deformation change from the last step 

- Norm of out-of-balance forces 

- Out-of-balance energy 

- Out-of-balance forces in terms of max components. 

In ATENA, convergence limits 𝜀 are by default set to 0.01, but may be changed. The un-

modified Newton-Raphson method is illustrated in Figure 18. [16] 

 

The second most used method, the Arc-Length method, is newer and is in general more robust 

and computationally efficient than the Newton-Raphson method. The Arc-Length method 

observes the complete load-displacement relationship, in contrast to the Newton-Raphson 

method which applies constant load increments. I.e. the method does not only fix the load, 

but also the displacement at the end of each step. Mathematically, this is done through the 

addition of a new degree of freedom. Controls for each step may either be the same as for the 

Figure 18 - Newton-Raphson method [16] 
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Newton-Raphson method, or a variation. The Arc-Length method is illustrated in Figure 19. 

[16] 

 

The Newton-Raphson method is used in the thesis. 

 

  

Figure 19 - Arc-Length method [16] 
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2.6. Proposed modified beam 
This idea takes inspiration in many different elements. Most notably hollow decks, but also IB-

beams, as shown in Figure 22. Which is essentially an I-beam with a c/s change close to the 

ends. There are very few examples on longitudinal cavities in concrete beams, which is the 

primary cause of why I chose this approach. The idea is also that this cross section will maintain 

most of the initial capacity.  

Further inspiration came from [17]. 

 

 

 

 

  

Figure 20 – Cross section proposal at spans (dimensions in mm) 

Green lines refer to 

borders to maintain 

necessary coverage 

Figure 21 – Continuous beam with longitudinal cavities (dimensions in mm) 
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Some properties/notes/arguments regarding proposed beam: 

- Cavity starts at least a distance, “d”, from the face of the support.  It also must stop 

before the rebar related to a joint. Unless the general shear capacity of the cross 

section is violated, in which it sets the limit. 

- Corbel rebar in elevation is designed to withstand the load from the hollow decks 

acting on the corbels. 

- Moment capacity marginally changed 

- Corbel is set sufficiently large to avoid spalling 

- Corbel rebar is sufficiently anchored 

- Cavity below equivalent compressive stress block both for cracked and un-cracked c/s 

in positive bending. 

- Cross section is not designed for torsion as hollow decks placed on both corbels are 

held in place by a torsion lock. Principle may be seen in 8.5. 

- Excessive concrete is removed from bottom of corbels 

- Angles and lengths has been optimized for simple production 

- May possibly be combined with transverse cavities. Though, that will normally cause a 

discontinuity and the case will have to be analyzed separately. 

- Cavities in top part is avoided due to 

o Space for torsion lock 

o Top part may be cast in-situ  

o Negative moments mainly over the supports within the discontinuity region 

- Proposal opens for in-situ cast of the compression zone/top part. This would induce 

the need for additional shear rebar in the beam, along with detailed analysis of the 

assembly phase. 

- Allows for in-situ cast of corbels. 

- a0/d ratio for corbel is 0.386, which barely outside the interval 0.4 to 0.6. Non-

conservatively assumed to be ok. 

- Allows for pre-stressing. 

- Cavity size is chosen to be a size which is both as practical as possible, but also as large 

as possible. In principle, it could have been made larger. 

- Cylindrical shaped cavity is mainly chosen to minimize stress concentrations, but also 

for practical design. 

- In-plane corbel reinforcement are normally made like a square because it lowers the 

need for anchorage and are easier to make, not to forget that it helps a little with 

respect to torsion. However, as this is a very large cross section, the reduction potential 

is smaller. Plus, a corbel with these geometries may be assumed to transfers torsion 

into the shear rebar either way. 

[1] [3] [2] 
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Figure 22 - IB beam [7] 
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3. Analysis of proposed reinforced concrete beam 

3.1. Boundary conditions 
Basically, the loads are transferred primarily from hollow decks on either side of the beam as 

given in Table 2. The beam is constrained in the lateral direction by torsion locks between the 

hollow decks and the top part of the beam. Principle may be seen in 8.5. 

Table 2 - Loads 

[kN/m] Left corbel Middle Right corbel 

Permanent load 46.2 6.13 43.8 

Variable load 37.7 5 35.8 

 

3.2. Numerical models using ATENA 
Using ATENA software, the beam was modelled and all the information used during modelling 

is given in Table 3. Cross sections with belonging boundary conditions are designed according 

to Figure 20 and Figure 24. 

Table 3 - Continuous beam 

 

Field number Left 
cantilever 

1 2 3 4 5 Right 
cantilever 

Span width [mm] 600 5890 9600 7090 12000 7620 3990 

Support number All transverse 1 2 3 4 5 6 

Column diameter 
[mm] 

520 500 500 500 500 500 500 

For the modified beam, a cavity is modelled throughout the beam and then re-filled with 

elements shown in Figure 23. 

The mesh is semi-structured with structured direction along the beam. Element type is 

hexahedral. Unstructured mesh size for cross section is 0.2, while structured mesh size is ~0.4. 

Shear rebar: c140 

Corbel rebar: c420 

Only fully loaded beam with characteristic load will be checked. 
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Figure 23 - Non-cavities in modified beam with distances [m] from center of support 

Figure 24 - Cross section with boundary conditions 
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4. Analysis of the beam and results 

4.1. Limits and pre-calculations 
Manual calculations have been carried out mostly using simple software for analysis of 

concrete structures directly according to EC2 with Norwegian annex, i.e. K-bjelke, E-bjelke 

and BTSNITT. Basically, the following is a very short summary of 8.2. 

Bending 
moment 
envelope in 
ULS [kNm] 
 
 
 
 
 

Original cross section Equivalent modified cross section 

The cavity is fully under the centroid (cracked section) at positive bending, therefore the 
positive moment capacity is unaffected.  
 
If 5 rebar in top and 5+3 in bottom, positive moment capacity both beams: 2290 kNm 

Crack width 
control for both 
cross sections 

Shear capacity original cross section 
(vertical shear rebar) 
 

𝑉𝑅𝑑,𝑠 =
𝐴𝑠𝑤

𝑠
𝑧𝑓𝑦𝑤𝑑 cot(𝜃) 

=
2871

140
814 ∗ 434.78 = 7258 𝑘𝑁 

𝑉𝑅𝑑,𝑚𝑎𝑥 =
𝛼𝑐𝑤𝑏𝑤𝑧𝜈1𝑓𝑐𝑑

cot(θ) + tan(θ)
 

= 1 ∗ 520 ∗ 841 ∗ 0.6 ∗ 25.5 = 6476 𝑘𝑁 
 
Shear capacity: 6476 kN 

Shear capacity modified cross section 
(vertical shear rebar) 
 

𝑉𝑅𝑑,𝑠 = 7258 𝑘𝑁 
𝑉𝑅𝑑,𝑚𝑎𝑥 = 1 ∗ 220 ∗ 841 ∗ 0.6 ∗ 25.5 

= 2740 𝑘𝑁 
 
Shear capacity: 2740kN 
 
Which is much lower then the original, need 
to be aware. 
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Design values in ULS  

Compressive strength of concrete (B45):  𝑓𝑐𝑑 =
𝛼𝑐𝑐𝑓𝑐𝑘

𝛾𝐶
=

0.85∗45𝑀𝑃𝑎

1.5
= 25.5 𝑀𝑃𝑎 

Yielding strength of steel (B500NC):  𝑓𝑦𝑑 =
𝑓𝑦𝑘

𝛾𝑆
=

500𝑀𝑃𝑎

1.15
= 434.78 𝑀𝑃𝑎 

 

Design values in SLS 

Compressive strength of concrete (B45): 𝑓𝑐𝑑,𝑆𝐿𝑆 = 𝑘1𝑓𝑐𝑘 = 0.6 ∗ 45𝑀𝑃𝑎 = 27𝑀𝑃𝑎 

Yield strength of steel (B500NC):  𝑓𝑦𝑑,𝑆𝐿𝑆 = 𝑘4𝑓𝑦𝑘 = 1 ∗ 500𝑀𝑝𝑎 = 500𝑀𝑃𝑎 

 

Table 4 – Deflection, worst-case [mm] 

Span 
Ref: Table 
3 

Left 
cantilever 

1 2 3 4 5 Right 
cantilever 

Deflection 0 0 18 -5 33 -6 29 

L/250 2.4 23.6 38.4 28.4 48 30.5 31.9 

Factor 0 0 0.47 -0.18 0.69 -0.20 0.91 

Note: Negative values refer to most extreme negative deflection, 0 otherwise 

Most of the deflected values are well under the limit.  
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4.2. Number coding for results 
The following coding has been used to present the results from numerical analysis. Basically, 

both continuous beam without longitudinal cavities (i.e. reference beam) and modified 

continuous beam have been modelled using ATENA software. 

First number 

- 0xx: Reference beam 

- 1xx: Reference beam with variable distribution of rebar 

- 2xx: Modified beam 

- 3xx: Modified beam with finer mesh 

Second number 

- x0x: Crack width in longitudinal direction 

- x1x: Cracking pattern 

- x2x: Deflection 

- x3x: Compressive stress in concrete 

- x4x: von Mises stress in all rebar 

- x5x: von Mises stress in longitudinal rebar 

- x6x: von Mises stress in shear and corbel rebar 

Third number 

- xx0: Whole beam 

- xx1-xx9: Details 

 

Mesh for each particular analysis is given at the start. 
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4.3. Reference beam 

4.3.1. ATENA model of reference beam 
 
Mesh 

- Unstructured size yz-plane: 0.2 
- Structured size x-axis: 120 per total length 
- Element type: Hexahedral 

0 
0 
0 

Very high crack width, only darkest blue colour is under the limit  

0 
0 
1 

Under span 4: Some crack concentrations. Similarly in span 2. 

0 
0 
2 

Support 4: Critical crack concentrations. Similar at other supports. 
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0 
1 
0 

As expected  

0 
2 
0 

Right cantilever is above limit  

0 
2 
1 

Span 4. A little higher than pre-calculations, but still under limit. 

0 
3 
0 

Comfortably under limit for most part of the beam  
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0 
3 
1 

Support 4. High concentrations. Similar at other supports. 

0 
4 
0 

Comfortably under the limit  

0 
5 
0 

Higher stresses in main rebar  

0 
6 
0 

A little lower than in main rebar  
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4.3.2. ATENA model of reference beam with variable distribution of shear rebar 
 
Mesh 

- Unstructured size yz-plane: 0.2 
- Structured size x-axis: 120 per total length 
- Element type: Hexahedral 

1 
0 
0 

Very high crack width, only darkest blue colour is under the limit. A little higher then 
000. 

1 
1 
0 

As expected  

1 
2 
0 

Very much alike 020 
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1 
3 
0 

Marginally higher then 030 

1 
4 
0 

A bit higher then 040, but still well under the limit. 

1 
5 
0 

Main rebar lowest, a little lower then 050  

1 
6 
0 

Higher then main rebar  
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4.4. Modified beam 

4.4.1. ATENA model of modified beam 
 
Mesh 

- Unstructured size yz-plane: 0.2 
- Structured size x-axis: 120 per total length ~0.4 
- Element type: Hexahedral 

2 
0 
0 

6.7% higher then 000. Quite high  

2 
0 
1 

Under span 4: Some crack concentrations. Similarly in span 2. Similar patterns to 001  

2 
0 
2 

Support 4: Higher crack concentrations then 002  

2 
1 
0 

As expected  
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2 
2 
0 

Very similar distribution as 020  

2 
2 
1 

Span 4: Even higher than 021, but still under the limit.  

2 
3 
0 

Higher them 030, close to the limit.  

2 
3 
1 

Support 4: Pattern similar to 031  

2 
4 
0 

A little high  
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2 
5 
0 

Stresses in main rebar are well below the limit  

2 
6 
0 

Stresses in other rebar seem ok, other than the value shown.  

2 
6 
1 

Stress concentration at corbel rebar tips.  
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4.4.1. ATENA model of modified beam with finer mesh 
 
Mesh 

- Unstructured size yz-plane: 0.15 
- Structured size x-axis: 200 per total length ~0.234 
- Element type: Hexahedral 

3 
0 
0 

Crack width reduced by 25% compared to 200  

3 
1 
0 

As expected  

3 
2 
0 

Not much changed from 220  

3 
3 
0 

Very much higher then 230, though quite low in the beam in general  
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3 
3 
1 

Support 4: As with 231, there are some stress concentrations, although very much 
higher. 

3 
4 
0 

Compared to 240, no not as high in this case. Although, it is still higher then 050  

3 
5 
0 

Main rebar has the highest stresses  

3 
6 
0 

Highest stresses are quite a lot lower than for 260  
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3 
6 
1 

 Compared to 261, there are still stress concentrations at tips, but not as high. 

 

4.5. Summary and general comments on results 
Summary of results from ATENA has been given in Table 5. 

Table 5 - Maximum values 

Model reference number 
and names 

Crack 
width 

(span 4) 
[m] 

Deflection 
(span 4)  

[m] 

Compressive 
stress in 
concrete 

[MPa] 

Max 
stress 
main 
rebar 
[MPa] 

Max 
stress 

corbel- 
and shear 

rebar 
[MPa] 

 Limit 0.39e-03 -0.0480 -27 500 500 

 Pre-calculations 0.28e-03 -0.033 N.A. N.A. N.A. 

0 Reference beam 1.93e-03 -0.0378 -22.21 380.00 332.28 

1 Reference beam with 
variable distribution of 
shear rebar 

2.29e-03 -0.04 -23.64 373.63 403.41 

2 Modified beam 2.06e-03 -0.0395 -24.40 369.31 434.92 

3 Modified beam with 
finer mesh 

1.54e-03 -0.04 -36.05 389.48 371.39 

Notes on results 

- Crack width is considerably higher than the limit for all ATENA-calculated values. It 

seems that this decreases with finer mesh. Ref Table 5. 

- There are some concentrations of crack width on top of each support. There are 

usually more stiffening at supports, which may possibly lower the stresses. This has 

not been applied to this model. 

- The distribution of shear rebar seems to affect the results even though it in theory 

should not. Shear rebar were distributed according to the shear envelope. 

- This model applies full distributed loading on all spans. In other words, critical load 

arrangement is not analyzed, which could increase all values. 

- Cantilever part is not analyzed in detail due to support from above which is not 

included in the model. 

- Modified beam with finer mesh has very high stress concentrations by supports.  
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5. Discussion 
Even though the other results are mostly fine, the models show a tendency to have very high 

crack widths, which is of course very problematic. A smaller mesh (ref model 3) seem to solve 

it partly with regards to crack width, but a finer mesh may also induce unnatural stress 

concentrations like the one seen in compressive stress of concrete. In addition, with respect 

to aspects ratio of element size, refinement in one direction may cause numerical problems. 

However, if one chooses to compare results in model 0 to model 2, there are not very big 

differences, which is in general is a positive sign. As expected, the higher range of values for 

model 2 turned out a slightly higher then model 0, which seem to increase in a range of 5-

10+%. 

A high stress occurred in the tip of the rebar for model 2 and 3, which most likely occurred 

due to the steep change at the border between cross section with and without cavity. This 

may possibly be solved by rounding of the ends of the cavity. In general, rounding off edges 

helps reduce stress concentrations. 

With reference to 001 and 201, there are some crack concentrations under span 4. One would 

think that this is caused by the start of the cavity, but as mentioned, this also happens for 

model 0 which does not have any cavities within. Another reason for this could be due to the 

change in longitudinal rebar, but as this also happens at span 2, which does not have any 

change in longitudinal rebar, it is unlikely to be the main cause. 

A beam with longitudinal cavity gets reduction in shear capacity compared to a rectangular 

section in the same way an IB beam has reduction in shear capacity, due to reduction in 

effective breadth. The shear capacity happened to set the premises at many points, a lot more 

than the bending capacity which happened to stay close to the same, in the same manner as 

an IB beam. 

Also, as seen in the results, there are clearly cracking patterns very alike punching shear 

patterns. Punching shear is a parameter which is usually only analyzed in terms of plates and 

has therefore not been considered for the analysis. For punching shear, a circumference of 

radius 2 times “d” are usually added, i.e. twice the size of what has been used in this proposal. 

In afterthought, it may be a topic for further analysis. 

Loading for the numerical analysis were interpreted as characteristic load combination. In 

addition, full load was placed in all spans. This simplification does indeed affect the results. 

ULS usually has higher factors which would most likely have caused the stresses to increase. 

In contrast, it is a conservative approach with regards to SLS, as in quasi-permanent load 

combination, variable load usually gets reduced by a factor 𝜓2. Which in turn causes higher 

values for both crack width and deflection. Although variable load in all spans causes a little 

lower crack width and deflection. This was done due that the main goal was to compare the 

original beam to the modified one with a similar mesh. I.e. model 0 with model 2. [1] 
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The mesh could have been made better, though with regards to meshing guidelines and 

available computing power, better results were hard to obtain. Most likely, a preliminary study 

could instead have been conducted using a simply supported beam or a continuous beam over 

two spans for analysis of the principle itself. 

Coverage has been a topic for discussion in preliminary studies of this thesis. For precast 

elements, the standard added 10mm may be reduced to 5mm due to the nice environments 

in the factory. Also, as the cavity will be fully within the beam, fire resistance will not be an 

issue, which may affect the coverage. Additionally, the exposure class is therefore also a 

parameter which could also be lowered. To sum up, mainly the rebar size will set the premises 

for coverage. Due to these arguments, the hole may be increased even further. 

As this is definitely not a well-established design approach, much focus has gone into how to 

actually accomplish this in a cheap and practical manner. As mentioned earlier in the thesis, 

many proposals have been made regarding material. The initial and possibly cheapest 

alternative is to use a cardboard pipe or PVC pipe with a cap on each end. This seem like a 

good idea at first, but it may cause some additional problems and therefore adjustments. First, 

a pipe of that size may not tackle the uneven pressure from the liquid concrete in the casting 

phase. Buoyancy of the pipe must also be taken care of and it may be very hard to hold a pipe 

in place without a proper way to keep it rigid. It may not be possible with for example, screws. 

However, keeping it in place could be done using steel wire around it, which is in general not 

a very good way. Secondly, like a problem with regards to hollow decks, there will be moisture 

from the concrete which needs to be drained out of the pipe. 

Another proposal is to use a special kind of Styrofoam, which is widely used as insulation in 

precast concrete elements, and shape it into a cylinder. It does not have as many of the 

problems as a pipe. For instance, it allows for rods through its volume to keep it rigid and it 

also does not have the problem with moisture which needs to be drained out. It also allows 

for rounding the edges of the cavity to limit stress concentrations there. Though, the backside 

is that it is much more expensive. 

A different side-note is to possibly use a hollow steel profile within (i.e. composite), which may 

even help with the structural capacity. Though, steel is heavier and more expensive then 

concrete and for this to be a viewable alternative, the cross section should be even further 

reduced, and so on. Which in turn makes a completely different analysis. 

Like hollow decks, the cavity may be possible to use for other purposes like ventilation and 

such. Though, it rarely happens for hollow decks as it is simply a lot easier to lay it on the 

outside. Inside a cavity, modifications and maintenance is much harder, not to forget 

problems with moisture as mentioned. As to do the same with a beam would most likely be 

even more impractical, the potential may be disregarded. 

Some other pros and cons 

- Save 

o Smaller crane 

o Transport 
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o Weight on structure 

- Extra cost 

o Production 

o Additional rebar 

o Materials for cavity 

o Maintenance 

6. Conclusion 
This method of weight reduction for cross beams seems to have a potential. For this case, the 

weight reduction potential for the whole continuous beam is about 9%. Upon further 

optimization and analysis, this percentage could go either way. For the general case, this 

percentage is of course subjected to change. However, the cavity in the bottom could possibly 

be used in conjunction with other weight reduction measures. 

In general, critical values seem to increase ~5-10% 

How to do this in a cost-effective way seem to be the main wall between whether it is 

worthwhile or not. For example, in case another element is to be placed at the approximate 

same position as a beam part, but are heavier than the beam part, a larger crane is needed 

regardless. However, hollow decks are the elements usually used in conjunction with 

continuous beams, and a single hollow deck is usually lighter than a part of its supporting 

concrete beam, i.e. not a frequent problem. 

It may also help with regards to weight of the structure. Say reducing the size of the foundation 

by a few percentages may help a little. Ability to transport one more element per load may 

also help a bit. 9% weight may also be the difference between two crane sizes. Anyhow, 

structural analysis and production may take longer along with higher material cost. This, along 

with many other factors come into play. 

Based on this preliminary study, it is very hard to say whether it is a good design approach or 

not. Further studies in conjunction with other theories must be conducted before a concrete 

conclusion may be drawn. Cost is also an important aspect. Anyhow, in sum, there are not any 

clear obstacles in the way of studying this approach in further detail. 

Due to the need for coverage between the cavity and the rebar, this is an approach seem 

applicable mostly to beams which has space for a sufficiently large cavity. 

Some possible topics for further studies: 

- Combinations with 

o Pre-stressed steel 

o Transverse cavities 

o Top part cast in-situ 

o Fiber reinforcement to limit crack width 

- Stress concentrations 

- Shear and torsion capacities 

- Model with pinned joints  



49 
 

7. References 
 



50 
 

[1]  CEN, "Part 1-1: General rules and rules for buildings," in Eurocode 2: Design of concrete 

structures, Brussels, CEN, 2004.  

[2]  L. Vinje and J.-E. Reiersen, "Bind B - Avstivning og kraftoverføring," in 

Betongelementboken, Asker, Betongelementforeningen, 2016.  

[3]  L. Vinje, S. Alexander, A. Brekke, J. Hopp and S. Fause, "Bind C - Elementer og 

knutepunkter," in Betongelementboken, Asker, Betongelementforeningen, 2013.  

[4]  J. Schlaich, K. Schafer and M. Jennewein, "Toward a Consistent Design of Structural 

Concrete," PCI JOURNAL, vol. 32, no. 3, pp. 74-150, May-June 1987.  

[5]  Sletten Byggdata, "Sivilingeniør Ove Sletten," Sletten Byggdata, [Online]. Available: 

ove-sletten.no. [Accessed February 2017]. 

[6]  Cervenka Consulting, "ATENA | Cervenka Consulting," Cervenka Consulting, 2017. 

[Online]. Available: http://www.cervenka.cz/products/atena. [Accessed June 2017]. 

[7]  L. Vinje og S. Alexander, «Bind A - Bygging med betongelementer,» i 

Betongelementboken, Asker, Betongelementforeningen, 2010.  

[8]  S. I. Sørensen, Betongkonstruksjoner, Beregning og dimensjonering etter Eurocode 2, 

Trondheim: Tapir Akademisk Forlag, 2010.  

[9]  A. P. BORESI and R. J. SCHMIDT, ADVANCED MECHANICS OF MATERIALS, sixth edition, 

USA: John Wiley & Sons, Inc, 2003.  

[10]  R. D. Cook, D. S. Malkus, M. E. Plesha and R. J. Witt, Concepts and applications of finite 

element analysis - fourth edition, USA: John Wiley & Sons. Inc., 2002.  

[11]  C. A. Felippa, Introduction to Finite Element Methods, Colorado: Boulder, 2001.  

[12]  E. Oñate, Structural Analysis withthe Finite Element Method. Linear Statics. Volume 1. 

Basis and Solids, Barcelona: Springer, 2009.  

[13]  O. C. Zienkiewicz, R. L. Taylor and J. Z. Zhu, The Finite Element Method: Its Basis and 

Fundamentals, Elsevier Science, 2013.  

[14]  J. Červenka, Z. Procházková, Z. Janda, D. Pryl and J. Mikolášková, ATENA Program 

Documentation, Part 4-6, ATENA Science – GiD Tutorial, Prague: Červenka Consulting 

s.r.o., 2016.  

[15]  J. Červenka, V. Červenka and P. Kabele, ATENA Program Documentation, Part 3-1, 

Example Manual, ATENA Engineering, Prague: Červenka Consulting s.r.o., 2010.  

[16]  J. Červenka, V. Červenka and L. Jendele, ATENA Program Documentation, Part 1, 

Theory, Prague: Červenka Consulting s.r.o., 2016.  



51 
 

[17]  A. Murugesan and A. Narayanan, "Influence of a Longitudinal Circular Hole on Flexural 

Strength of Reinforced Concrete Beams," Practice Periodical on Structural Design and 

Construction, vol. 22, no. 2, 2017.  

[18]  M. G. Alexander, H.-D. Beushausen, F. Dehn and P. Moyo, "Concrete Repair, 

Rehabilitation and Retrofitting III," in Conference on concrete repair, rehabilitation and 

retrofitting (ICCRRR), Cape Town, 2012.  

[19]  C. Williams, D. Deschenes and O. Bayrak, "Strut-and-Tie Model Design Examples for 

Bridges: Final Report," Center for Transportation Research, Austin, 2012. 

[20]  C. H. Raths, "Spandrel Beam Behavior and Design," PCI Journal, vol. 29, no. 2, pp. 62-

131, 1984.  

[21]  A. H. Mattock, K. C. Chen and K. Soongswang, "The Behavior of Reinforced Concrete 

Corbels," PCI Journal, vol. 21, no. 2, pp. 52-77, 1976.  

[22]  A. Ibrahimbegovc and B. Brank, Engineering Structures Under Extreme Conditions: 

Multi-physics and Multi-scale Computer Models in Non-linear Analysis and Optimal 

Design, IOS Press, 2005.  

[23]  R. W. Clough and E. L. Wilson, "Early finite element research at Berkeley," in Fifth U.S. 

National Conference on Computational Mechanics, USA, 1999.  

[24]  M. I. Mousa, "Effect of bond loss of tension reinforcement on the flexural behaviour of 

reinforced concrete beams," HBRC Journal, vol. 12, no. 3, pp. 235-241, 2016.  

 

 

  



52 
 

8. Appendix 

8.1. Conference paper title and extended abstract 
Weight reduction of pre-fabricated reinforced concrete beams using longitudinal cavities 

Pre-fabricated reinforced concrete beams are widely used within the construction industry. 

The reason behind this is due that pre-fabricated elements represent a rational, timesaving 

and economic method of construction. A wide variety of shapes and sizes are available, which 

includes among other walls, beams, columns and slabs. Regardless of all the benefits, there 

are still some additional aspects to be aware of. For instance, weight is a much more important 

property for pre-fabricated then in-situ cast, as they must be both transported and assembled. 

In addition, weight reduction intuitively lowers loading on the structure itself. 

As for weight of reduction of concrete elements, there are many different methods available. 

Lightweight aggregate, pre-stressing, geometrical changes and several others. Most weight 

reduction measures tend to reduce the structural capacity so it is important to do it correctly. 

Beams are normally very sensitive to changes in material as they are usually subjected to very 

high stresses compared to volume. Beams are therefore often subjected to geometrical 

changes for optimization instead. To reduce building height, cross shaped or inverted T beams 

are very popular to use, but sometimes they become very large and heavy with long spans. 

Not very many optimization measures exist for these kinds of beams due to the multiple load 

effects, especially not under the corbels. Intuitively, this should be possible so the motivation 

was initiated. 

A design proposal for large cross sections were constructed, consisting of a cylindrical cavity 

within the beam with some optimizations of the corbels to allow corbel rebar to pass a 

sufficient distance from the cavity. The cavity was only to be applied at a distance effective 

depth, “d”, of the beam from the face of the supports, unless the general shear capacity of 

the cross section is violated, in which the start of the cavity was altered accordingly. For the 

specific case, this measure reduced the weight of the beam by ~9%. 

The design was achieved through analysis of the necessary coverage and anchorage. Along 

with structural analysis of the cross section in terms shear and bending resistance and 

resistance for the corbel through a simple strut & tie model. The cavity itself were assumed to 

be applied only within length which the Euler-Bernoulli beam theory are valid, or in which the 

reduced breadth was sufficient in terms of shear resistance. Numerical analysis of both initial 

and new design was then carried out using a non-linear finite element software. 

The numerical analysis produced very high values for crack width for both. Comparatively, 

highest range of values for crack width, deflection and compressive stress in concrete 

increased by ~5-10%. Some stress concentrations also occurred. 

Due to the need of coverage between cavity and rebar, this approach is mostly applicable to 

cross sections sufficiently large enough to have a cavity within.  
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8.2. Calculations 

8.2.1. Initial beam 

 

Includes 

 

- K-bjelke calculation 

- E-bjelke calculation 

- BTSNITT calculation 
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8.2.2. Modified beam 

 

Includes 

 

- K-bjelke calculation 

- E-bjelke calculation 

- BTSNITT calculation 
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8.2.3. Example with moment joints 

 

Includes: 

 

- K-bjelke calculation 
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8.2.4. Draft calculations 
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8.2.5. Neutral axis 
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8.3. ATENA help files 

8.3.1. Positions 

 
 Felt nr Spennvidde Spennvidde kummulativ Posisjon momentledd 

(ref midt på hylla) 
v.utkr. 600 0.6 600 0.6 
1 5890 5.89 6490 6.49 11180 11.18 
2 9600 9.6 16090 16.09 24490 24.49 
3 7090 7.09 23180 23.18 
4 12000 12 35180 35.18 37580 37.58 
5 7620 7.62 42800 42.8 44600 44.6 
h.utkr. 3990 3.99 46790 46.79 
Spennvidde kummulativ (fra første opplegg) 
5.89 
15.49 
22.58 
34.58 
42.2 

 

80 5025 Bøyler til innsetting i ATENA 
90 4467 Spenn Posisjon siste Antall stenger 

inkl siste 
100 4020 
110 3655 420 0.6 0.6 2 698 
120 3350 420 2.89 3.49 7 1609 
130 3092 210 3 6.49 15 2120 
140 2871 140 2 8.49 15 1946 
150 2680 210 2 10.49 10 1356 
160 2513 1.6 12.09 4 1867 
170 2365 2 14.09 10 2687 
180 2233 2 16.09 15 2637 
190 2116 2 18.09 10 1826 
200 2010 2.09 20.18 5 1582 
210 1914 3 23.18 15 1490 
220 1827 3 26.18 22 698 
230 1748 2 28.18 10 
240 1675 2 30.18 5 
250 1608 2 32.18 10 
260 1546 3 35.18 22 Hylle 
270 1489 3 38.18 15 112 
280 1436 1.62 39.8 4 
290 1386 3 42.8 15 
300 1340 0.99 43.79 5 
310 1297 3 46.79 8 
320 1256 
330 1218 
340 1182 
350 1149 
360 1117 
370 1086 
380 1058 
390 1031 
400 1005 
410 980 
420 957 
430 935 
440 914 
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Posisjoner lengdearmering x-retning 
U.k. Fra Til Lengde Fra Til Lengde 
1 kant 2 0.025 46.765 46.74 
1 midt 3 5.85 16.73 10.88 22.54 28.73 6.19 
2 midt 3 25.09 33.44 8.35 
O.k. 
1 kant 2 0.025 46.765 46.74 
1 mellom 
2 

3.4 8.72 5.32 13.62 46.765 33.145 

1 midt 1 3.4 8.72 5.32 19.71 38.77 19.06 
Opplegg nr kant 2 
v.utkr. 600 1 x x 
1 6490 2 
2 16090 3 midt 3 
3 23180 4 x x x 
4 35180 5 
5 42800 6 mellom 2 
h.utkr. 46790 x x 
midt 1 
x 

 

 

Spennvidde Startposisjon ikke 
utsparing 

Sylinderhøyde 

0.6 0 1.75 
6.49 5.34 2.3 
16.09 14.94 2.3 
23.18 22.03 3.4 
35.18 34.03 3.4 
42.8 41.65 2.3 
46.79 45.64 1.15 
16.6 30.19 
Volum m 24.8685 
Volum i 27.35343 
% besparelse 9.084528 
d 0.881 Ikke utsparing 

sylinderhøyde 
velger 0.9 2.3 
Søylebr. 0.5 
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8.3.2. Modelling 

 

3D initial 

 

Geometry original design (remember layers) 

 

 

 Beam 

 

Plane geometry at x=0 

 

0,.26,0 

0,.26,.35 

0,.41,.35 

0,.41,.6 

0,.31,.6 

0,.26,.6 

0,.26,.98 

0,-.26,.98 

0,-.26,.6 

0,-.31,.6 

0,-.41,.6 

0,-.41,.35 

0,-.26,.35 

0,-.26,0 

0,.26,0 

 

Extrude volume x-dir 

46.79 
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 Supports (steel plates) 

 

Line 

.35,-.26,0 

.35,.26,0 

 

Extrude surface x-direction 

.5 

 

Extrude volume z-direction 

-.15 

 

Edit bottom surface in two (v sense) 

 

Copy volume (incl.lower entities) in x-direction 

5.89 

15.49 

22.58 

34.58 

42.2 

 

 Longitudinal reinforcement 

 

  Interval/layer 1 

.025,-.193,.067 

.025,.193,.067 

.025,-.193,.913 

.025,.193,.913 
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   Corbel 

.025,-.355,.545 

.025,-.355,.405 

.025,.355,.545 

.025,.355,.405 

 

Extrude lines x 

46.74 

 

  Interval/layer 2  

5.85,-.096,.067 

5.85,0,.067 

5.85,.096,.067 

 

Extrude lines x 

10.88 

 

Extrude same points x 

16.69 

 

Extrude the new points into lines x 

13.28 

 

  Interval/layer 3 

25.09,-.193,.131 

25.09,0,.131 

25.09,.193,.131 
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Extrude lines x 

8.35 

 

  Interval 4 

 Layer 4 

3.4,-.096,.913 

3.4,.096,.913 

 Layer 5 

3.4,0,.913 

 

Extrude lines x 

5.32 

 

Extrude midend (4) points x 

10.22 

Extrude new point lines x 

33.145 

 

Extrude mid (5) point x 

16.31 

Extrude new point lines x 

19.06 

 

 

 

 Shear reinforcement (remember layering) 

 

0,.217,.043 

0,.217,.937 
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0,-.217,.937 

0,-.217,.043 

0,.217,.043 

 

Extrude lines x (+ layering) 

 

 Layer 140 

8.49 

16.09 

26.18 

35.18 

 

 Layer 210 

6.49 

10.49 

14.09 

18.09 

23.18 

28.18 

32.18 

38.18 

42.8 

43.79 

 

 Layer 420 

3.49 

12.09 

20.18 

30.18 
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39.8 

46.79 

 

Layer all, then extrude in number of times (negative x-dir) needed to reach next 

 

 

 

 Corbel reinforcement (remember layers) 

 

0,.369,.391 

0,.369,.559 

0,-.369,.559 

0,-.369,.391 

0,.369,.391 

 

Extrude array in x-direction (111 times) 

.420 

 

 

 

  Materials 

 

B45 

ø32 (class A) longitudinal rebar 

ø16 (class A) longitudinal corbel rebar + shear rebar 

ø12 (class A) corbel rebar 

Supports steel 

 

  Constraints (all intervals) 
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Contact for surfaces between beam (m) and supports (s) 

 

Fixed contact for line on mid bottom line of supports 

 

Fixed contact for surfaces on top sides of beam 

 

 

  Constraints (interval 1) 

 

Weight of volume 25 kN/m3 

 

Dead load 

 Left kN/m2 

-462 

 

 Right kN/m2 

-438 

 

  Constraints (interval 2) 

 

Variable load 

 Left kN/m2 

-377 

 Right kN/m2 

-358 

 

  Constraints (interval 3) 
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Variable load 

 Left kN/m2 

-377 

 

 

  Meshing for beam 

 

Mesh 

 SemiStructured 

  Set 

   Structured Direction 

Select ONE of the longitudinal lines of beam 

 Confirm 

 

 

Set surfaces to Quadrilateral 

 

NO divisions on all rebar to 1 

 

NO divisions on all longitudinal lines (BEAM) to 120 

 

Set volume to Hexahedral 

 

3D modified 

Refers to use editing "3D geometry" 

 

 

Delete Beam volume 
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Delete surfaces, lines and points which refers to the changed part of the c/s. Don't delete 

bottom or any of the top surfaces! 

 

Create new lines 

 

0,.26,0 

0,.26,.3 

0,.41,.45 

0,.41,.6 

 

Same for x=46.79 and negative y 

 

Lines in between points in longitudinal direction 

 

New surfaces 

 

New volume 

  Cavity 

 

  Non-cavities 

remember layer 

 

 Create polygons 8 sides radius .15 

 

 Starting 

 Length 

 

0,0,.368 

 

Copy to x-pos 
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5.34 

14.94 

22.03 

34.03 

41.65 

45.64 

 

Extrude volumes in x-dir 

1.75 

2.3 

2.3 

2.3 

2.3 

2.3 

1.15 

 

 Bottom longitudinal corbel rebar 

 Move points to 

 

.025,.355,.481 

46.765,.355,.481 

.025,-.355,.481 

46.765,-.355,.481 

 Corbel rebar 420 

 

0,.094,.192 

0,.369,.467 

0,.369,.559 
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0,-.369,.559 

0,-.369,.467 

0,-.094,.192 

 

Extrude array in x-direction (111 times) .420 

 

 Material: ø12 

 

 Mesh: 1 division 

 

 

  Remaining 

 

Constraints for volume: Weigth 

 

Material for volume: B45 

 

 Mesh 

Possibly change sizes 

 

NO divisions for new longitudinal lines: 120 

 

Quadrilateral elements for surfaces 

 

Hexahedral for volume   
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8.4. Preliminary ideas 
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8.5. Miscellaneous 
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