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Cost and structural efficiency comparison between 

Rectangular Hollow core and solid concrete piers 
by 

 

Eyob Tilahun Mengiste 

(Abstract) 

Cement is the second most used construction material on earth. Beside the declining 

abundance of the raw materials to be used for the production of cement, the power 

and energy saving problems has become the main questions of the world. The search 

for new smart construction materials and the recycling procedures are currently under 

research and practices. The efficient use of the materials could also be a significant 

factor that could give out a valuable contribution in this regard.   

 

Economy, sustainability and environmental changes become the main challenges of 

engineers in the 21st century. In this thesis, analytic comparison is made by minimizing 

the volume of concrete used for long and slender concrete piers in order to get 

buckling and axial compression load resistance as well as economically efficient 

sections. Bridges of several height are designed and examined under similar Structural 

loads.  

During casting, Concrete experiences different stages of hydrations. These chemical 

reactions can be categorized as exothermic chemical reactions in which, heat will be 

released. The amount of high heat released in the core center of the member will not 

be migrated to the environment so easily and it will result in thermal stress and early 

stage cracks at the outer most surfaces. The crack formation can be kept minimum by 

reducing the Concrete volume, which actually results in less thermal stress.   

 

The ductility property of various bridge piers are evaluated and hollow sectioned piers 

are found to be more ductile. For bridges built in the seismic areas, plastic moment 

capacity is calculated for piers of hollow and solid core sections. This sample piers are 

designed with various height and the result indicate that sections of hollow 

rectangular piers are more ductile and economical. 
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1. Introduction 

1.1 Background 

 

Development of modern infrastructure needs the application and utilization of 

modern technologies for the efficient and more economical outputs. Fast ground 

transportation means like railway and motor way demands less gradient on the 

vertical profiles disregarding the terrain conditions. For the versatile terrain category 

like Ethiopia, tunnels and long span bridges play an important role to attain the criteria 

of the designers for a specific case.  

 

The advantage of a tubular section over a solid concrete sections is more flexible. The 

weight per length ratio of a tubular section is less than the equivalent solid sections. 

This scenario decreases the earthquake load intensity to act on the structural 

member. In addition to the material cost reduction, its less weight eliminates high 

transportation costs for precast members. Considering the economical perspective of 

constructing long and slender bridge piers, the volume of concrete to be utilized will 

affect the weight of the entire structure and will escalate the cost of the foundation 

to be designed.  The magnitude of a bending effect is not only governed by the height 

of the Pier itself, but is also governed by the weight and axial stress emitted from the 

superstructure. Hence, the span of the superstructure also plays a major role on 

magnifying the flexural and axial action on the pier system to be utilized.  

 

To make the study more feasible and appropriate for the current Ethiopian Bridge 

design and construction practices, this thesis will have boundaries on RC concrete 

bridges with simple span orientation. Economic efficiency starts with minimizing the 

total quantity of material to be used and completing the design and construction 

project within a very limited frame of time, which of course will save the man hour 

payments. This thesis will cover the cost benefit analysis of Hollow Core concrete Pier 

design and Utilization over the conventional in practice solid core concrete pier. 
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Utilization of Hollow Concrete piers could be an efficient way of minimizing the cost 

of construction or even can increase the ductility property and seismic resistance.      

Hollow bridge piers accommodate the high moment and shear demands by reducing 

the self-weight and the high bearing demand on pile foundation maximizing the 

structural efficiency of the strength–mass ratios and reducing the mass contribution 

of the column to seismic response.  

 

Compared to solid piers, Hollow core piers have the advantage of having significant 

reduction in the volume of the material, large reduction of dead load, high bending 

and torsional stiffness. When a hollow cross section exceeds a width to depth ratio of 

3, the cost of extra formwork probably exceeds the material savings. But the reduction 

in dead load can still produce appreciable saving in formwork cost. 

 

In this paper, high emphasis will be given to the seismic capacity of the piers. In both 

the hollow core and the solid core cross sections, the designed member will be 

examined for its inelastic redistribution and the properties of plastic hinge regions.  

 

 

Figure 1-1: Proposed analysis and design procedure 
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The result out of Hollow and Solid models, will be compared in terms of material 

quantity and structural advantages.  

1.2 Objectives and scope of study  

1.2.1 Objectives 
 

As the development hikes up, the need for infrastructures will rapidly grow. This is 

because of the need to reach inaccessible recourses, to provide facilities for the 

community at the far end and to provide an infrastructural network. Extensive and 

massive Bridges with long piers will be necessary to be constructed. As the height of 

the piers goes up, the monetary and safety questions will force a designer to look for 

alternative pier sections.  

This thesis will address the question by providing a Hollow concrete pier as a best 

alternative.  

The objective of this thesis  is to: 

 

Evaluate the economic benefits of Hollow core Concrete Piers over the widely 

practiced Solid Concrete piers. Using performance based analysis and design of 

seismic loads. 

1.2.2 Scope of the study 
 
Structures are assumed to be located in the seismic locations of Ethiopia.  

 

- Usual load cases are used during the conventional structural design scheme 

- Orthogonal orientation of column is discussed 

- Prismatic (constant) cross section is considered 

- Torsion is not considered 
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1.3 Structure of the thesis 
 
This thesis is organized into chapters. Chapters are also subdivided into sub chapters.  

 

Chapter 01 deals with introduction in which the background information is provided. 

Additionally, objectives, scope and thesis structure are briefed.  

 

Chapter 02 is devoted about the literature review where all the topics covered in this 

thesis are observed from the perspectives of various notable writers, codes and 

standards; and are summarized in this chapter. Consensus obtained out of this portion 

is used as the basic roadmap for the work done on chapter 3 and 4.  

 

Chapter 04 is about the path followed during the modeling and design of the cases 

under consideration. In this chapter, cases to be considered are set. Geometric and 

load modeling are carried out and briefed. Brief description including results of 

conventional and capacity design carried out on the models are also included. To show 

the effect of size enlargement, heat evolution analysis is also included.  

 

Chapter 05 summarizes all the work. Comparison is made based on economy and 

structural efficiency. This chapter deals with comparison results. These results are 

discussed and shown using numbers, charts and brief discussions.  

 

Chapter 06 concludes the outcome of the study. This chapter is concentrated on 

conclusions and recommendations. In this portion of the study, the final findings are 

briefly discussed. Recommendations for further study is also provided. 
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2. Literature review 

2.1 General  

 

Hollow concrete section is often used for column design particularly for very tall bridge 

columns in seismic areas for reducing the mass and therefore minimizing the self-

weight contribution to the inertial mode of vibration during the earthquake. The 

hollow columns also enables foundation dimensions and thus save the construction 

cost substantially. Therefore, these advantages have promoted the use of hollow pier 

columns instead of similar solid members. On the other hand, the seismic behavior of 

the hollow columns has been controversial due to lack of understanding [31]  

 

Bridges often rely solely on the capacity of the piers to sustain large displacement 

without collapsing. Failure of bridge piers often cause collapse or failure of bridge 

span, as it is evident from several major earthquakes. Hence, bridge piers are usually 

designated as the first structural element to dissipate seismic energy well beyond their 

elastic limit [13]. Hollow core piers are often used in the construction of long- span 

structures like in balanced cantilever bridges, cable stayed bridges and in bridges 

crossing deep valleys. Comparing to solid piers, hollow piers have the advantage of 

having significant reduction in the volume of material, large reduction of dead load 

and high bending and torsional stiffness. Despite its wide use, research on the seismic 

behavior of such piers is limited. Even the most modern codes of practice do not 

recognize specific problems associated with hollow piers, probably as the 

consequence of lack of knowledge [3]. However, these types of piers are commonly 

considered to be vulnerable to seismic action [13]. 

 

2.2 Conventional Pier Column Design 

 

Design of a pier includes the geometric Size determination, reinforcement Area 

calculation, and determination of height, cross sectional dimensions, stress and cost.  

While optimizing Cost, Geometric Size and efficiency towards stress resistance, 

different Design approaches and theories have been practiced through the history.  
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From among the major design Methods, working stress design method and limit state 

design approach were the most influential. 

In this thesis, emphasis is placed to LRFD (Load Resistance Factor Method) for designs 

of structures under consideration.  

 

Reinforced Concrete pier design includes the derivation of sectional properties, 

loading and configuration. As the first step of design, the pier column shall be modeled 

to handle shear and moment transferred from the superstructure efficiently. Factored 

load combinations as per AASHTO bridge design manual shall be transferred without 

causing instability. Suspected instability cases shall be balanced using the geometry 

configuration. During this preliminary design stage the material non linearity is not 

taken into account and the seismic capacity of the structure will not be investigated 

in detailed manner.  

During the utilization of this method, it is expected to obtain significant variation of 

axial load resisting capacity between hollow and solid core pier columns. Slenderness 

of the concrete section which depends of the length of the column and the cross 

sectional parameters in addition to the magnitude of Euler’s critical load will 

determine the advantage of one model over the other.  

2.2.1 Code Recommendations  

 

For General Applicability, in this thesis AASHTO LRFD Bridge Design Manual and ACI 

code requirements are widely applied. AASHTO Bridge design manual gives a huge 

emphasis for the LRFD design technique especially for reinforced concrete Deck slab 

bridges.  

 

The Load Resistance Factor Design method incorporates various sorts of load 

combinations. From among this: Strength limit state, Extreme Events, Service and 

Fatigue are the major divisions that AASHTO describes extensive events.  
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2.2.2 Gravity Load Modeling  

 

Permanent loads: in case of pier design and analysis, the most governing load effect 

is from self-weight of the superstructure and pier concrete weight.  In addition to the 

structural volume of construction, material that the pier will carry, significant 

magnitude of weight from the aesthetic purpose claddings, utility fixtures and earth 

pressure could also be taken as the source of the permanent load on the pier. 

 

Live loads: live loads are taken as the load kind, which have a variable behavior along 

the service time of the structure. These loads could be categorized as gravity loads 

and lateral loads.  Vehicular loads are the major forms of gravity live loads on bridges. 

AASHTO manual regulates the magnitude and intensity of the vehicular loads using 

the factors from the multiple presence factors and the amount of the Design vehicle 

configuration. The design load configurations vary to be HS- 93, HS 20 or HS 2. Based 

on the support conditions, the lane configuration condition, the assigned task, the 

volume of the traffic forecast and the span length.  In addition to the direct loads from 

the vehicles, there are also indirect considerations of loads. The impact of the wheel 

to the Bridge element will emit some energy to cause a Dynamic Impact load, which 

is to be designated by IM load within the AASHTO bridge design manual. This load is 

expressed as 15% to 75% based on the design technique to be used and also based on 

the location of the structural element under consideration 

 

In addition to the Vehicular gravity loads, there are also some considerations of the 

centrifugal forces, Braking forces and collision forces, which are under the live load 

category.  

 

Water Loads: AASHTO Bridge design manual considers the uplift effects of the water 

on the structural element. In addition, the longitudinal and lateral pressures emitted 

by the water wave are also modeled through experimental formulas.  According to 

AASHTO, wave loads shall be determined to adjust the scour depth requirements for 

the foundation design and also to fix the height of the part of the pier to be buried 

under the water surface and the ground level. 
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2.2.3 Lateral Load Modeling  

Wind Loads: Wind pressure effects on the Structural element and on the Vehicle 

element is expressed through empirical formulas and modeled accordingly.  

 

Earthquake effect: the earthquake effects on the buried structures are not to be 

considered on the AASHTO specifications. But for structures with significant height, 

direct seismic effects and additional seismic effects from the soil liquefaction and 

slope movements need to be considered.  

 

Breaking Force: This is a force is emitted from the action of a design vehicle on 

superstructure. It can be modeled using formulas given on design codes and 

standards.  

 

Centrifugal Force: Is the effect of normal acceleration of a vehicle when it is traveling 

along a curved path. Varies with the design speed of the roadway. In this thesis, all of 

bridges under consideration have straight horizontal alignment and centrifugal forces 

are assumed to be zero. 

 

Water Pressure: Stream pressure on a substructure can be a major load depending on 

the alignment of the river and the orientation of the bridge. This thesis assumes the 

purpose of the bridges under consideration is to cross uneven geographic terrain 

(rolling or mountainous). Accordingly stream pressure is excluded from the analysis.  

2.3 Bi-axial Bending on Rectangular Solid and Hollow Sections  

 

During the determination of the capacity of the column it is necessary to consider the 

resistance of the section against the interacted loads. The input of influences from 

moments and the axial compression load has to be considered. For a compression 

members of a structure it is necessary to draw the failure interaction diagrams and 

examine the intensity of actions. Interaction diagram is a graph illustrating the 

capacity of a structural concrete member to resist a range of combinations of moment 

and axial force. By changing the location of the neutral axis, giving different size of 
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compression and tension zones, each case will lead to a different capacity calculated 

from the strain distribution. First the section is in pure compressions, then it will be 

over reinforced until it reaches the point where it is balanced resigned. 

2.3.1 Bresler’s reciprocal Load Equation 

 

In 1960 [10], Bresler used the failure surface concept to propose two equations which 

would represent the approximate failure surface.  When the inverse of the failure 

load, 1/Pu is approximated as: 

ଵ

௉೙೔   
 = ଵ

௉೙ೣ 
 + ଵ

௉೙೤  
−  

ଵ

௉೚ 
  --------------------------------------------2.1 

Where Pni – the nominal axial load capacity of the section when the load is 

placed at a given eccentricity along both axis 

Pnx is the normal axial load capacity of the section when the load is placed at 

an eccentricity towards X axis 

Po  is the nominal axial load capacity of the section when the load is placed with 

zero eccentricity. 

2.3.2 Load Contour Equation 
 

Bresler described another failure thrust is plotted against the associated failure 

moments, Mxo and Myo, about two major axes. At a level of axial load Pu, the failure 

moments corresponding to the load can be related as:  

[
ெೣೠ

ெೣ೚
]௔భ+ [

ெ೤ೠ

ெ೤೚
]௕భ   = 1.0 -----------------------      2 .2 

Where Mxo and Myo moments at failure load, Pu about x axis and y- axis, respectively.  

 

Mxo = failure moment about x- axis when the axial load Pu acts with uniaxial 

eccentricity producing moment about the x-axis only. (My =0) 

Myo  = failure of moment about y-axis when axial load pu acts with uniaxial 

eccentricity producing moment about the y-axis only (Mx = 0) 



 
 

10 
  

a1 and b1 are exponents depending on the shape and column dimensions, the 

amount and distribution of steel and properties of concrete. And this 

exponents are assumed to be equal for a rectangle.  

2.3.3 Capacity Reduction Factors  

Depending on the shape and the shear reinforcement selection φ values vary. Lower 

φ values are applicable for compression controlled sections because of smaller 

ductility.  

 

ACI code section 9.3.2.2 states that φ for a particular column may be increased linearly 

from 0.65 or 0.70 to 0.90 as the net tensile strain ϵt increases from 0.002 to 0.005,  

where the condition undergoes transition from compression controlled to the tensile 

controlled as the strain increases.  

 
 

 
 

Figure 2-1: Strain - reduction factor ACI 318-11 

 

2.3.4 Interaction Diagram Modeling  

For a rectangular section, the value of a1 and b1 in equation 2.2 are considered to be 

equal for a rectangular section where, 

 

ܽଵ ݎ݋ ܾଵ =  log 0.5/ log β  -------------------------------------- 2.3 
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Where, β depends primarily on the ratio of Pn/Po and to a lesser degree on the 

reinforcement ratio, arrangement and strength. Figure 3 gives values the ultimate 

moment capacity of a column section for different values of β. For lightly loaded 

columns variation of β is in order of 0.5 to 0.7. As the ratio Pn/Po increases, the value 

of β also increases. A lower value of β can be used for a purpose of conservative 

design.   

 
Figure 2-2: Biaxial moment relationship 

 

2.3.5 Confining Reinforcement Design  

 
Lateral reinforcement for columns normally consists of individual ties or closely 

spaced continuous spirals. These reinforcements are essential components of the 

reinforcement cage. Lateral ties and spirals are primarily used to hold longitudinal bars 

in place. They provide lateral bracing to longitudinal bars to prevent local bar buckling 

under heavy compression loads. The structural performance of bars can be 

significantly be affected by the amount and detailing of lateral reinforcement. 

Columns that are subjected to load reversals has significant implications on their 

strength and ductility.  
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Axially loaded columns reinforced with ties generally fail in a sudden and brittle 

manner when the column capacity is reached. At the failure load, concrete crushes 

and bulges outward between the ties, buckling of longitudinal bars takes place, and 

the column cannot withstand the applied load. If the column is reinforced with spiral 

lateral reinforcement, concrete within the core area is confined. When the same 

failure load is applied, the core concrete, because of its confinement within the spirals, 

cannot shear outwards, and the longitudinal bars are not allowed to buckle. At this 

load level, the unconfined shell concrete spells off, but the column core continues 

carrying the applied load depending on the amount of spiral reinforcement, the 

column carrying loads at higher inelastic deformation levels.   

2.3.6 Long Column effects  

 
When a column bends or deflects laterally, its axial load will cause an increased 

column moment. This moment will be superimposed onto any moment already in the 

column. This magnitude will reduce the axial load capacity of the column significantly. 

ACI code section 10.10.2 states that the design of a compression member should 

desirably be based on a theoretical analysis of the structure that takes into account 

the effects of axial load, moments, deflections, duration of loads, varying member 

sizes and end conditions.  

 

The ACI code (10.10.5) provides an approximate method for determining slenderness 

effects. This method is based on a moment magnifier which is to be multiplied by the 

larger moment at the end of the column denoted as M2 and this value will be used for 

the design.  

2.4 Capacity Design Method  

 

This method of design addresses the special nature of inelastic structural responses 

of seismic excitations [1]. In structures designed for ductile seismic response, the 

locations of potential plastic hinge regions are deliberately chosen to enable the 

development of a sustainable plastic mechanism. Plastic hinge regions are designed 

and detailed for adequate ductility. All other regions are provided with additional 
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capacity so that they remain elastic when the chosen plastic hinges develop their over 

strength [15] 

According to AASHTO guide specification for LRFD Seismic Bridge design, depending 

on the Seismic Deign category (SDC) a structure’s design requirements shall be 

compared to the capacity of the section. Displacement capacity Verification is 

required for individual piers and bents. Although it is recognized that force 

redistribution may occur as the displacement increases (AASHTO 2011).  

2.4.1 Demand and Capacity  

The global displacement demand estimate ∆D for ordinary bridges can be determined 

by linear elastic analysis utilizing effective section properties. The global structural 

displacement ∆D is the total displacement at a particular location within the structure 

or subsystem. The global displacement will include components attributed to 

foundation flexibility, ∆f , flexibility of capacity protected components such as bent 

caps ∆B and the flexibility attributed to elastic and inelastic response of ductile 

members ∆y and ∆p respectively. (figure 2-3) 

The Displacement ductility demand is a measure of the imposed post-elastic 

deformation on a member displacement ductility,  

 

= ஽ߤ  ∆஽/∆௒ ௜ ------------------------------------------------------- 2.4 

 

Where,  

∆஽ is the estimated global frame displacement demand 

∆௒ ௜  is the yield displacement of the subsystem from its initial position to the 

formation of plastic hinge 

For a single column bent, supported on a fixed foundation, the target ductility demand 

should be less than or equal to 5.  

The structure shall be designed to resist the internal forces generated when the 

structure reaches its collapse limit state. The collapse limit state is defined as the 

condition when a sufficient number of plastic hinges have formed within the structure 

to create a local collapse mechanism.  
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The column design moments shall be determined by the idealized capacity of the 

column’s cross section, Mpcol . The over strength moment  Mocol the associated shear 

Vocol and the moment distribution characteristics of the structure system shall 

determine the design moments for the capacity protected components adjacent to 

the column.  

 

 
 

 
Figure 2-3: Force deflection curve of a single Pier - caltrans 

 
 
The column shear demand and the shear demand transferred to adjacent components 

shall be the shear force Vo
col associated with the overstrength moment Mo

col .The 

designer shall consider all potential plastic hinge locations to insure the maximum 

possible shear demand has been determined. [21] 
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The shear demand for pier walls in the weak direction shall be calculated. The shear 

demand for pier walls in the strong direction is dependent upon the boundary 

conditions of the pier walls.  

 

2.4.2 Displacement Capacity of Ductile concrete members 

All columns designed and detailed to behave in a ductile manner are designated as a 

seismic –critical members. A ductile member is defined as any member that is 

intentionally designed to deform inelastically for several cycles without significant 

degradation of strength or stiffness under the demands generated by the design 

seismic hazards. Seismic-critical members may sustain damage during seismic event 

without leading to structural collapse or loss of structural integrity.  

Local displacement capacity ∆c is defined as a member’s displacement capacity 

attributed to its elastic and plastic flexibility. The structural system’s displacement 

capacity ∆c is the reliable lateral capacity of the bridge or subsystem as it approaches 

its collapse limit state. Ductile members must meet the local displacement capacity 

requirements and the global displacement criteria [21] 

The local displacement capacity of a member is based on its rotation capacity, which 

is based on the curvature capacity. Curvature capacity shall be determined from the 

moment curvature analysis.  

 

 
Figure 2-4: Local displacement capacity cantilever column with fixed base 
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Each ductile member shall have a minimum local displacement ductility capacity of 3 

to insure dependable rotational capacity in the plastic hinge regions regardless of the 

displacement demand imported to that member.  

2.4.3 Mander’s Confined and Unconfined concrete model  

 
In a seismic design of reinforced concrete columns of buildings and bridge structures, 

the potential plastic hinge regions need to be carefully detailed for ductility in order 

to insure that the shaking from large earthquakes will not cause collapse. Adequate 

ductility of members of reinforced concrete frames is also necessary to ensure that 

moment redistribution can occur. The most important design consideration for 

ductility in plastic hinge regions of reinforced concrete columns is the provision of 

sufficient transverse reinforcement in the form of spirals or circular hoops or of 

rectangular arrangements of steel, in order to confine the compressed concrete, to 

prevent buckling of the longitudinal bars and to prevent shear failure. 

 

Mander [29] have proposed a unified stress strain approach for confined concrete 

applicable to both circular and rectangular shaped transverse reinforcement.  

 
Figure 2-5: Mander et al stress strain model 



 
 

17 
  

A stress strain model for confined and unconfined concrete shall be used in the 

analysis to determine the local capacity of ductile concrete members. The initial 

ascending curve may be represented by the same equation for both the confined and 

unconfined model since the confining steel has no effect in this range of strains. As 

the curve approaches the compressive strength of the unconfined concrete, the 

unconfined stress begins to fall to an unconfined strain level before rapidly degrading 

to zero at the spalling strain ϵsp typically equals to 0.005. The confined concrete model 

should continue to ascend until the confined compressive strength fcc’ is reached. This 

segment should be followed by the descending curve dependent on the parameters 

of the confining steel. The ultimate strain ϵcu should be the point where strain energy 

equilibrium is reached between the concrete and the confinement steel.  

2.4.4 Moment Curvature analysis  

 
The plastic moment capacity of all ductile members shall be calculated by the moment 

curvature analysis based on expected material properties. Moment curvature analysis 

derives the curvature associated with the range of moments for a cross sectional 

based on the principles of strain compatibility and equilibrium of forces. The M-φ 

curves can be idealized with an elastic perfectly plastic response to estimate the 

plastic moment capacity of a member’s cross section. The elastic portion of the 

idealized curve should pass through the point marking the first reinforcing bar yield. 

The idealized plastic moment capacity is obtained by balancing the areas between the 

actual and the idealized M-φ curves beyond the reinforcing bar yield point [21] 

 

The Transverse steel placed near the outside face of the plastic hinge region activates 

in tension when the section performs in a ductile manner in the inelastic range, and 

the resulting steel stress then applies confinement pressure to the confinement core.  
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Figure 2-6: Moment Curvature Diagram 

2.4.5 Seismic Performance Assessment- Pushover analysis  

Design will always be a compromise between simplicity and reality. With the 

recognition that reality is a very complex and uncertain in imposed demands and 

available capacities. And simplicity is a necessity driven by limited economy and 

limited ability to implement complexity with commonly available knowledge and 

tools.  Static Pushover analysis is the system of evaluating the capacity of a structure 

when exposed to a savior seismic load. This method of analysis is a part of evaluation 

process and provides estimates of demands imposed on structures and elements. 

Evaluation implies that imposed demands have to be compared to available capacities 

in order to assess the capacity of the design.   

POA is based on the assumption that the response of the structure can be related to 

the response of an equivalent single degree of freedom system. This implies that the 

response is controlled by a single mode and that the shape of this mode remains 

constant throughout the time history response. Various studies [33], [18],[17] have 

indicated that these assumptions lead to a good prediction of the maximum seismic 

response of multi degree of freedom structure provided their response is dominated 

by a single mode. 

Pushover analysis is an Inelastic Static Analysis generally is used to determine the 

reliable displacement capabilities of a structure as it reaches its limit of structural 

stability. This method of analysis shall be performed using expected material 

properties or modeled members. It is an incremental linear analysis which captures 

the overall nonlinear behavior of the elements, including soil effects, by pushing them 
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laterally to initiate plastic action. Each increment pushes the frame laterally, through 

all possible stages, until the potential collapse mechanism is achieved. Because the 

analytical model accounts for the redistribution of internal actions as components 

respond inelastically. Inelastic Static Analysis (Pushover analysis) is expected to 

provide a more realistic measure of behavior.  

In the pushover analysis it Is assumed that the target displacement for the MDOF 

structure can be estimated as the displacement demand for the corresponding 

equivalent SDOF system transformed to the MDOF domain through the use of a shape 

vector. 

2.5 Early stage Crack 

2.5.1 General 
 
Early-age cracking can be a significant problem in concrete. Volume changes in 

concrete will drive tensile stress development when they are restrained. Cracks can 

develop when the tensile stress exceeds the tensile strength, which is generally only 

10 percent of the compressive strength. At early ages, this strength is still developing 

while stresses are generated by volume changes. Controlling the variables that affect 

volume change can minimize high stresses and cracking [35], [36], [37] 

According to ACI 207 code, any volume of concrete with dimensions large enough to 

require that measures be taken to cope with the generation of heat from hydration 

of the cement and attendant volume change to minimize cracking. 

 
Figure 2-7: Strength development 
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2.5.2 Heat of Hydration 
 
Cement hydration is an exothermic reaction in which heat will be released out to the 

environment. The amount of heat release during the first 3 days is relatively high. 

From among many factors which affect the amount of heat release are weather 

(humidity and temperature), additives, cement type, cross sectional area, aggregate 

type can be stated. Studies has recommend to consider early age cracking and heat of 

hydration during the design on concrete members which are 1m or 3ft thick [36] 

 

The hydration of cement can be thought of as a two-step process. In the first step, 

called dissolution, the cement dissolves, releasing ions into the mix water. The 

concentrations of ionic species in the pore solution increase rapidly as soon as the 

cement and water are combined. Eventually the concentrations increase to the point 

that the pore solution is supersaturated, meaning that it is energetically favorable for 

some of the ions to combine into new solid phases rather than remain dissolved. This 

second step of the hydration process is called precipitation. A key point, of course, is 

that these new precipitated solid phases, called hydration products, are different from 

the starting cement minerals. Precipitation relieves the supersaturation of the pore 

solution and allows dissolution of the cement minerals to continue. Thus cement 

hydration is a continuous process by which the cement minerals are replaced by new 

hydration products. Cement minerals are formed at temperatures exceeding 1400 oC, 

At the much lower temperatures present during cement hydration, the cement 

minerals are actually quite unstable, meaning that there are many other solid phases 

that will form preferentially in their place once they dissolve. In fact, the whole point 

behind the high-temperature cement manufacturing process is to create solid phases 

that will readily dissolve in water, allowing new phases to form. When one phase is 

converted into another phase with a lower free energy, there is usually a release of 

excess energy in the form of heat. Such a reaction is termed exothermic, and the 

exothermic heat associated with cement hydration has already been defined as the  

Heat of hydration.   

Generated heat shall be conducted into the surrounding environment. As the 

thickness of the section increases, the heat convection between the environment and 

the core center will be mild and heat difference between will be higher enough to 
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create thermal cracking.  Heat of hydration evolution is presented below in the graph 

[36] 

 

 
Figure 2-8: Heat generation vs time 

2.5.3 How to reduce heat of hydration 
 

The heat accumulation in the core center of the concrete can be reduced by forming 

more surface area which is in contact with the surrounding air. Less thick sections has 

less viability to early age cracks. But also the following methods can be used: 

- Using larger size aggregates (as in Roller Compacted Concrete – RRC) for 

extremely thick concrete laying. Eg. Dams  

- Mixing and casting concrete mixed with ice ( construction in high temperature 

areas) 

- Utilization of chemical additives.  

 

In this thesis ANSYS heat conduction simulator is used to elaborate the hydration heat 

generation and conduction property of designed sections.   
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3. Modeling and Analysis  

3.1 Introduction 

A single rectangular column pier with variable geometric configurations is designed 

against common design loads factored according to LRFD method.  The comparison 

will be made according to the ductility capacity and the minimum quantity of materials 

needed. Based on the proposed work flow, conventionally designed section is 

examined for its seismic performance capacity.  

 

LRFD Loading Criteria 

Strength I      : 1.25DC + 1.5DW + 1.75LL + 1.50*(TU + CR + SH) 

Strength II     : Consideration of the owner specified special design 

Strength III    : When exposed to wind velocity exceeding 55Km/hr 

Strength IV    : When very high dead load to live load force effect ratio is exhibited  

Strength V     : Normal vehicular loading plus wind loading of 55Km/hr velocity is 

encountered  

Extreme events: load combination including earth quake 

Extreme events II: Load combination related to Ice load collisions and certain 

hydraulic loads 

Service I: Load consideration when normal operational use is under consideration.  

Service II: load combination intended to control yielding of the steel structure and slip 

of slip critical connections due to vehicular loads. 

Service III: Longitudinal analysis related to the tension in the prestressed concrete 

superstructure with Crack control objectives.  

Service IV: Load combination related to tension in prestressed concrete columns with 

crack control objective 

Fatigue I: fatigue and fracture load combinations related to infinite load induced 

fatigue life. 

Permanent Loads 

Dead load (DC, DW and EV): from the superstructure will be used nominally as given 

on a tabular form from table 3.1 

Dead load from the self-weight of the pear, from the geometrical considerations 
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Earth Loads (EH, ES and DD): can be calculated based on the height of the buried 

section of the pier 

Stress transfer from the Bearings of the pear has also significant eccentric loading 

effect on the compression member of the structure. Bearing used may be plate or 

reinforced rubber but the necessity of using the bearing is to transfer the structural 

deformation from the structure directly to the pier. Deformations can be rotational, 

axial or shearing.  

 

For this specific paper, Shearing deformations on the Bearing connections are 

modeled to be a lateral load effects in both of the sides. This lateral loads may be 

modeled from the lateral load effects on the super structure and the vehicle. The 

operation/service deformations along the longitudinal direction on the camber do 

have a potential of pushing the bearing in the other direction to cause a lateral loading 

conditions.  

Live loads, Gravity (LL and PL): For live loading consideration on the Pier design, 

AASHTO specified vehicular loads shall be used for superstructure. But for this specific 

paper, the reactions of the superstructure on Bearing and Bearing stresses are 

modeled in different levels of actions.  

 

In addition to the direct load transfer from the super structure, deformation stress 

from the bearings will also be considered.  

 

Dynamic load allowance: for this specific load effect AASHTO standards table 3.6.2.1-

1 shall be used. As per the specifications, 75% load magnification has to be utilized for 

the deck joints where the piers are mostly located.  

Curved members: Centrifugal forces (CE) shall be considered. Modeling this load shall 

be according to AASHTOs standards 3.6.2.3 the amount of load is directly applied on 

the Pier Cap. 

Braking Force (BR): shall be modeled and applied on the design pier as per AASHTO 

Section 3, C3.6.4 
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Water load (WL):  for the Bridge pier design, water load shall be considered.  Piers 

may be exposed to the running water pressure. Where the pressure could be 

significant depending on the slop of the river bed, shape and the drag coefficient of 

the pier 

Wind Load conditions (WL and WS): this loading condition has a direct influence the 

design of both the super structure and the sub structure parts of the pier. The 

cumulative effect obtained from the superstructure will be modeled according to the 

connection type and the resultant directions.  But the direct effect at the surface of 

the pier shall be modeled according to the general guidelines given on the AASHTO 

specifications and on the Ethiopian codes and standards EBCS part 1, Appendix part.  

 

Vehicular Collision Loads (CT): For the worst case, all the Overpass bridge piers shall 

be designed considering the vehicular collision loads. But for the river bridges, CT shall 

not be considered.  

Earthquake Loads (EQ): shall be modeled according to the EBCS 8 1995, Guidelines 

given for the specific Geographic conditions of Ethiopia.  

 

3.2 Geometry Consideration 

Optimizing geometry regarding the material components and the load expectations, 

due consideration to single column pier with a firm deep foundation with a variable 

height above the ground level is given.  In this study only the rectangular shaped 

column types will be covered. The column will have a pedestal head at the top with 

both side-flanged shelves.  The shelve will directly support the Bearing system, so that 

no moment will be transferred from the superstructure, except the unbalanced load 

condition of to be subjected on the load bearings. The sizes of each element will be 

governed by the Span and height of the pier.  For a fair consideration, the following 

pairing of span to height ratios are taken. (table 3-1)  
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Table 3-1: Span to height Pairings 

Case 

number 

Span( both left 

and right (m) 

Hollow Cross section 

Column  Height (m) 

Solid Cross section 

Column Height (m)  

Case 04 40 25 25 

Case 03 40 20 20 

Case 02 40 15 15 

Case 01 40 10 10 

 

Using the applicable loading conditions and conventional design approach, 

optimization of the section concrete and reinforcement is done. During this analysis 

stage, SAP2000 V 18 Eval is utilized along with various excel templates.  

 

 
Figure 3-1: General Pier Geometry XZ axis 

 
Figure 3-2: Cross section dimensioning - hollow pier 
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Figure 3-3: Cross Section Dimensioning - Solid Core 

 

3.3 Material Consideration 

From practical point of view, C30 Concrete grade, class I is considered. To prevent 

segregation and uneven distribution of ingredients within the concrete composition, 

Super plasticizers may be applied.  From the composition, the hydration heat 

evolution and nominal compressive stress calculations will be carried out based on the 

ACI and EBCS standards and specifications.  

 

Concrete:  

 Class C30, where fctk = 1.7MPa, fctm= 2.5MPa, fck = 24MPa, Ecm  =32GPa 

 Where: 

fctm is the mean value of axial tensile strength 

fctk  Characteristic tensile strength,  

fck   Characteristic compressive strength of concrete. 

 Ecm  Secant modulus of Elasticity 

 Poisson’s ratio = 0.2 

 

Shrinkage Strain Given on EBCS 2, 1995 is based on the Relative Humidity, age of 

loading and size ratios (2Ac/n) where Ac is the Area of the section and n is the 

perimeter  

Coefficient of thermal expansion = 10 x 10-6 per degree centigrade  



 
 

27 
  

 

Reinforced Steel: 

Characteristic yield strength of Reinforcement steel can be obtained from the 

manufacturers’ manual which could be given as fy or f0.2   

For this specific study, Class A high ductile, ribbed steel with 420MPa yield strength 

Coefficient of thermal expansion = 10 x 10-6  0C and wieldable reinforcement bar is 

utilized. 

 

3.4 Modeling Procedure 

3.4.1 Load Calculations 

 
Pier carries an axial load which is subjected on the super structure. Considering an 

efficient bearing separator between the superstructure and the pier, unbalanced 

moment from the superstructure is not taken in to consideration in this specific study. 

But all the gravity loads and the environment emitted loads are considered to their 

maximum magnitude.  

For all of the design cases, the magnitude of un-factored dead load from the 

superstructure girders is given in the Table 3.7.  In addition to the superstructure dead 

load, the weights of pier cap, the pier column itself is quantified and applied in the 

analysis. 

 
Figure 3-4: Typical superstructure cross section 

Dead load is calculated considering the volume of all permanent fixtures of the bridge.  

Live Load Calculation  

To calculate the live load, two trucks which are separated in 15 meters are considered. 

According to ERA 2002. Having one of the trucks stepping at the support, influence 
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lines are developed and maximum shear force (for the superstructure) is obtained. 

Having a typical superstructure dimensions as provided on table 3.5 below, 

distribution coefficients for interior and exterior graders are calculated according to 

AASHTO bridge design manual.  According to AASHTO LRFD bridge design manual 

section 4.6, live load distribution on a cast in - place concrete multi-cell concrete girder 

can be carried out using the following formulas.  

 
Figure 3-5: Live load configuration 

Depending on the vehicle configuration shown on Figure 3-5, the total reaction on the 

central pier is calculated to be 1171.6KN on the interior and 1415.9KN on the exterior 

girder.  

Table 3-2: AASHTO LRFD Bridge Design manual, live load distribution 
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Live load distribution coefficient calculation for interior beams  

Table 3-3: Live load distribution coefficient interior beams 

 

Lever rule (shear distribution coefficient for Exterior beams) 

Assuming the truck can close the curbstone at the age of assumed pedestrian lane, 

which is 0.8m from the age of the bridge, and calculating moment about the interior 

girder considering  a multiple presence factor m = 1.2 for a single lane loaded. 

ܴா =
1
ܽ

݉ܲ ∗ (ܽ +  ݀ଵ +  ݀ଶ ) = 1.81ܲ  

In correlation with the diagram below, the above equation gives a shear force 

distribution coefficient for single lane loaded condition.  

 
Figure 3-6: Lever rule 
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For an exterior girder (multiple lane loaded) condition the provisional equation given 
on AASHTO standard is directly used. Summarized result is tabulated  

Table 3-4: Exterior girder shear force distribution coefficient 
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Table 3-5: Superstructure Loads 

Superstructure load 

 

Internal Girder External Girder 

Dead Load 3258KN 3732KN 

Live Load 1358KN 1602KN 

According to the specifications, the breaking force shall be taken as: 

---------------------3.1 

The breaking force is placed in all design lanes which are considered to be loaded In 

accordance with AASHTO section 3.6.1.1.1 and which are carrying traffic headed in 

the same direction. These forces are assumed to act horizontally at a distance of 6ft 

above the road way surface in either longitudinal direction to cause extreme force 

effects.  

Accordingly, for an orthogonally oriented bridge and using 25% of axle weight of the 

design truck:  

Br = 162.50KN, towards the longitudinal direction 

Wind load on superstructure and substructure: 

According to AASHTO Section 3.8.1.1 Wind pressure PD can be expressed as: 

஽ܲ = ஻ܲ ∗  ቀ
௏ವೋ

௏ಳ
ቁ

ଶ
 ---------------------------------------------3.2 

--------------------------3.3 

Z    is the height of the superstructure above the water level 

Zo depends on the city or non-city characteristics, we will take 1000m assuming  

V10 = 105km/h, According to ERA 2002, considering the max. Wind speed that could 

occur in Ethiopia.  

VB = 160km/h 

PB is a base wind pressure, a table below (ERA 2002 table 2-13) gives various wind 

pressure for various attack angle  

VDZ Calculation: (for max calculation Urban and sub-urban condition is assumed in this 

study: Vo = 17.6km/h and Zo = 1000mm)  
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Table 3-6 : Vdz calculation for each design case 

 

Wind pressure (WL) calculations 

Wind pressure calculations on Structural Members  

Table 3-7: ERA Bridge design manual 2002 Base wind pressure recommendation 

 

Using the base wind pressure given above, design wind pressure (PD) is calculated for 

corresponding skew angle. 

Table 3-8:PD calculation for Girders (PD in kPa and angles in degrees) 

 
Table 3-9: PD calculation for Column members (PD in kPa and angles in degrees) 
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Wind Pressure calculations on Vehicles  

Table 3-10: Basic wind pressure on vehicle 

 

Wind pressure on vehicles is transferred to the top of all piers, Design pressure 

calculated is presented below 

Table 3-11: PD calculation for vehicles (PD in kN/m and angles in degrees) 

 

Wind Load calculations 

Wind load acting on superstructure is calculated as follows: 

௧௥௔௡௦௩௘௥௦௘ ݀ܽ݋݈ ܹ݀݊݅ = ஽ܾܲ
௅್ೌ೎ೖା௅ ೌ೓೐

ଶ
     --------------------3.4 

௟௢௡௚௧௨ௗ௜௡௔௟ ݀ܽ݋ܮ ܹ݀݊݅   = ஽ܾܲ(ܮ௕௔௖௞ +  ௔௛௘௔ௗ) -------------3.5 ܮ

Wind load on acting on substructure (piers): 

௧௥௔௡௦௩௘௥௦௘ ݀ܽ݋݈ ܹ݀݊݅ = ஽ܲܥܪ௪ଶ     -----------------------------3.6 

௟௢௡௚௧௨ௗ௜௡௔௟ ݀ܽ݋ܮ ܹ݀݊݅ = ஽ܲܥܪ௪  ------------------------------3.7 

Wind load on acting on Vehicles: 

௧௥௔௡௦௩௘௥௦௘ ݀ܽ݋݈ ܹ݀݊݅ = ஽ܲ ௕௔௖௞ܮ)  + ௔௛௘௔ ܮ ) ---------------3.8 

௟௢௡௚௧௨ௗ௜௡௔௟ ݀ܽ݋݈ ܹ݀݊݅ = ஽ܲ ௕௔௖௞ܮ)  +  ௔௛௘௔ௗ) ------------- --3.9 ܮ

Couple moment at the top of the pier (using 1.8m + girder depth offset) 

ݎ݁݅݌ ݌݅ݐ ℎ݁ݐ  ݐܽ ݐ݊݁݉݋ܯ = ௧௥௔௡௦௩௘௥௦௘(1.8 ݀ܽ݋݈ ܹ݀݊݅  + ܾ)--------3.10 

ݎ݁݅݌ ݌݅ݐ ℎ݁ݐ  ݐܽ ݐ݊݁݉݋ܯ = ௟௢௡௚௧௨ௗ௜௡௔௟(1.8 ݀ܽ݋݈ ܹ݀݊݅  + ܾ) ---------3.11 

Where: 

H=the exposed superstructure height, b is the depth of superstructure  



 
 

34 
  

௔௛௘ܮ ௕௔௖௞=left span length (40m) andܮ =right span length (40m)  

Cw2 = week axis size (transverse size of a pie 

Cw = Longitudinal (Strong axis size of a column)  

Using the above expressions, wind load at the head of a pier (using equations 3.4 and 

3.5) at the center of the pier ( using equations 3.6 and 3.7) at the top pf the pier (using 

equations 3.8, 3.9. 3.10 and 3.11). 

 

Table 3-12: Resultant Wind Force when pressure acts on girders 

 

 

Table 3-13: Resultant Wind Force when pressure acts on Piers 

 
Table 3-14: Resultant Wind Force when pressure acts on Vehicles 
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Table 3-15: Resultant Moment when Wind pressure acts on Vehicles 1.8m above surface of 
superstructure 

 
Table 3-16: Summery of Maximum unfactored wind loads 

 

Vertical wind load     

 The vertical wind load is calculated by multiplying a 0.00096Mpa vertical wind 

pressure by out-to-out bridge deck width. It is applied to the windward quarter-point 

of the deck only limit states that do not include wind on live load. Also the wind attack 

angle must be zero degrees for the vertical wind load to apply    

    W ୴ୣ୰୲  =  0.00096 Wୢୣୡ୩   

            12.48KN/m 

Earthquake Load      

All of the structure are assumed to be constructed in seismic zone 4. Load analysis and 

design is carried out as per the detailed procedures explained on ERA 2002 Bridge 

design manual.  

Acceleration Coefficient, Site effects and Importance Categories  

For safe consideration, this study adopts soil and seismic characteristics of severe 

conditions. Accordingly, depending on EBCS Zone 4, an acceleration coefficient of 0.1 

is taken for further calculation.  
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Based on ERA Bridge design manual 2002 recommendations for locations with 

unknown soil conditions, Soil profile II (S = 1.2) is used in this study.  This study 

assumes bridges under evaluation are of Essential bridge category.  

ERA Bridge design manual recommends that seismic analysis is not required for single 

– span bridges. But following AASHTO LRFD bridge design manual section 3, piers 

evaluated in this study will be designed for EQ load along their weak axis.  

EQ requirement of Superstructure to substructure connection 

Minimum displacement width is obtained from a percentage of the empirical seat 

width. Minimum support length required:   

ଵܰ = (200 + 1)(ܪ0.0067 + 0.000125ܵଶ) 

 N1 = 336.87mm 

EQ load determination 

According to ERA Bridge design manual:  

- Response modification factor (R) for Essential bridge’s single column = 2.0 

- Seismic analysis method for Multispan regular bridges are Single – mode 

elastic method and Uniform load elastic method.  

Single –mode elastic method (SM): This method can be used either in longitudinal or 

transverse direction, and the natural period is calculated by equating maximum 

potential and kinetic energies associated with the fundamental mode shape.  

 

Uniform load elastic method (UL): can be used on either longitudinal or transverse 

directions and its assumed mode of vibration is as explained on the figure below 

 

In this study, UL analysis method is used to determine the share of earthquake load 

absorbed by the pier in its weak axis.   

Steps followed:  
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- Lateral stiffness of the bridge, K, is determined using ܭ =
௉೚௅

௏ೞ,೘ೌೣ
  

Where, Po = 1N/m a uniform arbitrary load 

Vs,max is the maximum deformation corresponding to Po  

L is total length of the bridge (80 m) considering 40 meters span both 

sides of the pier   

- Nominal unfactored weight of the bridge including sub structural weights and 

extreme case live loads (W)  

- Period of the bridge ௠ܶ = ටߨ2
ௐ

௚௄
  where g is a gravitational acceleration 

- Csm is calculated from ܥ௦௠ =
ଵ.ଶ஺ௌ

೘்
మ య⁄  ≤    ܣ2.5

- Equivalent static EQ load ௘ܲ =
஼ೞ೘ ௐ

௚௄
  

Calculated Pe will be used in the static analysis for conventional design.  

Table 3-17: Summery of EQ calculation 

 

 
Figure 3-7: EQ load model 

In order to ultimately load the pier with maximum possible action towards the local 
weak axis of the cross-section, Pier columns in this thesis are modeled as free at the 
top and fixed at the bottom along the longitudinal direction. Also, the stiffness of the 
superstructure and the resistance of abutments at the far ends are neglected. But in 
practical bridge design, the stiffness of the superstructure and abutment resistance is 
significant for actions along the longitudinal axis of the bridge system therefore the 
transverse axis of the bridge is a likely governing axis.    
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Table 3-18: Load Factors 
LOAD STRENGTH I STRENGTH Ia STRENGTH III STRENGTH IIIa SERVICE I 

DC 1.25 0.9 1.25 0.9 1.00 

EV 1.35 1 1.35 1 1.00 

EH 1.5 1.5 1.5 1.5 1.00 

LL 1.75 1.75 0 0 1.00 

BR 1.75 1.75 0 0 1.00 

LS 1.75 1.75 0 0 1.00 

WS 0 0 1.4 1.4 0.30 

WL 0 0 0 0 1.00 

CR+SH+TU 0.5 0.5 0.5 0.5 1.00 
Factored Summery of loads for each case 

Case 01 -1: Hollow Core Pier (10 meters) 

Cross sectional dimensions  

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
Pier Column    

CH = 10000 mm 
CW= 2200 mm 

CW2 (Thickness) = 1850 mm 
Wall Thickness (CT)=  400 mm 

 
  

 

Table 3-19: Factored Vertical Loads (KN) 
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Table 3-20: Factored Horizontal Loads Transverse direction (KN) 

 
 

Table 3-21: Factored Horizontal loads- Longitudinal Direction (KN) 

 
 

Table 3-22: Factored Horizontal Moments – Transverse (KN-m) 

 
Table 3-23: Factored Horizontal Moments – Longitudinal (KN-m) 
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Case 01 - 2: Solid Core Pier (10 meters) 
Cross sectional dimensions  

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 10000 mm 
CW= 1800 mm 

CW2 (Thickness) = 1600 mm 
   

Figure 3-8: Factored Vertical Loads in  (kN) 

 

Figure 3-9: Factored Horizontal Loads (kN) - Transverse (Strong) axis  
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Table 3-24: Factored Horizontal Loads- longitudinal (weak axis)- kN 

 
Table 3-25: Factored Moment – Transverse axis (KN-m) 

 
Table 3-26: Factored Moment – Longitudinal axis (KN-m) 
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Case 02 - 1: Hollow Core Pier (15 meters)  

Cross sectional dimensions  

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 15000 mm 
CW= 2400 mm 

CW2 (Thickness) = 2000 mm 
Wall Thickness (CT)=  400 mm 

 

Table 3-27: Factored Vertical Loads (kN) 

 

Table 3-28: : Factored Horizontal Loads (kN) – Transverse direction 
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Table 3-29: Factored Horizontal Loads (kN) – Longitudinal direction 

 
Table 3-30: Factored Moment (KN- m)- Transverse Direction 

 
Table 3-31: Factored Moment (KN-m) – Longitudinal Direction 
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Case 02 - 2: Solid Core Pier (15 meters)  

Cross sectional dimensions 

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 15000 mm 
CW= 1850 mm 

CW2 (Thickness) = 1600 mm 
Table 3-32: Factored Vertical Loads (KN) 

 
Table 3-33: Factored Horizontal Loads (KN) – Transverse Direction 
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Table 3-34: Factored Horizontal Loads (KN) - Longitudinal direction 

 
Table 3-35: Factored Moment (KN-m) – Transverse Direction 

 
Table 3-36: Factored Moment (KN-m) – Longitudinal Direction 
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Case 03 - 1: Hollow Core Pier (20 meters)  

Cross sectional dimensioning 

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 20000 mm 
CW= 2450 mm 

CW2 (Thickness) = 2050 mm 
Wall Thickness (CT)=  400 mm 

Table 3-37: Factored Vertical Loads (KN) 

 
Table 3-38: Factored Horizontal Loads (KN) – Transverse Direction 
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Table 3-39: Factored Horizontal Loads (KN) - Longitudinal Direction 

 
Table 3-40: Factored Moment (kN –m ) – Transverse Direction 

 
Table 3-41: Factored Moment (KN- m) – Longitudinal Direction 
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Case 03 - 2: Solid Core Pier (20 meters)  
Cross sectional dimensioning 

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 15000 mm 
CW= 2250 mm 

CW2 (Thickness) = 1900 mm 
Table 3-42 : Factored Vertical Loads (KN) 

 
 

Table 3-43: Factored Horizontal Loads (KN) – Transverse Direction 
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Table 3-44: Factored Horizontal Loads (KN) – Longitudinal Direction 

 
Table 3-45: Factored Moment (KN-m) – Transverse Direction 

 
Table 3-46: Factored Moment (KN -m) – longitudinal Direction 
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Case 04 - 1: Hollow Core Pier (25 meters) 

Cross sectional dimensioning 

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 25000 mm 
CW= 2550 mm 

CW2 (Thickness) = 2050 mm 
Wall Thickness (CT)=  400 mm 

Table 3-47: Factored Vertical Loads (KN) 

 
Table 3-48: Factored Horizontal loads (KN) – Transverse Direction 
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Table 3-49: Factored Horizontal loads (KN) – longitudinal Direction 

 
Table 3-50: Factored Moment (KN-m) – Transverse Direction 

 
Table 3-51: Factored Moment (longitudinal Direction) 
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Case 04 - 2: Solid Core Pier (25 meters) 

Cross sectional dimensioning 

PCW = 10 m 
PCT1= 1500 mm 
PCT2= 2500 mm 

Thickness (PCT) = 1500 mm 
     

Pier Column    
CH = 25000 mm 
CW= 2500 mm 

CW2 (Thickness) = 2000 mm 
Table 3-52: Factored Vertical Loads (KN)  

 
Table 3-53: Factored Horizontal loads (KN) – Transverse Direction 
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Table 3-54: Factored Horizontal loads (KN) – longitudinal Direction 

 
Table 3-55: Factored Moment (KN-m) – Transverse Direction 

 
Table 3-56: Factored Moment (KN-m) – Longitudinal Direction 
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Analysis 

First order structural analysis is done using SAP2000 after modeling each case 

structural member geometry and loading condition. The analysis results for along with 

the design member cross sections will be presented after the design.  

3.4.2 Interaction Development 

Interaction curves are developed for each case considering the 0.002 and 0.003 to be 

the ultimate strain of steel and concrete respectively. Assuming the columns are 

compression controlled, the capacity reduction factor used is 0.65. To develop an 

interaction diagram the plastic centroid is assumed to be shifting. The coefficient C of 

the location of the plastic centroid is assumed from zero to 1, when it is assumed to 

be zero, the section will be entirely under tension and when it is 1, the section will be 

under compression. The same analysis procedure is carried out in both of the major 

directions. The principal axis is determined using the tangent value of the ratio of 

Maximum moment capacities on x and y.  

The tabulated results obtained by changing the value of C and contour maps are 

plotted. 

 
Figure 3-10: Stress and Strain block diagram 
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Cross sectional axial and flexural strengths of each section is calculated using the 

formulas stated on figure 3-10. Detailed numbers obtained through this analysis is 

tabulated on Appendix A. Moment resistance in both of the directions is calculated 

varying the value of C from 0 to 1. Interaction diagram is plotted using Bresler’s 

reciprocal load method.  
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Case 01 – 1:  10m long Hollow Pier Section 

 

 
Figure 3-11: Resistance moment contour Hollow 10m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 22.47MN 

Pni/Pno = 0.2728 

Pno (maximum axial load carrying capacity) = 82.3MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 57MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 51.8MN-m 

Design factored resistance moment along x = 0.58*51.8 = 30.0MN- m 

Design factored resistance moment along y = 0.59* 57.0 = 33.69MN- m  
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Case 01 – 2:  10m long Solid Pier Section 

  

 

 
Figure 3-12: Resistance moment contour Solid 10m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 23.9MN 

Pni/Pno = 0.29 

Pno (maximum axial load carrying capacity) = 81.9MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 42.2MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 39.8MN-m 

Design factored resistance moment along x = 0.67*39.8 =   34.7MN- m 

Design factored resistance moment along y = 0.72* 42.2 = 30.38MN- m  
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Case 02 – 1:  15m long Hollow Pier Section 

 

 
Figure 3-13: Resistance moment contour Hollow 15m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 24.01MN 

Pni/Pno = 0.276 

Pno (maximum axial load carrying capacity) = 87.01MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) 64.18MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 60.13MN-m 

Design factored resistance moment along x = 0.60*60.13 =   36.08MN- m 

Design factored resistance moment along y = 0.58* 64.19 = 37.23MN- m  
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Case 02 – 2:  15m long Solid Pier Section 

 

 
Figure 3-14: Resistance moment contour Solid 15m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 26.6MN 

Pni/Pno = 0.346 

Pno (maximum axial load carrying capacity) = 77MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) 45.12MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 41.15MN-m 

Design factored resistance moment along x = 0.74*60.13 =   30.45MN- m 

Design factored resistance moment along y = 0.75* 64.19 = 33.83MN- m  
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Case 03 – 1:  20m long Hollow Pier Section 

 

 
 

Figure 3-15: Resistance moment contour Hollow 20m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 24.6MN 

Pni/Pno = 0.0.277 

Pno (maximum axial load carrying capacity) = 88.9MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 67.34MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 63.32MN-m 

Design factored resistance moment along x = 0.62*63.32=   39.2MN- m 

Design factored resistance moment along y = 0.58* 67.36 = 40.42MN- m  
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Case 03 – 2:  20m long Solid Pier Section 

 

 

 
Figure 3-16: Resistance moment contour Solid 20m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 35.46MN 

Pni/Pno = 0.314 

Pno (maximum axial load carrying capacity) = 112.9MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 76.91MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 67.40MN-m 

Design factored resistance moment along x = 0.75*67.40=   50.56MN- m 

Design factored resistance moment along y = 0.76* 76.91 = 58.47MN- m  
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Case 04 – 1:  25m long Hollow Pier Section 

 

 
Figure 3-17: Resistance moment contour Hollow 25m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 25.25MN 

Pni/Pno = 0.277 

Pno (maximum axial load carrying capacity) = 91.03MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 71.85MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 65.03MN-m 

Design factored resistance moment along x = 0.61*65.02=   39.66MN- m 

Design factored resistance moment along y = 0.58* 71.85 = 41.67MN- m  
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Case 04 – 2:  25m long Solid Pier Section 

 

 
Figure 3-18: Resistance moment contour Solid 25m 

Using Bresler’s equation, the nominal axial load capacity of the section (Pni) = 25.25MN 

Pni/Pno = 0.277 

Pno (maximum axial load carrying capacity) = 91.03MN 

Mny (Maximum moment carrying capacity of the section along Y – axis) = 71.85MN-m 

Mnx (Maximum moment carrying capacity of the section along X-axis) = 65.03MN-m 

Design factored resistance moment along x = 0.61*65.02=   39.66MN- m 

Design factored resistance moment along y = 0.58* 71.85 = 41.67MN- m  
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3.5 Conventional Design  

Shear design: tie design for solid column and “shear wall” model transverse 

reinforcement design comparison  

 

A column with high slenderness ratio will have a considerable reduction in strength, 

whereas a low slenderness ratio means that the column is relatively short and the 

reduction in strength may not be significant. The slenderness ratio is the ratio of the 

column effective height to the radius of gyration.  

 

Effective length factor along the longitudinal axis of all of the column cases can be 

estimated to be 0.8 (assuming fixed foundation and pinned support at the top) and 

2.1 for transverse direction (fixed foundation and free top edge). The code (ACI 318 

11) allows a column to be considered as non-sway if Stability index (Q) is not greater 

than 0.05. In this thesis, the foundation is assumed to be fixed and effective length 

factor used is 0.8 for design along the transverse direction and 1.2 for design along 

the longitudinal direction.   

 

Where: 

 ܳ =  
∑ ௉ೠ∗∆೚

௏ೠೞ∗௟ೞ
--------------------------------------3.12 

   

Pu and Vus are the total factored vertical load and story shear respectively. ∆o is the 

first order deflection between the top and the bottom of the story due to the story 

shear. Lc is the length of the column measured from joint to joint.  

According to ACI code 10.10.4, section properties shall be represented using the 

modulus of elasticity Ec and the moment of inertia for a column as only 70% (ACI 

10.10.4.1) of the gross moment of inertia of the cross section. And accordingly, 

depending on the sway and non-sway property of the pier column, appropriate 

moment magnification factor is obtained. Separate results for each of the cases are 

presented below. 

 
The effect of slenderness may be neglected when 
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 --------------------3.13 
 
 

Moment magnifier for non- sway frame is calculated using: 
 

௡௦ߜ =
ଵ

ቀଵି
ುೠ

బ.ళఱು೎
ቁ

 ≥ 1-------------------------------- 3.14 

 
௖ܯ =  ଶܯ௡௦ߜ 

 

The Euler buckling load Pc  is computed = గమாூ

(௞௟ೠ)మ  

For sway frames, 

௦ߜ =
ଵ

(ଵିொ)
≥ 1 -------------------------------------------3.15 

 
If ߜ௦ Is greater than 1.5, then use 

 

௦ߜ =
ଵ

ቀଵି
∑ ುೠ

బ.ళఱ ∑ ು೎
ቁ

 ≥ 1 ----------------------------------3.16 

 
Design moments are determined using the expression below:  

 
ଵܯ = ଵ௡௦ܯ   ଵ௦    ---------------------------- 3.17(a)ܯ௦ߜ +
ଶܯ = ଶ௡௦ܯ  +  ଶ௦ ------------------------------ 3.17(b)ܯ௦ߜ 

 
Where:    

  ܯଵ௦ and ܯଶ௦ are moments that cause side sway. Considered load 

combinations for this scenario are: 

o Strength III  

o Strength IIIa 

o Extreme events I 

  ܯଵ௡௦ and ܯଶ௡௦ are moments that are not cause for side sway. 

Considered load combinations for this scenario are: 

o Strength I 

o Strength 1a 

The design output is presented, discussed and the output comparison is made at the 
results section.  
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Cm is taken as 1, considering the probability of existence of loads between the 

supports. (All of the moment quantities are expressed in Mega Newton per unit 

meter) 
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Case 01-1 – 10m Hollow section 
Table 3-57: Slenderness effect Hollow 10m 

 
 

Case 01-2 – 10m Solid Section 
Table 3-58: Slenderness effect Solid 10m 

 
Moment Magnification factor calculation (moment in MN-m) 

 
 

Case 02 -1 – 15m Hollow Section 
Table 3-59: Slenderness effect Hollow 15m 

 
Moment Magnification factor calculation (moment in MN-m) 
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Case 02-2 - 15 Solid Section 
Table 3-60: Slenderness effect Solid 15m 

 
 

According to equation 3.2, slenderness effect can be neglected for sway frames with 
slenderness effect Klu/r >34.  
 
Case 03-1- 20m Hollow Section 

Table 3-61: Slenderness effect Hollow 20m 

 
Case 03 – 2 -20m Solid Section 

Table 3-62: Slenderness effect Solid 20m 

 
 

Moment Magnification factor calculation (moment in MN-m) 
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Case 04 -1: 25m Hollow Section 
Table 3-63: Slenderness effect Hollow 25m 

 
Moment Magnification factor calculation (moment in MN-m) 

 

 
 
 

Case 04- 2: 25m Solid Section  
Table 3-64: Slenderness effect Solid 25m 

 
Moment Magnification factor calculation (moment in MN-m) 

 

 
 
 
Summery of conventional design is presented on table 3.67 
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Table 3-65: Conventional design summery 
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3.6 Capacity Design 

A structure designed conventionally is also checked for its seismic performance using 

capacity design mechanism. To satisfy the global performance criteria of a bridge, the 

displacement generated by the global analysis or the stand alone analysis or the larger 

of the two shall be less than the frame displacement when any plastic hinge reaches 

its ultimate capacity.  

 

Structural displacement demand: 

 ∆஽
௅  ≤  ∆஼

௅  

Where: 

∆஽
௅  is the displacement demand taken along the local principal axis of the 

ductile  member (is calculated as the displacement of the pier, assuming fixed 

foundation. 

 ∆஼
௅   is the displacement capacity taken along the local principal axis 

corresponding to ∆஽
௅  of the ductile member as determined using pushover 

analysis.  

Member ductility requirements 

AASHTO Seismic design category SDC D is taken under consideration for all of bridge 

elements in this thesis.   

For a single pier column along the wall direction μD < 5, and for a pier along strong 

direction μD < 1.  

Where,  μ஽ = 1 +
∆೛೏ 

 

∆೤೔ 
   

∆௣ௗ
  is the plastic displacement demand and  

∆௬௜
  is the idealized yield displacement corresponding to the idealized yield curvature.  

 

Moment curvature (M-C) analysis 

Material Properties 

The main input for M-C analysis is the material property. The mechanical property of 

materials to be used for design is specified. Stress strain characteristics at points of 

yield, ultimate and crack should be known to determine Moment and curvature 

parameters.  
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Concrete: For all moment curvature analysis cases, Mandar’s Confined concrete 

model is used. Following the shear reinforcement design, sample design is attached 

at the appendix B. In average, a shear reinforcement amount of 14mm diameter bar 

with 150mm c-c spacing. This tie reinforcement causes confinement in the concrete 

and it is necessary to assume Mander’s confined concrete model. In this thesis. For 

each section, corresponding confined stress-strain graph is developed and used in for 

moment V curvature analysis. The development of stress- strain graph of is made 

using SAP 2000 V18 Section developer.  

 

 
Figure 3-19: Mander's confined concrete - Hollow sections (Stress in kPa) 
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Figure 3-20: Mander's Confined concrete model- Solid Sections (Stress in KPa) 

In addition to the concrete model, the reinforced steel used in the concrete model has 

the following physical characteristics.  

 
Figure 3-21: Steel grade 420, stress strain curve 

The formulas used are: 

 For ߝ௦ ≤ = ௦௬, ௦݂ߝ   ௦ߝ௦ܧ

 For ߝ௦௬ < ௦ߝ   ≤ = ௦௛, ௦݂ߝ  ௬݂ 

For ߝ௦௛ < ௦ߝ   ≤ = ௦௨, ௦݂ߝ  ௦݂௬ +
௙ೞೠି ௙ೞ೤

(ఌೞೠିఌೞ೓)
భ
మ
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Moment – curvature analysis in this thesis is entirely been carried out using SAP 2000 

V 18Eval version. The software outputs are verified with the results of an approximate 

Matlab program, the output is confirmed to be acceptable.(Appendix C) 

Moment Curvature Analysis formulas: 

- Onset of Cracking:  

௖௥ܯ =
௙ೝ೎ூ೐

௒
;  ௚  ----------------------------------------3.19ܫ ݂݋ %70 ݏ݅ ݀݁ݏݑ ௘ܫ 

௥݂௖ − is strength of the material just before yield ( can be taken as the area under 
confined Stress – strain curve of concrete up to the yield point)  

 

∅௖௥ =
ெ೎ೝ

ா೎ூ೐
-----------------------------------------------3.20 

 
- Onset of Yield 

 
ߩ =   ,௘௖ is effective confined concrete areaܣ ௘௖ , whereܣ/௦ܣ 
 
′ߩ =  ௘௖ܣ/௦′ܣ 
 

݇ =  ට(ߩ + ᇱ)ଶ݊ଶߩ  + 2 ቀߩ +
ఘᇲௗᇲ

ௗ
ቁ ݊   − ߩ) +  ᇱ)݊ -----------3.21ߩ

 

݂′௦ =
ௗିௗᇲ

ௗି௞ௗ ௬݂----------------------------------------3.22 

 
௬ܯ = ௦ܣ  ௬݂ ቀ݀ −

௞ௗ

ଷ
ቁ + ᇱܣ 

௦݂ᇱ
௬(

௞ௗ

ଷ
− ݀ᇱ) -------------------3.23 

 

∅௬ =
ఌ೤

ௗି௞ௗ
 ------------------------------------------3.24 

 
- Ultimate 

Iteration needed, assume still in compression will yield first, ߝ′௦ >  ௬ߝ 
 

ܿ =
 ஺೤௙೤ି஺ᇲ

ೞ௙ᇲ
ೞ

଴.଼ହ௙ᇱ೎ೠ௕ఉభ
------------------------------------------3.25 

 

௨ܯ = 0.85݂ᇱ
௖௨ߚଵܣ௘௖ ൬݀ −

ଵܿߚ
2

൰ + ᇱܣ 
௦݂ᇱ

௦(݀ − ݀ᇱ) 

 

∅௨ =
௨ߝ

ܿ
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Idealized M-C curve is derived from the estimated actual moment curvature diagram, 

by balancing the areas between the actual and the idealized curves beyond the first 

reinforcing bar yield point. The data used for this plots is attached on Appendix D 

 

Moment curvature analysis results   
Case 01-1- 10m Hollow 

Data input:  

Axial Compression = 14,570KN, 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 140mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2300 mm x 1850mm and wall thickness = 400 mm 

 

Figure 3-22: Moment curvature diagram - c1-1 

Case 01-2- 10m Solid 

Data input:  

Axial Compression = 15,493KN, 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 150mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 1800 mm x 1600mm  
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Figure 3-23: Moment curvature diagram - c1-2 

Case 02-1- 15m Hollow 

Data input:  

Axial Compression = 15,610KN, 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 223mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2400 mm x 2000mm and wall thickness = 400 mm 

 
Figure 3-24: Moment curvature diagram - c2-1 
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Case 02-2- 15m Solid 

Data input:  

Axial Compression = 15,881KN 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 125mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 1850 mm x 1600mm  

 
Figure 3-25:  Moment curvature diagram - c2-2 

Case 03-1- 20m Hollow 

Data input:  

Axial Compression = 15,941KN, 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 280mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2450 mm x 2050mm and wall thickness = 400 mm 
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Figure 3-26: Moment curvature diagram - c3-1 

Case 03-2- 20m Solid 

Data input:  

Axial Compression = 16,896KN 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 210mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2250 mm x 1900mm  

 
Figure 3-27: Moment curvature diagram - c3-2 
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Case 04-1- 25m Hollow 

Data input:  

Axial Compression = 16,325KN, 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 14mm, c-c 330mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2550 mm x 2050mm and wall thickness = 400 mm 

 
Figure 3-28: Moment curvature diagram - c4-1 

Case 04-2- 25m Solid 

Data input:  

Axial Compression = 17,879KN 

Reinforcement bar diameter: 32mm 

Confining reinforcement bar diameter = 20mm, c-c 280mm 

Moment (transverse direction- weak axis) 

Cross section dimension: 2500 mm x 2000mm  
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Figure 3-29: Moment curvature diagram - c4-2 

Ductility Calculation: 
 
According to Caltrans 1.7 Seismic Design Criteria, 

∆௣ௗ = ܮ௣ × ቀߠ  −
௅೛

ଶ
ቁ, where -                                                                           -----3.26 

∆௣ௗ  is idealized plastic displacement capacity due to rotation of the plastic 

hinge  

 ௣ × ∅௣ܮ = ௣ is Plastic rotation capacity in radiansߠ

 is the length between max. moment and the point of contra-flexure (total  ܮ

height for this thesis, assuming cantilever column)  

 :௣ is an equivalent analytical plastic hinge length defined withܮ

= ௣ܮ ܮ0.08 + 0.022 ௬݂௘ ≥ 0.044 ௬݂௘݀௕௟ (Considering all of the columns in this 

thesis has their plastic hinge at the end and are all supported by footings. 

௬݂௘   is expected yield strength of longitudinal reinforcement steel, according 

to the graph (figure 3-21) (strength at the onset of hardening ) =  414MPa  

݀௕௟  is nominal longitudinal reinforcement bar diameter ( 32mm)  

∅௣ is idealized plastic curvature capacity, is calculated as = ∅௨ − ∅௬ 

∆௬௜ =
௅మ

ଷ
 × ∅௬  , ------                                                                                                                                                    ---------3.27 
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∆௬௜   Is idealized yield displacement of the column at the formation of the 

plastic hinge. 

 

Following the calculation of components, ductility is calculated using equation 3.28 

μ஽ = 1 +
∆೛೏ 

 

∆೤೔ 
   ---------------------------                                            3.28 

Final results for each case is tabulated in table 3.67 

Table 3-66: : Ductility Calculation Chart 
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3.7 Heat evolution and early stage crack 
 
 To check if the extent of remedial measure to be taken in order to reduce early age 

cracking generated from the temperature variation between the core center and the 

construction environment, the FEA is conducted using ANSYS Steady state thermal 

software. For the analysis concrete itself is considered as a heat generating material 

with the following rate of temperature evolution with time 

 
Figure 3-30: Heat evolution Chart 

The Analysis considered the heat variation between the environment (22 oC) and the 

core section. For hollow section, the internal surface temperature is also considered 

to be a room temperature.  

The geometry modeled for all of column sections are subjected to this temperature 

variation and the maximum difference obtained through time is noted for further 

analysis. The modeled concrete has the following physical properties. 

Coefficient of thermal expansion = 1.0 x 10-5/o C 

Poisson’s ratio = 0.2 

Isotropic thermal conductivity = 0.72W/mo C 

Specific heat= 780J/Kg o C 
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Obtained results of sample sections (10 and 25 meters hollow and solid) are presented 
below. Sample finite element design software output is attached on appendix E 
 
Case 01-1: 10m Hollow (2300mm x 1850mm wall thickness =400mm) 
 

 
Figure 3-31: Temperature gradient 10m solid 

Max = 79.15oC, Min = 22 oC 
Case 01-2: 10m Solid (1800mm x 1600mm) 

 
Figure 3-32: Temperature gradient 10m hollow 

 
Max = 513.58 oC, Min = 22 oC 
 
Case 02-1: 15m Hollow (2400mm x 2000mm wall thickness =400mm) 
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Figure 3-33: Temperature gradient 25m hollow 

Max = 79.362 oC 
Min = 22 oC 
 
Case 02-2: 15m Solid (1850mm x 1600mm) 

 
Figure 3-34: Temperature gradient 25m Solid 

 
Max = 522.28 oC 
Min = 22 oC 
 
Case 03-1: 20m Hollow (2450mm x 2050mm wall thickness =400mm) 
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Figure 3-35: Temperature gradient 10m solid 

Max = 79.169oC 
Min = 22 oC 
Case 03-2: 20m Solid (2250mm x 1900mm) 
 

 
Figure 3-36: Temperature gradient 10m hollow 

 
Max = 742.43 oC 
Min = 22 oC 
 
Case 04-1: 25m Hollow (2550mm x 2050mm wall thickness =400mm) 
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Figure 3-37: Temperature gradient 25m hollow 

Max = 77.086 oC 
Min = 22 oC 
 
Case 04-2: 25m Solid (2500mm x 2000mm) 

 
Figure 3-38: Temperature gradient 25m Solid 

 
Max = 857.43 oC 
Min = 22 oC 
 



 
 

88 
  

The analysis result shows that as the height of the column increases the thermal stress 

will increase for solid sections, early crack prevention measures has to be made to 

secure structural safety. On the other hand, hollow section has an advantage because 

the probability of early stage crack occurrence is lower since the temperature 

variation is constant with increasing height. 
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4. Structural Efficiency and Economy comparison 

4.1 Introduction 

Depending on the analysis and design of 8 separate pier columns, it has become 

evident that Hollow concrete column has advantages both structurally and 

economically. For long columns, slenderness effect plays an important role of 

demanding more relaxed cross sectional dimensions, which resulted additional self-

weight and concrete consumption.  

Ductility property of the section is also examined using the moment curvature 

diagrams of each section. Moment curvature diagrams are developed towards the 

weak axis of the section where the seismic effect can be severe. Plastic hinge moments 

are compared to examine the ultimate capacity of the sections. Idealized [21] moment 

curvature diagrams are developed to make the analysis available for further study and 

nonlinear analysis implementation.  

Mandar’s confined concrete section is assumed for all of the cases analyzed. The 

mechanical property of reinforcement steel consumed is also discussed.  In this 

portion of this thesis, I will discuss the results and conclude the outcomes in the last 

chapter. Future study recommendations will also be made.  
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4.2 Comparison of Mechanical Property  

4.2.1 Ductility  

Using AASHTO guide and Caltrans Seismic design criteria specifications for LRFD bridge 

design, the ductility requirement is analyzed and presented in table 3-69.  As it is 

observed, the first two cases both hollow and solid sections do not qualify AASHTO 

LRFD seismic criteria maximum ductility demand. But hollow sections satisfied the 

ductility criteria for piers of 20m and above tall.  

Solid sections designed in this thesis has evidently proved that they are brittle for all 

of the heights and an over strength factor shall be applied on the calculated plastic 

moment capacity to enhance the section’s moment distributions capacity at the 

plastic hinge.  The ductility comparison is graphically presented on table 5-1 

 

 

 
Figure 4-1: Ductility comparision chart 

 

From the calculated result, it is evident that height of the pier is inversely proportional 

to the ductility ratio, to below figure 5-2, shows the probable height that solid core 

pier can satisfy ductility demand for piers with greater of equal to 35meters height.   
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Figure 4-2: Ductility ratio forecast 

Linear forecast given on the figure above is only to show the tendency of decrement 

as the pier height increase. This extrapolation does not assure the linearity property 

and might change due to the expected slenderness and ductility variation. Designers 

shall consider changing pier geometry or utilization of multi column piers.  

4.2.2 Moment carrying capacity  

From the analysis results it is observed that the hollow concrete section is more ductile 

and carries more moment before the plastic hinge is formed.  Plastic moment capacity 

of each section is obtained from moment – curvature calculation. Even though over 

strength factor should be applied on members which are not satisfying the ductility 

demand, it is helpful to see the comparison between the weak axis plastic moment 

characteristics of conventionally designed sections. The summarized data is presented 

below on table 5.1 and figure 5-3.  

 

Table 4-1: Capacity Moment Comparison Chart 

 

Capacity analysis has verified the plastic moment capacity of the hollow section is in 

average 35.5% greater than the equivalent height solid section designed against 
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Figure 4-3: Moment calculation 

Case 01-1 01-2 02-1 02-2 03-1 03-2 04-1 04-2 

Plastic moment capacity – KN-m 44000 24675 46600 23591 46776 33624 46889 37122 

yield moment capacity - KN-m  28306 17354 33830 17720 35302 25041 36335 28314 

Ultimate Moment capacity  KN-m 47911 26740 48679 24880 47423 35770 46083 39055 
% Increase of Plastic moment carrying 
capacity of Hollow Pier over solid pier 43.9 49.4 28.1 20.8 
% Increase of Yield moment carrying 
capacity of Hollow Pier over solid pier 38.7 47.6 29.1 22.1 
% Increase of Ultimate moment 
carrying capacity of Hollow Pier over 
solid pier 44.2 48.9 24.6 15.3 
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similar load conditions. Concluding from table 5-1, the percentage increase in moment 

carrying capacity decreases with height, it can be generalized that for taller piers, Solid 

sections have higher moment carrying capacity. Depending on graphic linear forecasts 

shown on diagrams 5-4, 5-5 and 5-6, solid sections taller than 56meter, designed for 

similar load intensity has greater moment capacity than hollow equivalent piers.  

 
 

 
Figure 4-4: Plastic Moment Capacity  
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Table 4-2: Yield Moment Capacity 

 

 
Table 4-3:  Ultimate Moment Capacity 
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4.3 Economic Comparison  

Economically, it is obvious that hollow concrete compressive members have less 

concrete consumption. But this thesis has also verified that the reinforcement bar 

quantity proposed for hollow piers is almost as double as the amount of 

reinforcement quantity required in solid members to support the same amount of 

design actions.   

 
Figure 4-5: Material comparison chart – Concrete quantity  

 
Figure 4-6: Material comparison chart – Reinforcement quantity 

For ease comparison, costs of materials are adopted from 
http://con.2merkato.com/material_prices website, the prices tagged are updated on 
May 25th 2016.  
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Table 4-4: Price Chart 

 Diameter  Price (birr)  Unit Remark  
Re Bar 32 mm 25.82 kg Grade 60 
Re Bar 14 mm  19.28 kg Grade 40 

Cement  280 1qt 100kgs, or 2 bags  

Sand  540 m3 
In Addis Ababa, Hauling 

distance 5kms 

Gravel  450 m3 
In Addis Ababa, Hauling 

distance 5kms 
Table 4-5: Concrete price per cubic meter 

Ratio by 
volume Cement (birr) Sand (birr)  Gravel (birr)  Total (birr)  
1:02:03 938 270 333 1541 
1:1:5:3 1022 221.4 369 1612.4 
1:02:02 1134 324 270 1728 
1:1:5:2 1260 270 301.5 1831.5 
1:01:02 1414 199.8 337.5 1951.3 

 
Excluding manpower and machinery costs (assuming the both hollow and solid pier 

have approximately the same manpower and machinery costs), material consumption 

comparison cart is developed.  

 
Figure 4-7: Total Material Cost per meter length 

Table 4-6: Material Cost Chart 
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Case 01-1 01-2 02-1 02-2 03-1 03-2 04-1 04-2 

Concrete cost (ETB)/m 4192.24 4643.712 4643.712 5187.897 4772.704 7074.405 4901.696 8062 

Re bar  cost (ETB)/m 13244.61 8041.854 14263.42 8988.4449 14670.95 10079.49 15078.48 11030.38 
Shear Reinforcement 
(ETB/m) 145.2623 213.5823 97.10488 170.16056 77.47807 98.22485 64.85262 76.7183 

Total (birr) 17582.11 12899.15 19004.24 14346.502 19521.13 17252.12 20045.02 19169.1 
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The amount of longitudinal reinforcement in hollow section has played the main role 

in escalating total material cost of the section. This is due to relatively low compressive 

strength of hollow piers. Satisfaction of axial compression demand in hollow sections 

required provisions of higher reinforcement steel. This study has verified that all of 

elements considered in this thesis has high compression resistance demand. 

According to figure5 -15 and 5-13, capacity vs demand ratio of axial compression is 

lower in most of the cases than flexural requirements along both of the axis.  

 

 Forecasting cost vs height data, regardless of additional factors (slenderness and 

foundation requirement), hollow pier application has a probability of having chipper 

cost for piers taller than 25 meters.  

 

 

Figure 4-8: Hollow Section, Capacity demand ratio 

 
Figure 4-9: Solid Section, Capacity demand ratio 
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The cross sectional dimensions of solid sections are relatively smaller than hollow 

piers. This is the result of slenderness property and the necessity of magnifying taller 

solid piers which are under this study. Accordingly, action moments in both x and y 

directions are magnified. This effect is visible in figure 5- 13, in which the resistance vs 

ratio of transverse direction moment at 20m and 25m pier heights is smaller.  

4.4 Total Weight on Foundation 
 

One of the necessary factors while designing the foundation is weight of the structure 

other permanent and temporary loads subjected to it. The total weight of pier 

columns over the top of a foundation are graphed on figure 5-14 

 
Figure 4-10: Pier weight Comparison 

 
Figure 4-11: additional Percentage weight increment over solid pier 

 
Hollow pier is existed to be heavy for piers approximately less than 40m tall.  

4.5 Heat of hydration and exposure to early stage crack 
 
Depending on the steady state heat analysis done on ANSYS academic software, 
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expansion coefficient of concrete varies from 1.3 x10-5/oC to 0.6 x10-5/oC depending 

of aggregate. Average value of thermal expansion coefficient is used in this thesis.  

Table 4-7:  Coefficient of thermal expansion chart 

Concrete and aggregate type  Coefficient of thermal expansion  

Cement Concrete - Quartzite  1.2 to 1.3 x 10-5/oC 

Cement Concrete - Sand Stone  0.9 to 1.2 x 10-5/oC 

Cement Concrete - Granite  0.7 to 0.95 x 10-5/oC 

Cement Concrete - Basalt  0.8 to 0.95 x 10-5/oC 

Cement Concrete - Lime stone  0.6 to 0.90 x 10-5/oC 

 
 

 
 

Figure 4-12 Thermal stress (MPa) 

In comparison with the fully developed tensile strength of concrete, thermal stress 

subjected in all cases of piers is much higher. Shrinkage reinforcement required should 

further be analyzed and proposed. But for this thesis, only comparison in demand for 

shrinkage reinforcement is conducted. As the height of a pier increases, hollow 

sections do not show noticeable change on thermal stress requirement, rather the 

size of solid section increases and this has implication on the development of 

increasing stress.  In general, it is necessary to consider the effect of temperature 

during construction and design of tall solid core bridge piers and remedial measures 

shall be taken.   
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5. Conclusion and Recommendations 

5.1 Conclusion  
 
The main intention of this study was to evaluate all-round applicability of hollow 

rectangular concrete piers in comparison with conventional solid piers. In order to 

attain the main goal, example pier height were selected and designed under 

appropriate permanent, temporary and environmental actions. The outputs of these 

process are evaluated back again for their performance under seismic loading and 

ductility property of each pier is calculated.  

 

Analysis and design results are interpreted and brought up for comparison. As the 

main factor for infrastructural development is economy, economical advantages of 

one pier over the other is determined.  Hollow core piers are less costly in terms of 

concrete cost. In terms of total cost, It is evident that hollow concrete pier can be 

economical for piers taller than 25 meters.  Hollow pier impacts the cost of 40 meter 

high or taller bridges by reducing the amount of weight that a foundation has to carry.  

 

Short piers of 20meters high or less, both types of cross- sections do not satisfy the 

ductility requirements set for SDC D by AASHTO seismic design specification. This will 

imply that it is necessary to consider applying moment over strength factors and revise 

the section. Even though the ductility requirement is not satisfied, hollow is observed 

to have a tendency of satisfying the ductility demand for piers taller than 20 meters. 

Capacity analysis has verified the plastic moment capacity of the hollow section is in 

average 35.5% greater than the equivalent height solid section designed against 

similar load conditions. Solid Sections are confirmed to be brittle for short piers of 

height less than 35 meters.   

 

Early stage cracking is more probable to be observed on solid sections than in hollow 

sections.  Heat generation increases in solid piers as the height increases. This can 

result in exceeding the tensile resistance of shrinkage reinforcements. Attention 

should be given during design and construction as there are remedial measures that 
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could be proposed for such situations. Hollow core sections are advantageous in this 

regard, since thermal stress is approximately constant as the height increases.  

 

5.2 Recommendations  
 

Hollow column axial compression capacity can be improved by using less costly, 

volumetric stable and light weight material filler. This method can also result in saving 

reinforcement resources and cost can be kept lower than expected. It is also necessary 

to keep reinforcement ratio of entire cross section within the limits. Because Hollow 

sections overcome strength demand with the application of reinforcement area. This 

could result in giving out over reinforced sections. Filling in the hollow space in the 

column with less costly material can provide additional compressive strength.   

 

During interaction development, unsymmetrical bending is not considered. Further 

investigation is recommended since these actions could bring significant change in 

values and results.   

 

The reduction in the amount of reinforcement in hollow sections could result in better 

outcomes and economic improvements. In this regard, there are various approaches 

proposed by researchers recently. Triangular reinforcement method is one of the 

methods proposed in recent years. [37]. This thesis can be extended by involving the 

effect of triangular reinforcement in the hollow section design.  

 

Extra skin reinforcement, needed to prevent shrinkage and expansion crack on solid 

column can be eliminated for hollow section. Shrinkage and expansion can be 

significant in solid section depending on the cross-sectional dimensions and heat 

conductivity of a concrete. Hollow core column has significantly small thickness when 

compared with solid section. This results in the amount of heat variation between 

inside and outside of the column to be very small and can be resisted using the existing 

shear and confining reinforcement.   
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Appendix A- 1: Interaction Calculation 10m Hollow  
(Moment in MN-m , Forces in MN) 
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Appendix A-2 : Interaction Calculation 10m Solid  
(Moment in MN-m , Forces in MN) 
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Appendix A-3 : Interaction Calculation 15m Hollow  
(Moment in MN-m , Forces in MN) 
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Appendix A-4 : Interaction Calculation 15m Solid 
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 Appendix A-5: Interaction Calculation 20m Hollow 
(Moment in MN-m , Forces in MN) 
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Appendix A-6: Interaction Calculation 20m Solid 
(Moment in MN-m , Forces in MN) 
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Appendix A-7: Interaction Calculation 25m Hollow 
(Moment in MN-m , Forces in MN) 
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Appendix A-8: Interaction Calculation 25m Solid  
(Moment in MN-m , Forces in MN) 
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Appendix B: Sample Shear Reinforcement Design (sample 10meters)  
 
Shear reinforcement design: 10 meters hollow (or both hollow and Solid sections) 
 

 
 
Designing section as a shear wall: (for hollow sections only)  
 

 
  



 
 

2 
  

Appendix C: Moment Curvature analysis approximate analysis Matlab function 
 
function [ phi,M ] = MCurve( b,D,nbar,dia,d) 
% written by Eyob, for Masters thesis  
% b is the width of a section 
% phi is curvature and M is moment  
% D is gross depth of a section 
% nbar is the number of bars  
% dia is the diameter of nominal reinforcement bar 
% d is cover concrete thickness  
% this program will give out approximate moment curvature diagram along 
% with rough moment curvature data 
fc=24; e_cu=0.0035; 
fy=420; Ey=200000; ey=fy/Ey; 
Ec=4700*sqrt(fc); 
n=Ey/Ec; 
dc=D-d; 
As1b = dia^2*pi*0.25; 
As=nbar*As1b; r=As/(2*b*d); 
Asc=As/2; rc=Asc/(b*d); 
% approximating the nurtal axis will devide total bar area into two 
M=[]; phi=[]; 
%onset of cracking 
Ig=(b*(D^3))/12; yt=D/2; fr=0.7*sqrt(fc); 
Mcr=fr*0.7*Ig/yt; phi_cr=Mcr/(Ec*Ig); 
M=[M;Mcr]; phi=[phi; phi_cr]; 
%onset of yielding 
k=sqrt(((r+rc)*n)^2+2*(r+rc*dc/d)*n)-(r+rc)*n; 
fsc=((k*d-dc)/(d-k*d))*fy; 
My=As*fy*d*(1-k/3)+Asc*fsc*(k*d/3-dc); phi_y=ey/(d-k*d); 
M=[M;My]; phi=[phi;phi_y]; 
%Ultimate 
ct=0.5*d; c=0; 
while abs(c/ct-1)>0.0002; 
e_sc=((ct-dc)/ct)*e_cu; 
fsc=Ey*e_sc; 
Cs=Asc*fsc; Cc=0.85*0.85*fc*b*ct; T=As*fy; 
c=(T-Cs)/(0.85*0.85*fc*b); 
ct=(c+ct)/2; 
end 
  
Mu=0.85*0.85*fc*c*b*(d-0.85*c/2)+Asc*fsc*(d-dc); phi_u=e_cu/c; 
M=[M;Mu]; phi=[phi;phi_u]; 
%graph 
plot(phi,0.001*M); 
  
end 
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Appendix D-1: Plotted Moment Curvature graph data (case 01-1- hollow) 
(Moment KN-m and Force KN) 
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Appendix D-2: Plotted Moment Curvature graph data (case 01-2- Solid) 
(Moment KN-m and Force KN) 
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Appendix D-3: Plotted Moment Curvature graph data (case 02-1- Hollow) 
(Moment KN-m and Force KN) 
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Appendix D-4: Plotted Moment Curvature graph data (case 02-2- Solid) 
(Moment KN-m and Force KN) 
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Appendix D-5: Plotted Moment Curvature graph data (case 03-1- Hollow) 
(Moment KN-m and Force KN) 
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Appendix D-6: Plotted Moment Curvature graph data (case 03-2- Solid) 
(Moment KN-m and Force KN) 
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Appendix D-7: Plotted Moment Curvature graph data (case 04-1- Hollow) 
(Moment KN-m and Force KN) 
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Appendix D-7: Plotted Moment Curvature graph data (case 04-2- Solid) 
(Moment KN-m and Force KN) 
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Appendix E: Steady state temperature finite element analysis sample report  
 ANSYS Academic Teaching Introductory               
 
 
 
            **** CENTER OF MASS, MASS, AND MASS MOMENTS OF INERTIA **** 
 
  CALCULATIONS ASSUME ELEMENT MASS AT ELEMENT CENTROID 
 
  TOTAL MASS =   6808.0     
 
                           MOM. OF INERTIA         MOM. OF INERTIA 
  CENTER OF MASS            ABOUT ORIGIN        ABOUT CENTER OF MASS 
 
  XC =   1.1986          IXX =   0.1245E+05      IXX =    3966.     
  YC =  0.99781          IYY =   0.1672E+05      IYY =    5237.     
  ZC =  0.50000          IZZ =   0.2466E+05      IZZ =    8101.     
                         IXY =   -8142.          IXY =   0.6033     
                         IYZ =   -3397.          IYZ =   0.1364E-10 
                         IZX =   -4080.          IZX =   0.1000E-10 
 
  TYPE      MASS 
     1   6808.00     
 
 Range of element maximum matrix coefficients in global coordinates 
 Maximum = 0.146884458 at element 32.                                     
 Minimum = 0.116147113 at element 173.                                    
 
   *** ELEMENT MATRIX FORMULATION TIMES 
  TYPE    NUMBER   ENAME      TOTAL CP  AVE CP 
 
     1       798  SOLID90       0.125   0.000157 
 Time at end of element matrix formulation CP = 1.296875.                 
 
 SPARSE MATRIX DIRECT SOLVER. 
  Number of equations =        2671,    Maximum wavefront =     66 
  Memory allocated for solver =          15.259 MB 
  Memory required for in-core =           3.408 MB 
  Memory required for out-of-core =       1.017 MB 
 
 
 *** NOTE ***                            CP =       1.391   TIME= 18:28:09 
 The Sparse Matrix solver is currently running in the in-core memory      
 mode.  This memory mode uses the most amount of memory in order to       
 avoid using the hard drive as much as possible, which most often         
 results in the fastest solution time.  This mode is recommended if       
 enough physical memory is present to accommodate all of the solver       
 data.                                                                    
 Sparse solver maximum pivot= 0.590563914 at node 2709 TEMP.              
 Sparse solver minimum pivot= 0.108883389 at node 602 TEMP.               
 Sparse solver minimum pivot in absolute value= 0.108883389 at node 602   
 TEMP.                                                                    
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   *** ELEMENT RESULT CALCULATION TIMES 
  TYPE    NUMBER   ENAME      TOTAL CP  AVE CP 
 
     1       798  SOLID90       0.125   0.000157 
 
   *** NODAL LOAD CALCULATION TIMES 
  TYPE    NUMBER   ENAME      TOTAL CP  AVE CP 
 
     1       798  SOLID90       0.000   0.000000 
 *** LOAD STEP     1   SUBSTEP     1  COMPLETED.    CUM ITER =      1 
 *** TIME =   1.00000         TIME INC =   1.00000      NEW TRIANG MATRIX 
 
 
 *** ANSYS BINARY FILE STATISTICS 
  BUFFER SIZE USED= 16384 
        1.250 MB WRITTEN ON ASSEMBLED MATRIX FILE: file.full 
        1.250 MB WRITTEN ON RESULTS FILE: file.rth 
 *************** Write FE CONNECTORS ********* 
 
 WRITE OUT CONSTRAINT EQUATIONS TO FILE= 
file.ce                                                                                                                                                                                                       
                                                       
 **************************************************** 
 *************** FINISHED SOLVE FOR LS 1 ************* 
 
 PARAMETER _DS_PROGRESS  DELETED. 
 
 *GET  _WALLASOL  FROM  ACTI  ITEM=TIME WALL  VALUE=  18.4694444     
 
 *** NOTE ***                            CP =       1.656   TIME= 18:28:10 
 
Compiler: Intel(R) FORTRAN Compiler Version 14.0.0  (Build: 20140422) 
          Intel(R) C/C++ Compiler Version 14.0.0  (Build: 20140422) 
          Intel(R) Math Kernel Library Version 11.1.3 Product Build 20140917 
 
Total number of cores available         :    4 
Number of physical cores available      :    2 
Number of processes requested           :    1 
Number of threads per process requested :    2 
Total number of cores requested         :    2 (Shared Memory Parallel)                     
 
GPU Acceleration: Not Requested 
 
Job Name: file 
Working Directory: C:\Users\Eyob\Desktop\Desktop April 09 2016\Thesis 
End\ANSYS\Thermal\_ProjectScratch\Scr4F7F 
 
Total CPU time for main thread                    :        1.4 seconds 
Total CPU time summed for all threads             :        1.7 seconds 
 
Elapsed time spent pre-processing model (/PREP7)  :        0.0 seconds 
Elapsed time spent solution - preprocessing       :        0.0 seconds 
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Elapsed time spent computing solution             :        0.2 seconds 
Elapsed time spent solution - postprocessing      :        0.0 seconds 
Elapsed time spent post-processing model (/POST1) :        0.0 seconds 
 
Equation solver computational rate                :      838.9 Mflops 
Equation solver effective I/O rate                :     2795.1 MB/sec 
 
Maximum total memory used                         :       32.0 MB 
Maximum total memory allocated                    :     2112.0 MB 
Maximum total memory available                    :          8 GB 
 
+------------------ E N D   A N S Y S   S T A T I S T I C S -------------------+ 
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