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ABSTRACT 
 

Base plates are used to connect structural members to their foundations. They are 

routinely used in cantilevered structures supporting traffic utilities like overhead 

cantilevered direction signboards, traffic signals, speed cameras and high mast roadway 

light poles as well as in industrial warehouses and garages. These poles are usually 

supported on concrete footings by means of steel base plates on leveling nuts. The 

purpose of the leveling nuts is to adjust alignment of the supported member. Currently, 

there are no simple design methods in the relevant structural codes. Therefore, the 

objective of the proposed study is to develop a rational procedure for sizing a base plate 

on leveling nuts subjected to gravity and eccentric loads. To accomplish the stated 

objective, three full-scale models were tested in laboratory under the effect of concentric 

axial load, biaxial bending and uniaxial bending. The results obtained from lab testing 

were used to rectify a finite element model in the ANSYS software similar to pile caps on 

piles. A parametric study was conducted under concentric and eccentric loads with 

various base plate thicknesses, column sizes, number of bolts and bolt eccentricities in 

order to check the sensitivity of the flexuralbehavior of the base plate to the design 

variables. The results from ANSYS showed that the failure occurs at the face of column 

for the concentricaxial and uniaxial bending loadcases. For biaxial loading, the failure 

occurs in most cases along a line tangent to the column corner under load, unless more 

bolts are located close to column face. The most load critical case was due to biaxial 

bending where the failure occurred at a relatively small load, compared to the other two 

considered load cases. The location of anchor bolts and the width of column are the most 

important factors that influence the flexural stress distribution and intensity in the base 
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plate. Based on the results of the finite element analysis, equations of influence angles are 

proposed to calculate the effective width of the base plate in resisting flexure as a 

function of the plate thickness and bolt eccentricity. The results obtained from these 

equations are intended to help Structural Engineers size base plates following the load 

and resistance factored design approach. 

The location of anchor bolts, width of column, and plate thickness are the  

most important factors that influence the flexural stress distribution and  

intensity in the base plate. 
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CHAPTER 1: INTRODUCTION 
 
 

1.1 Introduction 

Base plates with leveling nuts are regularly used for structural supports for 

highway signs, luminaries, traffic signals, and stadium light poles. They are also used in 

industrial warehouses, garages, airports and railway facilities. Such poles with base plates 

are also used as light poles in recreation parks, sport fields, and outdoor stadiums. These 

utility poles are usually supported on concrete footings by means of steel base plates on 

leveling nuts, as shown in Fig. 1.1. The purpose of the leveling nuts is to provide means 

for adjusting the alignment and final elevation at the top of the structure. The applied 

loading on utility structures induces membrane, flexural, and shear stresses in the steel 

plate, due to gravity (self-weight) and lateral loads (wind/earthquake loads). Before a 

base plate can be designed, a section modulus, which is a function of a portion of the 

plate width times the square of the plate thickness, must be determined in order to 

calculate the bending stresses in the base plate. Currently, there is no rational method for 

determining the effective width of the plate to be used in the section modulus formula. 

Most engineers rely on either approximate or conservative methods that are often not 

rationally-based, or they use expensive/time consuming refined methods of analysis.  
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Generally after leveling of base plates the clear spacing under the plate is grouted 

or left empty, see Fig. 1.2. Experience has shown that the grout under the base plate 

cannot be counted on due to its low strength and durability, making it susceptible to 

cracks with time due to the severe environmental effects.  When ungrouted, the spacing 

under the base plate is kept clear of debris and sand in case when future adjustments 

using leveling are expected on regular basis. The leveling nuts also give the added 

flexibility of replacing the damaged pole in case the foundation is not affected after a 

storm or accident.  

 

Fig. 1.1: Utility pole at a park 
 

 
Fig. 1.2: Hong Kong airport rail link(http://www.microstran.com.au) 

http://www.microstran.com.au/
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In practice, a thicker base plate is more economical than a thinner base plate with 

additional stiffeners or other reinforcements (DeWolf1990).  Base plates shall preferably 

be fabricated from ASTM A36 steel due to their high ductility demand. Anchor rods are 

often cast in place, but may occasionally be drilled into the hardened concrete. Minimum 

embedment length of anchor rods is commonly taken 12 times their diameter(Fisher and 

Klaiber 2003). When more strength is required from the anchors, the diameter is often 

increased before switching to higher grades. Non-shrink grout is sometimes used under 

base plates to fill up the empty space under the base plate and prevent corrosion and 

deterioration of the base plates and anchor bolts. 

 

1.2 Problem Statement 

Utility poles in industrial facilities and steel columns in building structures are 

usually supported on concrete footings by means of steel base plates. The base plates are 

welded to the bottom of the steel poles or columns. The plates are attached to the footings 

using anchor bolts and the space between the base plate and the concrete foundation is 

often leftungrouted. But even if there is grout under the base plate, it cannot be assumed 

that the grout can support the plate as it is prone to crack with temperature changes and 

shrinkage effects. There is limited research on the behavior of base plates seated on 

leveling nuts, although this is the predominate method used for supporting steel structures 

in the utility industry. Premature failure of such assemblies has often caused fatalities and 

is hazard to public safety. In the last five years, at least 80 defective existing poles have 

been taken down in Texas only because of cracks and other signs of structural failure. 

About 33% of signal supports inspected in United States were having cracks in either the 

base plates or the concrete foundation(FHWA 2005). There has been very limited 

research on column bases as compared to beam to column connections.  Moreover, most 

of the published work on base plates addresses steel plates in contact with the concrete 

surface of the foundation.  Based on the above, there is a strong need for investigating 

this issue with experimental testing and computational studies. 
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Fig. 1.3: Base Plate column connection schematic detail  
 

1.3 Objective of study 

The main objectives of the proposed study are to understand the behavior of steel 

base plates on leveling nuts and develop a simple, rationally-based procedure that can be 

used for proportioning and sizing the base plate when the connection is subjected to 

gravity and eccentric loads. The proposed procedure will involve developing an effective 

plate width that can be used to determine the required section modulus of the base plates. 

The procedure can ultimately be used by design engineers to determine the appropriate 

thickness of the base plate under the applied loading. 

1.4 Scope of study 

The important parameters considered in this study are, 

1. Nature of applied load (concentric versus eccentric loading)  

2. Number of bolts 

3. Spacing between bolts 

4. Distance between the bolts and face of the column 

5. Size of the tubular column 

6. Dimensions of the base plates including the thickness 

The study addresses the strength requirement; however, serviceability and fatigue were 

not within the scope of this investigation. 
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1.5 Significance of study 

Steel utility poles supported on leveling nuts are becoming more prevalent 

worldwide thanks to improvements in corrosion prevention and lower production costs. 

Such a system is critical since it does not have a high level of redundancy. Enhancing the 

engineering design aspect of these structures will result in optimized designs based on a 

rational approach and reduce premature failures due to lack of understanding of their 

structural behavior. 

 

1.6 Methodology 

The methodology followed to achieve the stated objectives is shown in Fig. 1.4.  

It consists of the following 8 tasks: 

Task 1: Literature Review 

Task 2: Finite Element Method 

Task 3: Preliminary Design Model 

Task 4: Verification of Preliminary Model by Testing in AUS Structural Lab 

Task 5: Rectification of Preliminary Model 

Task 6: Detailed Analysis using ANSYS 

Task 7: Analysis of the Results 

Task 8: Recommendations and Conclusions 
 

A brief description of the required work in each task follows. 
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Fig. 1.4: Flow chart showing the tasks in the methodology 
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Task 1: Literature Review 

The research activities require a thorough literature review to understand the problem and 

be familiar with published work, so that previous research will not be duplicated. 

Task 2: Finite Element Method 

Information on appropriate finite element modeling procedures for steel base plates was 

gathered to obtain appropriate results from the software. Finite element method has to be 

clearly understood and previous work in the area will be studied. 

Task 3: Preliminary Design Model 

Preliminary finite element model was created before starting detailed analysis in the 

ANSYS software. This model was calibrated against experimental results obtained in 

AUS Structural Laboratory. Important parameters in the preliminary finite element model 

that were affected by the experimental results included the mesh size, mesh pattern, type 

of elements (shell or solid), loading pattern and material properties. 

Task 4: Verification of Preliminary Model by Testing in AUS Structural Lab 

Three full-scale models of the base plate with anchor bolts and column were fabricated in 

the AUS Structural Lab for testing. The base plates was placed inside a Universal Test 

Machine and loaded by the actuator head. The base plates were tested for two types of 

loading: 

1. Concentric Loading: The load was applied concentrically on the base plate. 

This was achieved by placing a roller in central top portion of the column. 

2. UniaxialBending: The base plate was loaded eccentrically by applying load 

near the edge of the column. The roller in this case will be moved to the edge 

of the column, away from the center. 

3. Biaxial Bending: The base plate was loaded biaxially by applying a load at the 

corner of the column through a roller device.  
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Task 5: Rectification of Preliminary Model 

The results obtained from the laboratory testing were compared with those from the 

preliminary model created in ANSYS. Mesh size, mesh pattern, element type and other 

modeling parameters were modified and calibrated, if required, before starting the 

detailed analysis. 

Task 6: Detailed Analysis using ANSYS 

This task involves a thorough analysis of base plate using ANSYS. Several parameters 

were varied to study the structural behavior of the base plate. Material nonlinearity was 

taken into account. Square and rectangular steel tube columns ranging in size from 100 to 

300 mm were used as a mean to load the base plate. The base plate had 4, 6 or 8 anchor 

bolts, located at different spacing between them and distance from the face of the column. 

The plan dimensions of the base plate will ranged from 300 to 500 mm, with a thickness 

varying between 10 and 30 mm. The steel material was modeled as elastic-perfectly 

plastic with yield strength equal to 250 or 350MPa. The applied loading consisted of 

either concentric or eccentric vertical load, resulting in uniform compression, uniaxial 

bending, or biaxial bending stresses within the plate.  

Task 7: Analysis of the Results 

The results obtained by the detailed parametric studieswere tabulated and analyzed. The 

finite element method was used to determine the stress contours and maximum flexural, 

shear and membrane stresses in the base plates. The resulting maximum stresses were 

subsequently utilized to determine if a pattern existed between the design variables.  

Task 8: Recommendations and Conclusions 

Based on the finite element analysis, equations were derived to calculate the effective 

width of the plate in resisting bending moment, based on plate thickness and bolt 

eccentricity.This was done through the use of influence angles projected from the anchor 

bolts towards the critical bend line.  Final conclusions were generated based on the finite 

element analysis and parametric study, followed by suggestions for possible future work. 
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CHAPTER 2: LITERATURE REVIEW 
 

 

2.1 Introduction 

 This chapter presents a summary of different studies on the behavior and design 

of steel base plates on leveling nuts. It includes procedures and guidelines of steel base 

plates by different authors along with recently completed experimental and computational 

studies available in the published literature. 

 
The AISC steel manual (Marsh and Burdette 1985) outlines the design method for 

base plates supporting wide flange columns that are usually encountered where the 

connection is designed as pin support. To prevent possible uplift, there is a limitation on 

eccentricity of the load to be less than L/6, where L is the length of the base plate in the 

direction of the bending. The AISC design method assumes that the bearing pressure on 

the bottom of the base plate is of uniform intensity, the column load is uniformly 

distributed over an effective rectangular area and the effective rectangular area is 0.95 

times the depth of the column section by 0.80 times the column flange width. 

Firstly, the required bearing area based on the relationship of the column loading 

to the allowable concrete bearing pressure is determined. The plate geometry is selected 
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then and based on it the thickness of base plate is computed. The portion of the plate that 

projects beyond the effective rectangle is assumed to behave as inverted cantilever. For 

an economical approach, the plate geometry should be symmetrical beyond the effective 

rectangle. However it must be noted that the AISC manual does not support design of 

base plates subjected to high eccentric loading or base plates supported on leveling nuts. 

The AASHTO standard on supports for highway signs, luminaries, and traffic 

signals (AASHTO 2009) covers the structural design and detailing for highway lighting, 

specifically high-mast lighting for freeway interchanges. It specifies that the cantilevered 

support structures to be designed for an infinite fatigue life following the procedures 

included in the AASHTO bridge specifications.  However, these specifications were 

developed for bridge details, and are different from those typically used in cantilevered 

traffic support structures. These structures (especially traffic signals) experience static 

loads for four wind loading phenomena (galloping, vortex shedding, natural wind gusts, 

and truck-induced wind gusts) that can produce significant displacements and stress 

ranges in these structures. Base plates along with anchor bolts are most critical in bearing 

the eccentric loads.  

 

2.2 Previous Studies 

Franstisek et al. (2008)studied the behavior of base plates in bending and the 

anchor bolts in tension. An analytical model was derived to predict the resistance and 

stiffness of base plates and anchor bolts. They considered two cases, flexible bolts and 

stiff plate in contact with the concrete foundation, and the plate is separated from the 

concrete foundation. In the other case, the edge of the plate is in contact with the concrete 

resulting in prying of the base plate and the bolts are loaded by additional prying force, 

which is balanced by the contact force at the edge of the base plate. They proposed that 

the prying forces are developed only when base plates are in contact with the concrete 

foundations. Experimental models were studied in the laboratory, with different bolt 

pitches and base plate thicknesses. With thin base plates, four plastic hinge points were 

created before failure of plain concrete block and yielding of base plate, whereas in the 

thick base plates only two hinge points were created before the anchor bolts finally 
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collapsed. All these modes of failures are shown in Figure 2.1. The increase in bolt pitch 

resulted in extremely high deformations but did not have any influence on the nature of 

collapse. However no experiments were carried out on base plates not in contact with the 

concrete. 

 
 
Fig. 2.1: Modes of Failure by Franstisek et al.(2008) 

 

Base plates under axial loads and moments were studied in depth by 

Thambiratnamand Paramasivam (1984). The parameters in their study were the thickness 

of the base plate and the eccentricity of the load. At the lowest eccentricity the failure 

was by cracking of concrete at the base, while at other eccentricities the primary mode of 

failure was by yielding of the base plate. Experiments revealed that the eccentricity of 

load had greater influence on the strains than the thickness of the base plate. The critical 

section where the strain is largest was found near the face of the column foot on the side 

of the load and zero strain was seen near the face of the column foot opposite to the load. 

Hag-Elsafi et al. (2001), proposed a new procedure for the design of end plates 

and base plates of cantilevered traffic support structures based on beam and plate bending 

and torsion theories but limited to square configurations only. Full-scale testing and finite 

element analysis of base plates indicated that under the applied bending moments, the 

stress field on the plate is characterized by the presence of two critical regions, as shown 

in Fig. 2.2. In region A, bending stresses are in prominent stress state indicating 

resistance to mainly flexural forces. They found out that the critical regions are not only 

important for identifying the dominant stress components, but also for defining the plate 
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yielding behavior. As the load is monotonically increased, yielding starts inside the 

critical regions and with the further increase in load, the yielded area grows in size until 

failure is reached. At this stage the yield line can be defined. 

 

Fig. 2.2: Critical stress regions and yield lines in Base Plates by Hag-Elsafi et al. (2001). 

 

Kontoleon et al.(1997) performed parametric analysis of the structural response of 

steel base plate connections which showed that the stiffness of the base plate is a 

significant parameter, affecting the development of prying action at the active contact 

areas of the plate. The appearance of prying forces creates plastification zones at the 

interfaces of the connections, in areas that could not be considered using classical design 

methods. Studies on a 2-D Finite Element Model showed that the deformation of the base 

plate as well as the plastic strains decrease as axial load increases because the contact 

area between the base plate and concrete foundation increases. The opposite situation 

occurs for columns which develops greater plastic strains with the increase in the axial 

force. Moment capacity of the connection also increases with the increase in axial force. 

Again a two dimensional model was analyzed instead of more accurate three dimensional 

model. 

Ermopoulos and Stamatopoulos(1996), derived moment-rotation relationships for 

column base connections. With such relationships, a more accurate analysis of frames can 

be carried out, with a better approximation for the support conditions, instead of the usual 

assumption of fully pinned or fixed supports.The same problem was also investigated by 



13 
 

Hamizi and Hannachi (2007), but by using a finite element approach.  In the study, the 

author was able to determine flexibility factors and fixity degree for common base plate 

connections encountered in practice. 

Stamatopoulos and Ermopoulos(1997) also researched the ultimate behavior of 

column base-plate connections in terms of moment-axial load interaction curves. The 

study considered the size and thickness of the plate; the size and location of the anchor 

bolts; the properties of materials and the amount of applied axial load on the connection. 

Cook et al. (2000) studied the effect of grout pads under the base plates. The 

placement of grout pad was found to very slightly increase the stiffness of the connection 

and therefore decrease the rotation of the column above. The grout pad also reduced the 

magnitude of the load transferred to the anchors on the compression sideof the plate by 

carrying some load itself. However, the loads in the tension bolts were magnified when 

the grout pad was added since the location of the compressive reaction moved inward 

from the compressive bolts hence reducing internal moment arm. They concluded that the 

grout pad with unstiffened base plates was not having any benefit for bolts on tension 

side and turned out to be harmful. They recommended using grout pad underbase plates 

only if the stiffeners were also provided. 

 
(a) Deformed shape at axis of bending  (b)   Deformed shape in tension region  

Fig. 2.3: Test results of steel base plates by Cook et al. (2000). 

 

Drake and Elkin (1999) presented another approach for the design of beam-

column base plates and anchor rods using factored loads directly in a method consistent 
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with the equations of static equilibrium and the LRFD specification. They considered 

four load cases as defined in LRFD Manual. Case A is a load case with axial compression 

and shear only, Case B evolves from Case A by the addition of a small bending moment. 

Case C has maximum moment without uplift whereas Case D has moment with the uplift. 

For each case they calculated required minimum thickness and tensile strength of base 

plates for a given load. They proposed that all of the base plate anchor rods are not 

effective in sharing the tension load and the embedment, edge distances and overlapping 

shear cones of the anchor rods into the concrete must be always checked in the design. 

Azzam and Menzemer (2006)studied the behavior of two types of aluminium 

light poles, with and without the vertical stiffeners. They compared the current fatigue 

design provisions with their test results and determined the applicable design category. 

Fatigue cracking was observed along the weld toe in all of the through plate socket 

connection sample, however 80% of the time cracks formed along the toe opposite to the 

bolt. They concluded that increasing the vertical weld leg dimension on the tube 

decreased the maximum stress concentration near the weld toe for the through plate 

socket connection. 

Blodgett (1982) made the assumption that the flanges of a wide flange column 

would carry most of the resulting forces at the base because of their relatively greater 

cross sectional area and rigidity. Also their location is in area of higher column stresses. 

Moments in the base plate are calculated based on the resulting compressive forces from 

the face of the flange to the edge of the base plate. The entire width is taken to calculate 

section modulus. However this assumption of high stresses in column flanges does not 

stand true for eccentric loading case. 

Fu et al. (1993) studied base plates in different shapes that are used to support 

poles in traffic structures. There is no method defined in The American Association of 

State Highway and Transportation (AASHTO) for analysis of base plate design for span-

wire traffic structures. Their study included full scale testing and finite element analysis 

of 28 existing signal poles. They developed a simplified analysis method based on their 

testing and FEM analysis which is consistent with working stress design concept. This 
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method divides the base plate into three components relating to three critical regions of 

maximum stress in the base plate.  After this the coefficients are empirically defined to 

calculate the equivalent section capacities with respect to critical stresses. 

Sputo(1993) studied the behavior of base plates used in low rise building such as 

warehouses and department stores with circular columns. This design method provides 

the guidelines for finding the thickness of steel base plate under gravity loads. It is based 

on Allowable Stress Design philosophy of AISC. The negatives of this method are that it 

does not consider the uplift conditions and erection criteria of the base plate and columns 

respectively. 

Page (1997) proposed simplified design of steel base plates on leveling nuts. The 

objective of his study was to develop a simple approach that can be used for calculating 

an effective width of base plates on leveling nuts. He proposed a linear equation to 

calculate the effective width of the base plate as a function of one-half the transverse 

width of the column. However, the study was based on linear analysis of steel base plates 

and; hence, applicable only to Allowable Stress Design (ASD) approach. 

Recently, Abdalla and Chen (2006) developed a new approach for the analysis of 

base plate connection, based on a theoretical analysis of unilateral contact problems. A 

trial and error method combined with special constraints to guarantee its convergence 

was used. The effectiveness of the method was demonstrated by the authors with a 

numerical solution that is appropriate for design applications. 
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CHAPTER 3: CURRENT DESIGN APPROACHES 
 
 

3.1 Introduction 

The previous chapter has indicated that there is limited research in the area of 

base plates supported on leveling nuts, especially those with high eccentricity of load. 

Experience has shown that the current design methods for calculating the required 

thickness of such a base plate vary from one consulting company to anotherand from one 

designer to another.It must also be noted that most of these methods are based on elastic 

analysis as there is not much research done on plastic behavior of base plates; hence, the 

current approach is more suitable for designs based on the Allowable Stress approach. 

Generally, all methods follow some common steps which are listed below: 

Step 1: Reaction forces (Fi) 

Most design methods usually start with determining the reaction forces in all 

anchor bolts due to applied load. The base plate is often assumed to be rigid and 

supported on elastic supports, represented by the bolts. 
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Step 2: Critical Bend line (B.L) 

There is often more than one bend line along which the failure of the base plate is 

expected, especially for eccentric loading. The most critical bend line is selected based on 

the greatest bending moment along it. The individual anchor bolt forces are multiplied by 

their eccentricities from the bend line to compute the maximum bending moment along a 

specific bend line.  

Step 3: Calculate section modulus (M or Z) 

Section modulus of base plate is calculated with thickness “t” of the base plate 

kept as a variable. The effective width required to calculate section modulus is usually 

assumed to be complete width of the base plate along the bend line.  This may not be a 

conservative assumption for wide base plates. 

Step 4: Maximum allowable stress (Fa) 

Selecting the maximum allowable stress to be used in the beam formula depends 

on the design approach. According to Allowable stress design (ASD) method in AISC 

specification; it is taken as 0.75 times the yield stress for gravity loads. If the base plate is 

subjected to wind load as well then a factor of 1.33 is also multiplied with 0.75 to 

calculate the allowable stress. As per the Load and Resistance Factor Design approach in 

the AISC specification, all loads and load-carrying capacity have to be factored.  

Step 5: Bending equation 

This step involves using statics and equations of equilibrium in order to determine 

the bending moment along the critical bend line and equating it to the design capacity of 

the base plate, which is dependent on the allowable stress and geometric properties of the 

base plate. 
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3.2 Base Plates on Smooth Concrete Surface 

This method is based on the assumption that the anchor bolts behave similar to the 

case of reinforcing bars in concrete column. If service loads are used then the concrete 

stress distribution will be triangular in shape; otherwise, there will be rectangular 

distribution of stresses in case of factored loads (Whitney block).  

The maximum bearing pressure “q” at the edge of compressive zone is taken as 

the allowable bearing pressure of the concrete. It is the ratio of the area of steel base plate 

to the concrete foundation beneath. According to the ACI 318 building code (2008), 

bearing pressure is taken 0.7f’c for service loads andφf’cfor the case of factored loads, 

where φ is the strength reduction factor (equal to 0.65) and f’c is compressive strength of 

concrete after 28 days.The applied forces and moments are considered in equilibrium 

with reactions from anchor bolts about a critical bend line. The anchor bolt reactions are 

then calculated using free body diagrams followed by section modulus as shown in Fig. 

3.1. 

 

(a) Triangular stress distribution  (b) Rectangular stress distribution 

Fig. 3.1: Bearing stress distribution under the base plate resting flat on concrete surface 

 

 

Compression Compression 

Tension Tension 
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An example is solved below based on this method to demonstrate how the base 

plate thickness can be computed for such a plate.  

3.2.1 Example 1 

A 500mmx500mm square base plate supports a 200mmx200mm tubular column and is 

subjected to service axial load of 20 KN and service bending moment of 70KN-m. The 

bolts are placed at 75 mm from plate corners and compressive strength of concrete is 

20MPa. The base plate is fabricated from A36 steel (Fy = 250 MPa). Assume that the 

permissible bearing pressure of concrete is limited to 35% of f’c. Design the base plate 

for the given conditions according to ASD method. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Elevation view      (b) Plan view 

Fig. 3.2: Parameters of base plate resting on concrete surface 

  

The allowable stress in the steel base plate is, 

𝐹𝑎 = 0.75 ∗  𝐹𝑦 = 0.75 ∗ 250 = 187.5 𝑀𝑃𝑎 

500 

500 

200 

350 

200 

500 
350 
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The applied axial load and bending moment can be converted into an axial load placed at 

eccentricity “e” form the center of the column.  

𝑒 =  
𝑀
𝑃

 

𝑒 =  
(70 ∗ 1000)

20
 

𝑒 =  3500 𝑚𝑚 

As, e > width of the base plate divided by 6 

So, half of the anchor bolts will be in tension and other half in compression. 

Let d = distance between bolts in tension and extreme compression fiber. 

𝑑 = 350 + 75 = 425 𝑚𝑚 

Summation of vertical forces must be equal to zero: 

Σ 𝐹 = 0 

𝑇 + 20000 − 0.5 ∗  𝐹𝑐 ∗ 𝑘 ∗ 𝑑 ∗ 𝑏 = 0 

𝑇 + 20000 − 1750 𝑘𝑑 = 0 

𝑇 = 1750 𝑘𝑑 − 20000                                                 3.1 

Summation of moments about the midpoint of the base plate must be zero; 

Σ 𝑀 = 0 

175 𝑇 + 0.5 𝐹𝑐 ∗ 𝑘 ∗ 𝑑 ∗ 𝐵 ∗ �250 − 𝑘 ∗
𝑑
3
� − 70 ∗ 1000 ∗ 1000 = 0 

175 (1750 𝑘𝑑 − 20000) + 1750 𝑘𝑑 �250 −
𝑘𝑑
3
� − 70000000 = 0 

583.33 (𝑘𝑑)2 – 743750 kd + 66500000 =0 3.2 

𝑘𝑑 = 1178 𝑚𝑚 

Inserting the values of kd from equation 3.2 to 3.1, 
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𝑇 = 1750 ∗ 96.75 − 20000 = 148.3 𝐾𝑁 

So, 74.65 KN for each bolt on tension side 

The bearing pressure on exterior face of the column is calculated as; 

𝐹𝑒 = (1178 − 150) ∗  
7

1178
= 6.1 𝑀𝑃𝑎 

Moment at the compression side of the base plate at the face of the column is; 

𝑀𝑐 = �6.1 ∗ 150 ∗  �
150

2
� + (7 − 6.1) ∗ 0.5 ∗ 150 ∗ �

2
3
� ∗ 150� ∗  500 = 0 

𝑀𝑐 = 37.6 𝐾𝑁 −𝑚 

Moment at the tension side of the base plate at the face of the column is; 

𝑀𝑡 = 149.3 ∗ 75 

𝑀𝑡 = 11.2 𝐾𝑁 −𝑚 

Moment at the compression side governs; the base plate thickness can be calculated 

according to equation 3.3 as; 

𝑡 = �
(6 ∗  𝑀𝑐)
(𝑤 ∗ 𝐹𝑎)

                                                             3.3  

𝑡 = �
(6 ∗  37.6 ∗ 1000 ∗ 1000)

(500 ∗ 0.75 ∗ 250)
 

𝑡 = 49 𝑚𝑚   

Hence use 500 mm * 500 mm base plate with a thickness of 50 mm. 

As stated earlier, this method is for a base plate either seated on a smooth concrete 

surface or grout. Grout cannot be considered as structural concrete with same load 
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bearing capacities as concrete. Often is the case when grout deteriorates with time and is 

not fully in contact with base plate. Therefore, the assumption made that grout is similar 

to smooth concrete surface is often invalid and does not reflects the true behavior of steel 

base plate on site. In case of large eccentric loads, the base plate will lift off the concrete 

surface on the tension side before failure. Similarly in case of high axial forces, the grout 

might fracture under the load and the assumption of compressive strength of concrete will 

not be correct. 

 

3.2 Hanger-Type Connection 

This method is based on the design of hanger type connections as per AISC 

Manual of Steel Construction, Section 4 (1995). It is assumed in this method that prying 

action (lifting of base plate at the location of anchor bolts) will produce reverse curvature 

in the base plate as shown in Fig. 3.3. Tests have revealed that prying action can reduce 

both the ultimate load capacity and fatigue strength of bolted and riveted joints. An 

external tensile load on the connection will reduce the contact pressure between the T-

stub flange and the base. However, depending on the flexural rigidity of the T-stub, 

additional forces may be developed near the flange tip. Very small prying forces will be 

generated if the T-stub is very stiff and acts rigidly.  

 
Fig. 3.3: Prying forces developed at corner of flanges in a T-stub 
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When flexible T-stub flanges are used, the deformation in the base increases with 

load and induces prying forces that result in the additional bolt forces. The prying forces 

are acting between the bolt line and the edge of the flange. Test results have shown that 

the stiffness. 

The base plates designed by this method results in higher thickness which can 

effectively eliminate the prying action in the bolts. The modified equation for calculating 

the base plate thickness is as mentioned below in equation 3.4; 

𝑡 = �
(8 ∗  𝑅 ∗ 𝑏′)

(𝑤 ∗ 𝐹𝑦)
                                                                3.4  

Where R = maximum tensile bolt reaction 

b’ = distance from centerline of bolt to the face of the column 

D = diameter of the anchor bolt 

w = width of flange, parallel to column, tributary to bolt 

Fy = yield strength of base plate steel 

 

In case of base plates, the value of “w” is assumed to be half of the column width. 

The bolt reactions are calculated assuming the plate being infinitely rigid and the anchor 

bolts flexible point supports. 

 

(a) Parametric View  (b) Sectional view 

Fig. 3.4: T-stub connection under the effect of axial upward force  
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3.2.1 Example 2 

A 500mmx500mm square base plate supports a 200mmx200mm tubular column and is 

subjected to service axial load of 20 KN and service bending moment of 70KN-m. Four 

bolts are placed at 75 mm from plate corners. The base plate is fabricated from A36 steel 

(Fy = 250 MPa). Allowable bolt stress is 0.33 Fu = 0.33 x 400 = 132 MPa. Design the 

base plate according to section 4 of the AISC ASD Manual (1995). 

 

As the baseplate is assumed to be infinitely rigid plate supported on flexible supports, 

maximum bolt reaction can be calculated by equation 3.5; 

 

𝑅 =
𝑃
𝑁

+
𝑀𝑥𝑥 ∗  𝐶𝑥

𝐼𝑥𝑥
                                                         3.5     

𝑅 =
20000

4
+

70000 ∗  1000 ∗ 175
4 ∗  1752

 

𝑅 = 105 𝐾𝑁 

The required cross-sectional area of the bolt is; 

𝐴𝑏 =  
𝑅
𝐹′𝑎

=  
105000

132
 

𝐴𝑏 =  796 𝑚𝑚2 

Diameter of bolt required = 32 mm 

 

The required thickness of base plate can be calculated as; 

𝑏 = 106.06 𝑚𝑚 

𝑏′ = 𝑏 −
𝐷
2

= 106.06 −  
32
2

 

𝑏′ = 90.06 𝑚𝑚 

𝑤 =  
200

2
= 100 𝑚𝑚 

Equation 3.4 is used below to calculate the required thickness of base plate; 
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𝑡 = �
8𝑅𝑏′
𝑤𝐹𝑦

 

𝑡 = �8 ∗  105000 ∗  90.06
100 ∗  250

 

t = 55 mm 

Therefore the base plate thickness required is 55 mm with size 500 mm * 500 mm. 

It can be noticed in this method that the base plate thickness calculated is higher 

than the previous method for the same base plate dimensions and loading. The large 

thickness of base plate is required to counter the prying forces on the anchor bolts. The 

most significant factor which is affecting the thickness of the base plate is the selection of 

effective width. The effective width is taken as complete width of the base plate in the 

ACI building code method. However in this method only half of the column width is 

taken as effective width. 

It must be noted that actual stresses developed in the base plate according to finite 

element analysis are far lower and thus this method over estimates the required base plate 

thickness. The bolt is not stiff enough relative to the base plate to produce any reverse 

curvature. Also in case of base plates on anchor bolts, the free gap between the plate and 

concrete allows enough space for base plate to bend without getting into contact with 

concrete and thus avoiding any prying forces whatsoever. Therefore this method, 

although conservative is not economical for design steel base plates on anchor bolts. 

 

3.3 Base Plateson Leveling Nuts 

The most widely used method by Honeck and Westphal (1999)in the utility pole 

industry for designing of base plates is presented in this section, but is not published in 

the available literature. It is based on the assumption that the face of the column acts as a 

fixed cantilever support for the base plate. The base plate with anchor bolts behavior is 
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similar to a beam supported on concentrated points. The anchor bolt reactions are 

determined in the same way as in hanger-type connection design. This is an iterative 

method in which base plate width is often assumed as a factor of plate thickness. The 

factor varies from designer to designer and is often based on experience and rule of 

thumbs. It is necessary to verify different bend lines to find the most critical one 

especially in case of eccentric loading. 

Following the ASD approach, the applied bending moment at a bend line is 

related to the allowable stress in the steel base plate through:  

𝐹𝑎 =  
𝑀
𝑆

                                                                       3.6 

𝑀 =  Σ(𝐹𝑖 ∗  𝑒𝑖)                                                                3.7 

Elastic section modulus is calculated from equation 3.8; 

𝑆 =
𝑤 ∗ 𝑡2

6
                                                                      3.8 

Inserting values from equation 3.7and 3.8into equation 3.6, 

𝐹𝑎 =  
Σ(𝐹𝑖 ∗  𝑒𝑖) ∗ 6

𝑤 ∗ 𝑡2
                                                                  3.9 

𝑡 =  �
Σ(𝐹𝑖 ∗  𝑒𝑖) ∗ 6

𝐹𝑎 ∗ 𝑤 
                                                                  3.10 

For the case of LRFD, the service moment M is replaced with the ultimate 

moment due to the factored loads Mu, the allowable stress is substituted with φFy (where 

φ is the resistance factor for flexure, equal to 0.9) and the plastic section modulus Z is 

utilized in place of S. The equation 3.10 is modified as below; 

𝑡 =  �
Σ(𝐹𝑖 ∗  𝑒𝑖) ∗ 4

𝐹𝑦 ∗ 𝑤 
                                                                  3.11 
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Fig. 3.5: Illustration of terms used in ASD method 

3.3.1 Example 3 

A 500mmx500mm square base plate supports a 200mmx200mm tubular column and is 

subjected to service load of 20 KN andbending moment of70KN-m. Four bolts are placed 

at 75 mm from plate corners. The base plate is fabricated from A36 steel (Fy = 250 MPa). 

Design the base plate on leveling nuts by using ASD approach. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Elevation view     (b) Plan view 
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Fig. 3.6: Parameters of base plate on leveling nuts 
 

The allowable stress in the steel base plate Fa = 0.75*Fy = 0.75*250 = 187.5MPa. 

The bending moment applied on the base plate makes it necessary to check bend line 

diagonal to the column edge. Therefore two bend lines, B.L 1 and B.L 2 will be 

considered in the solution. 

Solving first for Bend Line 1 while only utilizing the elastic yield strength of steel, 

𝑒1 = 75 𝑚𝑚 

𝑤1 = 500 𝑚𝑚 

The reactions will be calculated same as in previous examples. Using equation 3.10 to 

calculate the base plate thickness; 

t =  �
105000 ∗ 75 ∗ 2 ∗ 6

187.5 ∗ 500
 

𝑡 = 31.7 𝑚𝑚 
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Fig. 3.7: Possible critical bend lines in the base plate 

Solving now for Bend Line 2, 

𝑒2 = 106.06 𝑚𝑚 

𝑤2 = 425 𝑚𝑚 

𝑡 =  �
105000 ∗ 106.06 ∗ 1 ∗ 6

187.5 ∗ 425
 

𝑡 = 28.95 𝑚𝑚 

Therefore critical bend line is Bend line 1 and the required thickness of steel base plate to 

resist the applied load safely is 32 mm. 

We will now solve the same problem with LRFD approach and compare the results from 

ASD approach. 

 

3.3.2 Example 4 

A 500mmx500mm square base plate supports a 200mmx200mm tubular column and is 

subjected to dead load of 10 KN and live load of 10 KN. The dead load and live load 

moments are each 35 KN-m. Four bolts are placed at 75 mm from plate corners. The base 

plate is fabricated from A36 steel (Fy = 250 MPa). Design the base plate on leveling nuts 

by using LRFD approach. 

PD =  PL = 10 KN 

MD =  ML = 35 KN − m 

The factored loads are calculated according LRFD approach as below; 

PU =  1.2 PD + 1.6 PL  = 28 KN 

MU =  1.2 MD + 1.6 ML  = 98 KN − m 
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Solving first for Bend Line 1 while only utilizing the elastic yield strength of steel, 

𝑒1 = 75 𝑚𝑚 

𝑤1 = 500 𝑚𝑚 

Total force in the each bolt along the compression side can be calculated by equation 3.5 

as; 

𝑅 =
28000

4
+

98000 ∗  1000 ∗ 175
4 ∗  1752

 

𝑅 = 147 𝐾𝑁 

Using equation 3.11 tocalculate the base plate thickness; 

t =  �
147000 ∗ 2 ∗  75 ∗ 4

250 ∗ 500
 

𝑡 = 26.5 𝑚𝑚 

Solving now for Bend Line 2, 

𝑒2 = 106.06 𝑚𝑚 

𝑤2 = 425 𝑚𝑚 

𝑡 =  �
147000 ∗ 106.06 ∗ 1 ∗ 4

250 ∗ 425
 

𝑡 = 24.2 𝑚𝑚 

Therefore critical bend line is 2 and the required thickness will be 27 mm. The 

results obtained from LRFD approach are lower than ASD approach. This is because the 

complete yield strength of the base plate is used with factored loads and the in the end 



31 
 

thinner structures are obtained.It can be seen that either by LRFD or ASD approach, 

required thickness obtained is lowest as compared to any other method.  

The stress distribution is assumed to be uniform along the bend line in these 

methods which is actually not true. In actual, the stress distribution varies along the bend 

line instead of uniform stress distribution and therefore this method underestimates the 

stresses in base plate. Figure 3.8 (a) shows the assumed stress distribution along the bend 

line, the actual stress distribution is varying along the bend line as shown in Fig. 3.8 (b). 

 

 

 (a) Assumed stress distribution   (b) Actual stress distribution 

Fig. 3.8: Stress distribution along the failure axis (critical bend line) 
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CHAPTER 4: FINITE ELEMENT ANLAYSIS 
 
 

4.1 Introduction 

The finite element method is a numerical procedure for solving problems of 

engineering and physics. In cases involving complex geometries, loadings, material 

properties and boundary conditions, it is not easy to find analytical solutions. The 

analytical solutions in such cases require solving ordinary or partial differential equations 

with many unknowns. Hence numerical methods, such as the finite element or finite 

difference method, are needed to solve such problems. In the finite element method the 

object is divided into many smaller bodies or elements and interconnected at common 

points called nodes or boundary lines. Each of the small elements is solved separately 

using algebraic equations and the unknowns are calculated. The result of all the elements 

is unified to obtain the solution of the object under study. In structural cases, the 

unknowns are displacements or stresses created by the applied force. These stresses and 

displacements are found at each node constituting the element, with each element making 

up the structure that is subjected to load. 
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Finite element analysis is an incremental solution. The basic approach of an 

incremental solution is to consider a body subjected to force and displacement boundary 

conditions that are changing. We describe the externally applied forces and displacement 

boundary condition as functions of time. Since we are expecting non-linearity in the body 

therefore we consider load steps. However it must be kept in mind that the time is only 

pseudo-variable, only denoting the load level and the material properties are time-

independent (Bathe 1982). The load should be same at end of each step irrespective of 

time itself. Time-dependent material properties are such as creep problems. In this case 

load steps must be very carefully chosen. At the end of each time step we need to satisfy 

three conditions; Equilibrium, compatibility and the stress-strain law. This is achieved by 

using finite elements by the application of principal of virtual work. 

 

4.2 Finite Element Method 

Generally for any structural analysis problem, stresses and displacements 

throughout the structure are determined. There are two general approaches to find out 

stresses and displacements within a body using the finite element method.  

The flexibility method uses internal forces as the unknowns of the problem to 

obtain the governing equations. A set of algebraic equations in terms of internal forces 

are then used for determining the redundant or unknown forces. These algebraic 

equations are combination of equilibrium equations and compatibility equations.  The 

stiffness method on the other hand assumes that the displacements of the nodes are 

unknown and uses them in finding the governing equations. Algebraic equations are 

expressed in terms of nodal displacements using the equations of equilibrium and an 

applicable law relating forces to displacements.  

When ductile metals are loaded beyond elastic range, the linear stress strain 

relation is taken over by complicated nonlinear relation accompanied by much reduced of 

modulus as compared to modulus of elasticity. Finite element elastic-plastic analysis is 

much more complex than simple elastic analysis. The Finite element method equation is 

not same as for linear. It is replaced by a set of nonlinear equations that are to be solved 
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by iteration. Iteration basically divides the total applied load into small increments for 

more precise numerical results. 

ANSYS (2007) is a software tool for solving a wide variety of finite element 

problems. These problems include static, dynamic structural analysis (linear or non-

linear), heat transfer, fluid flow, mass transport, acoustic and electromagnetic problems. 

The analyst defines the finite element model properties such as position of the element 

nodal coordinates, the manner in which elements are connected, material properties, 

applied loads, boundary conditions and the kind of analysis to be performed (ANSYS 

2009) 

The flowchart in Figure 4.1 shows the procedure of refining the model after every 

run until the desired results are obtained for basic model. Finite element modeling 

process starts by defining a case study with complete parameters. Different parameters of 

the model are determined and conditions are set. The preliminary model is solved for 

results and interpretation of these results defines the accuracy of the model. For any 

discrepancies the model is refined and remodeled to get better results. This process 

continues until desired accuracy is obtained in the results.  
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Fig. 4.1: Flow chart of analysis in using software tool  

4.3 Details of the Model 

Finite elements can generally be categorized into two types: continuum or 

structural elements. Continuum elements include LINK 2D or SOLID 3D (ANSYS 

2010). Truss elements are example of continuum elements, as shown in Fig. 4.2. These 

elements can be two dimensional or three dimensional and they carry only nodal point 

displacements. These elements have no rotational degrees of freedom but only 

displacements. 

 

Fig. 4.2: Typical continuum element 

 The second type of finite element is structural element (BEAM or SHELL 

elements). Structural elements carry nodal displacements as well as rotations. Every node 

has at least six degrees of freedom, i.e. displacements along three axis and rotations 

around the three axes. Beam elements have both rotational and displacement degrees of 

freedom. They are used to model the behavior of structure that is thin in two dimensions 

relative to third dimension and is subjected to bending load. Two types of BEAM 

elements are available in ANSYS, i.e. based on Bernoulli and Timoshenko theory. 

Bending stresses are included in all types of BEAM elements but the effect of shear stress 

is only available with Timoshenko beam elements. As a result Bernoulli beam elements 

show a stiffer behavior as compared to their counterparts. Shell elements also have both 

degrees of freedom but the difference is that one dimension is thin compared to the other 
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two dimensions. When a thin structure is idealized using shell elements then we are 

actually predicting the structural behavior at the mid surface of the shell (ANSYS 2010). 

There are two theories governing the choice of shell elements. Kirchhoff-Love elements 

do not take into account transverse shear stresses, while Reissner-Mindlin theory 

considers shear stress distribution over the thickness. Kirchhoff-Love elements might 

give lower values of deformations due to rigid behavior in absence of shear stresses 

(ANSYS 2010). A standard shell element is shown in Figure 4.3, where the element 

nodes can be seen on four corners. Integration points indicate that the stresses or strains 

are calculated at mid-surface of the element. However it is also possible to obtain results 

on the top and bottom surface of the element. 

 

Fig. 4.3: Shell element with nodes at four corners 

 

The base plate in this study is made up of steel which is a flexible material and is 

subjected to bending load. Shell element (SHELL 43) is used to model base plate in 

ANYSYS. The shell elements give structural behavior (stresses, strains, etc.) of the 

structure at the mid surface. It is a 4-node element with six degrees of freedom at each 

node, deflection and rotation along the three axes. It is suitable for analyzing linear or 

nonlinear behavior of thin to moderately thick structures and is based on Reissner-

Mindlin theory (ANSYS 2010). The effect of shear stress cannot be neglected as the ratio 

of the shell thickness to two typical lengths is usually not less than 1/10 in case of base 

plates on anchor bolts. Element selection menu in ANSYS is shown in Figure 4.4 where 

many different types of elements can be selected. 
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Fig. 4.4: Library of element types in ANSYS software 

Column, column head and nuts are also modeled using the same elements as for 

the base plate in ANSYS. However, it must be noted that stresses were always within 

elastic limits in these elements. The column was modeled with elastic material properties. 

Beam elements are used for the anchor bolts.  They are non-linear (2-node) 

elements with six degrees of freedom at each node, including displacementsalong the 

three axes and rotationsabout the three axes. In ANSYS, the bolts are modeled using 

beam elements (BEAM 188). The BEAM 188 elements for bolts were defined as elastic 

elements as the failure in plate is studied in this work. The bolts were having modulus of 

elasticity of 200 GPa and Poisson ratio 0.3. The yield strength is not required to be 

defined as the elements are perfectly elastic.  

In ANSYS, there are several options available to define different material 

behaviors. To study the nonlinear plastic behavior of steel base plates, we need to select 

the nonlinear option in the ANSYS material selection menu. Nonlinear behavior is 

further divided into elastic and inelastic. Inelastic is selected to analyze plastic behavior 

of base plate in this study. Inelastic behavior is further categorized into rate dependent 
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and rate independent behaviors. Rate independent behavior is that of creep; however 

creep is not included in scope of this study. Therefore, plastic rate independent material 

model is generated. There are several further categories for plastic (rate independent) 

behavior of materials. Figure 4.5 shows an overview of different options available in 

ANSYS on the subject. 

 

Fig. 4.5: Material models available in ANSYS software 

There are two types of material hardening in plastic state which are rate 

independent, isotropic hardening and kinematic isotropic hardening. In isotropic 

hardening the yield surface can expand isotropically, i.e. same in all directions but the 

origin of the yield surface is stationary. There is no reduction in plastic limit of the 

material and it is suitable for single (one way) loading condition.Isotropic hardening is 

typically implemented for a single loading condition, i.e. compressing a column to failure 

or vice versa. 
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In kinematic hardening the yield surface translates from its original position. 

Thus, there being a change in center of stress origin. There is a change of plastic limit of 

material and this type of hardening is suitable for cyclic loading. Kinematic hardening is 

useful for simulating cyclic loadings or combining different loading states, e.g., cold 

bending followed by loading to collapse. Figure 4.6 shows the translation of yield surface 

from the origin in case of kinematic hardening while stationary yield surface origin can 

be seen for isotropic hardening. 

 

(a) Isotropic Hardening    (b) Kinematic hardening 

Fig. 4.6: Initial and subsequent yield surface for a given material 

 There are approximately 2000 elements in the base plate of 10 mm by 10 mm 

size. The size of the elements was reduced at the plate edges up to 20 mm by 20 mm to 

minimize the total number of elements in non-critical regions. The column itself is not 

critical, as the stress concentration was noted in the base plate next to column face. Each 

column face was having 10 mm by 20 mm elements. As the shell elements are having 4 

nodes, hence the total number of nodes for each element was 4. Approximate time for 

solving the model for a given load in nonlinear region with an INTEL ® i7 CORE ™ 

processor was 15 to 20 minutes. However, if 5 mm x 5 mm elements are used, the time 

might almost be doubled. The results (stresses and strains) obtained by using smaller 

elements are slightly higher than 10 mm x 10 mm elements. The difference in stress 

values is not large and therefore can be ignored to reduce the solution time. 
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 The nuts were modeled by increasing the thickness of base plate shell elements at 

nut location. The nuts were having thickness of 15 mm on top and bottom of base plate. 

Hence the thickness at those locations, the base plate was made 50 mm (15 mm + 20 mm 

+ 15 mm) thick. Detailed modeling of plate nut connection is not required as the stress 

concentration is low at these regions and the failure plane does not pass near it.  

4.4 Modeling Considerations 

When an element is subjected to increasing loads, the stresses start increasing 

until it eventually fails.   It is comparatively easy to determine the point of failure of a 

component subject to a single tensile force. The strength data on the material identifies 

this strength.   However, when the material is subject to a number of loads in different 

directions some of which are tensile and some of which are shear, then the determination 

of the point of failure is more complicated. 

Figure 4.7 shows that stress-strain curve comparison between brittle and ductile 

materials, along with highly ductile fracture in which the specimen necks down to a 

point, moderately ductile failure after some necking, and brittle fracture without any 

plastic deformation. 

 
   (a) σ−ε relation(b) high ductility    (c) medium ductility   (d) brittle 

 

Fig.4.7: Ductile versus brittle behavior of materials 
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Metals can be classified into ductile metals and brittle metals. Examples of ductile 

metals include mild steel and copper; on the other hand, cast iron is a typical example of 

brittle metal. Ductile metals under high stress levels initially deform elastically at a 

definite yield point. After passing the yield point the material experiences permanent 

deformations. Before failure a ductile metal will have experienced a significant degree of 

elongation. In brief, there is extensive plastic deformation and energy absorption 

(toughness) before fracture in ductile metals. Ductile materials fail on planes of 

maximum shear stress. Ductility is the degree to which a material will deform before 

ultimate fracture. Percentage elongation is used to measure ductility.  In general, ductile 

materials experience more than 5% elongation at failure; whereas brittle materials do not 

have the capability to go through such a level of deformation (Horne 1979). Brittle metals 

experience little ultimate elongation prior to failure and failure is generally sudden, 

without warning. There is little plastic deformation and low energy absorption before 

failure in brittle metals. Brittle materials often fail on planes of maximum normal stress. 

Structural steel is characterized by its capacity to withstand considerable 

deformation beyond first yield without fracture. When the load is applied to a steel 

specimen and is increased with time, initially the specimen behaves entirely elastic. This 

means that the stress in every fiber is proportional to its strain and to its distance from the 

neutral axis.  

 

                                (a) Elastic (b) Partially plastic  (c) Fully plastic  

 

Fig.4.8: Flexural stresses in steel cross-sections (Horne 1979) 
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When the load is further increased after the stress in the extreme fibers reach the value of 

yield stress, then the extreme fibers yield at constant stress while the fibers near to the 

neutral axis sustain increased elastic stresses. A zone of yielding (plastic zone) develops 

at the first critical section. The moment at this section remains more or less constant due 

to ductility of steel and the load is transferred to less heavily stressed portions (Horne 

1979). This creates new zones of yielding at other sections in the steel specimen until the 

maximum moment is reached at all critical zones. The plastic zones increase in depth 

until they reach the neutral axis. Beyond this point the structure would simply deform at 

constant load without any load increment and act as a hinge. This is referred to as plastic 

hinge and it carries a constant moment. The bending moment producing a plastic hinge in 

the section is called the full plastic moment. Stress distributions in a rectangular beam for 

elastic, partially plastic and fully plastic section are shown below in the figure 4.8. 

Generally codes (such as IS 800, BS 5950) allow use of plastic design only where 

loading is predominantly static and fatigue is not a design criterion. BS 5950defines the 

general requirements for utilizing plastic design concepts (Malik 1988). It says that, the 

yield plateau (horizontal portion of the curve) must be greater than 6 times the yield 

strain, the ultimate tensile strength must be more than 1.2 times the yield strength and the 

elongation on a standard gauge length should not be less than 15%.These limitations are 

intended to make sure that there is sufficiently large plastic plateau to enable a hinge to 

form and that the steel will not experience a premature strain hardening. 

Mesh size and type is also very important factor in modeling considerations. 

Triangular or tetrahedral elements must not be used to avoid rigid body motion in the 

model. Square shaped or else rectangular elements are preferred for finite element 

analysis. For high accuracy, the width to length ratio (aspect ratio) of any element should 

not exceed 1.5 (Nelson and Wang 2006). 

The appropriate mesh size for any object can be determined by plotting nodal 

stresses along each line in the mesh. This helps in identifying the stress jump at any point 

where more than one element connects together. However, it will be very vigorous task to 

check stress jump along each line in the mesh of thousand lines. An alternative option is 
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to use pressure bands which can show stress discontinuity. In case of inferior mesh size 

there will be stress discontinuity along the pressure band line. The stress discontinuities 

are represented by breaks in pressure bands. As the mesh is refined, the pressure bands 

become smoother. Smooth pressure bands indicate that the stresses are smooth within the 

object and the mesh is acceptable(Bathe 1982). The degree of refinement of the mesh 

actually depends on the nature of the analysis being performed. In case of linearly elastic 

analysis, coarse mesh is adequate to calculate displacements and stress intensity factors. 

However, to calculate stresses in linear elastic material analysis we need a fine mesh. For 

non-linear analysis there is always a fine mesh preferred because we need accurate 

stresses. Accurate stresses are required as we go through the time increments of load to 

determine exact yield point(Budgell 1999). Once the yield point is crossed the stresses 

will vary in a non-linear manner and accuracy is very important in determining them. 

Different mesh sizes were tried in ANSYS before selecting the most appropriate mesh 

matching the results of laboratory testing. 

There are generally three types of nonlinearities in a structure. When considering 

either highly flexible components, or structural assemblies comprising multiple 

components, progressive displacement gives rise to the possibility of either self or 

component-to-component contact. This characterizes to a specific class of geometrically 

nonlinear effects known collectively as boundary condition or ‘contact’ 

nonlinearity.Structures whose stiffness is dependent on the displacement which they may 

undergo are termed as geometrically nonlinear. Geometric nonlinearity accounts for 

phenomena such as the stiffening of a loaded clamped plate, and buckling or 'snap-

through' behavior in slender structures or components. Material nonlinearity refers to the 

ability of a material to exhibit a nonlinear stress-strain response. Elasto-plastic, hyper 

elastic, crushing, and cracking are good examples, but this can also include temperature 

and time-dependent effects such as visco-elasticity or visco-plasticity (creep).  

There is a rule of thumb that if the out of plane deflection of a flat plate is greater 

than half the thickness, then membrane forces start to become significant in resisting the 

externally applied load (Budgell 1999). In ANSYS, this calls for activating large 

displacement solution (geometric non-linearity). Membrane stresses can affect the 



44 
 

structure in gaining more strength or vice versa. If shell models of flat plates subjected to 

pressure or perpendicular forces are under study, then initially the shell will carry the 

applied load by bending. Membrane forces will begin to carry the applied load when the 

bending increases by half of the shell thickness. 

When the applied forces and displacements vary slowly then the analysis is called 

a static analysis. This means that the frequencies of the loads are much smaller than the 

natural frequencies of the structure.  Transient analysis is in which load is applied and 

removed or applied in both directions. We will consider a static analysis stress-strain 

curve studied beyond 6 times the yield strain according to BS 5950 (1988). 
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CHAPTER 5: LABORATORY TESTING 
 
 

5.1 Introduction 

In this study, full-scale models of base plates with anchor bolts and column were 

fabricated in the AUS Structural Laboratory for experimental testing. The base plates are 

placed inside a Universal Test Machine and loaded by the actuator head until failure. 

Continuous monitoring and storing of the data on the applied load and deformation 

during the test are done.  The base platemodels are tested for three types of loading: 

(1)concentric axial, (2) uniaxial bending, and (3) biaxial bending. 

The results from the laboratory testing of the specimenswerecomparedwith the 

corresponding results from the finite element modeling (FEM) in order to validate them. 

Validation of the finite element model islater done by modifying the mesh size, element 

types and connectivity. A parametric analysis is then carried out on typical base plate 

assemblies by changing the values of the important design parameters and quantifying 

their effects on the structural behavior of the base plates. This is followed by 

development of practical design guidelines. 
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5.2 Tensile Strength Test 

All base plates were made from A36 steel with nominal yield strength of 250 

MPa.  The actual material properties of steel used for fabrication of the base plates were 

found by tensile testing. A steel coupon sample was cut from the plate (cross section = 

7.85 mm x 14 mm) and tested in laboratory in a tensile testing machine. The sample was 

140 mm long and was placed between the top and bottom heads. The gauge length was 

110 mm for the test. The load was applied at a rate of 10mm/min. Results obtained from 

the tensile testing are shown in Fig. 5.1. Yield stress obtained was 255 MPa at the strain 

value of 0.0013, corresponding to an elastic modulus of elasticity equal to 196 GPa. 

Strain hardening was seen starting from 0.0073. These values are used later in ANSYS 

for finite element modeling of each specimen. 

 

 

Fig. 5.1: Testing of steel coupon inside a test machine 
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5.3 Preliminary Test Model 

Before starting with the actual testing in the laboratory a trial model was 

fabricated and completely prepared for testing according to the planned test setup. It was 

necessary that the concrete base support, anchor bolts and the column stay intact before 

the base plate fail. Buckling of column, failure of the concrete basesupport (for example, 

due to inappropriate lateral reinforcement or weak concrete) and anchor bolts bond 

failure have to be avoided since the study is concerned with the ultimate behavior of the 

base plate. The strain gauges needed to be tested as well to ensure that they are working 

properly and the readings are being recorded without interruption during the test. 

The trial model involved a 500mmx500mm, 14 mm-thick base plate that is made 

of A36 steel, as shown in Fig. 5.2. There were four anchor bolts located in the corners at 

75 mm from the edges. The anchor bolts were 19mm in diameter and 360 mm long, with 

50 mm L-shaped bend at their bottom. The leveling nuts that were used were 15 mm 

thick and placed at top and bottom of base plate. The column part was also made by 

welding four 4mm-thick plates at their corners, to make a 200mm x 200 mm tube.  The 

steel column was located in the center of the plate. 

 

Fig. 5.2: Trial specimen for laboratory testing 
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The foundation base was made from concrete with 30MPa target compressive 

strength at the age of 28 days. Formwork was erected with plywood available in the AUS 

workshop, as shown in Fig. 5.3. For this trial specimen, stirrups were not used in the 

concrete base, with the expectation that the concrete strength and support base thickness 

are large enough to avoid failure in the foundation. 

 

Fig. 5.3: Formwork for concrete base of trial specimen 

 

First the anchor bolts were placed in the holes of base plate and tighten with nuts 

from top and bottom. The specimen was then placed into the formwork, resting on the 

corner wood pieces to create vertical clearance (concrete cover) at the bottom. Sand, 

cement, aggregate and water were weighed and then laid into the concrete mixer. All the 

ingredients were thoroughly mixed in the concrete mixer before being poured into the 

formwork. The concrete was vibrated while being placed to avoid any segregation. Two 

U-shaped, No. 10bars were inserted into the foundation base to help handle the model 

prior to testing. The concrete was left to harden over time while being regularly cured 

with wet cloth, as shown in Fig. 5.4. The formwork was stripped after one week 

fromcasting.After 30 days of curing, the specimen was placed under a universal testing 

machine for testing. The strain gauges were installed on the base plate at three locations 

next to the column face and numbered. These locations were precisely measured and 

noted for calibration of the finite element model in ANSYS at a later stage. 
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Fig. 5.4: Curing of concrete base of trial specimen 

The strain gauges were installed on the top and bottom surfaces of the base plate. 

As the gauges are delicate and sensitive, the installation was very careful in order to 

ensure that they do not come in contact with any conducting material or else the gauge 

will not work. An area larger than the strain gauge installation should be cleared of all 

paint, rust, etc. and finally smoothed with a fine grade sand paper. This will provide a 

sound bonding surface and accurate strain measurements. The wires coming out of the 

strain gauges were connected to the data acquisition system. Up to 8 strain gauges can be 

connected at a time. The values are recorded using strain-recording software which gives 

strain readings against the time and loading stage. Table 5.1 below shows the properties 

of strain gauges used for strain measurements. 

Table 5.1: Properties of strain gauge 

Type: N11-FA-5-120-11VSE3 

Gauge Length: 15 mm 

 

Resistance: 120 (+/- 0.3%) 

Gauge Factor: 2.10 (+/- 1%) 

Thermal Expansion: 11 PPM/oC 
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The base plate surface was horizontally aligned by use of leveling instrument to 

eliminate any inclination or slope. The nuts were fastened firmly and the loading rate of 

15 KN/min was set in the UTM. This loading rate was chosen based on the fact that too 

high loading rate will create higher stresses in the base plate and too low rate will give 

lower yield point. The model was placed inside the UTM and the actuator head was set 

on top of the column of specimen, as shown in Fig. 5.5. The UTM test machine itself is 

connected with another automated system which records time and overall deflection with 

respect to the applied load through the actuator. It has to be made sure that both the strain 

measuring data acquisition system and the UTM data machine start recording the 

readings at the same time, or else the strain results will not be matching with the load. 

 

 

(a) Before the application of load   (b) At failure 

Fig. 5.5: Trial specimen placed under the actuator head of the UTM 

At the beginning of the test, no significant deflection was observed in the base 

plate through the naked eye up to 100 KN. After this load, the deflection could be visible 

and the recorded strains started to increase rapidly. The model failed at a load of 240 KN 

due to concrete base splitting around the anchor bars. The concrete base failed due to lack 
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of concrete confining ties/stirrups around the anchor bolts. There was almost equal 

deformation on all four sides of the base plate due to the axially applied load. The strain 

values received from this specimen were not analyzed thoroughly due to the premature 

failure. However, general review of the results showed that the maximum strain occurred 

at the base of column in the center of the base plate.  The trial test provided valuable 

information with regard to the need for confinement in the concrete foundation through 

stirrups/ties enclosing the anchor bolts to avoid any premature failure in the concrete. 

 

5.4 Concentric Load Test 

Following testing of the trial specimen, a new specimen with stronger column 

cross-section and confining ties in the foundation was built for the purpose of testing it 

under concentric loading. This was achieved by placing the actuator head of Universal 

Testing Machine on the top of the column. As in the trial specimen, the load was applied 

uniformly over the column head plate by the UTM and the base plate wasobserved under 

pure axial load through instrumentation, as shown schematically in Fig. 5.6. 

 

Fig. 5.6: Concentric load test setup 
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The base plate was made from A36 steel and the thickness of plate was again 14 

mm. Four anchor bolts with nuts were placed at 75 mm from corners’ edges around the 

500 x 500 mm base plate. 19 mm anchor bolts with length 360 mm and 50 mm bent at the 

bottom were used. The column was fabricated with A36 steel hollow tube of 8 mm 

thickness. Column size was 200 mm x 200 mm located in the center of the base plate.  

Figure 5.7 shows the steel superstructure prior to supporting it inside the concrete base. 

 

 

Fig. 5.7: Concentric load test specimen 

The foundation base was made from concrete having a target compressive 

strength of 30 MPa. Formwork was made for a 500 mm x 500 mm x 500 mm concrete 

block. No. 10 U-barsfor handling purposes were inserted into the block during the 

concreting stage to easily carry the specimen over the laboratory. Three rings of closed 

stirrups were made from No.10 bars and placed around the anchor bolts equally spaced, 

as shown in Fig. 5.8a. The concrete ingredients were mixed in concrete mixer and then 

poured into the formwork. The concrete was continuously vibrated during the pouring 

stage to avoid segregation in concrete, as shown in Fig. 5.8b. The specimen was then 

carefully lowered in the formwork while being filled with concrete.  
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 (a)  Confining ties around anchors                  (b) Vibration of concrete  

Fig. 5.8: Fabrication of the concentric load specimen 

The nuts were loosened and the base plate was taken off the concrete base to 

install the strain gauges on the base plate. Strain gauges were to be installed at 8 different 

locations on the base plate. Four of them were installed under the column edges from the 

bottom side of the base plate. Four were installed from top side of the base plate with two 

being diagonal to the edges and to perpendicular to the column faces.  Location of the 

strain gauges is shown in Fig. 5.9. 

 
(a) Bottom view    (b) Top view 

Fig. 5.9: Strain gauge location on the base plate 



54 
 

The surface of the strain gauges was thoroughly cleaned and oiled as per the 

manufacturer instructions before installing them to the base plate, as shown in Fig. 5.10. 

All wires had to be carefully glued to the base plate before lifting the specimen again and 

attaching it to the concrete base. The strain gauges were numbered and then connected to 

the data acquisition system. 

 

Fig. 5.10: Strain gauge installed on the base plate surface 

The base plate was leveled and the nuts were tightened properly. A gap of 80 mm 

was kept between the base plate and top surface of the concrete, to allow enough space 

for deformation of the base plate. The actuator head was brought on top of the column 

head and the loading rate was set to 15 KN/min. The load was gradually increased by the 

UTM.  As the load increased, the deflection of the base plate gradually became visible. 

The results from all eight strain gauges were recorded by the strain reading machine. The 

specimen failed at a load of 313 KN due to failure in the base plate and cracking in the 

foundation concrete. The base plate deflected by almost 50 mm during this time. There 

was buckling in anchor bolts, as shown in Figure 5.11. 
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(a) Before application of load  (b) After failure 

Fig. 5.11: Uniaxial load test specimen under the actuator head 

 

5.5 Biaxial Bending Test 

The base plate was loaded eccentrically by applying load through the actuator to 

the corner of the column head. A steel sphere was placed inside a hollow-shape holder 

cup welded to the corner of the column.  The actuator head was centered on top of the 

steel sphere located inside the cup. This type of loading producesbiaxial bending moment 

in the base plate, without greatly distorting the column.  Figure 5.12 shows the planned 

setup for biaxial bending test. 
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Fig. 5.12: Test setup for biaxial bending specimen 

The base plate and column properties are the same as for the uniaxial load test 

specimen. Thehollow-shape steel cuphas a 70 mm internal diameter, whereas the steel 

sphere has a diameter of 60 mm, to create a roller effect. The concrete base was made of 

the same characteristics as for uniaxial load test specimen. The steel closed stirrups were 

also of the same type and properties.  Three rings of the stirrups were placed around the 

four anchor bolts at 150 mm from each other to confine the concrete in the foundation. 
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(a) Side view    (b) Top view 

Fig. 5.13: Biaxial bending test specimen 

Strain gauges were installed with same care and procedure as for previous 

models. After gluing them the base plate was again fixed on top of the base and the 

location of strain gauges was measured and numbered. 5 mm strain gauges were placed at 

eight locations on the base plate, as shown in Fig. 5.14. Two gauges were placed 

diagonally at the column edge at the bottom face of the base plate while four other gauges 

were placed perpendicular to column edges from the same side. Top strain gauges were 

glued next to column edge diagonal and perpendicular to the column face. 

 
(a) Bottom view    (b) Top view 

Fig. 5.14: Strain gauge location on the base plate for biaxial bending test 

The specimen was leveled and the nuts were tightened. Then the actuator head is 

brought on top of the sphere and centered over it. The concrete was cleaned from top to 

level any uneven surface and the base plate was raised up to 80 mm from top of concrete 

by rotating the four nuts to the desired elevation. The loading rate was again fixed at 

15KN/min and the test was started. The base plate showed severe deflections near the 

column face at the loaded edge of the column, as shown in Fig. 5.15. The strains were 

recorded throughout the test until the failure of specimen base plate occurred at 220 KN. 

The base plate deflected approximately 70 mm and almost touched the top of the concrete 

block below when the test was stopped. By this time there was enough readings recorded 

by the data acquisition system for all the strain gauges. 
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(a) Before application of load  (b) At failure 

Fig. 5.15: Biaxial bending test specimen under the actuator head 

5.6 Uniaxial Bending Test 

The base plate assembly in this case was fabricated with anextendedsteel tube 

moment arm on top of the column so that the load will cause uniaxial bending in the base 

plate. The load was applied by the actuator head through cylindrical roller placed along 

the edge of the moment arm, as shown schematically in Fig. 5.16.  

To create a roller effect in the test specimen for the uniaxial bending specimen, a 

halfcylindrical hollow tube was welded to the edge of the moment arm. A solid steel 

cylinder was placed inside ofthe tube and the load was applied on top of the cylinder by 
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the UTM actuator head. The internal diameter of the hollow cylinder was 70 mm, 

whereas the solid steel cylinder was 60 mm in diameter. 

 

Fig. 5.16: Uniaxial bending test setup 
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Fig. 5.17: Uniaxial bending test specimen 

Figure 5.17 shows the completed specimen with the instrumentations just before 

being tested inside the universal testing machine. The base for this specimen was made 

initially by using the same 30 MPa concrete and three stirrups were tied around the 

anchor bolts. Additional transverse reinforcement was provided by placing two more 

stirrups along the length of the anchors. Unfortunately, during the testing there was 

premature failure in the concrete foundation block at a load of 65 KN.  Careful 

examination of the foundation concrete showed there was slipping between concrete and 

anchor rods when the concrete cracked at the bottom, as shown in Figure 5.18. The 

possible reasons for the failure of the concrete foundation were inadequate shear 

reinforcement, insufficient bottom cover on anchor bolts, low design concrete strength, 

and lack of enough bond between the concrete and the anchor bolts.  
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Fig. 5.18: Failure in the concrete base during the application of eccentric load 

As the steel base plate was not damaged during the test, the anchor rods were 

taken out of the concrete base and the formwork was rebuilt again. This time the depth of 

formwork was increased from 400 mm to 500 mm and the length along the eccentricity 

of the load was increased from 750 mm to 800 mm. The concrete mix was redesigned to 

achieve a target compressive strength of 50 MPa, while stirrups were designed to avoid 

the shear failure. More controlled concreting was carried out in the second trial. The 

concrete mix design is presentedin the Table 5.2 and the new specimen is shown in Fig. 

5.19. 

Table 5.2: Concrete mix design components 

Target Strength f’c = 50 MPa 

C
on

st
itu

en
ts

 Sand 20.4 Kg 

Coarse Aggregate 29.1 Kg 

Cement 14.3 Kg 

Water 5.3 Kg 
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Fig. 5.19: New uniaxial bending test specimen 

The formwork was stripped after few days and the concrete was regularly cured 

until the day of testing. Five of the eight gauges were to be installed at the bottom of the 

steel base plateand the remaining 3 gauges on the top. The surface was properly prepared 

and the strain gauges were firmly glued to the base plate. Strain gauges once installed for 

the first try could not be removed after the test failed. All precautions were taken to 

protect the strain gauges from any damage during the second concrete process. However 

one of the strain gauge was not working due to unknown reasons. From the obtained test 

results, it was found that four out of the five strain gauges were working at the bottom 

side of the base plate while all three of those glued on top side were in working condition. 

All of the strain gauges were placed perpendicular to the column faces in the direction of 

eccentric load. The location of all strain gauges is as shown in Figure 5.20. 
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  (a) Top view       (b) Bottom view 

Fig. 5.20: Strain gauge location on the base plate for uniaxial bending test 

The base plate was leveled and the nuts properly tightened before the start of the 

test. The base plate was raised up from the top of the concrete block to 80 mm to allow 

enough deformation. The loading rate was set at 15KN/min. The base plate showed large 

deflection and the test was stopped at 114 KN when the base plate touched the concrete 

surface due to the extensive deformations. 

Photos of the steel base plate before and after application of the load are shown in 

Figure 5.21. Note that the anchor bolts deflected in the lateral direction a lot due to the 

large deformations within the base plate at the end of the test.  
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(a) Before application of load   (b) After failure 

Fig. 5.21: New uniaxial bending test specimen under the actuator head 
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CHAPTER 6: PARAMETRIC STUDY 
 
 

6.1 Introduction 

In this study, the finite element method was used to analyze the full-scale 

experimental models that were discussed in Chapter 5.  The preliminary finite element 

model was calibrated based on the strain readings from the 3 tested specimens.  In 

addition, the nonlinear behavior of over 45 steel base plates on leveling nuts was 

considered.  As parametric studies areoften the basesbehind recommending design 

guidelines for structures; such as approach is used ion this investigation to develop a 

practical design approach for the considered steel base plate type.The important 

parameters considered in this study are the thickness of the base plate, size of the tubular 

column, nut size, number of bolts, bolt diameter, spacing between the bolts, distance 

between the bolts and face of the column,and clearance between the base plate and 

concrete footing. These parameters are studied under three types of loadings through the 

supported column: (1) concentricload, (2) biaxial bending, and (3) uniaxial bending. 

6.2 Preliminary Model 

The initial ANSYS model was first intended to predict the elastic behavior of base 

plate by the software. It was modeled after the geometry and material properties of the 

test specimen in the laboratory.  A vertical downward, concentric load was applied 

through the cross-section of the column, as shown in Figure 6.1. SHELL 63 elements 
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were used for the base plate, column portion and nuts. The thickness and dimensions of 

the shell elements were defined as per the laboratory model. Yield strength of the teel 

was defined as 250 MPa which was similar to what was obtained from tensile testing of a 

steel coupon taken from the base plate. Bolts were designed with BEAM 4 elements with 

yield strength defined as 250 MPa. Both SHELL 63 and BEAM 4 are capable of only 

linear elastic analysis.  After the elastic model was successfully created, the next step was 

to create a finite model with consideration of the nonlinearity of the materials.   

 

Fig. 6.1: Preliminary ANSYS model of steel base plate on anchor bolts 

In the trial base plate model assembly, the experimental results were recorded at 

three locations onthe steel base plate, as shown in Figure 6.2, and the same locations were 

analyzed in ANSYS for comparison. Strain gauges were carefully installed at three points 

next to the column face and the load was applied axially through the centroid of the 

column.  Two of the strain gauges were installed perpendicular to the column face while 
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the third was diagonally installed at the column edge. It must be noted that strains 

obtained from software are based on linear elastic material properties of steel while those 

from laboratory testing are based on the actual material properties. Therefore, deviation 

between the numerical solution and experimental results was noticed at all three locations 

once the stress exceeded the yield point stress. The nonlinear behavior of the considered 

steel base plate was clearly visible at all locations and is shown in Figures 6.3 and 6.4 for 

the stain gauges at locations 1 and 3.  The next section addresses nonlinearity in the 

material properties in the finite element model.  

 

 

Fig. 6.2: Strain gauges installed on base plate at location 1, 2 and 3 (left to right) 
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Fig. 6.3: Recorded and computed stress-strain curves at location 1 

 

 

 

Fig. 6.4: Recorded and computed stress-strain curves at location 3 
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6.3 Calibration of the FEM Model 

The modeled was rectified based on the results from trial specimen and ANSYS. 

SHELL 63 elements were replaced with SHELL 181 and SHELL 43 elements. Both 

SHELL 43 and 181 elements are 4 node plastic large strain elements with six degrees of 

freedom at each node. If convergence problem occurswith SHELL 43 elements then 

SHELL 181 elements can be used. SHELL 181 elements are preferred for layered 

applications in modeling laminated composite shells or sandwich construction. Change in 

shell thickness is accounted for in nonlinear analysis with SHELL 181 elements [32]. 

Comparison was made between SHELL 43, SHELL 181 and laboratory test 

results for the concentric axial load case. The deflection was measured on top of column 

head and compared among the three models. Figure 6.5 shows that SHELL 43 elements 

follow the laboratory test results more closely when compared with SHELL 181 

elements. 

 

 
Fig. 6.5: Deflection of column head with applied load for concentric load case 
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The results show that SHELL 181 elements behave more rigidly when compared 

to SHELL 43 elements due to presence of membrane stresses. Although theeffect of the 

deformation of the base plate on the structural behavior is accounted for in SHELL 181 

elements, SHELL 43 will be selected for further analysis in ANSYS as it replicates the 

test results more accurately. 

Other changes made in the model include the change in material properties as 

shown in Figure 6.6. Base plate material properties were defined as bilinear elasto-plastic 

behavior with modulus of elasticity in the plastic range being equal to zero. This means 

that stress remains constant after the yield point. 

 

 
(a) Bilinear Isotropic hardening properties                (b) Linear Isotropic properties 

Fig. 6.6: Material properties tabs in ANSYS 

 

Anchor bolts were modeled using BEAM 188 elements, where are suitable for 

analyzing slender to moderately thick beam components. This element is based on 

Timoshenko’s beam theory and supports the nonlinear behavior properties [32].  

However, this modeling does not impact the results significantly as the buckling in bolts 

is not dominant because of its short height.  Figure 6.7 shows how the properties of the 

element are entered in ANSYS.  
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Fig. 6.7: Beam element properties tab in ANSYS 

Nuts and column elements were also modeled with SHELL 43 elements but this 

does not affect the solution as the regions with high stresses are always within the base 

plate, in the vicinity of the column, while stresses in column and nuts stay well below the 

elastic limit. 

Analysis options were also modified from the preliminary elastic model and 

nonlinear solution options were set. More details about the solution options have been 

discussed in chapter 4. 

In what follows, comparisons between the experimental results and finite element 

findings are presented for the three specimens that were tested in the lab under the three 

different loading conditions: (1) concentric axial load, (2) biaxial bending, and (3) 

uniaxial bending.  Figure 6.8 shows the specimens that were discussed earlier in Chapter 

5. Once the finite element models are validated, detailed parametric studies are conducted 

on each case to investigate the effect of various design parameters on the flexural 

behavior of the base plate. 
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Fig. 6.8: Base plate models that are later investigated in ANSYS  
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6.4 Parametric Study for theConcentric Load Case 

A parametric study was carried out in ANSYS after consideration of the results 

obtained from lab testing for the concentric load case. The first case was replica of the lab 

test model to verify the model with the actual results, and the values of strains received 

from the lab testing were compared with ANSYS strain values at the same locations. 

Figures 6.9 and 6.10 show how closely the results from ANSYS matched with the 

lab results at the strain gauge locations as shown in reference to Figure 5.8. This ensures 

the compatibility and accuracy of ANSYS model with the experimental results. A curve 

is also shown in the graph for strain values obtained when using more rigid SHELL 181 

elements for the base plate design. Due to symmetry of the specimen under observation 

the results from all four symmetrical locations are almost similar; thus, indicating the 

validity of the strain readings from the experiments. Also, the results confirm that the 

applied load is axially concentric; consequently, no effect of accidental moment is 

included in this case in either direction. The lab testing results at four locations are 

slightly varying from each other as it is difficult to install strain gauges exactly at same 

point on each side.  As expected, strains can be seen increasing linearly at the start of the 

test until the load limit of 150 KN; thereafter, the strains increase rapidly in the plastic 

region under constant stress. Furthermore, Figures 6.9 and 6.10 shows that the strains are 

comparatively higher at location 5 and 7 than at other locations since these regions reach 

the yield point earlier than the rest of the base plate.  
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Fig. 6.9: Comparison between strains at location 1 to 4 for concentric load case  

 

Fig. 6.10: Comparison between strains at location 5 to 8 for concentric load case  
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Table 6.1 shows the complete data of each model studied under the effect of 

concentric loading along with the calculated influence effective widths of the base plate 

contributing to full plastic yielding across the plate thickness. Each case is discussed in 

the parameter study later with figures showing the change in the maximum stress in the 

base plate with increasing loads.  Note that the acronyms contained in Table 6.1 (as well 

as in Tables 6.2 and 6.3) are illustrated in Figure 6.11. 

 

Table 6.1: Parametric study results in ANSYS under Concentric load 
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Fig. 6.11: Acronyms used in Tables 6.1, 6.2 and 6.3 

(a) Plan

(b) Elevation

Bend-line 1
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6.4.1 Effect of Base Plate Thickness 

In the parametric study, the value of one parameter is modified (increased or 

decreased) from the standard case while other design parameters in the model were kept 

unchanged.  In this section, the effect of the base plate thickness on the flexural stresses 

within the plate is considered.  As expected, the obtained results from the analysis 

showed that the yield stress is reached much earlier (at lower load levels) in case of 

reduced base plate thickness and vice versa for thick base plates. Lower loads from the 

column to reach the yield point in the plate also mean that the calculated effective width 

islarger and almost equal to the width of the base plate under consideration. For thick 

base plates only very small section of the base plate is completely plasticized, while the 

rest is still partially plastic or within the elastic range. The deflection recorded for three 

cases show that the thin base plates had more ductility but less strength. The thick base 

plate showed higher strengths but was less ductile with the applied load. Figure 6.12 

shows the maximum deflection measured in base plate at the column edges with the 

applied load. It can be seen that the deflection continues to increase after the yield in case 

of thin base plate. 

 

Fig. 6.12: Effect of base plate thickness on structural behavior for concentric load case  

0

100

200

300

400

500

600

0 1 2 3 4 5 6 7 8

To
ta

l L
oa

d 
(k

N
) 

Maximum Deflection (mm) 

Thickness 10 mm

Thickness 20 mm

Thickness 30 mm



78 
 

6.4.2 Effect of Column Size 

For studying the behavior of different column size on base plates, every model 

was separately built in the software. The material properties and solution control remain 

the same in each case. It was observed that the increase in column size spreads the 

stresses around the base plate over a long length. This reduces the stress concentration 

within a small area as in case of small columns. The yield stress is reached earlier with 

small column at center of the base plate. Yield stress in base plate was reached at a load 

of approximately 80 KN for 100 mm x 100 mm column, whereas for 200 mm x 200 mm 

column the load required was around 140 KN.It can be seen in figure 6.13that the 

deflections are higher in case of smaller column as compared to large column. It must be 

noted that even when the column size is varied, the bolt location is fixed; hence, the bolt 

eccentricity affects the plate deflection. Higher loads can be reached before yield for 

large size columns; however the plate fails soon after the yield point. On the contrary, the 

plate can take large deflections when a smaller column is placed at the center. 

 

Fig. 6.13: Effect of column size on structural behavior for concentric load case  

 

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6 7 8 9 10 11 12

To
ta

l L
oa

d 
(k

N
) 

Maximum Deflection (mm) 

Col. Size 100 mm x 100 mm

Col. Size 200 mm x 200 mm

Col. Size 300 mm x 300 mm



79 
 

6.4.3 Effect of Bolt and Nut Size 

Change in bolt diameter affects the stability of bolt under increasing loads. Small 

diameter bolts are easily buckled due to the smallmoment of inertia of the cross section. 

However, the deflection in base plate is not significantly changed due to the bolt size, as 

shown in Fig. 6.14. Practically speaking bolts and nut size is always kept standard based 

on base plate thickness according to AISC specification for structural steel buildings. 

ASTM A36 and A307 bolts are generally used for practical purposes in base plate design 

and they do not show any signs of significant buckling before the collapse of steel base 

plate. However, the study was carried out to observe the changes in stress after the yield. 

 
Fig. 6.14: Effect of nut and bolt size on structural behavior for concentric load case 
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Fig. 6.15: Effect of under-plate clearance on structural behavior for concentric load case 
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Fig. 6.16: Effect of distance between bolts on structural behavior for concentric load case 

 

6.4.6 Effect of Bolt Eccentricity from Face of Column 

Distance of bolt from column face plays a vital role in stress distribution and 

magnitude around the base plate. Three different cases were studied to analyze the effect 

of bolt eccentricity, as shown in Fig. 6.17. In case 6a the bolts were placed farthest apart 

from the column face and for case 6b the bolts were brought near to the column face. The 

third case 1a was with bolts at center of distance between column face and base plate 

edge.  

The yield point was reached at lower loads when the bolts distance was increased 

from column face. This is due to increased moment arm resulting in higher bending 

stresses across the base plate. The base plate behaved more rigidly when bolts were 

placed near to the column face as the moment arm was shortened and hence the 

deflection reduced. The graph ahead shows the deflection in the plate under the applied 

load. The maximum deflection point in the plate was noted in each case and plotted. As 
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0

100

200

300

400

500

600

700

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

To
ta

l L
oa

d 
(k

N
) 

Maximum Deflection (mm) 

4 Bolts

8 Bolts



82 
 

carrying capacity of the plate is greatly reduced, however the plate continues to deflect 

under the applied load without failing.  

 

Fig. 6.17: Effect of bolt eccentricity on structural behavior for concentric load case 
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6.5 Parametric Study for the Biaxial Bending Case 

Parametric study was carried out in ANSYS based on results obtained from lab 

testing. To verify the model with the actual results, the first case was replica of lab test 

model and the values of strains those received from lab testing were compared with 

ANSYS strain values at same locations under biaxial loading. 

Load was applied 30 mm at a node inside form the edge of the column head. This 

created a similar impact ANSYS as that in Laboratory model with U shaped cup welded 

at the corner of column head. Strains were analyzed at eight locations similar to those 

where strain gauges were installed in testing specimen. 

The values of the strains recorded from laboratory testing machine were plotted 

together with those from ANSYS model. It can be seen from Figures 6.18-6.23 that the 

paths followed by the strains at those locations in ANSYS are similar to those recorded in 

laboratory. 

Fig. 6.18: Comparison between strains at location 1 and 3 for biaxial bending case. 
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Fig. 6.19: Comparison between strains at location 2 for biaxial bending case 

Fig. 6.20: Comparison between strains at locations 4 and 6 for biaxial bending case 
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Fig. 6.21: Comparison between strains at location 5 for biaxial bending case 

 

 
Fig. 6.22: Comparison between strains at location 7 for biaxial bending case 
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Fig. 6.23: Comparison between strains at location 8 for biaxial bending case 
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Table 6.2: Parametric study results in ANSYS under Biaxial Bending Load

 

6.5.1 Effect of Base Plate Thickness 

The load was applied at the edge of the column head through a node to create the 

effect of Biaxial loading. Effective width gradually reduces with increasing plate 

thickness. As expected, Figure 6.24shows the maximum deflection in the plate under 

biaxial bending load. As in case of concentric loading, the plate acts more ductile when it 

is thin and reaches high strain values after yield point. This shows high ductility of the 

plate under the load without failing. Thick base plate even though has higher yield 

strength but is more rigid and cannot take much load after yield point and fails. 
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A load of 20 KN reaches the yield point for a 10 mm thick base plate whereas a 

load of 150 KN is required to reach yield point in case of a 30 mm thick base plate. It 

must be noted that the load mentioned here only represent the maximum stress at given 

load in the base plate. The critical failure plane is parallel to edge of the column instead 

of face of the column as in case of uniaxial loads. Once the yield point is crossed the 

stresses increase uniformly in case of thick base plate (case 1c), while the thin base plate 

(case 1b) cannot take more loads after few increments. 

 
Fig. 6.24: Effect of base plate thickness on structural behavior for biaxial bending case  

6.5.2 Effect of Column Size 

Change in column size affects the stresses in base plate but not as significantly as 

plate thickness. The load was applied at top corner node of column head in ANSYS as 

shown in Figure 6.25. The deflection values obtained from the ANSYS analysis are 

plotted in graph ahead. It can be seen in figure 6.26that the small column has higher 

eccentricity and hence creates more deflection before failure. In each case the final strain 

reached after the yield point was more than 10 times the value of yield level strain. The 

failure plane is always parallel to column edge at which load is applied. The effective 

width calculated reduces with increasing column size. 
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Fig. 6.25: ANSYS model of case 2a with eccentric load applied at the corner of column 

 

Fig. 6.26:Effect of column size on structural behavior for biaxial bending case 
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6.5.3 Effect of Bolt and Nut Size 

The size of nut and diameter of bolt are not significant for stresses developed in 

base plate as the exposed length of anchor bolt is very small and hence buckling effect is 

not initiated. Too thin bolt will simply fail under the applied load and will not give any 

results for stresses in base plate. The graph obtained by plotting the stresses obtained 

from ANSYS for parametric study done on varying bolt sizes and those from laboratory 

are shown in Figure 6.27. It can be seen that it is not a significant factor in base plate 

design as the stresses remain almost the same with increasing loads. 

 
 
Fig. 6.27:Effect of nut and bolt size on structural behavior for biaxial bending case 
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Fig. 6.28:Effect of under-plate clearance on structural behavior for biaxial bending case 
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Fig. 6.29:Effect of distance between bolts on structural behavior for biaxial bending case 
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Fig. 6.30:Effect of bolt eccentricity on structural behavior for biaxial bending case 
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Fig. 6.31: Deflected shape of model of the tested specimen in uniaxial bending 

The position of strain gauges installed on steel base plate is shown in Figure 5.19. 

There were four strain gauges attached on bottom side of the plate and three on top.As 

there was problem with concrete foundation of this model and concreting was done again, 

two strain gaugesgotdamaged and gave incorrect strain values. The results from strain 

gaugesat location 1 and 3 were ignored. 

The strains measured at these locations were compared with those from ANSYS. 

Figures 6.32-6.37 show the compatibility of the ANSYS results with Laboratory results. 

Compressive strains were recorded at location 3 in laboratory testing which are shown as 

positive strains. Meanwhile tensile strains occurred at location 4, 5, 6 and 7 which are 

shown as negative strains in the graph. Location 8 also showed tensile strains similar to 

location 1. The most extreme strains were recorded at location 3 with strains reaching 

values of 0.006 at a load of only 90 KN. The strain gauges got detached after this load 

due to severe deformation at this location. The results from ANSYS were almost identical 

to those obtained from the laboratory testing; thus, validating the finite element model. 



95 
 

Fig. 6.32: Comparison of strains at location 3 for uniaxial bending case 

Fig. 6.33: Comparison of strains at location 4 for uniaxial bending case 
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Fig. 6.34: Comparison of strains at location 5 for uniaxial bending case 

Fig. 6.35: Comparison of strains at location 6 for uniaxial bending case 
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Fig. 6.36: Comparison of strains at location 7 for uniaxial bending case 

Fig. 6.37: Comparison of strains at location 8 for uniaxial bending case 
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 The results from ANSYS and laboratory testing machine were closely matched at 

each location. The strains induced in the base plate increase gradually at almost all 

locations and then after 70 – 80 KN of load there is sudden sharp increase in the strains.  

This parametric study was carried out by applying load on one side of the column 

head and thus creating effect of bending moment about one of the axis. The load was 

applied through two nodes located at opposite corners of same side, as shown in Fig. 

6.38. Alternatively a line load can also be applied at the column head edge which gives 

almost similar results. Figure 6.38 shows the point loads as applied on column head. 

 

 

Fig. 6.38: Load at two top corner nodes on column head for uniaxial bending effect 
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Table 6.3 shows the effective widths calculated from ANSYS parametric study 

carried out under uni-eccentric load effect. The parameters defined in each case are also 

tabulated with highlighted column showing the changing parameter.  Note that the 

acronyms contained in Table 6.3 were illustrated in Figure 6.11. 

 

Table 6.3: Parametric study results under Uniaxial BendingLoad 
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6.6.1 Effect of Base Plate Thickness 

Base plate thickness was varied by 10 mm in each case and the results were 

recorded. The failure in each case occurred parallel to face of the columnedge which was 

directly under load. The graph below shows the maximum deflection values in plate with 

load increment in three different thickness cases. The thin base plate deflected more 

under the load before ultimate load. The ultimate load was not very high in thick base 

plates (30 mm) as compared to moderately thick (20 mm) or thin (10 mm) plates. The 

plastic deflection region was thus comparatively very limited for thicker plates. It is 

important to note that again as in case of biaxial bending loads, the plastic strain values 

were more than 10 times the yield point strains. The effective width varied by 

approximately 70 – 80 mm with every 10 mm increase in base plate thickness. The stress 

increase was very gradual in case 1c when the base plate was very rigid, as shown in Fig. 

6.39. 

 

 
Fig. 6.39: Effect of base plate thickness on structural behavior for uniaxial bending case  
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6.6.2 Effect of Column Size 

The column size was reduced and enlarged from the standard 200 mm column in 

the center while keeping the same base plate size and bolt location. It was observed that 

reducing the column size increased the rate of stresses with changing load. The effective 

width decreased by almost 100 mm with every 100 mm increase in column size. The 

failure is still parallel to face of the column. The yield point reaches within 60 to 120 KN 

for all cases of base plate thickness 20 mm but different column size. Figure6.40 shows 

the deflection curves in each case, with 200 mm x 200 mm column being moderate, while 

the other two having extreme behaviors. Large column size results into higher ultimate 

load but lower plastic strain and plastic deformations.  

 
Fig. 6.40:Effect of column size on structural behavior for uniaxial bending case 
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plate first. Figure 6.42 shows that yield point is reached much earlier in the base plate, 

however this is only due to large deformations in the case of very thin bolts. In practical 

cases such bolts are not allowed by the code to be used with a thick base plate. 

 
 
Fig. 6.41: Effect of nut and bolt size on structural behavior for uniaxial bending case 
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Fig. 6.42: Effect of under-plate clearance on structural behavior for uniaxial bending case 

 

6.6.5 Effect of the Distance betweenthe Bolts 
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Fig. 6.43:Effect of distance between bolts on structural behavior for uniaxial bending 
case 
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Fig. 6.44:Effect of bolt eccentricity on structural behavior for uniaxial bending case 
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CHAPTER 7: RESULTS OF THE ANALYSIS 
 
 

7.1 Introduction 

The results of the parametric study in the previous chapter were analyzed based 

on angle of plasticized section. The angle from the center of bolt to a failure line (often 

occurring at the face of the column) was measured for each case. These angles, referred 

to as influence angles, give an idea about how much of the base plate width is effectively 

utilized in resisting the bending at ultimate failure conditions.In each case, the load was 

applied until the plastic strains within the base plate reach at least a value of 6 times the 

yield strain or an unstable plastic configuration is obtained.  

In general, codes such as IS 800 (2007) or BS 5950 (1988) allow the use of plastic 

design only when the behavior of the structure is ductile, loading is predominately static 

and fatigue is not a design criterion. BS 5950 describes the restrictions on the properties 

of the stress-strain curve for steel used in plastically designed structures. First, the yield 

plateau (horizontal portion of the curve) must be greater or than 6 times the yield strain.  

Second, the ultimate tensile strength must be more than 1.2 times the yield strength.  
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Finally, the elongation on a standard gauge length is not less than 15%.These limitations 

are intended to ensure that there is a sufficiently long plastic plateau to enable a hinge to 

be formed and that the steel will not experience a premature strain hardening. 

When a wide base plate is subjected to flexural effect through loading from the 

anchor bolts, not all the width of the plate is utilized in resisting the bending moment.  

Often, the base plate regions between the anchor bolts and face of the column are highly 

strained; thus, the load-carrying capability of the base plate is governed by the number 

and size of these regions.  Figure 7.1 shows the influence angles from the centroid of an 

anchor bolt to two potential failure planes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1: Bend- lines and influence angles due to flexural effect 

 

The influence angles that were tabulated in the Chapter 6 for the three considered load 

cases (Tables 6.1-6.3) were calculated based on the following procedure.  First, the 

α α 
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nonlinear analysis is carried out in ANSYS until some elements within the base plate 

reach an ultimate strain equal to 6 times the yield strain.  At that level of loading, the 

forces in the anchor bolts (denoted by Fi) are determined.  The moment at a critical bend-

line is determined from:  

M = ΣFi*ei 

whereeirepresents the eccentricities of all the contributing anchor bolts from the critical 

bend-line.  As the applied moment must equal to the resisting moment, a plastic moment 

capacity is obtained as a function of how much of the base plate width, b, can be 

effectively utilized in resisting the applied moment by full plastic yielding: 

M = Z *Fy 

whereZ = b * (t)2 / 4 

andFy is the yield stress of the base plate, and t is the thickness of the base plate. 

By equating the applied moment at the critical bend-line to the resisting moment, one can 

compute the effective width of the plate, b.  Once the width b is calculated, the influence 

angle α for base plates containing 4 bolts that are somewhat close to the edge of the plate 

(𝛼 > tan−1 �𝑙
𝑒
�) can be obtained from: 

𝛼 =  tan−1 �
�𝑏
2
− 𝑙�
𝑒

� 

wherel is the distance from a bolt to the edge of the plate.  For base plate with 4 bolts per 

base plate that are well inside the plate (𝛼 < tan−1 �𝑙
𝑒
�), the influence angle α for the 

bolts is obtained from: 

𝛼 =  tan−1 �
𝑏

(4 ∗ 𝑒)
� 
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For the standard case “Case 1a”, the calculations are as follows; 

t = 20 mm 

Fy = 250 MPa 

e = 75 mm 

For a case of 2 bolts located opposite to the failure line; 

F = (300/4 * 2) KN 

M = 150,000 * 75 = 11,250,000 N/mm2 

b = (M * 4) / (t2*Fy) 

b = 450 mm 

Assuming the bolts are too close to the plate edge such that the edge distance is fully 

utilized in resisting bending (𝛼 < tan−1 �𝑙
𝑒
�): 

tanα = (b/2 – l)/e 

orα = tan-1[(450/2 – 75) / 75] 

α = 64o 

Note that α = 64o< tan-1(l/e) = tan-1(75/75) = 45o 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.2: Definition of influence angle α 
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7.2 Effect of Base Plate Thickness 

The effect in critical angles and hence the effective width is discussed in this 

section. The table 7.1 shows the angles obtained for various cases under the effect of 

three types of loadings followed by some screen shorts taken for a case in ANSYS 

showing flexural stress distribution within the base plate at maximum load. 

 

Table 7.1: Influence angles for various base plate thicknesses and loadings 

LOAD/ CASE Concentric Uniaxial Bending Biaxial Bending 
1b (10 mm) 66o 67o 62o 

1a (20 mm) 64o 57o 49o 

1c (30 mm) 62o 50o 40o 

1d (40 mm) 60o 39o 32o 

 

In case of uniaxial loads, the angles reduce slowly with increasing base plate 

thickness. It must be noted that each degree of angle reduces the effective width by a 

large extent, depending on the eccentricity of bolt from column face. The strains are more 

widely distributed in thick base plates as compared to thin base plates. This is due to the 

fact that the plastic hinge is created at lower loads and before the propagation of stresses 

across the plate. For uniaxial bending, the angles are more quickly reduced with changing 

base plate thickness. The bending moment produced by such loads is critical in creating 

the plastic hinge along one of the column face. However, in case of biaxial bending the 

failure plane is shifted from the interface between the column edge and base plate to a 

diagonal line tangent to the column corner, as the bending moments are induced about 

two axes instead of one. The angles might be small for biaxial loads but it must be kept in 

mind that the critical bolt is the one that has the largest force. As the angle is taken only 

from one anchor bolt instead of two anchor bolts, the plastic hinge is formed opposite to 

the column edge for biaxial loads unlike for uniaxial bending or concentric loads that 

have critical bend regions parallel to the column face.   
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Another trend of reduction in angle can be noticed for the same plate thickness 

but different load eccentricity. The angles reduce for the base plate of the same thickness 

from concentric to uniaxial bending and then further for biaxial bending. This indicates 

the importance of load under consideration for a given base plate thickness, as shown in 

Fig. 7.3.  

 

Fig. 7.3: Effect of base plate thickness on influence angle for different load cases 

 

The flexural stress distribution at the top of the base plate screen shots taken from 

ANSYS are shown in Figures 7.4-7.6 for the case of 20 mm base plate thickness and 

three considered loading types. Figure 7.4 shows the stress contours when the load is 

applied concentrically without any effect of eccentricity, resulting in maximum stress 

regions formed at column edges. Figure 7.5 shows the same but for the uniaxial bending 

load case, resulting in maximum stresses only along one face of the column which 

indicates the plastic hinge formed there. For biaxial loading, the moment is generated 

about two axes and hence the corner edge of the column is under maximum flexural 

stress; thus, resulting in a plastic hinge being formed along the tangent to this edge, as 

shown in Fig. 7.6. 
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Fig. 7.4: Stress distribution under concentric load  

 

 

Fig. 7.5: Stress distribution under uniaxial bending load  
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Fig. 7.6: Stress distribution under biaxial load (Top plan view) 

 

7.3 Effect of Column Size 

The column size affects the length of effective width and, consequently, the the 

magnitude of the influence angle. Table 7.2 shows the influence angles obtained for the 

various column sizes under the effect of three types of loadings followed by some screen 

shots taken for one case in ANSYS showing flexural stress distribution within the base 

plate at maximum load. 

Table 7.2: Influence angles for various column sizes under three types of loadings 

LOAD/ CASE Concentric Uniaxial Bending Biaxial Bending 

2a (100 mm x 100 mm) 54o 51o 42o 

1a (200 mm x 200 mm) 64o 57o 49o 

2b (300 mm x 300 mm) 72o 69o 65o 

Change in column size affects the angle in two ways for a given base plate 

dimension. There is an increase in the influence angle with increasing column size for 
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uniaxial load.  This means that more parts of the base plate are engaged in resisting the 

load in bending. Similar change but lower angles are obtained for case of uniaxial 

bending load effect. Small angles mean smaller effective width of the base plate. 

Effective widths calculated for biaxial loading are the smallest but they are also due to 

the fact that the plastic hinge is formed opposite to one anchor bolt only. Increasing the 

column size generally spreads the load evenly and the stresses are more evenly 

distributed. This results in large plastic region and so the influence angle widens. 

There is decrease in effective width for the same column width but high eccentric 

loads. As expected when the loads are applied at the corner of a column (biaxial bending 

case), the stress concentration is more at the column edge under the load.In all types of 

loadings it is observed that most of the base plate area is under high stresses when the 

column size is smaller. Hence increasing the column sizes effects the base plate load 

carrying capacity positively and higher loads can be resisted by the base plate. 

The bar charts shown in Figure 7.7 confirm the angles for various cases under 

different loading condition. The most maximum case is of biaxial bending load case 

applied to the smallest size column. Most uncritical case is of concentric load on a large 

size column. 
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Fig. 7.7: Effect of column size on influence angle for different load cases 

 

The screen shots shown in Figures 7.8-7.10 represent the stress distribution at the 

top of the base plate for small, medium and large size column under the effect of uniaxial 

bending load. The base plate size and location of anchor bolts remain the same in all 

cases. It can be noticed that the base plate next to column face on which load is applied 

completely forms plastic hinge. As the column size increases the maximum stresses 

appear only at column edges.  
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Fig. 7.8: Stress distribution under uniaxial bending case on small size column 
 
 
 
 

 
 

Fig. 7.9: Stress distribution under uniaxial bending case on medium size column  
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Fig. 7.10: Stress distribution under uniaxial bending case on large size column  
 

 

7.4 Effect of Nut and Bolt Size 

The nut and bolt size are not critical in deciding the effective width as the failure 

is always in the base plate if the nuts and bolts are selected according to the ASTM 

standard. Table 7.3 shows the angles obtained for various cases under the effect of three 

types of loadings. 

Table 7.3: Influence angles for various nut and bolt sizes under three types of loadings 

LOAD/ CASE Concentric Uniaxial Bending Biaxial Bending 

3a (Nut = 20 mm x 20 mm, 
Bolt diam = 10 mm) 58o 49o 39o 

1a (30 mm x 30 mm, Bolt 
diam = 20 mm) 64o 57o 49o 

3b (40 mm x 40 mm, bolt 
diam = 30 mm) 67o 66o 55o 
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Generally, by increasing the bolt diameter and nut size the deflection in the base 

plate increases. As the bolts get more rigid due to increase in diameter, they do not buckle 

easily under the loads and allow the plate to deflect with increasing loads. This results in 

increase of influence angle at failure because the stresses are spreading along the base 

plate column connection instead of being concentrated at the column face near the bolt. 

For the uniaxial bending loading case, the large nuts and bolts limit the stress propagation 

outside the region between the column and nuts. The most critical case is when the nut 

and bolts are small and too weak and deflect easily under the applied load.  

The most critical case is of biaxial bending load effect as the eccentricity of loads 

is largest and there is only one bolt to resist the most of the load applied. This creates 

concentration of stresses around the column edge opposite to the bolt. As small-diameter 

bolts deflect easily under applied load, maximum strains are observed in such cases. 

However, in practical cases the bolts are having considerably much higher yield strength 

as compared to base plate and therefore this also might not be considered as a significant 

factor in base plate design. 

 

7.5 Effect of Under-Plate clearance in the Base Plate 

The clear spacing is left under the base plate to allow the electrical cables to go 

out from the bottom of the column to the connection area. This space also allows enough 

space for the deflection of base plate under the applied load. Table 7.4 shows the angles 

obtained for various cases under the effect of three types of loadings. 

Table 7.4: Influence angles for under-plate clearance under three types of loadings 

LOAD/ CASE Concentric Uniaxial Bending Biaxial Bending 
4a (25 mm) 62o 56o 48o 

1a (75 mm) 64o 57o 49o 

4b (100 mm) 64o 58o 50o 

It can be observed that there is no significant change in the influence angle; 

hence, the effective width of the base plate for a given loading type is negligibly affected. 
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The influence angles are slightly lower for the uniaxial bending case and further reduced 

for maximum case of biaxial bending load effect. Therefore,the clear spacing does not 

affect the effective width of base plate on leveling nuts. Figure 7.11 shows the change in 

the influence angle with different loading types. 

 
 
Fig. 7.11: Effect of under-plate clearance on influence angle for different load cases 
 
 

7.6 Effect of Bolt Spacing in the Base Plate 

 The critical angle reduces with increasing number of bolts. This is due to the fact 

that the spacing between the bolts reduces and hence the angle also reduces. However, it 

is important to note that effective width of the base plate is large in case of more bolts as 

critical regions are formed and become connected opposite to each bolt. 

Table 7.5: Influence angles for different bolt spacing under three types of loadings 

LOAD/ CASE Concentric Uniaxial Bending Biaxial Bending 
1a (350 mm) 64o 57o 49o 
5b (175 mm) 49o 48o 37o 
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Increase in number of bolts on each side of the base plate results in reduced 

spacing between bolts, provided that the base plate width is kept constant. Consequently 

the total load is divided among more bolts and the load is more equally distributed all 

around the base plate. By reducing the distance between bolts or increasing the number of 

bolts, there is sometimes overlapping and sharing of some stress regions. Generally, the 

load capacity of base plate increases with increase in number of bolts as the load is 

divided in more number of bolts. 

For concentric loads, the failure is along any of the column face if the bolt 

distribution is symmetric. As the number of bolts increase and the distance between the 

bolts reduce, the stress regions sometimes overlap and the angles are hence reduced. Also 

the base plate is plasticized at all four sides in a continuous line along the column face 

with severe stress concentration at column edges. This is due to more bolts resisting the 

deflection of the base plate in the area opposite to them. Similar behavior is observed 

under uniaxial bending loads where complete edge is plasticized and failure is along the 

column face under the effect of uniaxial bending load. 

The failure line for the biaxial bendingcase is tangent to column edge on top of 

which the load is applied. If the number of bolts is increased symmetrically then the plate 

is plasticized in a continuous line on both column faces connecting the loading edge.  

The screen shots from ANSYS on Figs. 7.12 and 7.13 show the stresses generated 

at the top of the base plate under the effect of uniaxial bending for a case of four and 

eight bolts within a plate, respectively. It can be observed that as the number of bolts is 

increased, the maximum stress regions within the base plate are likely to overlap, causing 

an increase in the effective width and the influence angle.  This confirms the statement 

that the stresses are generated in a region opposite to anchor bolts under the applied load. 

Note that the red regions in the Figure 7.12 and 7.13 show areas under compression while 

blue regions indicate tensile stresses. 
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Fig. 7.12: Stress distribution under uniaxial bending for the case of 4 bolts 
 
 
 
 
 

 
 
Fig. 7.13: Stress distribution under uniaxial bending for the case of 8 bolts 
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The stress distribution in case of biaxial bending is shown in Figures 7.14 and 

7.15. The compressive stress region is formed at column edge at top of which the load is 

applied. Two smaller compressive stress regions can also be seen at the adjacent column 

edges. The opposite edge is under tensile stresses due to the pull created by biaxial 

loading. The plastic hinge is only formed at the corner of column edge. This plastic hinge 

meets the two small compression regions on adjacent column edges when the number of 

bolts is increased and can be seen in Figure 7.15. This is due to equal and more uniform 

distribution in case of more bolts which also increases the load carrying capacity of base 

plate.   

 

 
 

Fig. 7.14: Stress distribution under biaxial bending for the case of 4 bolts 
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Fig. 7.15: Stress distribution under biaxial bending for the case of 8 bolts 
 

 

7.7 Effect of Bolt Eccentricity in the Base Plate 

 The bolt eccentricity is perhaps the most important factor in base plate design 

irrespective of the type of loading applied. Table 7.6 shows the results of angle calculated 

by varying the spacing and position of anchor bolts respective to column. The column 

size and base plate parameters were kept constant in all cases.  

 

Table 7.6: Influence angles for varying bolt eccentricity under three types of loadings 

LOAD/ CASE 
(eccentricity) 

Concentric Uniaxial Bending Biaxial Bending 

6a (110 mm) 62o 56o 46o 

1a (75 mm) 64o 57o 49o 
6b (40 mm) 71o 67o 64o 
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Increase in distance between bolt and column face results in reduction of angle. In 

other words the load carrying capacity of base plate is reduced when bolts are placed far 

away from the column face. Large moments are created due to high deflection in base 

plate as the supports (bolts) are placed at a distance from loadingedge (column).  

Under concentric loads, the failure is always along the face of the column for any 

eccentricity of the bolts. However, as the bolts get closer to the face of the column, the 

deflection in the base plate is reduced and so are the stresses. The worst case is when the 

bolts are farthest apart from the column face, resulting in high stress zones along the 

column base plate connection. 

For uniaxial bending, the failure is also always noticed along the column face for 

all location of bolts. The stresses begin to dissipate on the other side of column face when 

the bolts are placed too close to the column face. Therefore, the angle widens with 

decreasing eccentricity of bolts from column face or edge. 

Under biaxial bending, the failure line is always tangent to column edge on top of 

which load is applied. Like uniaxial loading condition, in this case also the stresses 

reduce as the bolt gets near to the column face or edge. The stress concentration increases 

along the tangent line when the bolts are placed farther away, due to increasing moment 

arm and hence the deflection of base plate. 

The bar chart in Figure 7.16 shows the comparison of influence angles for 

different bolt eccentricities and loading type. The most critical case is again of biaxial 

loading when the eccentricity is at maximum, i.e. the bolts are far away from the column 

edge. 
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Fig. 7.16: Effect of bolt eccentricity on influence angle for different load cases 

  

The screen shots from ANSYS shown in Figure 7.17, 7.18 and 7.19 present the 

stress contours for the case of uniaxial bending at ultimate loading condition for various 

bolt eccentricities. It can be seen that when the anchor bolt is placed closer to the column, 

the maximum compressive stress region starts to split at the column edge for the case of 

uniaxial bending load effect. This is due to the fact that the bolt being too close to the 

column edge does not allows enough room for the base plate to vertically deflect at the 

corner.  
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Fig. 7.17: Stress distribution under uniaxial bending for large bolt eccentricity 
 
 
 
 

 
 

Fig. 7.18: Stress distribution under uniaxial bending for medium bolt eccentricity 
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Fig. 7.19: Stress distribution under uniaxial bending for small bolt eccentricity  
 

Effective width increases with increasing eccentricity of the bolts from the 

column edge. This can be observed in the ANSYS screen shots presented in Figs. 7.20-

7.22 for the case of biaxial bending where the extreme compressive stress region reduces 

with the reducing distance of bolt from column edge. The plastic hinge is first formed 

across the column edge when the anchor bolt is farthest apart from the column. Reduction 

in compressive stress region is observed in the final case with small bolt eccentricity. 
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Fig. 7.20: Stress distribution under biaxial bending for large bolt eccentricity  
 
 
 

 

 
 

Fig. 7.21: Stress distribution under biaxial bending for medium bolt eccentricity 
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Fig. 7.22: Stress distribution under biaxial bending for small bolt eccentricity 
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CHAPTER 8: DESIGN GUIDLINES 
 
 

8.1 Introduction 

 In this chapter, the finite element analysis results obtained in previous chapters 

are used to develop practical design guidelines of steel base plates on leveling nuts. The 

results obtained were combined together to come up with equations which can help 

calculate the critical angle of influencegenerated from the critical bolt(s) to the critical 

bend line(s) within the plate. This angle will be used for calculating the effective width of 

the base plate and, consequently, aid in the selection of an optimum thickness of the base 

plate. The proposed equations of the influence angle are function of the critical design 

parameters determined earlier, i.e. the type of the applied loading, plate thickness and 

bolt eccentricity from the column face.  

 



131 
 

8.2 Design Guideline for Concentric Axial 

 The concentric axial load case on base plate on leveling nuts causessymmetrical 

flexural stresses within the plate. The finite element analysis showed that this load was 

found to be the least critical on the base plate design when compared with the other load 

cases, if the load is the same in all. It was noted that there was a reduction of two degrees 

in angle with every 10 mm increase in the base plate thickness under concentric loads on 

base plate assemblies. In terms of bolt eccentricity form column face, the influence angle 

reduced with an increase in eccentricity. Based on the results of Chapter 7, an equation is 

derived which takes into account the bolt spacing from the column face and the thickness 

of base plate. The column size is also taken into account by the bolt eccentricity. The 

clear spacing and bolt sizes were ignored because of their insignificant results. The 

failure plane was always found to be parallel to the face of the column when the bolt 

distribution was symmetrical and concentric loads were applied.  The influence angle (in 

degrees) is obtained by curve fitting to the finite element results: 

𝛼 = (67° − 2𝑡) ∗ (1.2− 0.003𝑒)                                                8.1 

wheret is the thickness of base plate (mm), and e is the eccentricity of the line of bolts 

from the face of the supported column (mm).  

The angle calculated using above equation was found to be always marginally less 

or equal to the angle calculated using results from ANSYS. Therefore, the above equation 

is conservative for design of base plates under concentric axial loads. This equation can 

be applied in case of symmetric distribution of anchor bolts on around the base plate. 

 

8.3 Design Guidelines for UniaxialBending 

 The results from ANSYS were analyzed for all the uniaxial bending load cases 

and it was noticed that the angle reduced by almost ten degrees for every 10 mm increase 

in base plate thickness. In this case, the large bending moment in the base plate is mainly 

generated about one axis. The influence angle is also affected by the eccentricity of the 

anchor bolts from the column face.  Based on the finite element results, an equation 
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having a similar format to Eq. 8.1 was derived which gives close results to those from 

ANSYS for please with various geometries. Equation 8.2 takes into consideration the 

base plate thickness and bolt eccentricity, as these are the major factors affecting the 

effective plate width.  The influence angle (in degrees) can be obtained by curve fitting to 

the finite element results: 

𝛼 = (75° − 𝑡) ∗ (1.25 − 0.002𝑒)                                                  8.2 

where, t is the thickness of base plate (mm), and e is the eccentricity of the line of bolts 

from the face of the supported column (mm).  

The above equation gives reasonable results to ANSYS. The plate thicknesses 

obtained with this equation for various geometries were compared with those from 

ANSYS and they showed marginal deviation, but on the safe side. However, it is only 

applicable to symmetric distribution of bolts around the column, which is commonly the 

case in base plate assemblies. The failure plane was found to be always at the interface of 

the column with the base plate for uniaxial bending load cases.  

 

8.4 Design Guidelines for Biaxial Bending 

 Finally, the third equation was derived for the biaxial bending condition, a load 

which generates large moments about both axes in the base plate. The results obtained by 

varying bolt location in the base plate and the thickness of base plate were studied for this 

loading condition. Equation 8.3 shows the expression of the influence angle (in degrees) 

obtained from the effective widths for all the considered cases using curve fitting: 

𝛼 = (70° − 𝑡) ∗ (1.25 − 0.002𝑒)                                                    8.3 

 It can be noticed that the angle is much lower in case of biaxial bending loads as 

these loads are usually concentrated over one of the bolts located in corner. The results 

from the equation were verified with those stated in previous chapters from ANSYS 

parametric study. The results obtained from the above equation fairly agree with the 
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ANSYS findings. Note that all possible failure planes must be verified in case of biaxial 

bending, as the location of bolts might create a failure plane parallel to the column face 

sometimes instead of tangent to the column edge.  If failure at the interface between the 

column and the base plate is investigated, then the expression of the influence angle in 

Eq. 8.2 must be used.  When both cases are considered, the most critical case, 

corresponding to the need for largest plate thickness, shall be selected. 

 

8.5 Example 

Let us now solve the same example of axial load and bending moment as done by 

different methods in chapter 3. The bolt reactions will be calculated in the same way as in 

Example 4 of Chapter 3 and are taken directly as 147 KN for each bolt on compression 

side of the base plate. 

The base plate thickness is assumed to be 30 mm initially to verify if it is 

sufficient to resist the applied uniaxial bending load effect on the base plate. Using this 

base plate thickness and bolt eccentricity of 75 mm in Equation 8.2 we get the influence 

angle: 

𝛼 = (75° − 𝑡) ∗ (1.25 − 0.002𝑒) 

𝛼 = (75 − 30) ∗ (1.25 − 0.002 ∗ 75) =  50° 

For each bolt, the effective width of the base plate in resisting bending at the face of the 

column may be obtained, with consideration of the influence angle, from: 

𝑤 = 𝑆𝑚𝑎𝑙𝑙𝑒𝑟[2(𝑒 ∗ tan 50°), (𝑒 ∗ tan 50°) + 𝑙] 

𝑤 = 𝑆𝑚𝑎𝑙𝑙𝑒𝑟[(2 ∗ 75 ∗ tan 50°), (75 ∗ tan 50° + 75)] = 164 𝑚𝑚  

For two bolts contributing to the failure line, the effective width will be 2*164 = 328 mm 

(which is less than the total 500 mm width of the plate). 
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This effective width can now be used in Equation 3.11 to check if the base plate thickness 

assumed is sufficient against the applied moment: 

𝑡 =  �
Σ(𝐹𝑖 ∗  𝑒𝑖) ∗ 4

𝐹𝑦 ∗ 𝑤 
 

𝑡 =  �
2 ∗ 147000 ∗ 75 ∗ 4

250 ∗ 328
 

𝑡 = 32.8 𝑚𝑚 

Since the required thickness is almost same as assumed in the influence angle expression 

(only 6% difference), there is no need to go back and reiterate the process. Hence, a 

minimum practical thickness for the base plate may be taken 33 mm.   

Note that in this example no consideration was given to the resistance factor since the 

intent of the example is not to design the plate based on an LRFD basis but rather to 

come up with a plate thickness that agrees with the ANSYS result. 

It can be noted by comparing the above result with that of Example 4 in Chapter 3 that 

the base plate thickness by this method is higher. This is because the effective width of 

the base plate in resisting bending is considered instead of the complete width. It is 

calculated by using the influence angle based on base plate yielding under the applied 

load. This gives more accurate scenario of the non-linear behavior of base plates under 

different type of loads and bolt eccentricity. 
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CHAPTER 9: SUMMARY & CONCLUSIONS 
 

9.1 Summary 

Base plates with leveling nuts are extensively used in the utility industry to 

supports columns carrying cables, pipes, signs, lights. The purpose of the leveling nuts is 

to provide a mean for adjusting the alignment and final inclination at the top of the 

structure since the top of the concrete foundation is not always level. The space under the 

base plate is sometimes grouted after erection of the structure, but experience has shown 

that it cannot be reliably counted on it due to its low durability and susceptibility to 

concrete cracks and spalling even under normal environmental conditions. The applied 

loading on such structures are more often concentric axial loads from self-weight of the 

structure and either uniaxial or biaxial bending from the overhang arms and occasional 

lateral wind loads.  
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The literature review showed that there is limited research on the behavior of base 

plates resting on leveling nuts. The flexural stresses generated in the base plate due to the 

applied loads cannot be predicted with the available simple procedures. Another 

important unknown is the effective width of the base plate which is to be used in 

computing the section modulus equation of the base plate since not all the base plate 

contribute to resisting the flexural effect due to the presence of high local stresses, 

particularly around the corners of the supported column.  

The objective is this study was to develop a rational procedure for proportioning 

the geometry of a steel base plate on leveling nuts subjected to gravity and lateral loads. 

The procedure can be readily used by PracticingEngineers in the field for designing new 

such support connections and evaluating existing ones. Three experimental full-scale 

models were fabricated and tested in AUS laboratories. The results obtained from the 

laboratory testing were used to calibrate a finite element model created in the ANSYS 

software. After verification of the software model with the laboratory test results, a 

parametric analysis of base plate was carried out by changing parameters such as 

thickness, bolt location, column size, clear spacing under the plate, nut and bolt size, and 

number of bolts and determining their effect on the structural behavior of the base plate.  

The reactions at anchor bolts for various cases were taken from software to 

compute the effective width of the base plate in each particular case. The effective width 

was then used to calculate the influence angle progressing from the anchor bolts towards 

the failure plane or critical bend-line. The critical influence angles were studied and 

analyzed to derive equations which give close results to those calculated by the finite 

element method. 

 

9.2 Conclusions 

The results of the study lead to the following important conclusions: 

1. Not all the base plate width contributes to resisting the applied moment within the 

plate.  Regions of local flexural stresses within the base plate are always 
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generated, even when the applied load is symmetrical.  The most heavily stressed 

regions are at the corners of the column within the base plate.  

2. The results from finite element analysis showed that the location of anchor bolts 

and the width of column are the most important factors to influence the flexural 

stress distribution in the base plate.  

3. The study also revealed that the maximum flexural stress regions start originating 

opposite to anchor bolts next to the column edges and continue increasing along 

the column face with increase in loads. However, this is true for based plate 

assemblies subjected to concentric axial load or uniaxial bending only. In case of 

biaxial bending, the failure line is usually (but not always) along a tangent to the 

column corner and the plastic hinge develops along this bend-line. 

4. The nature of loading (whether concentric or eccentric) greatly affects the extent 

of the effective width of the base plate, which consequently dictates the required 

base plate thickness.  

5. The yield strength of the plate has a negligible effect on the influence angle and 

effective width of the plate. 

6. Preliminary sizing of base plates using simple equations that are based on finite 

element results is possible.  The equations derived in this study give adequate 

results if all possible failures at bend-lines are investigated. 

7. The clear spacing under the base plate and the size of nuts and bolts do not greatly 

affect the flexural behavior of base plates on leveling nuts if they had reasonable 

values from common practice. 

 

9.3 Future Research proposals 

Future research in the area of base plates on leveling nuts shall consider various 

shapes of columns. Circular, wide flange, hexagonal column shapes can be considered for 

analysis. Also, the base plate and column connections with stiffeners can be of interest to 

see how the stiffners affect the stresses developed in the base plate. Non-symmetrical bolt 

distribution can also be studied to see deviations in the results. Dynamic loads effects and 

fatigue life due to repetitive wind loads may also be considered.   
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