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1. Introduction
Marine structures, especially those made of reinforced 

concrete piers with circular cross sections, play a very impor-
tant role in supporting infrastructure located in both coastal 
and offshore areas. These structures could be subjected to 
various loading conditions. In this regard, the durability and 
performance of reinforced concrete piers in marine environ-
ments are of prime importance from the viewpoint of struc-
tural integrity and service life. Circular reinforced concrete 
(RC) piers are among the most important structural mem-
bers and are widely applied in primary structures in many 
engineering fields, including bridges, buildings, and marine 
structures. Their popularity is due to a number of advanta-
geous features such as ease of construction and high load-car-
rying capacity. Owing to these properties, they are particular-
ly suited for vertical load-carrying purposes under difficult 
structural circumstances, with good efficiency and reliability. 

The analysis and prediction of the load-carrying capacity of 
circular RC columns are significantly more complex than 
those of rectangular RC columns. Such complications arise 
because of the peculiarities of the geometric configurations, 
stress distributions, and failure mechanisms related to their 
circular cross-sections. Indeed, it was underlined in previous 
studies [1, 2] that the peculiar structural behavior of circular 
RC columns requires more sophisticated approaches for 
accurate capacity estimation. To solve these problems, many 
researchers have developed effective and simplified methods 
for predicting the structural resistance of uncorroded circular 
RC columns. In such methods, computational efficiency must 
be balanced with predictive accuracy to enable engineers to 
check structural safety and performance under different load 
conditions. The most valuable contributions in this area have 
been provided [2, 3]. 

Various studies in this field provide general informa-
tion about the behavior of such structures. Their behavior 
under seismic loads has been studied on RC columns and 
bridge piers based on strengthening techniques and mate-
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rial properties. Image processing to observe thin cracks in 
an RC bridge pier demonstrates the potential of advanced 
techniques for structural health monitoring [4]. Laboratory 
tests and numerical simulations of barge impacts on circular 
RC piers [5] have analyzed the degree of reinforcement and 
concrete strength affecting the seismic performance, and how 
different material selections affect the structural behavior 
during earthquakes has been presented. The compressive 
strength related to the improvement in the structural capaci-
ty of hybrid concrete-steel systems has been investigated for 
circular concrete-filled steel pipe columns [6, 7].

A study investigated the inelastic behavior and ductility 
capacity of circular hollow RC bridge piers under seismic 
conditions to provide a better design for earthquake resist-
ance [8]. The axial load axial deformation behavior of circular 
concrete columns reinforced with GFRP bars and helices has 
been investigated, and this may provide insight into alter-
native strengthening materials available to improve column 
performance [9].

In the reliability-based capacity design of reinforced 
concrete bridge structures, the view that safety should be 
guaranteed through the design of the structure [10] has been 
proposed, and the reinforcement of the concrete column 
with square reinforcement for circularization and FRP con-
finement has provided an effective strengthening method 
to improve column strength. The cyclic behavior of FRP 
concrete bridge pier frames contributes to the improvement 
of knowledge regarding the dynamic load on a bridge struc-
ture [11, 12].

Axial crushing of circular columns has been investigat-
ed, and important data have been provided to improve the 
design of structures subjected to extreme loads [13]. The 
behavior of double-walled circular cantilevered columns 
filled with concrete under compression provides valuable 
insights into the design of tubular structures [14].

The stress-strain behavior of concrete in circular columns 
partially wrapped with FRP strips has contributed to the 
development of effective confinement techniques to improve 
column performance. Models for evaluating circular con-
crete columns confined with different FRP composites have 
advanced the understanding of the interaction between con-
crete and FRP materials in column behavior [15, 16]. Finally, 
experimental investigations on circular concrete columns 
reinforced with GFRP bars and helices under different load-
ing conditions further support the practical application of 
GFRP reinforcement in concrete columns to improve strength 
and durability [17].

Recent studies have focused on the stress-strain state 
and bearing capacity of concrete elements represented by 
compressed reinforced concrete and pipe-concrete ele-
ments. An investigation was conducted on both the stress-
strain condition and bearing capacity of axially compressed 
pipe-concrete elements and annular-section reinforced con-
crete elements, and important results were obtained with 
reference to their mechanical behavior and practical appli-
cation [18, 19]. In addition, the getting of the «moment-cur-
vature» diagram for RC elements has been investigated, 
and calculation methods for reinforced concrete beams have 
been advanced [20]. Further studies have been directed 
toward nonlinear deformation models for circular-section 
compressed reinforced concrete elements, providing novel 
insights into the stress-strain analysis approaches and 

bearing capacities of such structures [21, 22]. In addition, 
the stress-strain behavior of circular-section compressed 
reinforced concrete elements was investigated based on 
two-axis diagrams of the material, which are important for 
effective structural design [23, 24].

In this study, analytical formulas were developed to 
evaluate the general performance of circular piers as sup-
port structures for marine structures. A methodology was 
developed to determine the stress deformation state and 
bearing capacity of circular section short-span RC elements 
under compression by applying a biaxial diagram to model 
the compression behavior of concrete. This methodology 
provides the opportunity to determine the bearing capacity 
regardless of the eccentricity of the compression force and the 
flexibility of the element. The developed analytical method 
has the potential to predict the behavior of piers in marine 
structures more accurately. To test the accuracy of this meth-
odology, a comparison was made with the finite element 
method using the DIANA FEA program [32], and the relia-
bility and validity of the results obtained using the analytical 
formulas were determined.

2. Problem statement
2.1. Theoretical background of the problem and 
analytical solution proposition
Compressed RC piers are among the most common 

load-bearing components used in marine constructions. RC 
piers are used as structural supports, and their cross-sec-
tional shapes are typically circular. The geometric configu-
ration is advantageous because it resists loads uniformly in 
all directions, making the circular sections highly efficient 
for load-bearing purposes. The geometry of the circular 
cross-section introduces complicated developments in sim-
plified methodologies for engineering calculations. In most 
cases, it is not possible to develop simple formulas for these 
elements because of their complicated structural behavior. 
Thus, normative documents and design codes normally 
recommend analysis using approximate methods. Such 
recommendations represent a balance between compu-
tational simplicity and accuracy, enabling practical engi-
neering solutions. On the other hand, modern structural 
design theories aim to optimize the exploitation of material 
strength reserves. The development of computational tools 
and advanced analytical procedures allows for more accu-
rate modeling of stress-strain relationships with respect to 
the optimum performance and safety margins. The stress-
strain behaviors of concrete (fig. 1a) and reinforcing steel 
(fig. 1b) in tension and compression are usually modeled 
using bilinear diagrams according to modern construction 
standards, which are more commonly known as two-axial 
stress-strain models [25, 26, 31]. These diagrams effectively 
and in a simplified form but representative-display materi-
al behavior that enables advanced numerical and analytical 
evaluations.

Stress-strain diagrams have been conventionally used 
for specifying the mechanical behavior of heavyweight con-
crete under short-term loading conditions. These diagrams 
can be applied with a better approximation for concrete with 
compressive strength classes not greater than B60. Some 
simplifying assumptions were valid for under mentioned 
class. For example, it could be assumed that εb2

 = 0.0035, 
and hence, there is a direct proportionality between the 
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stress and strain within the elastic region. For heavyweight 
concrete, one may suggest that εb1

 = 0.0015;  εb0
 = 0.002; and 

σb1
 = 0.6 ⋅ Rb. These equalities indicate the equivalence in 

behavior between different deformation zones within the 
performance limit of the material. Furthermore, the stress-
strain diagram shows that stress σ is a function of deforma-
tion ε. Considering the deformation value, the stress was 
determined using the following expression:

(1)
1
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1
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According to the section calculation of the considered RC 
element (fig. 2), when the plane section hypothesis is accept-
ed for a complex section [18-23, 31], the distribution of the 
deformation over the height of the section can be written as  
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 In this case, depending on the position of the neutral axis, 
the following equations can be written for the internal normal 
force and bending moment arising from the normal compres-
sive stresses in the concrete in the section:
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The integrals above can be expressed in a simpler manner 
as follows:
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b) If εb
 ≥ εb1 (fig. 2b);
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Fig. 1. Stress-Strain relationship of concrete (a) and reinforcing steel (b)

Fig. 2. Calculation scheme for cross section based on bilinear diagram
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Considering the function (5) included here, (8) and (9) 
can be written for the internal force and moment as
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According to figure 2 in the above equations;  
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Here, it is assumed that the reinforcement bars work 
similarly in tension and compression, that is, Rs

 = Rsc. If the 
total number of longitudinal reinforcement bars in the cross 
section is denoted by Rs , then according to figure 2, the defor-
mation of the reinforcement bars can be written as

(14)( ) 1 2sin , , , ... ,b
sj sj sj sx R R j k

x
εε ϕ= ⋅ − + ⋅ =

The following equations can then be written for the inter-
nal normal force and bending moment arising in the section 
from the normal stresses in the reinforcement bars:
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 In these equations, the quantity Asj is the cross-sectional 
area of the j-th reinforcement bar.

According to this calculation scheme, if we approximate 
the bent axis of the shaft as  
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the maximum deflection of the shaft can be expressed as f, the 
deformation of concrete on the compression face of the most 
stressed section εb , and the parameter x, which determines 
the position of the neutral axis in this section, 
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Based on the above equations, the equilibrium equations of 
the support structure in compression on the most stressed 
section can be written as
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2.2. Solution of problem
Thus, the solution of the problem is reduced to the solu-

tion of a system of nonlinear equations in terms of parame-
ters εb and x, which are the main parameters characterizing 
the state of stress-strain deformation in the most stressed 
section. After these two parameters are determined, the other 
parameters can be easily calculated. Because the obtained 
system was nonlinear, its analytical solution was not possible. 
The application of the semi-inverse method proposed in [18] 
to solve this system is effective. The essence of this method is 
that, based on the deformation diagram of concrete in com-
pression, the interval of change of deformation εb is known in 
advance. Assuming the value of this parameter, the param-
eter corresponding to the accepted value of the deformation 
can be determined with any accuracy from the equation of 
the unknown obtained from Eq. (20).

(21)
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Subsequently, the value of the slope is determined based 
on (18), and finally, the value of the external compressive 
force P is determined based on the first equation of the sys-
tem (20). Based on the described methodology, P ÷ f «load-
displacement» curve can be easily constructed based on 
which the load-bearing capacity of the compressed element 
can be determined. In addition, based on Eqs. (13) and (14) 
obtained above, the stresses in the reinforcement bars can be 
determined at each solution step. This allows tracking of the 
nature of the changes in the stresses in the reinforcement rods 
depending on the loading level.

3. Parametric study
A corresponding software module was developed to 

apply the proposed analytical calculation algorithm, and 
various parametric studies were conducted using this mod-
ule. The main objective of this study is to analyze the effects 
of different parameters on the performance of piers and to 
demonstrate the practical effectiveness of the proposed meth-
odology. During this study, the elements were conditionally 
subjected to central compression. In addition, the value of the 
eccentricity of the compressive force was assumed to be equal 
to the value of the random eccentricity (e = 0.01 m), and the 
model was adapted to real structural conditions. In the anal-
ysis process, various variable parameters were considered, as 
shown in table 1. The strength of concrete at different values ​​
was analyzed, and the relative amount of reinforcement in 

Fig. 3. Calculation scheme for eccentrically 
compressed piers
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the concrete cross-section was taken as a variable parameter, 
considering the different heights of the pier. Different values ​​
were selected for each parameter, and the behavior of the 
structural elements under load was simulated. 

4. FE verification
A validation process was conducted to corroborate the 

accuracy and reliability of the proposed analytical method-
ology using one of the analyzed FE piers. Through this, the 
FE analysis simulated the mechanical behavior in  piers with 
higher accuracy compared to methodologies related to qual-
ity assessment.

In the analysis, the dimensions and material properties 
of the pier were carefully selected and modeled according 
to the previous mentioned analytical method parameters. 
The total height of the pier was assumed to be 3 m, and the 
radius was 0.3 m. The material properties were taken as B30 
class concrete and 350 MPa for the tensile strength of the 
reinforcement. During the design, 12 reinforcing bars, each 
with a diameter of 20 mm, were used to analyze the bearing 
capacity and mechanical behavior. These reinforcements 
were evenly distributed inside the pier, and an adherent-slip 
model was applied to ensure an effective adhesion with the 
concrete (fig. 4).   

In the FE model, the concrete and embedded reinforce-
ments were modelled using 3D solid elements. The cracking 

behavior of concrete was described by a general deformation 
crack model, and its behavior up to the breaking point was 
studied by pushover analyses. The Hognestad curve was 
used to model the compression behavior of the concrete, 
and an exponential softening model was used for the tension 
[33, 34]. The behavior of the reinforcement elements was 
modeled together with the concrete based on the adher-
ens-slip model, and linear plastic hardening based on von 
Mises plasticity was considered [34-36]. In the FE model, 
3D solid elements (HX24L) were used, which allowed an 
accurate description of the complex geometry. Three degrees 
of freedom are provided for each node in the model. Both 
material and geometric nonlinearities were considered, and 
realistic features such as crack initiation and propagation, 
plasticity, and large deformation were included.  The behav-
ior of the scaffold under load was studied up to the point of 
failure through pushover analyses. Post-peak behavior was 
observed by successively increasing the point loads. The 
loads were applied in increments ranging from 1.0 to 5.0 kN, 
and this approach ensured both the stability and efficiency of 
the analysis process. In the FE analysis, the convergence cri-
teria were strictly followed, and the main output parameters 
such as displacement and stress distribution were analyzed.

5. Results and discussion
5.1. Effect of  concrete compressive strength 
(concrete class) on the structural performance 
of RC circular  piers
This study comprehensively addressed the influence of 

the concrete compressive strength on the load-bearing capac-
ity of a circular RC pier. As expected, the results showed a 
significant correlation between increasing the class of con-
crete and enhancing the structural performance (fig. 5). It 
was determined from the analysis that the maximum load for 
B20 class concrete was 3982.8 kN. Considering the B30 class 
concrete, the maximum load further increased to 5309 kN 
with an increase of 33.4% in the load-carrying capacity. In the 
case of the B40 class concrete, the maximum load is further 
increased to 6512.9 kN. This constitutes a further increase of 
22.7% over and above the B30 class, and a total increase of 
63.5% over the B20 class.  It was determined that owing to the 
increase in class, some deformation indicators showed minor 
declines that helped to maintain the stability of piers at max-
imum load application. All classes have similar deformation 

Table 1 
Details of parametric study

Research parameteres Output of parametric study Other design 
parmateres of study

Concrete 
compressive 

strength:

B20,  11.5 MPa
B30, 17.0 MPa
B40, 22.0 MPa

• Performance difference of piers for various concrete 
compressive strengths.
• Position change in the neutral axis, depending on the 
deformation of the concrete.
• The maximum normal force and bending moment 
changes generated in the concrete (Nb, Mb) and reinforced 
bar (Ns, Ms) in the most stressed section varied depending 
on the deformation of the compression face of the section.
• Stress changes in the reinforcement bars during 
deformation in the most stressed part of the cross-section

Pier radius: R = 0.3 m
 Reinforced bar: 12 Ø 20

Rs
 = Rsc

 = 350 MPa
Pier heights:

l = 2.0 m
l = 3.0 m
l = 5.0 m

Reinforcement 
ratio:

0.85% (12 Ø 16)
1.61%  (12 Ø 22)
2.61% (12 Ø 28)

Pier radius: R = 0.3 m
Concrete: B30, 
Rb=17.0 MPa 
Pier height: 

l = 4.0 m
Rs

 = Rsc
 = 350 MPa

Fig. 4. FE model of RC pier: a) Solid mode; 
b) meshing of model; c) Reinforcement model
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values, which means that higher-class concretes provide not 
only a higher load-bearing capacity but also better stability.  

The analysis of the other structural parameters (table 2) 
such as bending moments revealed that going from B20 to 
B30 class concrete resulted in a gain of 62.4% in the capac-
ity to resist bending moments, while going from B30 to B40 
class concrete increased this capacity by another 35.8%. This 
confirms the benefits accruing from the use of superior-grade 
concrete when the need is to distribute the bending stresses 
more effectively.

As can be observed from the table, although an increase 
in the concrete class leads to an increase in the value of the 
compressive force perceived by the concrete in the section, 
the normal force perceived by the reinforcing bars remains 
almost unchanged. It should be noted that in the considered 
example, the increasing arm of the full deformation diagram 
of concrete in compression is realized until the moment 
of loss of the load-bearing capacity. For all three classes of 
concrete, the value of the concrete strain on the outer com-
pressive face of the section with the highest stress now of loss 
of the load-bearing capacity was εb

 = 0.0018. When the loss of 
the load-bearing capacity, all reinforcements, except for the 
fourth reinforcement, worked within the elastic limit, but the 
fourth reinforcement reached the yield point. It should also 
be noted that an increase in the concrete class also increases 
the value of the element deflection at the critic moment.

Further detailed analysis was performed by monitoring 
the position of the neutral axis and internal force distribution 
within the section (fig. 6). The position of the neutral axis, 
represented by the parameter x, was examined with respect 
to the compressive strain εb in the most stressed section of 
the compressed face. Indeed, it was observed that the class of 
concrete had a weak influence on this parameter. It does not 
change significantly by class of concrete the variation of x in 
terms of strain εb, because it means that changes within defor-
mation behavior occurred only around the compressed zone.

From a similar perspective, another parameter associated 
with the normal forces within concrete and steel reinforce-
ments has also been addressed. For different classes of con-
crete, the internal compressive force exerted by the concrete 
increased with the class of concrete, whereas the forces borne 
by the reinforcing bars remained almost unaffected (fig. 7). 
This pattern reflects the increased contribution of concrete 
to the load-bearing capacity with increasing strength. It was 
observed that the compressive force in the concrete increased 
up to a certain strain level (in the examined case, εb

 = 0.0018); 
above this value, it started to decrease, and the reduction 
occurred because some reinforcing bars had already reached 
their yield limit owing to the redistribution of the internal 
forces within the section.

The calculations also indicated that the value of the inter-
nal bending moment Mb

 , owing to the compressive stresses 

Table 2 
Internal force changing according different  concrete class

Concrete 
class f, mm P, kN εb x, m Nb , kN Ns , kN Mb , kNm Ms , kNm

B20 11.09 3982.8 0.0018 1.33 2931.9 1050.4 47.0 11.1
B30 11.68 5309.0 0.0018 1.26 4274.3 1034.7 76.1 11.68
B40 12.02 6512.9 0.0018 1.23 5487.3 1025.6 103.3 40.1
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Fig. 7. Normal force and strain (εb) relationship of 
concrete (Nb) and reinforced bar (Ns) in most stressed 
section: 1 – B20, Nb; 2 – B20, Ns; 3 – B30, Nb; 4 – B30, Ns; 

5 –B30, Nb; 6 – B40, Ns 

Fig. 6. The position of the neutral axis depends on 
the deformation εb of the compressive face of the most 

stressed section: 1 – B20; 2 – B30; 3 – B40

Fig. 5. Load–displacement relationship of piers 
at various concrete class: 1 – B20; 2 – B30; 3 – B40
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in the concrete of the most stressed section of the assumed 
central compressed element, increases significantly with an 
increase in the class of the concrete (fig. 8). Unlike the inter-
nal normal force, Mb continued to increase until failure was 
achieved. Although the value of the normal force absorbed 
by the concrete increases up to a certain value of strain, a 
decrease in the normal force is observed after a certain value 
of strain. Somewhat parallel, the bending moment that is 
carried by normal stresses in the reinforcement bars proved 
insensitive to the specific value of the concrete class; similar-
ly, this parameter monotonously increased up to the ultimate 
limit state and demonstrated the complementarity of the rein-
forcement in the structural response of the specimen. Here, 
Ms is independent of the concrete class, underscoring that 
the main resistance against an axial tensile force primarily 
comes from the reinforcement bars, while the role of concrete 
becomes increasingly dominant in managing compressive 
stresses and moments. 

Figure 9 shows an elaborate view of the normal stress 
variation in the longitudinal reinforcement bars with respect 
to increasing εb strain at the compressed face of the section. 
The variation patterns of these stresses were not the same for 
all reinforcement bars. The stress variation pattern for the sec-
ond, third, and fourth reinforcement bars was almost linear 
until the yield limit was attained. The first reinforcement bar 
exhibited an increase in stress up to failure without attaining 
its yield limit. This trend is different from that demonstrated 

by the eighth, ninth, and tenth reinforcement bars, whose 
stresses first increased to a certain value of deformation, after 
which they started declining. In specific terms, for instance, 
this scenario reflects in the eighth reinforcing bar with a rise 
of stress to σ8

 = 242.42 MPa at εb
 = 0.0018, which lowers back 

down to σ8
 = 183.61 MPa at εb

 = 0.0032, showing a decay trend. 
Again, in the ninth and tenth bars, the increased magnitude 
stress magnitudes at εb

 = 0.0016 were at σ9
 = 221.25 MPa and 

σ10
 = 214.56 MPa, respectively, further reducing at the same 

magnitude of εb
 = 0.0032 to σ9

 = 79.92 MPa and σ10
 = 41.97 MPa, 

correspondingly.

5.2. Effect of  pier heights on the structural 
performance of RC circular  piers
As a second parametric study, the impact of pier slen-

derness on the stress-strain state of the central compressed 
elements was examined. For this analysis, the initial parame-
ters were kept constant, while the pier heights were varied as 
l = 2 m, l = 3 m, and l = 4 m. The results of these calculations are 
represented in the load-displacement curves in figure 10. The 
figure reveal that the slenderness of the compressed element 
significantly influences the load-displacement response. 
Specifically, as the pier height increased, the deformation 
corresponding to the maximum load on the load-displace-
ment curve showed a sharp increase. With the increase in 
pier height, the pattern of load-carrying capability showed 
an apparent decrease. In the case, with l = 2 m, the bearing 
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Fig. 8. Bending moment and strain (εb) relationship of 
concrete (Mb) and reinforced bar (Ms) in most stressed 
section: 1 – B20, Mb; 2 – B20, Ms; 3 – B30, Mb; 4 – B30, Ms; 
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Fig. 9. Reinforced bar stress (σj) and concrete (εb) strain 
relationship: (Concrete B20): 1 – σ1

 = σ7 ; 2 – σ2
 = σ6 ; 

3 – σ3
 = σ5 ; 4 – σ4 ; 5 – σ8
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Fig. 10. Load–displacement relationship of piers at 
various heights: 1 – l = 2.0 m,  2 – l = 3.0 m,  3 – l = 5.0 m  

Fig. 11. The position of the neutral axis depends on 
the deformation εb of the compressive face of the most 

stressed section: 1 – l = 2.0 m,  2 – l = 3.0 m,  3 – l = 5.0 m  
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capacity of the pier was estimated to be 5750.8 kN, whereas 
this value for l = 3 m fell to 5632.5 kN, that is, a reduction of 
approximately 2.1%. This makes the bearing capacity reached 
up to 5138.2 kN for an increased height of l = 5 m, in which 
the total reduction has gone to 10.6% against the l = 2 m pier. 

The parameters characterizing the stress-strain state at 
the point of load-bearing capacity loss for each height config-
uration are listed in table 3. From the table, it is evident that 
as the pier height or slenderness increases, the deformation 
values at the compressed face of the most stressed section 
decrease. The calculations indicated that under critical con-
ditions, the second, third, and fourth reinforcement bars in 
the l = 2 m pier reached their yield limits. In the case of the 
l = 3 m pier, the yielding limit was reached at the third and 
fourth bars, whereas in the case of the l = 5 m pier, only the 
fourth reinforcement bar reached its yield limit. These results 
indicate that a high pier slenderness significantly affects the 
structural performance of circular RC piers. A taller pier indi-
cates less deformation in the compressed face and different 
distributions of stresses among the reinforcement bars; there-
fore, precise modeling and analysis are required to ensure 
that structural safety and performance can be guaranteed. 

Figure 11 depicts the tendency of the change neutral axis 
position in the various height of the pier depending on the 
parameter x at the considered values of εb. A comparison of 
the values shows that, as the flexibility of the pier increases, 
the regularity of the change in the parameter changes more 
uniform. This figure shows that the height of the compres-
sion zone of the section, which plays an important role in 
the calculation of reinforced concrete elements owing to the 
simplification of the real deformation diagram of the materi-
al, cannot be accurately determined. In the considered case, 
when studying the change in stresses in the reinforcement 
bars, it was determined that the nature of the change in these 
stresses is approximately the same as in figure 7.

 
5.3. Effect of  reinforcement ratio on the structural 
performance of RC circular  piers
The third parametric study focused on the effect of the 

reinforcement ratio on the stress-strain state and load-bear-
ing capacity of circular cross-section pier structures. For 
this analysis, the concrete class was fixed at B30, the pier 
height was set to l = 4 m, and the other geometric parame-
ters remained unchanged. The element was reinforced with 
steel classes corresponding to As

 = 24.13 sm² (0.85%, 12 Ø 16), 
As

 = 45.62 sm² (1.61%, 12 Ø 22), and As
 = 73.89 sm² (2.61%, 

12 Ø 28). The results of these calculations were illustrated 
in «load-displacement» curves presented in figure 12. The 
curves indicate that owing to the realization of descending 
branches, the load-bearing capacity of the pier is determined 
by the stability conditions. When the total reinforcement area 
increased from As

 = 24.13 sm² to As
 = 45.62 sm², the critical load 

increased by 13.6%, rising from 4999 kN to 5678.6 kN. Further 

increasing the reinforcement area to As
 = 7389 sm² resulted 

in a 31.1% increase in the critical load, reaching 6556.5 kN. 
Results demonstrate that the reinforcement ratio significant-
ly affects the load-bearing capacity of compressed circular 
cross-sectional elements. The influence of the reinforcement 
percentage underscores the necessity of applying actual 
deformation diagrams of materials to ensure accurate calcu-
lations and optimize the design of RC structures.

The values of the parameters characterizing the stress-
strain state in the event of a crisis are listed in table 4. These 
parameters are important for understanding the behavior 
of concrete and reinforcement, and assessing the forces to 
which they are exposed at critical moments. The change in 
the normal force and moment generated in the concrete and 
reinforcement with increasing reinforcement ratio clearly 
shows the effect of the reinforcement ratio on the overall 
stability and performance of the structure. According to 
the data given in table 4, when the reinforcement ratio was 
0.85%, the normal force generated in the concrete of the 
pier was Nb

 = 4237.6 kN and the moment was Mb
 = 70.3 kNm. 

When the reinforcement percentage was 1.61%, the normal 
force of the concrete was Nb

 = 4388.4 kN (Mb
 = 63.3 kNm) and 

when the reinforcement percentage was 2.61%, the normal 
force was Nb

 = 4417.5 kN (Mb
 = 66.9 kNm). These results clearly 

demonstrate how the normal force and moment generated in 
the concrete and reinforcements change with an increasing 
reinforcement ratio. This trend shows that with the rein-
forcement ratio, the normal force of concrete increased by an 
average of 3.90%, while the change in moment was -7.40% 
on average.  Based on the reinforcement percentages given 
in table 4, it is concluded that the increase in reinforcement 
percentage increases the normal force and moment generated 
in the reinforcements by an average of 65-75 % in the critical 
case. This allows us to understand that the reinforcement 
percentage has a significant effect on the overall strength and 
stability of piers and how the structure behaves in a critical 
situation. However, an increased reinforcement ratio makes 
the structure more stable.     

Figure 13  illustrates that the reinforcement ratio hardly 
affects the position of the neutral axis expressed by param-
eter x. For all three reinforcement cases, the variations in 
this parameter were qualitatively and quantitatively similar. 
However, there was a slight increase in x as the reinforcement 
ratio increased, especially in the initial stages of loading.  The 
results from the analysis indicated that in the critical state, 
for the first two reinforcement configurations, only the fourth 
reinforcement bar reached its yield limit, whereas in the case 
of the third reinforcement configuration, the third and fourth 
reinforcement bars reached their yield limits. These conclu-
sions underline the fact that a small reinforcement ratio varia-
tion would be marginally influential in changing the position 
of the neutral axis but becomes important when deciding on 
the critical stress and yielding of the reinforcement bars. 

Table 3 
Internal force changing according different  slendress

Pier height f, mm P, kN εb x, m Nb , kN Ns , kN Mb , kNm Ms , kNm

l = 2.0 m 3.06 5750.8 0.0022 1.16 4602.5 1148.3 41.8 33.4
l = 3.0 m 5.81 5632.5 0.0020 1.26 4515.8 1116.7 53.0 36.1
l = 5.0 m 16.03 5138.2 0.0018 1.14 4139.2 999.1 90.3 43.1
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5.4. FE verification
In this study, the developed analytical formulation for the 

performance analysis of RC piers was verified using DIANA 
FEA. Representative cases for evaluation were considered to 
be one pier with a height of 3 m. A comparison of the finite 
element model with the analytical model showed consistency 
to a large extent, which justified the developed approach.

Figure 14 shows that the load-displacement relationship 
shows very good agreement between the results obtained 
from both the analytical and FEM models. Meanwhile, the 
maximum axial load according to the analytical model was 
approximately 5632.5 kN, whereas according to the FEM, 
it was approximately 5110.4 kN, which is less than the dif-
ference of approximately 9.3% over the analytical model. 
The degree of agreement confirmed the correctness of the 
analytical formulations when interpreting the nonlinear 
load-displacement response in an RC pier. In addition, the 
proximity between the curves obtained in the entire load-
ing range confirms the capability of the analytical model to 
simulate different structural responses, including elastic and 
inelastic stages.

The reinforced bar stress and concrete strain relationship 

for the analytical and FE models were compared, as shown 
in figure 15. From the FEM, the maximum value in the stress 
of the reinforcement was 350 MPa; from the analytical model, 
the peak value in the reinforcement was 345 MPa. The devia-
tion in the peak values of the FEM from the analytical model 
was the two models indicated excellent agreement, within a 
deviation of less than 2%. These results are used to validate 
the capability of the analytical formulations to capture the 
localized stress and strain distributions in the pier with high 
accuracy, which is of paramount importance in assessing its 
performance under axial and bending loads.

The results validate the analytical formulations devel-
oped in this study as reliable and robust for predicting 
the structural behavior of RC piers. The presented results 
demonstrate the robustness of the adopted analytical model 
as well as its validity for application to practical engineering 
problems. Furthermore, the analytical and finite element 
solutions presented prove the adequacy of the proposed 
formulation for performing parameter studies and perfor-
mance evaluations of RC piers. These highlight the applica-
tion of analytical techniques in tandem with finite element 
approaches in such studies. 

Table 4 
Internal force changing according different  reinforcement ratio

Reinforcement ratio                                                                                                                               f, mm P, kN εb x, m Nb , kN Ns , kN Mb , kNm Ms , kNm
0.85 % 8.81 4999.0 0.0018 1.32 4237.6 671.4 70.3 23.8
1.61 % 8.33 5678.6 0.0018 1.40 4388.4 1290.2 63.3 40.8
2.61 % 11.26 6553.5 0.0020 1.15 4417.5 2136.0 66.9 72.4
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Fig. 12. Load–displacement relationship of 
piers at various reinforcement ratio: 

1 – 0.85%, 2 – 1.61%, 3 – 2.61%

Fig. 13. The position of the neutral axis depends on 
the deformation εb of the compressive face of the 
most stressed section: 1 – 0.85%, 2 – 1.61%, 3 – 2.61% 

Fig. 14. Load–displacement relationship between 
FE and analytical model of pier: 

1 – Analytical model; 2 – FE model

Fig. 15. Reinforced bar stress (σj) and 
concrete (εb) strain relationship: 

1 – Analytical model; 2 – FE model
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Conclusions
The objective of this study is to analyze the structural performance of circular RC piers by considering a 

large number of parameters. This study presents an innovative analytical solution for the design and perfor-
mance evaluation of an RC circular pier validated by FE modeling. The major results of this study are summa-
rized as follows. 

•	 The concrete class has a significant influence; increasing the class of concrete increases the bending 
moment. Thus, it can be inferred that high-strength concrete plays a crucial role in enhancing the 
load-bearing capacity of RC piers. In addition to such significant improvements in the load-bearing 
capacity, the shifting of the neutral axis occurred within very limited variations, which underlines, 
among other things, how increased rigidity and the increase in resistance to bending were governed 
essentially by concrete strength rather than geometric effects. 

•	 Effectiveness of pier height an inversely proportional relation derived between pier height and 
load-bearing capacity gave, for a pier of taller height, a reduction of up to 10.6% in the values of critical 
load. Larger slenderness ratios increase the possibility of buckling; therefore, prudent proportioning 
of height to width at the design stage with respect to stability and safety considerations was in order. 

•	 The reinforcement ratio is an important parameter that influences the load-bearing capacity. For 
increased reinforcement ratios, the critical load value increased in all the cases. Whereas the position 
of the neutral axis practically did not change, for a higher reinforcement ratio, a strong redistribution 
of stresses within the reinforcement bars was achieved; thus, the structural performance under loading 
conditions improved. 

•	 The FE model presented a very good validation of the proposed analytical formulations, while dis-
crepancies in the load predictions and stress-strain responses remained below 10%. This excellent 
agreement between the numerical and analytical results proves the reliability of the developed meth-
odologies; thus, they are applicable for practice and further research. 

•	 An integrated design approach using both analytical and numerical methods is underlined with 
respect to the optimization of the design parameters of RC piers. The present research, therefore, pro-
vides comprehensive guidelines that would aid engineers and researchers in understanding how to 
handle the problem of design and evaluation difficulties of RC piers, which would directly contribute 
to improving the safety, efficiency, and cost-effectiveness of construction methods.
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