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Article Info Abstract

The primary objective of this numerical study is to provide a finite element (FE)
analysis approach for segmental structures. The study was conducted using a
hollow circular segmental structure model capable of adequately imitating real
Received 09 Jan 2024  structural behavior and deals with the effect of varying number of segments on
Accepted 06 May 2024  structural performance. In order to verify the FE procedure conducted by DIANA
software, comparisons are made with the acquired numerical results and the
results taken from previous experimental studies for 1 reinforced concrete (RC)
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) (SPT). For the considered cases, 1D line, 2D shell, and 3D solid FE models are
Segmental structures; made, and it is found out that the 3D solid model with interface elements yields
Segmental beams;

the most plausible results. Further, the FE model was constructed to accurately
predict segment joint behavior concerning the relationship between the number
of segments, concrete compressive strength, and the width of the openings at the
DIANA segment joints up to collapse. In this study, a hollow circular segmental structure
model is utilized to mimic real structural behavior, presenting a novel
perspective on internal force transfer mechanisms within segmental structures.
Moreover, the FE model is tailored to accurately predict segment joint behavior,
elucidating the intricate relationship between the number of segments, concrete
compressive strength, and the width of openings at segment joints up to collapse.
In addition to presenting a robust numerical analysis framework, this study
contributes novel insights into the complex interplay between segmental
geometry, material properties, and structural behavior, thus advancing the state-
of-the-art in segmental structural design. Thus, a modular construction
methodology is proposed for segmental beam type structures ensuring safety,
efficiency, and flexibility in challenging load conditions.

Intersegmental joints;
Hollow circular beams;
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1. Introduction

Segmental structures, which consist of reinforced concrete (RC) segments connected by
post-tensioning, can be considered as a successful approach in modern offshore
construction [1] Therefore, the determination of ultimate load, displacement capacity,
crack width, and locations in segmental structures becomes an important design issue
which is the main motivation for this study.

Several studies have been conducted on segmented and precast underwater tunnels in
which the influence of material properties [2, 3], corrosion [4], lining damage [5], joint
waterproofing [6] and high-water pressure [7] on structural performance was
investigated. Segmental offshore wind turbines have precast concrete segments that are
established on-site and joined by external prestressing tendons, presenting a cost-effective
alternative to traditional steel towers [8] In addition, the use of ultra-high-performance
fiber-reinforced concrete has been combined with the segmental construction method,
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which is a more economically and ecologically suitable alternative for offshore structures
[9] Analysis and design of segmental structures is more challenging comparing with
conventional RC structural design. Queiroz and Horowitz (2016) have investigated [10]
the shear behavior of hollow circular segments under various loading conditions and
provided insights into the practical consequences of structural design regarding the
Canadian Code [11] and the Brazilian standard [12] The shear strength provided by the
shear keys and either by the smooth surfaces in contact [13] or by dry joints [14, 15] has
been calculated. Further, finite element (FE) models were used to analyze the stress,
deformation, and damage of structures, modeling the shear strength, and opening behavior
of dry joints [14] The related Spanish code provides valuable information on external
prestressing method, which may be used in design [16] As can be seen from the survey so
far, the literature on the design and analysis of segmental hollow circular RC structures is
not extensive.

The literature review underscores the significance of recent advancements in
incorporating design solutions derived from the field of wave propagation in unit cell
concepts periodic structures analysis, particularly relevant to segmental (beam)
structures composed of RC segments connected by post-tensioning [17] Moreover,
exploration into the fracture toughness behavior of interpenetrating phase composites
[18] and rate-dependent hyper plasticity with internal functions [19] present valuable
insights into material behavior in periodic structures with a finite element approach [20]
This research demonstrates the practical relevance of theoretical frameworks in
engineering applications which contributes to the understanding of structural integrity
and performance in complex systems, aligning with the objectives of analyzing segmental
(beam) structures. Further, recent studies have provided insights into the structural
design, testing and performance assessment of pouch cells, emphasizing the importance of
material behavior [21] and geometric shape [22] in energy storage systems using finite
element analysis [23, 24] under varying loading conditions.

The present study focuses on the nonlinear structural behavior of hollow circular
segmental post-tensioned (SPT) beams under 4-point static bending. A scaled prototype
structure is selected for the numerical study. DIANA FE software is selected as the
computational tool as it has been successfully applied in RC structural analysis in previous
studies found in the related literature [25-27] First, several verification problems are
solved in order to gain insight into the details of DIANA software in RC structural design
and comparisons are made with the experimental results presented in the cited studies.
The first problem considered is a monolithic RC beam under transverse loading for which
experimental results were presented. [25] 1D, 2D and 3D FE models are made and after
obtaining plausible and acceptable numerical results, which are in very good agreement
with the experiments, a post-tensioned (PT) beam is considered [26] Similarly, near
perfect agreement with the experimental results was observed for the PT beam for all FE
models. Then, experimental results presented [27] for segmental post-tensioned (SPT)
beams are compared with the FE numerical results obtained and agreement was only
observed for 2D and 3D models. Next, the scaled prototype structure is analyzed but only
a 3D FE model is made considering the results obtained in the verification study and due
to the complicated geometry. Critical parameters, such as load capacity, displacement
capacity, crack patterns, crack widths, and joint opening widths are studied in detail.

In summary, while various studies have investigated the behavior of segmental structures
and their applications, there remains a notable gap in the literature concerning the
nonlinear structural behavior of hollow circular segmental post-tensioned (SPT) beams.
Additionally, limited attention has been given to the detailed numerical analysis of scaled
prototype structures using advanced FE software such as DIANA. This study seeks to
address these gaps by conducting a comprehensive investigation into the nonlinear
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behavior of SPT beams, utilizing a scaled prototype structure and employing DIANA FE
software. By comparing numerical results with experimental data from previous studies
and analyzing critical parameters such as load capacity, displacement capacity, crack
patterns, crack widths, and joint opening widths, this research aims to provide valuable
insights into the performance and design considerations of segmental structural
applications. Moreover, the findings regarding the influence of segmental design
parameters such as the number of segments and concrete strength levels on structural
behavior contribute to advancing the understanding of segmental construction
methodologies in engineering. Overall, this study offers a novel perspective on the
structural behavior of segmental structures, highlighting the potential benefits and design
considerations of segmental construction.

2. FE modeling validation

Before proceeding with the numerical analysis of SPT concrete structures, FE models for
simpler RC structures created by using DIANA FE software package are validated by
comparing the numerical results obtained with the experimental results found in the
related literature. Three main structural elements are considered during the verification
study: RC, PT concrete, and SPT concrete beams. Different loading types and failure
mechanisms were investigated in these studies [25-27] For concrete and embedded
reinforcement, finite element models are developed using 1D line elements, 2D elements,
and 3D solid elements [28] The 1D FE model is the simplest modeling option but the 2D
model includes the influences of shear and torsion, as well as the axial behavior better than
the 1D model. However, the most comprehensive analysis can be made by the 3D solid
element FE model, which accounts for the entire 3D response (Fig. 1). Total strain crack
models are used to simulate concrete, and pushover analyses are conducted until collapse.
Concrete is modeled with exponential softening in tension and Hognestad curve is adopted
to simulate the compressive behavior [29] All reinforcements and prestressed tendons are
modeled as embedded with adherence-slip reinforcement. The material model for steel is
based on von-Mises plasticity with linear plastic hardening based on experimental
properties (Fig. 2). For the numerical analysis of hollow circular segmental post-tensioned
(SPT) beams under 4-point static bending, various FE models were constructed using the
DIANA FEA software package. In the FE modeling process, careful consideration was given
to the selection of appropriate element types and numerical parameters to ensure accurate
representation of the structural behavior under loading conditions.

In the 1D FE model, beam elements (L6BEN) with 2 nodes were utilized to represent the
structural members along their longitudinal axis. The 2D FE model employed shell
elements (Q20SH), with a total of 4 nodes and 2 degrees of freedom (DOF) per node,
capturing the structural behavior in both the longitudinal and transverse directions. The
3D FE model utilized solid elements (HX24L) to account for the complex geometry of the
segmental beams, with 8 nodes and 3 DOF per node, enabling a detailed analysis of stress,
deformation, and damage distribution within the structure. Both material and geometric
nonlinearity were considered in the nonlinear FE analysis, incorporating realistic behavior
such as plasticity, crack propagation, and large deformations. Two distinct crack models
were implemented in the FE simulations: the rotating crack model and the fixed crack
model. The rotating crack model allows cracks to propagate and evolve freely within the
structure, simulating the progressive failure behavior of the segmental beams. In contrast,
the fixed crack model assumes predefined crack patterns and locations, providing a
simplified representation of crack behavior for comparative analysis.

To ensure the accuracy and reliability of the FE simulations, stringent convergence criteria
were applied during the modeling process. Convergence was assessed by monitoring key
output parameters, such as displacement and stress distributions, and adjusting the FE
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mesh density iteratively until stable and consistent results were achieved. A series of FE
meshes were generated and analyzed, with refinement applied in regions of high stress
concentration or discontinuity to capture localized effects accurately. The boundary
conditions (BC) of the FE models played a crucial role in simulating realistic loading
conditions and structural response. Boundary conditions, such as pinned supports, roller
supports, and applied loads, were imposed to replicate the experimental setup and loading
configuration. The rationale behind the BC choice was based on the physical constraints of
the prototype structure and the desired response characteristics. Additionally, boundary
conditions were imposed to simulate the behavior of rotating crack and fixed crack models,
ensuring alignment with experimental observations. Validation of the FE models was
conducted by comparing numerical results with experimental data from previous studies,
including load-displacement curves, crack patterns, and failure modes. The accuracy
achieved in the FE model validation process provides confidence in the reliability of the
numerical simulations, enhancing the credibility of the study findings and their
applicability to real-world engineering scenarios.

Fig. 1. DIANA element models: (a) 1D line, (b) 2D shell, and (c) 3D solid element. [28]

Pushover analyses are conducted by incrementally applying the point loads until failure in
order to capture the post-peak response of the beams while providing both numerical
stability and efficiency. The load increment is taken in a range between 1.0 and 3.7 kN
depending on the ultimate load applied. Arc length control using the updated normal plane
approach, which incorporates automated scaling of the load increment with the maximum
equilibrium iteration number set equal to 25, is used to track the response path. The
equilibrium iteration approach uses the secant (Quasi-Newton) method to achieve
computational stability. In addition, the default parameters are used in the line search
method as no significant convergence problem occurred using the default parameters.
Convergence analyses of the mesh were conducted for all beams utilizing displacement
measurements. The elements were meshed employing an approximate element size of 50
mm in the longitudinal and thickness directions, correspondingly.

O 4 o O 4
f, z 9%
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Fig. 2. Concrete tension (a), compression (b) and steel model (c) [30]

1642



Bashirzade et al. / Research on Engineering Structures & Materials 10(4) (2024) 1639-1662

2.1 Comparison with RC Beam Tests

Jason et al. (2013) have investigated the cracking behavior of RC beams both numerically
and experimentally [25] Four-point-bending tests were conducted on 2.85 m long RC
beams with a depth of 0.25 m and a web thickness of 0.15 m. The 28-day compressive
strength of concrete was 39 MPa and the steel reinforcement had yield and ultimate
strengths of 550 and 666 MPa, respectively. The compression reinforcement had a
diameter of 12 mm, whereas the tensile and transverse reinforcements had a diameter of
8 mm. The experimental load-displacement responses are compared with the numerical
results obtained from the 1D, 2D, and 3D element models to assess the correctness and

dependability of the numerical models in reflecting the complex behavior of RC beams (Fig.
1).

70
60
50
g 40 ——Experimental
-
E 30 1D model
2D model
20
3D model
10
0
0 5 10 15 20 25 30 35

Displacement, mm

Fig. 3. Load-displacement curves of RC beam [25]

(a)
Observation zones associated to the three
cameras
camera 1 camera 2 camera 3
cormrelation
(b)

Fig. 4. Crack distribution at failure in the (a) experimental and (b) numerical model of
RC beam [25]
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The rotating crack model is used in the FE models and interface mechanisms are employed
between the loading plates and the concrete beam. As can be observed from Figure 3, there
is a very good level of agreement between the experimental and numerical initial stiffness,
strength, and post-peak behavior indicating the adequacy of the numerical models to
predict the nonlinear response of the RC beam. This confirms the accuracy of the FE models
to capture the cracking behavior of the beams (Fig. 4).

With the establishment of an ideal correlation, the conclusive count of cracks corresponds
accurately, amounting to 13 discernible cracks. It is noteworthy that the experimental
initiation of cracking manifests more promptly compared to its simulated counterpart. A
commendable concordance is achieved between the experimental observations and
numerical simulations, particularly evident during the onset of active cracking in the initial
loading phase. In the FE analysis results, a nuanced depiction is provided through various
color representations, detailing the alteration in crack width along the length of the beam.
Specifically, cracks depicted in red and orange colors closely resemble experimental crack
locations and widths. Conversely, cracks represented in blue, green, and yellow are
categorized as hairline cracks in the FE analysis, generally exhibiting widths smaller than
0.5 mm.

2.2 Comparison with PT Beam Tests

Tao and Du (1985) have investigated the flexural strength of partly PT beams with bonded
and unbonded tendons [26] In the mentioned study, twenty-two unbonded and four
bonded PT beams were tested for which the parameters included the loading type, non-
prestressed reinforcement ratio, prestressed reinforcement ratio, and span-height ratio.
For the considered beam (i.e,, A9 beam in the cited reference), the concrete had a 28-day
compressive strength of 33.1 MPa and the unbonded tendon prestress level after the loss
was 920 MPa. The area of the non-prestressed reinforcement was 804 mm2, which
contributed to the total tensile strength of the beams.

140
120
100
=
= 80 Experimental
‘5 del
8 60 1D model
==2D model
40 3D model
20
0
0 10 20 30 40 50

Displacement, mm
Fig. 5. Load-displacement curves of PT beam [26]

The yield strength of the prestressed and non-prestressed reinforcement was 1108 and
395 MPa, respectively. To numerically obtain the load-displacement behavior, FE models
are made using 1D, 2D, and 3D elements and bar elements are used to represent the PT
tendon and non-prestressed reinforcement. The analysis of PT beams using
aforementioned modeling approach provides significant details on the load-displacement
behavior as well as crack initiation and propagation processes. When the experimentally
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obtained load-displacement data was compared to the numerical simulations, a high
degree of agreement was observed, verifying the reliability and precision of the numerical
models in presenting the PT beam behavior (Fig. 5). An approximate linear relationship
between the applied load and displacement was observed in the early linear-elastic range
while the load-displacement curves demonstrated the nonlinearity showing the
deterioration of flexural capacity. The numerical models accurately predicted the load
levels at which cracks occurred and propagated throughout the beam since the crack
propagation sites and patterns of the experimental and numerical simulations were
similar, confirming the accuracy of FE model to accurately represent cracking behavior. In
the experimental investigation of the beam, notable observations indicate the prevalence
of larger cracks within the central regions of the beam. However, it is discerned that
variations in crack thickness led to a stratification of crack widths, delineating them as
distinct entities in the FE analysis results, where the cracks are differentiated based on
their magnitudes into categories denoted by blue and light blue colors. The obtained
results underscore the nuanced representation of crack propagation and distribution
achieved through computational modeling (Fig. 6).

-vﬁ— ——|
A-9 A

(@)

] o

(b)

Fig. 6. Crack distribution at failure in the (a) experimental and (b) numerical model of
PT beam [26]

2.3 Comparison with Precast SPT beam tests

Al-Sherrawi et al. (2018) conducted an experimental investigation on the behavior of
precast SPT beams with various types of epoxy-bonded joints under static loads [27] The
purpose of this study was to investigate the effects of joint shape, epoxy strength, and
prestressing force on the structural performance of segmental beams and to compare the
results to those of a monolithic cast beam as a reference. The compressive and tensile
strength of concrete was 41.3 and 4.2 MPa, respectively. Tension reinforcement with 12
mm diameter was tied by 10 mm diameter stirrups and the post-tension tendon is made
up of four 15.4 mm bars. Coulomb friction coupling was accepted at the segment joints.
The MC90 mathematical formulations were used to calculate the normal and shear
stiffness values based on the material parameters which are essential to evaluate the
behavior and strength of the segment joints [31, 32]The reinforcement yield strength was
555 MPa and the tendons had yield and ultimate strength of 1680 and 1860 MPa,
respectively.

@) Shear stiffness & _
\ Node a
Normal stiffness 2 I
“J
Node b
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(b)

()

Fig. 7. Segmental interface models: (a) Joint stiffness, (b) 2D, and (c) 3D [28]

Since the segmental beams are joined from node to node, the local axis of the interface
element placed at the point of intersection of the beams extended along the path direction
to which the two lines and two areas joined (Figs. 7a-7c).

DIANA's structural interface components proved particularly helpful for simulating
geometric discontinuities such as discrete cracks in concrete and masonry, as well as bond-
slip layers in RC [28] As given in Equation 1, material models for interface elements
provide a linear or nonlinear relationship between tractions, stresses, and relative
displacements across the interface in which normal tractions and shear tractions ¢t,,, t, are
used. The relative displacements are the normal relative displacement u, and shear
relative displacement u,. In the related literature, stiffness values k,, and k, are assigned
between the segments to assure intersegmental integrity [28, 31-34] These stiffness values
are defined below,

tn _ kn O Aun 1

(h=¢ )l ®
E G

= ke = (2)

AL N AL 3)

where, Au, and dt denote the axial and transverse displacement components at the
segment interface, respectively. E, E., and G, G, are the elasticity and shear moduli for
concrete and epoxy. Cohesion in the model accounts for the adhesive forces present in the
joint, which might affect the overall joint behavior. To achieve a durable and stable joint,
author has used a high-strength epoxy resin to join the segments, which plays an essential
role in structural integrity and load transmission. The elasticity, and shear moduli and
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compressive, and tensile strength of epoxy are important elements in defining the
mechanical performance of the joints. The contribution of epoxy can be considered by
adding the elasticity and shear moduli of epoxy to Equation 2 as given in Equation 3. The
interface components modeling the joints at the top and bottom flanges are assigned by
using a Coulomb-type friction law including cohesion term c. The Breen formula [15, 35]
predicts the specified values of the joint strength components, such as cohesion and
friction coefficients (¢; and u,) as given below.

= 0.6,u, = 0.205\/f,,c = 0.996./f, (4)

The results obtained using DIANA software show that only the 2D and 3D models yield
results that are in fairly good agreement with the experimental data (Figs. 8a-8d).
However, it was determined that the 1D model fails to model SPT beam as the
intersegmental stiffness values could not be incorporated in the 1D model.
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Fig. 8. Load - displacement curves of SPT beams (a) Beam (G1), (b) Beam (G2), (c) Beam
(G3), (d) Beam (G4). [27]

The cracks distribution at failure shown in Figure 9 obtained using both the 2D and 3D FE
models is in good agreement with the real crack distribution presented by Al-Sherrawi et
al. (2018). [27] In the examination of segmental beams, it is evident that the widest cracks
that occur predominantly at the segmental joints, are identifiable by a distinct red color.
Conversely, as one moves away from these joints, there is a discernible shift in both the
width and color of the cracks. Remarkably, the established alignment between the
experimental observations and numerical simulations, is particularly pronounced during
the initial loading phase where crack initiation is observed. Specifically, cracks depicted in
red and orange closely mirror the experimental counterparts in terms of both location and
width. In contrast, cracks depicted in shades of blue, green, and yellow define the hairline
cracks in the FE analysis, typically exhibiting widths below the 0.5 mm.
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Fig. 9. Crack distribution at failure in the numerical model SPT beams: (a) Beam (G1), (b) Beam
(G2), (c) Beam (G3), (d) Beam (G4) [27]

3. Parametric Study

In this section, SPT hollow circular beams are numerically analyzed by using DIANA
software based on the research findings obtained from the verification study. The material
models and the joint stiffness evaluation techniques for RC, PT, and SPT beam problems
considered in Section 2 are directly incorporated into the FE models used here.

3.1 SPT Hollow Circular Beam

Reliable modeling of real structural behavior using numerical models is critical to produce
accurate and relevant findings. Thus, the moment to shear force ratio in numerical models
should be selected accordingly to achieve an exact approximation of the real structural
performance. For slender structures such as offshore platform supports, wind turbine
towers, and tunnels ratio becomes extremely high and therefore the influence of shear
becomes insignificant as compared to bending moment. Thus, a beam under four-point-
bending loads is analyzed as the ratio at the mid-span of the beam is infinite. Considering
a scale factor of 10, the hollow circular beams analyzed are 10 m long with an external
diameter of 1 m and an internal diameter of 0.8 m, since the selected prototype circular
hollow structure is 50 m high with external and internal diameters ranging between 8-12
and 8-10 m, respectively (Table 1). Accordingly, the length of the middle span of the beam
is 5 m and is divided into 1 to 5 equaling segments. The mechanical properties of the
materials used in the hollow circular SPT beams are given in Table 2. The FE model details
for the concrete, reinforcement, tendons, and segmental joints are shown in Figures 10a-
10d.

Table 1. Geometric properties of prototype and model

External Internal

Length diameter  diameter Height of segments
(Number of segments)
m
10 12,5 16.67 25 50
Prototype 50 8-12 8-10 G)  (4) 3) ) )
Model 5 1 0.8 1 125 1.67 2.5 5

G) W & @ 0O
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Fig. 10. The FE model of circular hollow SPT beams: (a) circular beam with support
and loading plates, (b) Longitudinal and hooped reinforcements, and (c) post-
tensioned tendons, (d) segmental joint details

Throughout the numerical simulation, solid elements are used to represent the concrete
material, steel-bearing supports, and the reinforcements are modeled using 1D line
elements. Steel reinforcements were separately modeled within each segment of the
hollow circular beam. PT reinforcement enables end-to-end segments work together.
Cohesive bonding is created by employing the “embedded” keyword in the DIANA software

to accurately represent the interaction between the reinforcements and the concrete
material.
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Table 2. Materials and design parameters of numerical model.

Materials Parameter Value
Elasticity modulus E 30 GPa
Poisson’s ratio v 0.2
Concrete Concrete compressive strength f, 40 MPa
Concrete tensile strength f; 4.1 MPa
Density p 2500 kg/m?
Diameter of longitudinal bar D 12 mm
Diameter of hooped bar d 10 mm
. Elasticity modulus E 200 GPa
Reinforcement Yielding strength f,,, 555 MPa
Ultimate strength f,,,, 676 MPa
Ultimate strain &g, 0.02
Diameter of tendon Dy 6x15.4 mm
Elasticity modulus E 200 GPa
Prestress tendon Yielding strength f,,, 1680 MPa
Ultimate strength f,,, 1860 MPa
Ultimate strain g, 0.02

3.2 Shear Strength of Hollow Circular Section and Segmental Joints

In order to prevent premature failure of the beam at the joints before reaching maximum
capacity, the shear capacity of the joints must be greater than the capacity of the beam
cross section. The cross-section shear capacity is calculated as 2058.5 kN using the
analytical expression provided by Queiroz and Horowitz (2016) for hollow circular cross-
sections [10] The segmental joints shear capacity depends on the strength and the
geometric features which directly influence the total shear capacity of the structure. For
the purpose of determining the shear capacity of segmental joints and the post-tension
load, the analytical expressions taken from previous studies [13-16] are used (Table 3).
The expressions are based on the shear capacities of the sections and the joints considering
the contributions of longitudinal compressive, normal, and shear stresses. In the analyses,
the post-tensioning force is taken as equal to 1500 kN and the shear capacity of the
segmental joint is calculated using the expressions given in Table 3. The shear capacity of
the joint is determined to be between 2062.3 and 3492.9 kN which exceeds 2058.5 kN, the
cross-section shear capacity.

Table 3. Shear capacities of section and joints

Cross-section shear capacity

Queiroz and

Horowitz, 2016 V. =027 ay; - feaby-d 2058.5 kN

Segmental joint shear capacity

AASHTO, 1999 V, = A;/fr (0.20480, + 0.9961) + 0.64,,0,  3492.9kN
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3 fz
Turmo et al., 2006 V, = A, YK (76, + 33) + 0.644,0;, 2304.4 kN
100
Rombach et al,
2004 V, = Agfox + 0.654; 0, 2628.5 kN
ATEP, 2009 V, = 4;(1.140, + 0.0564/f.,) 2062.3 kN

3.3 Segmental Joint FE Model

The joint was numerically modeled using face-to-face interface elements having stiffness
parameters based on their geometry. The elastic behavior of the interface elements is
identified by the normal and tangential stiffness coefficients (k,, and k.) in the joint model.
These coefficients establish a relationship between the normal and tangential stresses (t,
and t,) of the joint and the corresponding normal and tangential relative displacements
(u, and u;). DIANA software automatically sets initial values to k, and k; to correctly
recreate the initial continuous geometry before decompression. Equations 1 and 2 are used
to obtain the stiffness values as was done for the SPT verification problem solved in Section
2.3. To represent the interaction between segments, a Coulomb-type friction law with
cohesion given in Equation 4 is used, which is frequently applied to simulate the
mechanical behavior of contact surfaces between moving segments.

3.4 DIANA Nonlinear Analysis Stage

The hollow circular SPT beam is subjected to incremental point loads until collapse. The
same solid modeling approach used for the SPT beam verification problem solved in
Section 2.3. is used to determine the load-displacement behavior. To prevent divergence
due to large load step, the point loads are applied with an increment of 2.8 kN. As was done
in Section 2., the arc length method is used without changing the related parameters. In
order to examine the cracking behavior and acquire the crack widths, rotating and fixed
crack models are implemented in the FE model. The rotating crack model represents a
more realistic description in which cracks can grow and develop under loading conditions,
whereas the fixed cracked model represents a situation in which cracks are assumed to be
fixed in position with no opening or closing during the analysis.

4. Numerical Results and Discussion

Pushover analyses of 10 m long hollow circular SPT beams are conducted using the DIANA
software. The 5 m long mid-section of the beams where there is no shear force are
segmental and this region is divided into 1 to 5 segments. The prototype and model
geometric properties are presented in Table 1. Concrete compressive strengths ranging
from 20 to 100 MPa are used regarding the model with 5 segments.

4.1 Load-Displacement Relationship

The load-displacement curves of segmental beams subjected to four-point loading are
shown in Figures 11a and 11b. The displacement presented are the bottom face maximum
values. It can be observed from Figures 11a and 11b that for all beams, at a load level of
approximately 120 kN, gaps occur at the bottom faces of segment joints and the overall
beam stiffness deteriorates significantly. This probably is because at this load level the
compressive stresses produced by the tendon prestress are exceeded by the tensile
stresses caused by bending of the beam.
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Fig. 11. Load-displacement curve of post tensioned circular hollow segmental beam:
(a) Rotating crack model and (b) Fixed crack model

New gap openings no longer developed up to failure which corresponds to the load step at
which convergence is no longer satisfied and the ultimate load is about 150 kN for all the
beams considered. The beams collapsed at a vertical displacement of approximately 80-85
mm for the 1-segment beam and approximately 100 mm for the multi-segment beams. This
observation means that the increase of the total number of segments improves ductility.
Comparison of Figures 11a and 11b shows that the load-displacement behavior is similar

for both crack models.
4.2 Intersegmental Joint Opening and Cracking

Comparison of Figures 11a and 11b shows that the load-displacement curves obtained
using both crack models are similar. Therefore, only the rotating crack model results are
presented for crack patterns. Crack distribution and joint openings are shown in Figures
12a-12d for 1 to 4 segment beams for the ultimate load stage. The crack propagation for 4
loading stages is given only for the 5-segment beam in Figures 13a-13d since similar
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patterns were observed for the 1 to 4 segment beams. Herein, the crack patterns and
propagation of cracks at successive load stages obtained using the FE model are consistent
and physically acceptable as well.

(a)

Maximum joint opening.

(b) —
o)

Maximum joint opening.

i) i)

Maximum joint opening.

(d)

Maximum joint opening.

Fig. 12 Crack distribution and joint openings of hollow circular SPT beams for the
ultimate load stage: (a) 1-segment beam, (b) 2-segment beam, (c) 3-segment beam, (d)
4-segment beam

(a) _
& iy

Maximum joint opening.

4 O

Maximum joint opening.
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. 13. Crack distribution and joint openings of hollow circular PT 5-segment beam for different

load stage: (a) Load stage=0.25, (b) load stage =0.5, (c) load stage =0.75, (d) load stage =1

Figures 14a and 14b show the maximum values of segment joint opening widths for both
crack models. Figures 12a-12d, 13d, 14a and 14b show that the maximum joint opening
widths reduce from approximately 46 to 23 mm as the number of segments increases from
1 to 5. Formation of hairline flexural cracks along the beam axis is observed between the
segment joints as well. These cracks and joint openings reduce the overall stiffness while
they have insignificant effect on the ultimate load capacity (Figs. 11a and 11b). Segmental
joint opening widths decrease with increasing number of segments for both crack models.
The results showed that multi-segment beams had a greater ability to battle small width
gaps under applied loads since the total expansion due to cracking is usually distributed
among the segments. The observed data reveal that with each increment in the number of
segments, an average reduction of approximately 8-10% occurs in the joint expansion.
Notably, while this reduction ranges from 35 to 39 mm in the 2-segment beams, it
fluctuates between 23 to 27 mm in the 5-segment beams.
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Fig. 14 Segment-joint opening width propagation graph up to collapse: (a) Rotating
crack model and (b) Fixed crack model

Table 4 illustrates the relationship between the loading ratio and the corresponding
segment opening width for different configurations of segmental beams, ranging from 2
segments to 5 segments. As the loading ratio increases from 0.25 to 1, the segment opening
width generally exhibits a corresponding increase across all beam configurations. This
indicates that higher loading ratios lead to greater deformation and widening of the
segmental joints. Furthermore, it can be observed that as the number of segments
increases, the segment opening width tends to decrease for a given loading ratio. This
suggests that the presence of additional segments distributes the load more effectively,
resulting in reduced deformation at the segmental joints.

Table 4. Loading ratio and segmental joint relationship in the segmental beams

Segment opening width, mm

Loading ratio

2-segment 3-segment 4-segment 5-segment
beam beam beam beam
0.25 3.02 2.13 1.06 0.38
0.50 10.23 9.5 8.34 6.27
0.75 19.64 18.95 17.86 14.93
1 34,89 31,24 25.68 23.12

4.3. Concrete Compressive Strength

In the parametric study, the compressive strength of concrete was assumed constant (40
MPa) in order to investigate the effect of the segment number on the load displacement
and segment joint opening behavior. Thus, the effect of concrete compressive strength on
load displacement, shear capacity, and joint opening width is evaluated for different
concrete strengths ranging from 20 to 100 MPa for the beam with 5 segments. The analysis
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results indicate that despite the asymptotical increase in moment capacity of the cross-
section to almost 5200 kNm, the shear and joint shear capacity increases almost linearly
with increasing concrete strength (Fig. 15). It should be mentioned herein that, for all
concrete strength values, the shear capacity of segmental joints is shown to exceed the
shear capacity of the cross-section. A similar observation can be made upon comparing the
load displacement response of the beams given in Figure 16 concerning the almost linear
initial stiffness and strength enhancement with increasing concrete strength while
sustaining similar ductility level.
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Fig. 15 Section and joint capacities changing according to concrete compressive
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Fig. 16. Load-displacement curve of post tensioned circular hollow segmental beam
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Fig. 17. Segmental joint opening for each concrete compressive strength in 5 - segment
beam: (a) Segmental joint opening propagation (b) Maximum values of segment joint
openings

Further, it is shown in Figures 17a that the maximum joint opening width tend to reduce
with increasing concrete strength for each load level which are normalized according to
the crack width at failure. For instance, when the compressive strength was 20 MPa, the
segment joint opening width at collapse is 32.62 mm, whereas with the use of 100 MPa
strength concrete, this value decreases substantially to 9.92 mm. (Fig. 17b).

5. Conclusion

In this study, the nonlinear structural behavior of hollow circular segmental post-
tensioned (SPT) beams under 4-point bending is investigated. A scaled prototype structure
is analyzed using DIANA FE software. 3 sets of verification problems are solved, and
comparisons are made with the experimental results presented in the related studies. It is
shown by the verification study conducted that it is possible to create accurate FE models
for RC, PT and SPT beams using the selected software. The crack patterns obtained using
the FE models are found out to be in excellent agreement with the experimentally obtained
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patterns found in the cited studies. The numerical results obtained for the verification
problems also show that a 3D FE model is required to model the scaled prototype structure
since the complicated geometry of the intersegmental joints is required to be modeled
using joint interface modeling technique. Increasing number of segments is found out to
have a trivial effect on the load capacity of the segmental beams while reducing the
intersegmental joint opening widths. The observed diminishing trend of the
intersegmental joint opening widths with increasing number of segments and concrete
strength indicates the potential benefits of utilizing more segments with high strength
concrete. Analyses conducted on concretes with varying compressive strength levels
underscore the effectiveness of the segmental design approach in various facets of offshore
structures that already employ high compressive capacity concrete. The utilization of high
compressive capacity concretes leads to minimal segment openings even under collapse
conditions. In the structural design of such installations, the segmental methodology,
which provides advantages in terms of both durability and ductility, can be regarded as a
favorable option. Thus, it can be emphasized that, segmental construction is a viable option
as long as the shear capacity and the opening width of intersegmental joints do not exceed
code specified limits.

Furthermore, it is imperative to acknowledge certain limitations and provide avenues for
future research to further enhance the understanding of segmental beam structures.
Despite the comprehensive investigation conducted in this study, several limitations merit
attention and offer potential directions for future exploration. One limitation lies in the
scope of the study, which primarily focuses on the nonlinear structural behavior of hollow
circular segmental post-tensioned (SPT) beams under 4-point bending. While this
provides valuable insights into the behavior of segmental structures, future research could
expand the scope to include additional loading conditions or investigate other structural
configurations to provide a more comprehensive understanding of segmental beam
behavior under diverse scenarios. Additionally, while the FE models employed in this
study have demonstrated accuracy in capturing the structural response of RC, PT, and SPT
beams, it is important to note that the modeling assumptions and simplifications inherent
in the numerical analysis may introduce some degree of uncertainty. Future studies could
explore alternative modeling approaches or validate the findings using experimental
testing to enhance the robustness of the results. The study primarily focuses on the
structural performance of segmental beams, neglecting other important aspects such as
construction feasibility, cost-effectiveness, and environmental sustainability. Future
research endeavors could incorporate these factors into the analysis to provide a more
holistic assessment of segmental construction methodologies. In terms of future research
directions, one potential avenue could involve investigating the long-term durability and
resilience of segmental structures, particularly in harsh marine environments where
offshore installations are prevalent. Additionally, exploring innovative construction
techniques or material advancements could offer opportunities to further optimize the
design and performance of segmental beam structures. By addressing these limitations
and exploring new research directions, the field can continue to advance and refine
segmental construction methodologies, ultimately enhancing the safety, efficiency, and
sustainability of offshore structures.

Nomenclature

1D = One dimensional.
2D = Two dimensional;
3D = Three dimensional;
FE = Finite Element;

RC = Reinforced Concrete;
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PT = Post-tensioned;
SPT = Segmental post-tensioned;
k, = Normal stiffnes;
k; = Shear stiffnes;
ty = Normal tractions;
t; = Shear tractions;
Uy, = Normal relative displacement;
U = Shear relative displacement;
E = Concrete elasticity modulus;
G = Concrete shear modulus;
t = Width of the interface;
Eep. = Epoxy elasticity modulus;
Gep. = Epoxy shear modulus;
U, & u, = Friction coefficients;
c = Cohesion;
M = Bending moment;
%4 = Shear force;
q = Distributed Load;
P = Point Load;
L = Length of beam
V. = Circular hollow beam shear capacity;
Ayyo = Reduction factor of concrete design resistance;
ey = Coefficient for deterimental effects on web crushing of high normal stresses;
fea = Design compressive strength of concrete ;
b, = Effective web width;
D = External diameter of the cross section;
d = Depth of the cross section.
V, = Nominal shear capacity of keyed dry joint;
Ay = Area of the base of all keys in the joint plane;
Agm = Area of contact between smooth surfaces in the joint plane.
On = Compressive stress in the joint.
fe = concrete characteristic compressive strength
Aj = Area of joint plane
fym =Yielding strength
fum =Ultimate strength
Esu = Ultimate strain
fe = Concrete compressive strength
fi = Concrete tensile strength
p = Concrete density
D = Diameter of longitudinal bar
d = Diameter of hooped bar
D¢ = Diameter of tendon
v = Poisson’s ratio
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