
 
 

 
G. S. Silveira et alii, Frattura ed Integrità Strutturale, 68 (2024) 77-93; DOI: 10.3221/IGF-ESIS.68.05 

 

77 
 

 

 
 
 
 
Exploring strength and ductility responses of  
beam-column joints composed UHPC and UHPFRC  
employing concrete damaged plasticity 
 
 
Guilherme Santos da Silveira, Carlos Natã Zenatti, Gustavo de Miranda Saleme Gidrão, Rúbia 
Mara Bosse, Paulo Rogério Novak 
Federal University Technology of Paraná - UTFPR, Brazil  
gsilveira_s@outlook.com.br, http://orcid.org/0000-0001-2345-6789 
carlosnzenatti@gmail.com, https://orcid.org/0009-0002-8067-8614 
gustavo.gidrao@gmail.com, https://orcid.org/0000-0003-1483-0526 
rubiambosse@utfpr.edu.br, https://orcid.org/0000-0003-4153-3455 
novak@utfpr.edu.br, https://orcid.org/0000-0003-3080-8564 
 
 

 
 

KEYWORDS. Beam-column joints, UHPFRC, CDP, Ductility, Failure. 
 

 

 
 

Citation: Silveira, G. S., Zenatti, C. N., 
Gidrão, G. M. S., Bosse, R. M., Novak, P. R., 
Exploring strength and ductility responses of 
beam-column joints composed UHPC and 
UHPFRC employing concrete damaged 
plasticity, Frattura ed Integrità Strutturale, 68 
(2024) 77-93. 
 
Received: 17.10.2023  
Accepted: 04.01.2024 
Published: 18.01.2024  
Issue: 04.2024  
 
Copyright: © 2024 This is an open access 
article under the terms of the CC-BY 4.0, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided 
the original author and source are credited. 

 

 
INTRODUCTION 
 

eam-column joints represent discontinuous regions characterized by abrupt changes in geometry or material 
properties. The presence of construction defects in these joints, often due to the density and arrangement of 
reinforcements, can amplify the critical nature of these regions. Such areas are prone to nonlinear behavior, 

particularly under substantial loads or during events that exert significant lateral forces on structures, such as windstorms or 
earthquakes. This nonlinear behavior accentuates the criticality of beam-column joints, rendering them more vulnerable to 
failure than other structural components. A failure at these connections can lead to a chain reaction of failures throughout 
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the structure, potentially leading to a collapse. Hence, a rigorous design and comprehensive understanding of beam-column 
joints are essential for ensuring structural safety. The intrinsic complexity of these elements, arising from nonlinearity and 
discontinuities, highlights their pivotal role in preserving the safety and stability of the entire structure [1-3].  
Localized cracking patterns withing beam-column joints can be indicative of the formation of structural hinges across the 
system. Such hinges can compromise the integrity of the structure, especially when subjected to dynamics loads. When these 
patterns emerge, it becomes crucial for the structure to possess the inherent capability to redistribute loads. This 
redistribution ensures that stress concentrations are alleviated, channeling internal forces to adjacent, undamaged joints.  
The emergence of localized cracking, often suggestive of an inelastic hinge, can precipitate a potential collapse mechanism 
within the framing system, as represented by failures modes: soft-story, local and global mechanisms. Local and soft-story 
failures often occur in highly ductile structures, leading to element collapse. Conversely, the global failure mechanism 
gradually collapses as the structure dissipates energy from actions with lower structural ductility demands. Thus, this failure 
mode takes precedence in seismic and dynamic scenarios [2-4]. It is worth noting that collapse mechanisms (e.g., soft-story) 
are more critical regarding structural reliability. They typically involve a limited number of compromised elements, 
challenging their detection and mitigation. Moreover, their manifestation often signals a brittle, rather than ductile, failure 
mode, which can be catastrophic if not addressed promptly [2-5]. 
Costa et al. [6] examined the dynamic behavior of beam-column joints constructed with regular-strength concrete under 
seismic conditions in their study. Their findings revealed significant damage within these joints, indicating notably high 
average tensile damage values (dt) exceeding 0.79. This highlights the structural vulnerability of the building, indicating a 
potential risk of overall collapse due to increased bending moments and shear forces at these critical connections. 
According to Taranath [7], when exposed to seismic tremors, reinforced concrete structures need to endure a spectrum of 
earthquakes. From mild tremors causing no damage to moderate ones resulting in minimal structural damage and some 
non-structural impact, these structures, even in severe earthquakes, may sustain structural and non-structural damage 
without collapsing. 
A study explored the key factors significantly impacting structural stability, particularly concerning the capacity of beam-
column joints. These include the prior axial load on the column, the geometric relationship between the beam and column, 
the concrete's compressive strength, the distribution of steel bars, the type of reinforcement, the reinforcement ratios, and 
the crack width [8-12]. In this context, Kim and LaFave's [13] study, conducted across various parameters, underscored the 
preeminent role of concrete strength in shaping critical outcomes. The strength of concretes above 110 MPa is limited, in 
database of Chetchotisak et al. [9] with 328 tests. This emphasizes the predominant research focus on medium-strength 
concrete at 40 MPa (70.7%), with an increasing emphasis on high-strength concrete at 60 MPa (16.8%) and ultra-high-
strength at 110 MPa (12.5%). 
In addressing the critical zones of beam-column joints, both Ultra-High-Performance Concrete (UHPC) and its fiber-
enhanced variant, Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC), stand out as optimal materials. They 
boast great compressive and tensile capacities. Their intrinsic ductility is particularly crucial in seismically active areas, 
facilitating efficient energy absorption and mitigation. UHPC's compact microstructure offers superior resilience against 
environmental factors, and the embedded fibers in UHPFRC provide a robust defence against crack evolution, safeguarding 
the integrity of the connection. With their exceptional adhesion properties and the versatility, they bring to structural design, 
these advanced concretes not only ensure superior structural behavior but also promise cost-effectiveness over the long 
term, positioning them at the forefront of contemporary construction research and practice [14-18]. 
In the field of structural engineering, computational simulations have emerged as an indispensable tool. When analyzing 
beam-column joints, which are crucial for the stability and performance of structures, these simulations enable the evaluation 
of various connection designs and loading scenarios. Particularly when examining advanced materials like UHPC and 
UHPFRC, for which mechanical models and constitutive laws have already been validated in the literature, computational 
simulations provide a cost-effective and efficient approach to predicting and analyzing structural behaviors. By leveraging 
these simulations, researchers and engineers can refine joint designs, foresee potential challenges, and ensuring safety for 
the structures [19-21]. 
Consequently, this research delves into the impact on ductility and strength of a beam-column joint composed of Ultra-
High-Performance Concrete (UHPC) and UHPFRC. The numeric simulation is supported by the expansion of the 
numerical-experimental model crafted from Low-Strength Concrete (LSC) as formulated by Cosgun et al. [22] and 
subsequently numerically simulated by Abdelwahed et al. [23].  
The nonlinear behavior of concrete can be effectively represented by the Concrete Damaged Plasticity (CDP) model 
developed by Lubliner et al. [24] and Lee and Fenves [25], catering to both static and dynamic loadings in low cycles. 
However, addressing structural fatigue in high cycles presents challenges due to the difficulty in capturing damage through 
independent variables and the absence of necessary parameters to represent the heterogeneous behavior of materials under 
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high cycles and multiaxial loadings [26-27]. For high-cycle analysis, using more robust models, such as the CDPM2 model 
by Grassl et al. [28] and the Enhanced Damage Plasticity (ECDP) proposed by Kakavand and Taciroglu [29], is essential. 
In this manner, the present study applies the CDP model to represent the behavior of portal joints under the studied static 
loading. The results indicate that UHPFRC joints exhibit superior strength, enhanced ductility, and a distinctive damage 
progression pattern. 
 
 
CONCRETE DAMAGED PLASTICITY (CDP) 
 

he elastoplastic damage model captures the intricate nonlinear features of materials, encompassing the gradual 
accumulation of deformations and subsequent degradation of the elastic modulus under monotonic loading. The 
Concrete Damaged Plasticity (CDP) model stands out for its ability to represent both elastic and plastic damage 

accumulation, leading to material stiffness reduction. This effect is applied to the Cauchy stress tensor to describe behavior 
under compression (σc) and tension (σt) (Eqs. 1 and 2). This model characterizes uniaxial stress-strain behavior, delineating 
plastic (εc,pl) and elastic (εc,pel) deformations in both phases (compression and tension), culminating in the total strain (ε), 
represented by the sum of these components [30-32]. This model is founded on elasticity theory and encompasses the 
concrete failure criteria of the Drucker-Prager model (kc), limited to 3D solid models [33]. 
The provided text describes the Figs. 1 and 2 presenting concrete's uniaxial compressive and tensile responses using the 
CDP, considering the degree of damage under compression (dc) and tension (dt) associated with the reduction in stiffness 
due to the initial modulus of elasticity (E0) [34]. 
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Figure 1: Uniaxial compression stress-strain [35]. 
 

Figure 2: Uniaxial tensile stress-strain [35]. 
 
To perform numerical modelling, it is necessary to input the material's elasticity parameters, such as Young's modulus and 
Poisson's ratio. These parameters define the elastic properties of the material and initiate the analysis of the plasticity 
variables within the Concrete Damaged Plasticity. Incorporating the stress-strain and damage-strain relationships allows the 
nonlinear behaviour and damage evolution within the structure to be captured. These relationships accurately describe how 
material properties evolve as plastic deformations and damage accuracy and it is the specific CDP parameters: ψ is the 
dilation angle of the solid, m an eccentricity, σb0/σc0 the tension biaxial behaviour failure ratio, kc is defining the failure 
surface in the deviatoric plane normal to the solid's hydrostatic axis and ѵ a virtual-numerical viscosity of the solid. These 
parameters are represented in Tab. 1. 
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Concrete ψ m σb0/σc0 kc ѵ 

LSC [23] 45º 

0.1 1.07 0.666 

0.0002 

NSC 45º 

0.0001 UHPC [36] 50º 

UHPFRC [36] 55º 
 

Table 1: Parameters of CDP input the model on Abaqus. 
 
 
DUCTILITY INDEXES 
 

uctility measures the ability of an element to withstand plastic deformations before experiencing a fracture. Its 
representation is closely tied to the elastic and plastic behaviour, as illustrated by the stress-strain curve of materials 
[37]. Both ductility and strength are critically important properties for ensuring appropriate structural 

performance. Ensuring ductile failure is critical to enhancing safety [34]. The energy-based ductility index (μe), introduced 
by Naaman and Jeong [38], is calculated by applying the approach illustrated in Fig. 3, following Eq. 3, until the ultimate 
force (Pu) is reached. 
 

 
 

Figure 3: Energetic ductility [39]. 
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The energy calculation involves integrating the graph shown in Fig. 3, where the elastic energy (i.e., Eelastic) describes the 
material's behavior up to the elastic limit, and the total energy (Etotal) encompasses the displacement up to the ultimate 
deformation (δult) of the solid. 
The energy-based index (μe) offers an advantage due to its formulation inherently considering concrete's elastic-plastic 
behavior, depicting the extent of material deformation before fracturing [34, 40]. Thus, it allows for assessing a structure's 
ductility and comprehension of its performance concerning concrete strength properties. According to AFGC [41] and NF 
P18-710 [42], structures made of UHPFRC should exhibit sufficient ductility post-failure, ensuring that the tensile stress at 
rupture exceeds 3 MPa. These aspects can be linked to critical factors, ensuring enhanced user safety. Typically, higher 
ductility indices indicate that failure initiates with reinforcement yielding, with stresses absorbed by the concrete's 
deformation until eventual failure due to concrete crushing [42]. 
 
 
NUMERICAL MODELING 
 

hus, this study employs computational analysis via the finite element method in Abaqus software. It builds upon a 
simplified damage assessment from CDP, expanding the study of Cosgun et al. [22] to the UHPC. A significant 
contribution of this study is the understanding of the behavior of beam-column joints made of UHPC, UHPFRC, 
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usual and low-strength concrete (LSC), with an emphasis on the ductile response of each design. This enhancement is 
achieved by incorporating UHPC or UHPFRC, resulting in improved and more robust structural behaviour. 
The analysis focuses on an end-node of a frame subject to monotonic loading conditions with stirrups spaced at intervals 
of 50 mm and 100 mm, as per the detailing in Fig. 4 for the beam and column. Initially a numerical calibration based on 
Cosgun et al. [22] , followed by the calibration conducted by Abdelwahed et al. [23]. Subsequently, a parametric numerical 
analysis was extended to evaluate the performance of UHPC and UHPFRC, explicitly focusing on assessing strength and 
ductility. Fig. 5 displays the boundary conditions in the example conducted by Cosgun et al. [22]. 
The simulation proceeded through two sequential stages: (1) at point P1, this application of a static axial the 20 kN (Step-
1); (2) the application of a vertical displacement of 60 mm at the beam in point P2 (Step-2), as illustrated in Fig. 5. 
 

 
  
 

Figure 4: Experimental model beam-column [22]. 
 

Figure 5: Model boundary conditions. 
 
Geometry and elements types 
Figs. 6 and 7 show the structural modelling. The concrete components are represented by solid elements with 8 nodes each 
and reduced integration (C3D8R), while the steel reinforcements are represented by 3D truss elements with 2 nodes each 
(T3D2). The reinforcement bars are considered to adhere perfectly to the surrounding concrete, characterized as an 
'embedded region' interface property [6, 23, 34].  
 

  
 

Figure 6: Concrete. 
 

Figure 7: Reinforcement of concrete. 
 
Constitutive law of materials 
Cosgun et al. [22] and Abdelwahed et al. [23] adopted the assumption of perfect plasticity to model the behavior of the 
reinforcement elements (Tab. 2). For the concrete, CDP was applied to represent the nonlinear response of the material. 

Step-1
20 kN

Step-2
60 mm

UR =U =0xz xz

UR =U =0xyz xyz

UR =U =0xz xz

150 mm

P2

P1



 
 

 
G. S. Silveira et alii, Frattura ed Integrità Strutturale, 68 (2024) 77-93; DOI: 10.3221/IGF-ESIS.68.05 

 

82 
 

Reinforcement Diameter’s bars Poisson’s ratio Modulus of elasticity Plastic strain Yield stress 

Longitudinal 14 mm 

0.30 200 GPa 

0 445 MPa 

0.021 625 MPa 

Stirrups 8 mm 
0 276 MPa 

0.013 420 MPa 
 

Table 2: Parameters of steel input the model on Abaqus [23]. 
 
To characterize the LSC, we applied the constitutive laws outlined in Figs. 8 and 9, formulated by Abdelwahed et 
al. [23], to Cosgun et al.'s experiment [22]. 

 

Figure 8: Compressive behavior under the CDP [23]. 
 

Figure 9: Tensile behavior under the CDP [23]. 
 
The elastic modulus of the LSC is determined through the empirical formulation by Ahmad et al. [44], with Eq. 4 describing 
the property for low-strength concretes. The calibration parameters utilize ACI 318 [45], EC2 [46], and CEB FIP Model 
Code [47] guidelines, which provide analytical representations. Furthermore, Kumar [47] and Sima et al. [48] conducted 
experimental studies on this property for concrete classes with strengths ranging from 5 MPa to 15 MPa. 
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In the numerical simulations performed to investigate the use of NSC, UHPC and UHPFRC at the joint model, we employed 
the inelastic response compressive behavior developed by Carreira and Chu [50] (Fig. 10). Additionally, the tensile stress-
inelastic strain formulation developed by Krahl et al. [36] was used to characterize the tensile response of UHPFRC, while 
the methodology outlined in the CEB FIP Model Code [47] was adopted to describe the tensile behavior of NSC and UHPC 
(Fig. 11). Finally, Tab. 3 presents the input parameters for simulation and calibration: 
The CDP governed by progressive damage accumulation, as described in the simplified model's compression (Eq. 5) and 
tensile response (Eq. 6). 
 

1 c
c

c

f
d


              (5) 

1 t
t

t

f
d


              (6) 

 

0,0 0,5 1,0 1,5 2,0 2,5
0

1

2

3

4

5

6

7

8

9

10

 Constitutive law

St
re

ss
 (M

P
a)

Inelastic strain (‰)

0 5 10 15 20 25 30 35
0,0

0,5

1,0

1,5

2,0

 Constitutive law

St
re

ss
 (M

Pa
)

Crack strain (‰)



 
 

 
G. S. Silveira et alii, Frattura ed Integrità Strutturale, 68 (2024) 77-93; DOI: 10.3221/IGF-ESIS.68.05 

 

83 
 

In this context, σt and σc denote the tension and compression stresses. Additionally, ft and fc are the stress levels associated 
with inelastic deformation. This simplification aids in explaining the progression of damage, which becomes evident after 
the concretes represents the accumulation of damage for the different concrete types under study in Figs. 12 and 13. 
 

  
 

Figure 10: Inelastic stress-strain under uniaxial compression. 
 

Figure 11: Inelastic stress-strain under uniaxial tension. 
 

Concrete Poisson’s ratio Modulus of elasticity Compression stress Tension stress 

LSC [23] 

0.20 

17039 MPa 9 MPa 1.86 MPa 

NSC 26064 MPa 25 MPa 1.65 MPa 

UHPC [36] 45000 MPa 
135 MPa 

3.00 MPa 

UHPFRC [36] 43000 MPa 8.00 MPa 
 

Table 3: Parameters of concrete input the model on Abaqus. 

  
Figure 12: Damage of compression index. Figure 13: Damage of tensile index. 

 
Analysis of mesh size convergence 
The mesh selection process followed a thorough mesh convergence study to ensure comprehensive computational 
simulation. This study covered mesh convergence values ranging from 25 to 50 mm, and achieving convergence involved 
refining the numerical model related to the LSC element to align it with the experimental model conducted by Cosgun et 
al. [22]. The analysis accounted for the effective influence of Concrete Damaged Plasticity (CDP) behavior in Fig. 14 depicts 
the mesh convergence study considering the element's behavior without damage effects (i.e., plastic behavior). In Fig. 15, 
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the simplified damage was incorporated into the structural element as described in Eqs. 3 and 4. Both Figs. 14 and 15 
illustrates the representation of the experimental response by Cosgun et al. [22] through a continuous black line. 

 

Figure 14: Mesh size with behavior plastic. 
 

Figure 15: Mesh size with CDP. 
 
The CDP model embodies the nonlinear behavior of concrete by reducing its mechanical properties, thereby associated 
with a decrease in material stiffness [6, 34]. Accordingly, the 35 mm mesh proves more efficient in describing concrete 
behavior while maintaining lower computational costs, as illustrated in Fig. 16. For this reason, this mesh size is adopted to 
represent the network of solid elements at the pillar node. For the reinforcements, a mesh spacing of 94 mm was used for 
longitudinal reinforcement and 14 mm for stirrups in the beams, and the columns' spacing was set at 99 mm and 9.4 mm, 
respectively. 
 

 
Figure 16: Validation of numerical simulation. 
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he provided text discusses the outcomes of a computational simulation. It describes the application of static loading 
at point P1 and the vertical displacement at P2. Point P2 is utilized to analyze the numerical response and calibrate 
it with the experimental data from Cosgun et al. [22]. Fig. 16 illustrates the outcomes of the conducted computational 
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error; the continuum black line shows the response of the CDP model, employing a simplified damage law (Eqs. 3 and 4); 
the dotted black line shows the response obtained with the perfect plasticity constitutive law. It can be noted that both 
simulations produce results accurate enough to represent the experimental one. Fig. 16 unveils that the calibrated model, 
derived from previous studies [22], demonstrates a disparity of less than 10% of the experimental force-displacement values 
for LSC, according to the orange area in the graph.  
According to Brazilian Concrete Code - ABNT NBR 6118:2023 [51] structural design for the Ultimate Limit State (ULS) 
exhibits distinct stages of behavior, as illustrated in Fig. 17: (i) Stage 1 marks the commencement of loading with low-stress 
levels and linear distribution, ultimately leading to cracks in the structure; (ii) Stage 2 describes the concrete's maximum 
tensile strength, resulting in cracks in the tensioned section and a linear distribution in the compressed area. This phase 
holds significance in determining crack width and signifies the initiation of plasticization in the compressed concrete; and 
(iii) Stage 3 the concrete approaches the rupture point, attaining maximum tension and compression deformations. 
 

 
 

Figure 17: Stress-strain distribution in the ULS. 
 
Simulation of joints with LSC, NSC, UHPC and UHPFRC 
After the numerical validation, the study introduces the constitutive models for UHPC and UHPFRC (2.5% fiber volume, 
considered in the constitutive law) to be applied for structural assessment. Fig. 18 depicts the force-displacement curve for 
the joint previously modeled, constructed from LSC (represented in black), NSC (in green), UHPC (in red), and UHPFRC 
(in blue) along with their respective energetic ductility indices as shown in Fig. 3. The UHPFRC joint had the highest 
maximum load capacity of 41.44 kN, followed by 17.24 kN for the UHPC section, 15.66 kN for the NSC section, and 12.44 
kN for the LSC section. These results indicate a significant increase in the relative strength of UHPFRC, UHPC, and NSC, 
with values of 3.33, 1.39, and 1.26 times, respectively, compared to the LSC section. 
 

 
Figure 18: The energetic ductility indexes. 
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The energetic ductility index of UHPFRC is 4.11 times greater than that of LSC and 1.42 times greater than NSC. On the 
other hand, UHPC exhibited an energetic ductility index 1.39 times greater than LSC.  
From Fig. 18 it can be observed that the presence of steel fibers in material indeed contributed to improve the ductile 
response of the UHPFRC joint. These steel fibers redistribute stress around the joint, increasing the load-carrying capacity 
and possibly change the cracking pattern observed. Figs. 19-22 show compression and tension damage maps, Von Mises 
Stress in concrete and Von Mises Stress in reinforcements at ultimate force for LSC, NSC, UHPC and UHPFRC joints 
respectively.  
It can be noted from Fig. 22.b that UHPFRC joint showed a cracking pattern indicating flexural failure with vertical flexural 
damage evident. In Fig. 20.b (NSC joint) , the ultimate damage map indicates the formation of the strut-and-tie mechanism 
(STM) with failure possibly caused by bending moments. In contrast, in the cases of LSC and UHPC, as depicted in Figs. 
19.b and 21.b, damage appears at discontinuous region, possibly indicating a brittle failure mode for the joint. This 
phenomenon is attributed to the increase in shear stress, leading to the formation of the STM, which is a consequence of 
the absence of fibers. Therefore, steel fibers play a crucial role in crack management. Particularly, in the case of UHPFRC, 
the higher Von Mises stress and distinct bending failure mode can be attributed to the steel fibers, enhancing the material's 
ductility and the efficiency of the steel bars. Therefore, steel fibers play a significant role in the observed failure modes of 
these joints [52-54]. 
 

  
 

(a) 
 

(b) 

  
 

(c) 
 

(d) 
Figure 19: Simulation of LSC: (a) Damage in compression, (b) Damage in tension, (c) Von Mises Stress in concrete, and (d) Von Mises 
Stress in steel bars. 
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(a) 
 

 

(b) 
 

  
 

(c) 
 

(d) 
 

Figure 20: Simulation of NSC: (a) Damage in compression, (b) Damage in tension, (c) Von Mises Stress in concrete, and (d) Von 
Mises Stress in steel bars. 
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(c) 
 

(d) 
Figure 21: Simulation of UHPC: (a) Damage in compression, (b) Damage in tension, (c) Von Mises Stress in concrete, and (d) Von 
Mises Stress in steel bars. 
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(d) 
Figure 22: Simulation of UHPFRC: (a) Damage in compression, (b) Damage in tension, (c) Von Mises Stress in concrete, and (d) Von 
Mises Stress in steel bars. 
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The research on the behavior of frames, using various classes and types of concrete, plays a fundamental role in the analysis 
of the performance of these materials. In addition to enabling the evaluation of stresses and the rupture mechanism in 
structures, this approach also allows for a more in-depth analysis of reinforcements. This becomes evident when considering 
the information presented in Figs. 19-22. Remarkably, by employing UHPFRC we can largely maximize the stresses in the 
connection zone. This optimization, in turn, directly influences the damage pattern, as observed in the results obtained using 
UHPFRC. 
In Fig. 23, a succinct overview of the critical parameters assessed in the study is presented. The Fig. 23.a highlights the 
capacity of UHPFRC to enhance the maximum forces resisted by the beam-column joints. Additionally, Fig. 23.b displays 
the force at which the model approaches the elastic limit, highlighting the superior performance of UHPFRC, particularly 
in terms of reaching service limit states, as the element progresses beyond stage 1 in Fig. 22, and Fig. 23.c represented de 
ductility index according the types concrete. These results consistently highlight the advantages of using UHPFRC in beam-
column joints, which can be attributed to the bridging effect of steel fibers, increased tensile strength, and improved ductility 
observed. 

(a) (b) 

 

(c) 
 

Figure 23: Comparative analysis of (a) strength, (b) elastic force, and (c) energetic ductility index. 
 
The concrete tensile damage index (dt) is crucial in predicting structural failure. This article analyzes the average damage in 
various concrete types, as depicted in Fig. 24. These results are obtained by comparing the damage predictions for each 
finite element within the node region to the total number of finite elements in that region. This methodology enables us to 
calculate the section's average damage factor. Our analysis reveals a significant value disparity when comparing the utilization 
of UHPC and UHPFRC. The average damage for NSC and LSC surpasses 70%. Another critical analysis pertains to the 
damage response compared to the failure mode. NSC experienced failure attributed to the formation of the strut mechanism 

41.44

17.24
15.66

12.44

UHPFRC UHPC NSC LSC
0

10

20

30

40

50

F
m

ax
(k

N
)

25.9

8.5

5.8
6.7

UHPFRC UHPC NSC LSC
0

10

20

30

F
el

as
tic

 (k
N

)

7.4

2.5

5.2

1.8

UHPFRC UHPC NSC LSC
0

2

4

6

8

10

E
ne

rg
et

ic
 o

f 
du

ci
til

ity
 in

de
x



 
 

 
G. S. Silveira et alii, Frattura ed Integrità Strutturale, 68 (2024) 77-93; DOI: 10.3221/IGF-ESIS.68.05 

 

90 
 

in the beam-column joint, whereas, in LSC, rupture predominantly resulted from the development of the strut-and-tie 
mechanism. This signifies a localized failure concentration within the element, rendering the structure more susceptible to 
local collapse. 
 

    
 

(a) 
 

(b) 

 

(c) 
 

(d) 
 

Figure 24: Average damage of tensile: (a) LS, (b) NSC, (c) UHPC, and (d) UHPFRC. 
 
 
CONCLUSIONS  
 

his paper conducts a comparative analysis of a beam-column joint constructed from LSC, NSC, UHPC, and 
UHPFRC. Factors such as ultimate strength, damage progression, and ductility behavior are assessed and contrasted. 
The beam-column joint under examination was experimentally investigated by Cosgun et al. [22], and its numerical 

model was previously validated by Abdelwahed et al. [23]. Initially, the study validates numerical outcomes from Abaqus 
against experimental results for LSC. Subsequently, the joint's concrete is replaced to NSC (normal-strength concrete of 25 
MPa), UHPC and UHPFRC, both possessing an ultimate resistance of 135 MPa. The main key findings include: 

1. The use of UHPFRC in the joint substantially enhances the overall structure's final strength. Compared to LSC, 
this amplification exceeds 300%, whereas the increase is approximately 250 % for NSC. Additionally, compared 
to UHPC of equal compressive strength, the joint demonstrates a capacity of 240% superior. This increase can 
be attributed to the combined contribution of fibers and the matrix. 

2. The clear advantage of UHPFRC compared to UHPC is evident, as it presented higher compressive and tensile 
strength capacity, as supported by the literature [34, 41]. 

3. The use of UHPFRC results in a ductility index that is 4.11 times that of LSC, 2.96 times that of UHPC, and 
1.42 times that of NSC. 

4. A notable shift in the failure mechanism of the joint was observed. For LSC and UHPC joints, tensile damage 
is distributed across the central interface region between the column and beam, forming an inclined tie. In 
contrast, for UHPFRC, damage is concentrated at the beam's end, with cracks predominantly vertical. This 
suggests a marked alteration in the joint's failure mode, potentially indicating a need to reassess design criteria. 

5. Localized failure concentration within the element signifies that the structure is more susceptible to local 
collapse. Additionally, NSC and LSC have an average damage that surpasses 70%. 

This study aimed to enhance the understanding of the behavior of new high-strength materials, focusing on their capabilities, 
to be used in joint connections. The ability to accurately predict and effectively evaluate the behavior of these elements can 
significantly influence the safety and performance of structures specially those subjected to severe lateral loads. 
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