
1590 

Iğdır Üniversitesi Fen Bilimleri Enstitüsü Dergisi, 14(4), 1590-1601, 2024 

Journal of the Institute of Science and Technology, 14(4), 1590-1601, 2024 

ISSN:  2146-0574,  eISSN: 2536-4618 

Civil Engineering DOI: 10.21597/jist.1521794 

Research Article 

Received: 24.07.2024 Accepted: 21.08.2024 

To Cite: Solak, K. & Orhan, S. N. (2024). Comparative Study of Progressive Collapse Behavior of Auxetic Concrete 

Cellular Structures Under Low-Velocity Impact Loading. Journal of the Institute of Science and Technology, 14(4), 1590-

1601. 

Comparative Study of Progressive Collapse Behavior of Auxetic Concrete Cellular Structures Under Low-Velocity 

Impact Loading 

Kemal SOLAK1, Süleyman Nazif ORHAN1*      

Highlights: 

• Traditional and 

stiffened auxetic 

concrete cellular 

structures were 
modeled. 

• FE simulations of 

auxetics were 

conducted using 

ANSYS/LS-DYNA 

under low-velocity 

impact loading. 

• Impact responses of 

cellular structures 

were determined. 

 
Keywords: 

• Auxetic concrete 

cellular structures 

• Negative Poisson’s 

ratio 

• CSCM concrete 

model 

• Numerical 

simulation  

• Low-velocity  

impact 

ABSTRACT:  

The combination of auxetic behavior with concrete offers promising advancements in structural 

materials, providing unique mechanical properties that enhance impact resistance and energy 

absorption. The study investigates the mechanical behavior of auxetic concrete cellular 

structures, focusing on elliptic and peanut-shaped unit cells as well as their modified stiffener 
configurations, under low-velocity impact loading. To compare their impact performance, 

traditional and stiffened models were analyzed numerically using finite element solver 

ANSYS/LS-DYNA. The findings indicate significant differences between traditional and 

stiffened models. Stiffened models, such as SEC and SPC, exhibit higher maximum impact 

forces compared to traditional models like TEC and TPC. The introduction of stiffeners delays 

the zero-force phenomenon, resulting in extended energy absorption periods. The TPC model 

absorbed the most significant proportion of the initial impact velocity among traditional 

models, whereas the SPC model exhibited the highest energy absorption in models with 

stiffeners. The study highlights the potential of stiffened auxetic concrete cellular structures to 

enhance impact resistance and energy dissipation, making them advantageous for applications 

requiring high structural resilience. Further research into varying impact velocities and loading 

directions is recommended to optimize these structures for diverse conditions. 
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INTRODUCTION 

Recent developments in construction materials have been marked by a shift towards 

sustainability, enhanced performance, and the integration of advanced technologies. Innovations such 

as high-performance concrete and self-healing materials are transforming the industry and addressing 

structural demands (Asgharpour & Hosseini, 2024). Among these advancements, cementitious 

materials remain a staple due to their versatility, cost-effectiveness, and ease of production (Rosewitz 

et al., 2019; Xu & Šavija, 2021). Despite their exceptional compressive strength, cementitious 

materials are inherently brittle and have a low tensile strength, leading to minimal energy absorption 

and sudden fractures when their tensile limits are exceeded. Consequently, they are unsuitable for 

applications requiring high energy absorption, such as vibration and impact resistance (Rosewitz et al., 

2019; Momoh et al., 2024). However, advancements in manufacturing technologies offer new 

opportunities to improve the mechanical properties of cement-based materials. The advent of additive 

manufacturing, or 3D printing, has opened new horizons for producing cement-based materials, 

offering unprecedented design flexibility and precision (Mobarak et al., 2023; Xie et al., 2024). 

Additive manufacturing allows for the creation of complex geometries and tailored material properties 

that are difficult or impossible to achieve with conventional manufacturing techniques (Jiang & Koike, 

2023; Zhou et al., 2024). This technology is particularly advantageous for producing engineered 

cementitious composites (ECC), which exhibit superior mechanical behaviors compared to traditional 

concrete (Hung et al., 2013; Felekoǧlu et al., 2014; Li et al., 2020; Xie et al., 2024). These composites 

are designed with a micromechanically guided approach, and their enhanced performance is primarily 

attributed to their unique composition, which typically includes a mix of fine aggregates, cement, 

water, and randomly distributed short fibers. These fibers bridge microcracks as they form, preventing 

the localization of stress and the propagation of cracks. This mechanism allows ECC to exhibit strain-

hardening behavior and sustain multiple microcracks under tensile loading, each of which can open 

without leading to catastrophic failure. Thus, ECC exhibits high tensile strength and ductility, even at 

low fiber levels (Li, 2003; Yang et al., 2007). 

On the other hand, auxetic materials, known for their unique property of negative Poisson's ratio, 

have recently gained significant attention in civil engineering. In contrast to cementitious materials, 

auxetics offer substantial advantages, including enhanced energy absorption and higher shear and 

fracture resistance (Orhan & Erden, 2022a, 2022b; Momoh et al., 2024). Consequently, another 

approach to enhance the insufficient mechanical properties of conventional cement-based materials is 

incorporating auxetic metamaterials in cementitious composites (Zhou et al., 2020; Luo et al., 2022; 

Tzortzinis et al., 2022; Zhong et al., 2022; Chen et al., 2023; Xu et al., 2024; Xu & Šavija, 2024). In a 

study conducted by Zhong et al. (2022), the mechanical properties of auxetic cementitious composites 

designed using single and layered re-entrant aluminum frames were compared. The composites' 

compressive strength and energy absorption capacity were determined through experiments and finite 

element analysis, and it was found that the layered composite showed better mechanical performance. 

Luo et al. (2022) examined the axial compressive performance of a novel tubular composite designed 

using an auxetic steel tube and concrete. The mechanical behavior of this tubular structure was 

compared with composites, including tubes that do not show auxetic behavior. As a result of the 

experiments and finite element analyzes, it was determined that the use of auxetic tubes created a 

better confinement effect on the concrete. Chen et al. (2023) experimentally examined the compressive 

behavior of the composite structures manufactured using polylactic acid auxetic lattices (re-entrant, 

octet, and triangular) and ultra-high performance concrete (UHPC) under static and dynamic effects. 
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The results were compared with the plain and steel fiber-reinforced ultra-high performance concrete, 

and the re-entrant lattice was found to be the most suitable structure for composites produced with 

UHPC. Xu et al. (2024) designed an original auxetic cementitious composite structure consisting of a 

3D printed auxetic frame and cementitious mortar as filler. The mechanical properties of this 

composite were examined under uniaxial compression and cyclic loading. As a result of the 

experiments and numerical analysis, it was determined that this composite structure has a higher 

energy absorption ability compared to conventional cementitious mortar and the polymeric auxetic 

frame. Xu and Sajiva (2024) produced composite structures using four different polymeric auxetic 

frames (re-entrant, rotating-square, chiral, and missing rib) and cementitious mortar. The compressive 

behavior of these composite structures was examined both numerically and experimentally. In 

conclusion, all structures were found to have higher energy absorption and ductility than the traditional 

mortar.  

In addition to the use of concrete and auxetic structures in composite forms, as mentioned above, 

recent studies have focused on designing cellular cementitious composites to exhibit auxetic behavior 

and determining their mechanical properties under different loading conditions (Xu et al., 2020; Xu et 

al., 2021; Lyngdoh et al., 2022; Chen et al., 2024; Xie et al., 2024). Among these studies, Xu et al. 

(2020) designed and investigated the mechanical behavior of cementitious cellular auxetic composites 

with elliptically-shaped unit cells and various fiber contents under uniaxial compression and cyclic 

loading. Experimental studies on samples produced using 3D printing techniques revealed that the 

energy absorption capabilities of these composites are promising for engineering applications. Xu et al. 

(2021) modeled and produced cementitious cellular composites with three different unit cell shapes 

utilizing 3D printing technology. The behavior of these composites under compression and different 

boundary conditions was investigated experimentally and numerically. It was found that two of these 

composites exhibited auxetic behavior and were suitable for various civil engineering applications due 

to their high energy absorption capacities. Chen et al. (2024) designed three different cementitious 

cellular composites with elliptical, re-entrant, and chiral unit cells and studied their mechanical 

performance under flexural and compressive effects. Experiments and numerical analyzes indicated 

that these structures exhibited auxetic behavior under compression, while this behavior was not 

observed under bending. Among the structures examined, the composite with elliptically shaped unit 

cells demonstrated the best results regarding strength and energy absorption capacity. Xie et al. (2024) 

modeled two peanut-shaped cementitious cellular composites with different unit cell geometries. The 

mechanical properties of these structures under compression were determined and compared with 

elliptically-shaped cementitious cellular composites, experimentally and numerically. As a result, 

peanut-shaped composites were found to have better auxetic behavior and higher energy absorption 

capacity than elliptically-shaped ones.   

In this paper, the mechanical behavior of auxetic concrete cellular structures is examined, with a 

focus on elliptic and peanut-shaped unit cells and their modified stiffener configurations under low-

velocity impact loading. To assess their impact performance, both traditional and stiffened models 

were analyzed using the finite element (FE) solver ANSYS/LS-DYNA. This study is expected to 

provide valuable insights for civil engineering applications where impact resistance and energy 

dissipation are essential. 
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MATERIALS AND METHODS 

LS-DYNA Concrete Material Model 

In recent decades, numerous material models have been developed to describe the behavior of 

concrete and similar materials under different loading conditions, such as quasi-static loading, 

low/high-velocity impacts, and shock/blast loads. LS-DYNA offers a variety of concrete constitutive 

models such as Karagozian and Case (*Mat_Concrete_Damage/MAT_072), Winfrith 

(*Mat_Winfrith_Concrete/MAT_084), Continuous Surface Cap (*Mat_CSCM_Concrete/MAT_159) 

and Holmquist-Johnson Cook (*Mat_Johson_Holmquist_Concrete/MAT_111), which are frequently 

used in the literature (Abedini & Zhang, 2021). The aforementioned models offer distinct benefits, 

with simple keyword inputs and automatic parameter generation versions provided by each.  

Continuous Surface Cap Model (CSCM) in LS-DYNA, a widely adopted nonlinear concrete 

model, has been validated and applied in studies involving blast response of concrete walls (Yan et al., 

2016), rock cutting simulations (Stopka, 2021), and low-velocity impact response of cementitious 

composites (Yin et al., 2023). CSCM is a visco-elastic-plastic model for concrete that effectively 

captures a range of material properties, such as damage-induced softening, modulus reduction, shear 

dilation, shear compaction, confinement effects, and strain rate dependent, as seen in Figure 1 

(Abdelwahed et al., 2015; Weng et al., 2020). CSCM employs a cap formulation to characterize the 

compaction behavior of the concrete. Furthermore, a depiction of the yield surface is presented in 

Figure 2, illustrating shear strength plotted against pressure axes. Stress in the concrete is recalculated 

and updated during each time step of the analysis. The concrete behaves elastically if the calculated 

stress is within or on the yield surface. If the stress exceeds the yield surface, a plasticity algorithm 

returns the stress state to the yield surface. The model derives default parameters from unconfined 

compression strength, aggregate size, and units, calibrated using data ranging from 20 to 58 MPa for 

unconfined compressive strength and aggregate sizes of 8 to 24 mm (Murray, 2004). In this study, 

CSCM model parameters were derived based on a concrete unconfined compressive strength of 30 

MPa and an aggregate size of 8 mm, as listed in Table 1. 

 
Figure 1.  Characteristics of strain softening and modulus reduction of CSCM model (Murray, 2007) 
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Figure 2.  Yield surface of CSCM in two (a) and three (b) dimensions (Murray, 2007) 

Table 1. Parameters of CSCM model used in FE simulation (Units are in GPa, kg, mm, ms) 

Parameters Values Parameters Values 

RO 2.4x10-6 BETA2 70.57 

NPLOT 1 R 5 
INCRE 1.741x10-5 X0 0.09054 

IRATE 1 W 0.05 

ERODE 1.1 D1 0.25 

RECOV 0.1 D2 0.3492 

ITRETRC 0 B 100 

PRED  0 GFC 0.005392 

G 11.46 D 0.1 

K 12.55 GFT 5.392x10-5 

ALPHA 0.0145 GFS 5.392x10-5 

THETA 0.2965 PWRC 5 

LAMDA 0.01051 PWRT 1 

BETA 19.29 PMOD 0 
NH 1 ETA0C 4.587x10-4 

CH 0 NC 0.78 

ALPHA1 0.7473 ETA0T 0.002242 

THETA1 1.151 NT 0.48 

LAMDA1 0.17 OVERC 0.02145 

BETA1 70.57 OVERT 0.02145 

ALPHA2 0.66 SRATE 1 

THETA2 1.387 REPOW 1 

LAMDA2 0.16   

Design of Auxetic Concrete Cellular Structures 

Numerous unit cells have been proposed and investigated in the literature to achieve auxetic 

behavior in structures. In this study, auxetic cellular structures were developed using two different 

auxetic unit cells, along with modified versions that included stiffeners at the perforation centers. The 

designs of the elliptic and peanut-shaped perforations were based on our previous studies (Solak & 

Orhan, 2022, 2023, 2024). The computer-aided design (CAD) models were carefully created using 

SolidWorks 2019 (Dassault Systems, Massachusetts, USA) software, ensuring the desired 

characteristics of each shape were accurately represented. The geometric details of the auxetic unit 

cells are provided in Table 2. The unit cell design utilized the following geometric parameters: side 

length (L), large circle radius (R), small circle radius (r), stiffener thickness (t), long side length of 

perforations or stiffener length (s), and short side length of perforations (d). Each auxetic cellular 

structure was created with dimensions of 200x200 mm and a thickness of 50 mm. A planar form with a 

4x4 array layout was constructed using the auxetic unit cells and then extruded to achieve the desired 

thickness, as illustrated in Figure 3. To differentiate between the auxetic structures analyzed for their 

mechanical properties and to facilitate comparison of the results, the following abbreviations were 

used: TEC for traditional elliptic-shaped concrete cellular structure, SEC for stiffened elliptic-shaped 
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concrete cellular structure, TPC for traditional peanut-shaped concrete cellular structure, and SPC for 

stiffened peanut-shaped concrete cellular structure. 

Table 2. Geometric details of auxetic unit cells 

Unit cells L (mm) s (mm) d (mm) R (mm) r (mm) t (mm) 

Traditional elliptic perforation 

Traditional peanut perforation 

Stiffened elliptic perforation 

Stiffened peanut perforation 

50 

50 

50 

50 

28 

28 

28 

28 

12 

- 

12 

- 

- 

8 

- 

8 

- 

6 

- 

6 

- 

- 

2.6 

2.6 

 

 
Figure 3. Auxetic structures design methodology: (a) auxetic unit cells, (b) planar form, (c) cellular form 

Finite Element Analysis (FEA) Setup and Verification 

A numerical model was developed using ANSYS/LS-DYNA (Ansys Inc., PA, USA) finite 

element software to investigate the progressive collapse behavior of auxetic concrete cellular structures 

under low-velocity impact. This model comprises three main components: impactor, auxetic cellular 

structure, and lower plate. The impactor is constrained in all rotations and translations except for its 

movement along the loading axis. The impactor contacts the auxetic cellular structure, positioned on 

the fixed lower plate, with a specified initial velocity. The fixed lower plate and the impactor are 

designed with a diameter of 300 mm and a thickness of 30 mm. The impactor is assumed to reach a 

velocity of 7.5 m/s at the initial contact, and this initial velocity is applied consistently across all 

numerical models. For numerical modeling of the impactor and fixed lower plate, a non-deforming 

material identified as *MAT_RIGID was employed, featuring a density of 7850 kg/m³, Young’s 

modulus of 210 GPa, and a Poisson’s ratio of 0.3. Furthermore, auxetic concrete cellular structures 

were modeled using the *MAT_CSCM, as mentioned above. The initial velocity along the loading 

axis of the impactor is specified using *INITIAL_VELOCITY_GENERATION. In the analysis, 

*CONTACT_ERODING_SINGLE_SURFACE was utilized to model the interaction between the 

concrete and the plates. This contact method is recommended when solid elements involved in contact 

definitions may erode due to specified material failure criteria (Anonymous, 2016). Static and dynamic 

friction coefficients were also set to 0.25 (Luo et al., 2022). Reaction forces during impact were 

computed from the impactor using *FORCE_TRANSDUCER. Figure 4 depicts the finite element 

model, showing boundary conditions and LS-DYNA cards. 
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Figure 4. The finite element model including boundary conditions, mesh discretization, and LS-DYNA cards 

The tetrahedral solid elements with four nodes were used to mesh the auxetic cellular structures, 

ensuring precise representation of intricate curves and edges, considering previous studies (Gürbüz & 

Kocaman, 2024; Kocaman & Gürbüz, 2024; Orhan & Alkan, 2024). A mesh convergence study is 

conducted using the TEC model to assess the accuracy of the analyzes. Various numerical models 

were created with different mesh sizes (0.5 mm, 1 mm, 2 mm, 4 mm, 5 mm) and compared based on 

peak impact force. After multiple trials, a mesh size of 2 mm was chosen for all models as the optimal 

option, effectively balancing computational efficiency with precision requirements. The results of the 

mesh convergence study are given in Figure 5. 

 
Figure 5. The results of the mesh convergence study 

RESULTS AND DISCUSSION  

Figure 6-9 illustrates the mechanical behavior of concrete cellular structures with elliptic and 

peanut perforations under low-velocity impact loading. The time history of impact force curves 

corresponding to 5 ms analysis time is given in Figure 6. The traditional auxetic models, TEC and 

TPC, exhibited nearly identical maximum impact forces of 165.75 kN and 163.89 kN, respectively. 

Furthermore, the stiffened models, SEC and SPC, had maximum impact forces of approximately 

193.31 kN and 191.52 kN, respectively. When comparing the traditional and stiffened models among 

themselves, it is evident that although they have similar maximum impact forces, each model displays 

a distinct force trend after 0.3 ms, as seen in Figure 6-7. After the TEC model reaches its peak impact 

force, the force trend approaches zero at 0.3 ms. When a stiffener is added to the elliptic model, the 

SEC model reaches zero force at 0.45 ms. The TPC model reaches zero force at 0.6 ms, and the SPC 

model does so at 0.7 ms. This indicates that traditional models reach zero force sooner than stiffened 

models. The introduction of stiffeners to cellular structures delays the zero-force phenomenon, 

allowing the structures to absorb more energy. Additionally, while the impact force curve remained 
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constant in the TEC and SEC models, fluctuations were observed in the force curves of the TPC and 

SPC models. These fluctuations indicate the occurrence of progressive damage. After 4 ms, all models 

exhibited a force curve approaching zero. Figure 8 presents the deformation trends of auxetic concrete 

cellular structures along with their corresponding damage ratios. Auxetic models with elliptic and 

peanut perforations consist of solid blocks (Wang et al, 2020). Under axial loading, these structures 

absorb the applied load by rotating the solid blocks. The most noticeable rotational deformation is seen 

in the TEC and SEC models, while a slight rotational deformation is observed in the TPC and SPC 

models. In all models, initial fractures began at the junction points of the solid blocks. This type of 

deformation in concrete-based cellular auxetics is consistent with findings reported in several studies 

in the literature (Xu et al., 2020, 2021). Additionally, as the impactor hit the auxetic structures at a 

speed of 7.5 m/s, the deformation progressed from the top to the bottom of the structures. 

 
Figure 6. Time history of impact force for 5 ms period 

 
Figure 7. Time history of impact force for 0.5 ms period 

Figure 9 shows the time history of the velocity curve of the rigid impactor during the 5 ms 

analysis period. Additionally, the results for the auxetic concrete cellular structures are also provided 

in Table 3. The impactor, initially striking the auxetic structures at 7.5 m/s, reached final velocities of 

6.02 m/s in the TEC model, 5.23 m/s in the TPC model, 5.14 m/s in the SEC model, and 3.98 m/s in 

the SPC model at the end of the analysis. Additionally, the impactor displaced 31.9 mm along the 

loading axis in the TEC model, 28.4 mm in the TPC model, 28.7 mm in the SEC model, and 23.7 mm 

in the SPC model. The absorbed energy ratio value in Table 3 is calculated as the percentage ratio of 

the impactor final velocity to the initial velocity. Among traditional models, the TPC model absorbed 

the most impactor energy, with a ratio of 30.27%. Among stiffened models, the SPC model absorbed 

the most impactor energy, with a ratio of 46.94%. In dynamic impact analysis, a lower peak force is 

desirable (Ha & Lu, 2020). As shown in Table 3, while the TEC and TPC models had nearly identical 
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maximum impact forces, the TPC model absorbed more energy, giving it an advantage over the TEC 

model. A similar scenario is observed in models with stiffeners. Although the SPC and SEC models 

have identical maximum impact force, the SPC model is more advantageous in terms of velocity 

absorbing. Additionally, the introduction of the stiffener to the models enhances the energy absorption 

capability of the SEC and SPC models compared to their traditional counterparts. 

Table 3. The results of low-velocity impact analysis 

Specimen Maximum impact 

force (kN) 

Impactor initial 

velocity (m/s) 

Impactor final 

velocity (m/s) 

Absorbed energy 

ratio (%) 

Impactor total 

displacement (mm) 

TEC 

TPC 

SEC 

SPC 

165.75 

163.89 

193.31 

191.52 

7.5 

7.5 

7.5 

7.5 

6.02 

5.23 

5.14 

3.98 

19.73 

30.27 

31.47 

46.94 

31.9 

28.4 

28.7 

23.7 

 
Figure 8. Deformation mechanism of auxetic concrete cellular structures 

 
Figure 9. Time history of velocity 

CONCLUSION 

In this study, the mechanical behaviors of auxetic concrete cellular structures with elliptic and 

peanut perforations, along with their modified versions featuring added stiffeners, were investigated 

numerically under low-velocity impact loading. A thorough examination of auxetic concrete cellular 

structures has revealed several key findings, highlighting their importance in civil engineering 

applications. 

• The mechanical behavior of concrete cellular structures with elliptic and peanut perforations 

under low-velocity impact loading shows distinct differences between traditional and stiffened models. 
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• Traditional models (TEC, TPC) demonstrated identical maximum impact force, whereas 

stiffened models (SEC, SPC) also exhibited similar maximum impact force. 

• Among traditional models, the TPC model absorbed the most significant proportion of the 

initial impact velocity, while the SPC model exhibited the highest energy absorption in models with 

stiffeners. 

• The addition of stiffeners in the SEC and SPC models increases the maximum impact forces 

and delays the zero-force phenomenon, thereby enhancing energy absorption compared to traditional 

counterparts. 

The study highlights the significant advantages of incorporating stiffeners into auxetic concrete 

cellular structures, demonstrating their potential to improve impact resistance and energy absorption. 

These findings suggest that stiffened auxetic concrete cellular structures offer valuable benefits for 

applications requiring high energy dissipation levels and enhanced structural performance. 

Additionally, the impact velocities, loading directions and auxetic unit cells explored were limited, and 

further studies with varying conditions could provide a more comprehensive understanding of auxetic 

concrete cellular structures. Exploring these aspects in future research could lead to optimized designs 

and broaden the applicability of auxetic concrete cellular structures in diverse civil engineering 

applications. 
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