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Abstract. In this study, the mechanical behavior of stirrups commonly used in reinforced concrete
structures when manufactured from Kevlar instead of steel was investigated using numerical analysis.
Kevlar, an aramid fiber with advantages such as light weight, high tensile strength, flexibility, and corrosion
resistance, is attracting attention as an alternative reinforcement element to steel, particularly in humid and
aggressive environmental conditions. However, Kevlar's anisotropic structure causes its elastic modulus
and shear stiffness to vary significantly depending on direction, significantly affecting its deformation
behavior under loading. In this context, steel and Kevlar stirrups were modeled under the same geometric
conditions, and their deformation and stress distributions under axial load were compared. The analysis
results showed that Kevlar stirrups tend to deform more in their weaker directions, while steel, due to its
isotropic structure, provides a more balanced stress distribution. Furthermore, since the study did not
include a concrete model, it is anticipated that the high deformations that could limit Kevlar's performance
in real-world applications will be significantly reduced when evaluated in conjunction with concrete. The
findings suggest that Kevlar stirrups have potential for use in structural systems with appropriate
engineering design, but that evaluation with more comprehensive models that include concrete-stirrup
interactions is necessary.
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AHHOTauma. B pgaHHOM wccnegoBaHWM METOAOM YWUCIIEHHOrO aHanm3a M3yyanocb MexaHudeckoe
noBefeHVe XOMyTOB, OObIYHO MPUMEHSAEMbIX B Xene300€eTOHHbIX KOHCTPYKUMSAX, MPWU UX N3rOTOBMEHUN 13
KeBnapa BMecTo ctanu. Keenap - apamugHoe BOSMOKHO, obnagatoliee Takumu npevmyLluectTBamu, Kak
MarbIl BEC, BbICOKasi NPOYHOCTb Ha pacTsKeHue, rTMOKOCTb M KOPPO3MOHHasA CTOMKOCTb, - NMpuBrekaeTt
BHMMaHWe B KayeCTBe anbTepHaTMBbI CTanbHOW apMaTtype, 0COOeHHO BO BaXXHOW 1 arpeccuBHON cpeje.
MaUMOHHOe NoBedeHWe nof Harpyskon. B pamkax mccnegoBaHus ObinvM CMOZENUPOBaHbI CTanbHble U
KeBnapoBble XOMYTbl B OAVHAKOBbIX rEOMETPUYECKUX YCIOBUSAX, NOCne Yero 6biro NpoBeAeHO CpaBHEHnE
ux gecopOaHaKo aHM3OTPOMNHas CTPYKTypa KeBnapa npvMBOAWUT K TOMY, YTO €ro Moayfb YNpyroctu u
XECTKOCTb Ha CABUI CUMbHO pasnmyaloTcs B 3aBUCUMMOCTM OT HaMpaBeHWs, YTO OKa3biBaeT CyLLECTBEHHOE
BNUsHWE Ha ero gedopmauun n pacrnpeaeneHmsa HanpsXXeHu npyu ocesomn Harpyske. PesynbTaTel aHanusa
nokasanu, 4YTo KeBriapoBble XOMYTbl CKIOHHbI B Gonbluer cteneHn agedopmMmpoBaTbCs B CBOMX Crnabbix
HanpaBneHusix, B TO BPeMs Kak cTanb, bnarogaps cBoen U30oTpOnHOW CTPyKType, obecneynBaeT 6onee
paBHOMepHOe pacrpefeneHue HanpskeHuin. Kpome Toro, NocKosibKy nccnefoBaHve He BKIToYano Moaenb
6eToHa, nNpegnonaraeTcs, YTO BblCOKMe dedopmauummn, KOTopble MOryT orpaHuumBaTb 9pdEKTUBHOCTb
KeBnapa B pearnbHbIX yCNoBUsiX, OyayT 3HaUNTENbHO MEHbLUE MPU PAaCCMOTPEHUN ero COBMECTHOMN paboThl
¢ 6eToHOM. Mony4eHHbIe AaHHblE CBMAETENbCTBYIOT O TOM, YUTO KEBApOBble XOMYTbl MOTEHLNANbLHO MOTYT
NPUMEHATLCA B CTPOUTENBHBIX KOHCTPYKUMSX NPWY Hagnexawem NHXeHEPHOM NPOoeKTMPOBaHNW, OOHAKO
HeobxoaMMa WUX OUeHKa C Wucnonb3oBaHueM 6Ooree KOMMMEKCHbIX MoAenen, yuuTbiBaloLmx
B3aMMoencTBme DeToHa 1 xomyTa.

KnioyeBble cnoBa: KeBMapoBbIi XOMYT, anbTePHAaTMBHOE apMMpPOBaHWE, aHW3OTPOMHOE MoBedeHMne,
MEeTOA KOHEYHbIX 3eMEHTOB, AeopMaLMOHHOE NoBeAeHNE, HeCyLLas CrnocobHOCTb

Introduction

Stirrups, used in the construction industry, are critical for reinforced concrete structures.
A stirrup is a binding element, usually made of steel bars, that increases the durability of
a structure by resisting tensile stresses in concrete. While durable, concrete can fracture
under tension or compression. This is where the stirrup comes in, strengthening the
structure by increasing the concrete's load-bearing capacity. By being incorporated into
the concrete, the stirrups ensure the bond between the steel and the concrete, thus
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increasing the structure's durability, especially against dynamic loads such as
earthquakes. While steel is generally used in traditional stirrup production, alternative
materials have become increasingly popular in recent years. Kevlar, a material made from
aramid fibers, boasts superior properties such as high tensile strength, light weight,
flexibility, and corrosion resistance. Kevlar's corrosion resistance is a significant
advantage, especially for structures in humid areas and near the sea, as it eliminates the
risk of steel stirrups rusting over time and weakening the structure's strength. However,
it's important to note that Kevlar stirrups have different mechanical properties than steel.
Although Kevlar is lighter than steel and has a higher modulus of elasticity, its lower
elongation capacity can limit its load-bearing capacity in some cases. Therefore, the use
of Kevlar stirrups in reinforced concrete structures should be carefully designed according
to engineering calculations and the needs of the structure. Although not as stiff as steel,
Kevlar stirrups can significantly increase structural strength with proper design and
application. He et al. [1] investigated the shear behavior of concrete beams strengthened
with GFRP-steel hybrid stirrups. The mechanical behavior of stirrup-supported enhanced
welded concrete-filled L-shaped steel tubular billet columns under axial compression was
investigated by Wang et al. [2]. Yuan et al. [3] determined the mechanical behavior of
recycled aggregate-filled steel tubular columns with square spiral stirrups under
compression. The bearing load capacities of UHPC (Ultra-High-Performance Concrete)-
coated CFST (Core Concrete-Filled Steel Tube) columns under axial compression were
investigated by Xie et al. [4]. Yang et al. [5] investigated the behavior of high-strength
concrete-filled columns surrounded by high-strength spiral stirrups under axial
compression. Liu et al. [6] determined the axial compression performance of a steel-
reinforced concrete column with high-strength multiple spiral stirrups. The behavior of
GFRP-reinforced columns with composite spiral stirrups under concentric compression
was investigated by Zhang et al. [7]. Asan [8] performed the modal analysis of the column
frame made of carbon/glass fiber composite. In another study, he investigated the ballistic
behavior of UHMWPE and Kevlar plates [9]. In this article, the deformation and stress
states of Kevlar stirrups under axial loads were investigated and compared with
conventional steel stirrups.

Materials and Method

In this numerical study, the test elements were designed, the dimensions of which are
shown in Figure 1. Kevlar and steel were used as stirrup materials. The mechanical
properties of the materials used are given in Table 1.
table-1
Mechanical properties of materials [10,11]

Material | E,(MPa) | E,,(MPQ) | vy, | vy, | Gy, (MPa) | G,,(MPa) | Density (kg/m3)

Kevlar | 80000 | 5500 |0.34| 0.4 | 2200 1800 1380
Structural | 55004 ] 03| - ] ] 7850
Steel

In Table 1, EE, represent the elasticity modules in the x and y directions;
Vyy represents the Poisson ratio for the x — y plane; v,, represents the Poisson ratio for
the y — z plane;; G, represents the shear module in the x — y plane; G,, represents the

shear module in the y — z plane. The finite element model of the designed test element,
the boundary conditions applied to the model, and the number of elements and nodes of
this model are given in Table 2.
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2.91 mm

254 mm

254 mm

Fig.1 Dimensions of designed test elements [8]

Table 2.
Finite element models of the designed test element, boundary conditions applied to the
models, number of elements, and number of hodes belongs to these models

[B Pressure: -50. MPa
[Bj Fixed support

Finite Element Model and
Boundary Conditions
A| Fixed Support
B | Tensile Stress

Number of Elements 1801

Number of Nodes 921

Results and Discussion

The data obtained as a result of the study are presented in Table 3. According to these
results, it was seen that the use of Kevlar and steel as stirrup materials resulted in quite
different mechanical behaviors. Since Kevlar is a structurally anisotropic material, its
modulus of elasticity and shear stiffness vary significantly with directions. Low stiffness,
especially in weak directions, caused more deformation under loading and explained the
high deformation levels observed in the analysis. In contrast, steel, with its isotropic and
high stiffness properties, limited both deformation and stress generation more stably. In
steel stirrups, due to its higher stiffness and uniform mechanical property distribution,
stress was distributed more evenly. Although Kevlar being much lighter than steel provides
an advantage, this lightness does not alone improve structural performance due to the
lower stiffness of the material. These findings are consistent with the behavior generally
observed in the literature when FRP (Fiber Reinforced Polymer) stirruped reinforcement is
used in reinforced concrete beams. For example; It has been reported that crack control is
Lmy Mmore limited in FRP-reinforced beams compared to steel beams[12], and that crack width
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and deformation are also greater than in steel beams[13]. As reported in the literature,
adding concrete to the model can significantly limit deformation, especially in more flexible
materials like Kevlar, make the stress distribution more realistic, and more accurately
reflect the material's actual operational performance. Therefore, the current findings
represent the behavior of Kevlar alone and are not an exact representation of the actual
situation in practice.

table 3.
Deformation and stress results of specimens
Material Deformation(mm) Stress(MPa)
5538.3 Max 3.5688e+10 Max
49229 3.1723e+10
43076 ' 27757e+10 I
3692.2 2.3792e+10
3076.8 1.9827e+10
f‘;;? 1.5861e+10
K I 1230:7 1.1896e+10
eviar o NN d e
\ / - \
z
N 4 N
484.71 Max 93241 Max
B 43085 82881
Ll o
o 62160
21542 51800
161.57 41440
107.71
Steel = o
@ 10360
0 Min

Conclusion

This study compared the behavior of Kevlar and steel stirrups under axial load to reveal
the structural properties of the two materials. The results showed that while Kevlar offers
significant advantages such as light weight and corrosion resistance, its anisotropic
structure causes higher deformations without the addition of concrete. Steel, with its
isotropic and more rigid structure, distributed stress more evenly and limited strain. The
exclusion of concrete from the model increased the observed deformations, particularly
in the Kevlar stirrups, and therefore, the obtained findings represent the independent
behavior of the material. Therefore, more comprehensive analyses that include concrete-
stirrup interactions are needed to evaluate the performance of Kevlar in real-world
reinforced concrete systems. Future studies will more accurately demonstrate the
potential of Kevlar stirrups in practical applications.
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