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The analysis of stress-strain states in the joints of structures, represented by a connector made of two steel plates 

connected in a “dovetail” manner, has been conducted in this study. The investigation is based on the finite ele-

ment method (FEM). As an example, the joint structure under static loading conditions is considered. The results 

presented in the study demonstrate the complex process of changing contact conditions on the connector’s contact 

surfaces. The computational approach used allows for identifying patterns of how the steel grade influences the 

product’s performance. Typically, aluminum-based alloys are used in manufacturing such joints; however, this study 

suggests the possibility and feasibility of enhancing the efficiency of using such joints by utilizing specific composi-

tions of steel. This study examines various grades of steel, analyzes their stress-strain states under static loads, and 

evaluates their impact on the strength of structural joints. The research justifies the theoretical possibility of using 

different steel grades for joints, thereby expanding the range of available options for such joints in general. Numeri-

cal simulations were carried out using the ANSYS Workbench 2022 R2 software suite, considering a linear physical 

model of the materials under investigation, which allows assessing the actual stress states of the structures while con-

sidering variations in steel grades. Minimum stress values, both normal (61.96 MPa) and shear stresses (61.02 MPa), 

were recorded in alloyed steel grade 30Kh. The reduction in stress levels when using grade 30Kh steel compared to 

aluminum alloy grade D12 amounted to 72.48 % for normal stresses and 71.98 % for shear stresses. Summarizing 

the research results leads to a scientifically grounded conclusion regarding the feasibility of using alloyed steels for 

manufacturing connectors to join structures. The trends observed indicate a reduction in material consumption for 

joints by decreasing connector cross-sections while maintaining their load-bearing capacity. 
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Introduction

 Connections are the most critical parts of structures. 

During manufacturing many connections, holes and 

notches are made in structural elements, weakening their 

cross-sections and increasing deformability. The failure of 

most assembled structures typically starts at the connec-

tions [1]. Standard structural solutions for nodal connec-

tions often do not allow for the use of new materials and 

modern technical solutions that could enhance the strength 

and deformation characteristics of connections. As the span 

of structures increases, the forces acting on their nodes also 

increase. Therefore, the load-bearing capacity of a structure 

is determined by the reliability of the technical solutions for 

nodal connections. 

The connections of metal structures using welding have 

been studied in works [2–5]. Solutions for joints between 

steel structures and composite elements have been discussed 

in works [6-8]. Optimization issues regarding existing struc-

tural connection solutions have been addressed in the work 

[9]. The results of scientific research [10, 11] are dedicated to 

analyzing the performance of shear connections. Modeling 

connections in modern software complexes with a focus on 

studying complex material behavior has been explored in 

works [12–14]. Experimental investigation issues of joints 

have been studied in [15–17], and an analysis of their stress-

strain states is provided in [18–21]. However, many questions 

related to studying connections of structures using differ-

ent materials remain underexplored to date. Therefore, the 

considered research direction remains quite relevant in the 

current stage of materials science development.

Aluminum alloy connectors made by the Austrian 

company Sherpa are well known in the world market [22]. 

A variety of connector types allows for standardizing joints 

across different types of structures [23]. A joint connector 

consists of two steel plates inserted into each other akin to a 

“dovetail” joint. Experience from abroad indicates that the 

load-bearing capacity of such joints does not always meet 

the required standards. The relatively low load-bearing ca-

pacity is attributed to the comparatively low strength of the 
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metallic overlays. Thus, the scientific and technical issue 

addressed in this study revolves around the feasibility of 

using alternative alloy types as connector materials, includ-

ing within the context of import substitution and ensuring 

technological sovereignty.

This study investigates the vertical joints of structures, 

which are among the most common types of connections. 

Optimizing the design of joints by reducing their material 

consumption through a rational selection of materials is 

a pertinent scientific task that requires an examination of 

their actual stress-strain state.

The research objective is to enhance the strength, stiff-

ness, and operational characteristics of joints made from 

various alloys designed for interconnecting structures. The 

research focuses on joints made from different alloys, with 

the stress-strain state of these joints being the subject of in-

vestigation depending on the material used. 

Materials and methods

Numerical modeling was performed using the ANSYS 

Workbench software suite, implementing the finite element 

method (FEM). This method involves dividing complex 

bodies into a specific number of basic elements, while pre-

serving all specified material strength properties. This ap-

proach allows for the closest approximation of the objects’ 

behavior to reality while ensuring feasibility for the math-

ematical solver of the software suite. If there is a continu-

ous variable present in the original object, such as internal 

stresses in a region, it is approximated by a set of piecewise-

continuous functions, which are defined by the boundaries 

of the basic finite elements. Piecewise-continuous functions 

are constructed using the values of the continuous variable 

at the nodes connecting the elements. The prerequisites for 

using the indicated approach to the study of steel structures 

using the ANSYS calculation complex are given in [24,25].

In the majority of cases, the transfer of forces within 

structures occurs from one element to another through 

connections facilitated by joints. Scientific investigation of 

these connections is a highly responsible task as most failures 

occur precisely at these joint locations. The overwhelming 

majority of joints are made using steel, with alloys of vari-

ous grades serving as the material for these connections. The 

first group of alloys studied comprises structural high-quality 

carbon steels such as grades 10G2, 30G, and 40G, which 

are used for manufacturing high-strength components. The 

second group consists of alloyed steels like grades 30Kh and 

18Kh2N4MA. Grade 30Kh is a chromium-alloyed steel 

utilized for producing fasteners operating at temperatures 

up to 400 °C, while 18Kh2N4MA is used for manufacturing 

critical components characterized by high strength, wear re-

sistance, and toughness. It is also employed for components 

subjected to high dynamic and vibrational loads, operating 

within the temperature range of –70 °C to +450 °C. One 

commonly used material for structural joints nowadays is 

aluminum alloys. Aluminum significantly differs from steel 

in its properties; it is less rigid and highly ductile while hav-

ing a lower specific weight. Aluminum-copper-magnesium 

alloys, with small amounts of manganese (duralumin), are 

widely used for structural purposes. Specifically, grades D1, 

D12, and D16 have been studied extensively in this context.

The sketch of the connectors for joining structures is pro-

vided in Fig. 1. The overall appearance of the connector is 

depicted in Fig. 2.

Fig. 3 shows computer models of the compounds under 

study. For the most accurate execution of all connection ele-

ments, modeling of the joint under study was carried out in 

the Autodesk Fusion 360 software with subsequent import of 

the model into ANSYS Workbench.

When modeling the compounds under investigation 

in the ANSYS Workbench software suite, it is essential to 

consider the boundary contact conditions of the two plates.  

For this purpose, contact pairs of the frictional type are 

used, representing a nonlinear contact that takes into ac-

count the coefficient of friction. Within the scope of this 

study, the values of this coefficient for steel-steel connec-

tions are kfr = 0.42, and for aluminum-aluminum connec-

tions, kfr = 1.2.

The setting of material properties during modeling was 

based on information borrowed from the built-in ANSYS 

(a)                                            (b)

Fig. 1. Sketch of a connector for joining structures: 
a) groove-type plate; b) spike-type plate

Fig. 2. General view of the connector for joining structures.
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Figure 3. Model of the studied joints: (a) in the Autodesk Fusion 360; (b) in ANSYS Workbench

(a) (b)

Workbench database. Table 1 presents the physico-mecha-

nical characteristics of the investigated alloys grouped acco-

r dingly.

Results and discussion

Based on the results of numerical analysis of the joint of 

structures with variations in different alloy grades, the values 

of maximum normal stresses, shear stresses, and deforma-

tions in the material under deformation were determined. 

The ultimate deformation corresponding to the limit allow-

able state, at which the integrity of the joint is compromised 

and further safe operation is no longer feasible, was set at 

7 mm. This level of deformation is assumed to be equal 

to the size of the support area, since if the requirement for 

minimal support of the supporting part on the supported part 

is violated, the abutting structural elements are completely 

Table 1. Physico-mechanical characteristics of the considered alloys

Alloy grades Standard Density, kg/m3 Strength, MPa
Coefficient of thermal 
expansion, 1/degree

Young’s modulus,  
MPa

Group 1 – High-quality carbon structural steel

10G2

1050-2013

7790 440 11.3 2.04

40G 7810 590 11.1 2

30G 7810 540 12.6 2.04

Group 2 – Alloyed structural steel

30Kh
4543-2016

7820 880 12.4 2.08

18Kh2N4MА 7950 1130 11.7 2

Group 3 – Aluminum deformable alloy

D1

4784- 97

2800 370 22.9 0.72

D12 2720 220 22.9 0.72

D16 2770 420 22.9 0.72

destroyed. Histograms depicting the values of normal stresses 

and shear stresses at which the integrity of the joint of the 

structure is compromised are presented in Fig. 4. 

Mosaics of stresses at the joints of structures for various 

types of alloys are shown in Fig. 5. 

The nature of the destruction of a joint connector made 

of D12 aluminum alloy and 30Kh steel when reaching limit-

ing deformations characterizing a complete violation of its 

integrity is shown in Fig. 6.  The destruction began as a result 

of rotation of the supported part relative to the supporting 

one in the upper zone of the joint and occurred due to the 

collapse of the contact surfaces.

The analysis of research results demonstrates that vari-

ations in steel grades for connector materials significantly 

impact the structural strength characteristics of joint con-

structions under constant loading. The use of alloyed steels 

instead of aluminum alloys for connector material enhances 
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Fig. 4. Histograms of maximum values of the studied parameters at the joints of structures: a) normal stresses, MPa;  
b) shear stress, MPa

(a) (b)

Fig. 5. Mosaics of normal stresses at the joint: (a) for alloy D12;( b) for alloy 30Kh

(a) (b)

the operational safety by reducing stress levels. Stress reduc-

tion achieved by employing an alloyed steel grade 30Kh com-

pared to aluminum alloy grade D12 amounts to 72.48 % for 

normal stresses and 71.98 % for shear stresses.

The ultimate normal stresses of the investigated steel in 

the 1st group ranged from 62.67 to 65.24 MPa, with their 

maximum strength values at 440–590 MPa, resulting in a 

material loading level at the ultimate state of 9–14 %. Stresses 

in the 2nd group of steels ranged from 60.53–61.96 MPa, 

with a loading level of 5–7 %. The maximum loading level 

was observed in aluminum alloys – 62–100 %, with ultimate 

normal stresses of 220.00–260.88 MPa.

Summarizing the above, it can be concluded that grade 

30Kh steel is recommended as the material for manufac-

turing the investigated joints. The advantage of using this 

grade alloy over traditional aluminum alloys is the reduc-

tion in material consumption of the connector due to the 

decreased cross-sectional dimensions while maintaining its 

load-bearing capacity. The type of joints under study can be 

used to connect structures made of various materials (wood, 

concrete and steel).

The economic analysis of the efficiency of using con-

nectors made from alloyed steel grade 30Kh was conducted 

based on modeling cash flows from single-product manu-

facturing. We evaluate the effectiveness on the basis of M25 

(Sherpa) connectors made of aluminum alloy. The simulated 

financial parameters are shown in Table 2.

The project’s efficiency is assessed through two main 

avenues: the introduction of a new product – a connector 

made from alloyed steel grade 30Kh with a forecast of cash 

flows over 5 years, and accounting for a consumer effect of 

99.07 rubles per unit, which should stimulate increased 

demand for the product due to significant cost savings for 

potential consumers.
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(a) (b)

(c) (d)

Fig. 6. Nature of destruction of the butt parts of connectors (supporting and supported parts) in the limit state: 
(a), (c) D12; (b), (d) 30Kh.

Table 2. Parameters included in the financial model

Parameters per unit
Connector based on steel 30Kh  

(analogous to Sherpa M25)
Connector Sherpa М25

Current selling price
(including VAT)

153.00 rub/pcs. 252.07 rub./pcs.

Labor costs 28.74 rub. n/a

Depreciation rate 4.68 rub. n/a

Material costs 37.00 rub. n/a

Overheads 10 % n/a

Marketing expenses 10 % �25 %

The financial model incorporates a minimum sell-

ing price of the product at 153 rubles per unit includ-

ing VAT. Labor costs are calculated based on the wage of 

one worker at 46,086 rubles, corresponding to the average 

regional value in the Vladimir region. Additionally, sur-

charges are included at the same amount. Thus, the labor 

costs per unit of production amount to 28.74 rubles per 

unit. The existing cost level allows for a substantial increase 

in this threshold. Material costs amount to 37 rubles per 

part. The model also includes expenses for other costs at 

10 %, as well as promotion and marketing expenses at 10 %  

of revenue.
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The assessment of efficiency is conducted using a project-

based approach with relevant indicators. As a result of the 

financial modeling conducted, the following comprehensive 

results of the economic efficiency assessment of introducing 

connectors made of 30Kh steel instead of aluminum alloys 

are presented in Table 3.

The Net Present Value (NPV) of the project amounts 

to 5.7 mln rubles with an investment volume of 3.7 mln ru-

bles. The discount rate is set at 24.67 % for all products. The 

discounted payback period varies and stands at 1.58 years, 

while the simple payback period is 1.46 years. The Internal 

Rate of Return (IRR) for the project is 219.8 %, and the 

Modified Internal Rate of Return (MIRR) is 81 %. The 

Profitability Index (PI) of discounted cash flows for the 

project is 6.39, indicating that for every ruble invested, 

there will be an economic savings effect of 6.39 rubles. The 

cumulative forecast budgetary efficiency reaches 12.2 mil-

lion rubles, which is a significantly high forecast indicator. 

The average return on net economic profit is projected to 

be 19.4 %, demonstrating the effectiveness of implementing 

the proposed solutions. 

Based on the results of the modeling, the following rec-

ommendations can be made regarding the practical appli-

cation of the obtained results: in the context of joints, it is 

possible to use alloyed steels instead of aluminum alloys for 

manufacturing connectors. This substitution offers a real 

opportunity to reduce the geometric dimensions of the con-

nectors while maintaining overall load-bearing capacity. The 

technical and economic significance of these results lies in 

expanding the range of steel grades recommended for manu-

facturing connectors to execute structural joints.

Conclusion

The work establishes the theoretical feasibility of using 

different grades of steel, distinct from traditional aluminum 

alloys, for manufacturing connectors joining structural com-

ponents. Based on numerical investigations of joints made 

from various alloys, the following conclusions can be drawn:

1. Numerical studies of structural joints were conducted 

using the ANSYS Workbench computational software, with 

variations in different alloys. A finite element model of the 

joint was constructed, resembling two plates contact-fused 

at the node in a “dovetail” fashion.

2. A qualitative and quantitative assessment of maximum 

stress fields in the joint was obtained. The highest stresses in 

the joint material, reaching the joint’s ultimate displacement, 

were observed in aluminum alloys, with the strength limit of 

the D12 alloy at 220 MPa being fully exhausted. Minimal 

stresses, both normal (61.96 MPa) and shear (61.02 MPa), 

were recorded in alloyed steels (such as grade 30Kh). The 

strength characteristics of structural carbon steels were close 

to alloyed steels. Thus, the reduction in stress levels when 

using grade 30Kh steel compared to aluminum alloy D12 

amounted to 72.48 % for normal stresses and 71.98 % for 

shear stresses. Grade 30Kh alloyed steel is recommended as 

the material for manufacturing joints of the studied type, of-

fering real prospects for reducing overall material consump-

tion by reducing the cross-sectional dimensions of connector 

elements.

3. Under limit conditions, the material load levels for the 

investigated steels in the first group (grades 10G2, 30G and 

40G) ranged from 9% to 14%, for the second group (grades 

30Kh and 18Kh2N4MA) from 5% to 7%, and for the third 

group (grades D1, D12, and D16) from 62 % to 100 %. An as-

sessment of the economic efficiency of implementing grade 

30Kh steel connectors instead of aluminum alloys indicates 

an increase in average profitability to 19.4 %.

The research was carried out within the state assignment 
in the field of scientific activity of the Ministry of Science 
and Higher Education of the Russian Federation (theme 
FZUN-2024-0004, state assignment of the VlSU).

Table 3. Estimated financial indicators of the project for five years

Indicator Connector (steel grade 30Kh)

Total revenue, thousand rubles 53 176

Production costs, thousand rubles 27 928

Earnings before interest and tax (EBIT), thousand rubles 13 570

Economic effect of savings for consumers per year, thousand rubles 4 965

Investments, including working capital, thousand rubles 3 700

Total cash flow, thousand rubles 11 370

Net present value (NPV), thousand rubles 5 656

Discounted payback period, years 1.58

Internal rate of return, % 219.8 %

Modified Internal Rate of Return (MIRR), % 81 %

Profitability Index (PI), rubles 6.39

Budgetary efficiency, thousand rubles 12 162

Average break-even point of new technology, thousand rubles 5 698

Average return on sales, % 19.4 %

CIS



CIS Iron and Steel Review — Vol. 27 (2024), pp. 48–54 Rolling

54

REFERENCES
1. Stroetmann R., Kästner T., Rust B., Schmidt J. Welded connec-

tions at high-strength steel hollow section joints. Steel Construc-

tion. 2022. Vol. 15. pp. 10–21.

2. Chandramohan D. L. et al. A State of the Art Review of Fillet 

Welded Joints. Materials. 2022. Vol. 15. No. 24. pp. 8743.

3. Remes H. et al. Fatigue strength modelling of high-performing 

welded joints. International Journal of Fatigue. 2020. Vol. 135. 

p. 105555.

4. Yun H., Q. Zhang, Yi B., Yizhi B. Fatigue assessment of longitu-

dinal rib-to-crossbeam welded joints in orthotropic steel bridge 

decks. Journal of Constructional Steel Research. 2019. Vol. 159.  

pp. 53–66.

5. Hoang N. H., Morin D., Langseth M. Testing and modelling of 

butt-welded connections in thin-walled aluminium structures. 

Thin-Walled Structures. 2022. Vol. 171. p. 108681.

6. K'osowski P. et al. Experimental and computational study on 

mechanical behaviour of carpentry corner log joints. Engineering 

Structures. 2020. Vol. 213. p. 110515.

7. Zhan Z. et al. Retrofitting ancient timber glulam mortise & tenon 

construction joints through computer-aided laser cutting. Heli-

yon. 2020. № 4 (6). P. e03671.

8. Andre N. M. et al. Evolution of microscale damages and behav-

ior in the destruction of point joints of metal–composite fric-

tion: model ing and experimental analysis. Metals. 2022. Iss. 12. 

No. 12.  p. 2080.

9. Duong E., Darras A., Driver R. G., Essa M., Imanpour A. Ap-

plications of Artificial Intelligence Techniques for Optimization 

of Structural Steel Connections. In: Walbridge, S., et al. Proceed-

ings of the Canadian Society of Civil Engineering Annual Conference 

2021. CSCE 2021. Singapore. Lecture Notes in Civil Engineering. 

2022. Vol 244.

10. Sepahvand M., Akbari J., Kusunoki K. Plastic design of moment 

resisting frames using mechanism control. Journal of Construc-

tional Steel Research. 2019. Vol. 153. pp. 275–285.

11. Lei J. et al. Postbuckling analysis of bi-directional functionally 

graded imperfect beams based on a novel third-order shear defor-

mation theory. Composite Structures. 2019. Vol. 209. pp. 811–829.

12. Roth S. et al. Modelling of the temperature distribution of spot-

weldable composite/metal joints. Journal of Advanced Joining  

Processes. 2021.Vol. 4. p. 100066.

13. Naqash M. T., Alluqmani A. E., Farooq Q. U. A compara-

tive analysis of design and analysis methods for steel connec-

tions: contrasting American and European perspectives. J. Umm  

Al-Qura Univ. Eng. Archit. 2024. Vol. 15. pp. 14–30.

14. Yan S., Zeng X., Long A. Meso-scale modelling of 3D woven 

composite T-joints with weave variations. Composites Science and 

Technology. 2019. Vol. 171. pp. 171–179.

15. André V. et al. Neural network modelling of mechanical joints for 

the application in large-scale crash analyses. International Journal 

of Impact Engineering. 2023. Vol. 177. p. 104490.

16. Karambas T., Samaras A. Modelling of Harbour and Coastal 

Structures. J. Mar. Sci. Eng. 2021. Vol. 9. p. 1108. 

17. Chen Z. Ge H.; Chan S. Modelling, Test and Practice of Steel 

Structures. Metals. 2022. Vol. 12. p. 1212. 

18. Popova M. et al. Strength and deformability of lightweight me tal 

trusses with elements from cut I-beams. IOP Conference Se ries: 

Materials Science and Engineering. 2020. 896 (1). p. 012061.

19. Sergeev M. et al. Mathematical modeling of stress-strain state of 

the nodal joint of wooden beams. Journal of Physics: Conference 

Series. 2021. Vol. 2131 (3). p. 032088.

20. Strekalkin A. et al. Dowel Connections with Local Wood Mo-

dification. Lecture Notes in Civil Engineering. 2022. Vol.182.  

pp. 385–392.

21. Naichuk A. et al. Rigid Joint of Bent Glued Laminated Timber 

Structures Using Inclined Glued-In Rods. Lecture Notes in Civil 

Engineering. 2022. Vol. 182. pp. 501–521.

22. Sandanus J., Sógel K., Klas T., Botló M. Experimental verifica-

tion of the stiffness of a semi-rigid timber connection. Key Engi-

neering Materials. 2020. Vol. 832. pp. 63–72.

23. Reva D., Lisyatnikov M., Prusov E. Mechanical Behavior of 

Aluminum Matrix Composites in the Elements of Building 

Structures. Lecture Notes in Civil Engineering. 2024. Vol. 335.  

pp. 323–331.

24. Sabat L. Kundu C. K. Flexural-torsional analysis of steel beam 

structures using ANSYS. Materials Today: Proceedings. 2023.  

Vol. 10.

25. Shanmugasundaram N. G., Arulraj P. Analytical Modelling 

of Built-up Steel Beams Using ANSYS. Bonfring International 

Journal of Industrial Engineering and Management Science. 2016.  

pp. 82–87.


