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IMPACT OF STRESS CONCENTRATION ON RELIABILITY
OF METAL STRUCTURE ELEMENTS OF GANTRY CRANES

Purpose. Analyzing the stress distribution in the metal structure of the gantry crane under the cyclic operation mode and iden-

tifying stress concentrators in the crane column to assess the survivability of the machine.

Methodology. In order to achieve the objective, the methods employed included analytical calculation method, fi nite element 

method, as well as diff erential and integral calculus methods. To study the state of the metal structure of the gantry crane, namely 

the column, the program Solid Works and its application Simulation were used.

Findings. Using the CAD/CAE-system, the loaded condition of the metal structure of the gantry crane was modeled and the 

maximum working loads were determined, and a calculated scheme of their operation was constructed. The method is presented 

for calculation of survivability of load-bearing elements of the crane taking into account coeffi  cients of intensity and concentration 

of stresses which allow defi ning speed of growth of cracks in dangerous stress zones of a metal structure.

Originality. The existing methods for designing crane metal structures gained their traction. The integrated technique for as-

sessing crane reliability has been suggested for the fi rst time. This technique is focused on estimating the survivability of compo-

nents elements. For the fi rst time solid-state models of the crane and its column have been developed; the analysis of the stress-

strain state of the column was performed, maximum stresses were determined, stress concentration points in the metal structure 

of the column were identifi ed and recommendations for improvement of stress zones were presented.

Practical value. The presented method for assessing the reliability of metal structures of gantry cranes can be implemented in 

the practice of design organizations for the development, design of new gantry cranes and modernization of existing ones. The 

obtained results provide an opportunity to assess the accumulated damage in the elements of the metal structure, to predict the 

development of defects to a critical size, as well as to decide on the further operability of a gantry crane.
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Introduction. In Ukraine, there is an urgent matter of op-

erating weight-lifting equipment including gantry cranes 

whose standard operation life exceeds their operational limit 

by 3–4 times [1] but those cranes are in a working condition. 

A decision on excessive exploitation may be taken upon service 

reliability analysis and residual life evaluation of the steel 

structures, which identify future operability of the crane. Ser-

vice reliability is the most signifi cant parameter of weight-lift-

ing equipment quality; it is a capability of the gantry crane to 

maintain all its characteristics and parameters within the stip-

ulated limits ensuring the fulfi llment of all the necessary func-

tions under certain operational conditions.

When studying gantry cranes from the point of view of ser-

vice reliability, special attention needs to be paid to load-bear-

ing elements of the metal structures that are capable of gradual 

failures, the occurrence of unacceptable damage, metal degra-

dation under the infl uence of cyclic loads. There is a necessity 

to create methods that will give an opportunity to simulate 

such deterioration and analyze the impact of long-lasting op-

eration on the reliability of crane structures [2]. Among the 

defects of the metal structure, the most dangerous is the fa-

tigue failure, which is concentrated in the zones of concentra-

tion of stresses of the elements [3]. They occur and develop for 

several years in the course of their operation. Fatigue failure is 

characterized by two stages: the stage of formation of cracks 

and damage and the stage of development of defects to a criti-

cal size. It is important to secure load models that take into 

account all stress concentrators [4]. Therefore, as for gantry 

cranes, it is important to assess the accumulated damage, the 

impact of stress concentrators on the reliability of the metal 

elements and on the performance of the crane as a whole. Re-

cently, a concept has been spread of operating cranes based on 

admissible damage to structure where defects develop for a 

long period of time allowing timely revealing and removal of 

such defects. Such a concept regards the criterion of surviv-

ability with its main conditions for assessment being the data 

on stress distribution, duration and regularity of load, the 

length of defect areas and the properties of the material. In 

order to assess those parameters, stress-strain state in the com-

ponents of crane metal structures is analyzed.

Thus, maintaining the effi  ciency and reliability of gantry 

cranes during long-term operation becomes possible through 

the development of new methods for calculating metal struc-

tures, which is an actual task of mechanical engineering.

Literature review. It is known that operation of gantry 

cranes is infl uenced by intensive cyclic load, which leads to 

development of local plastic deformations in stress concentra-

tion areas [5, 6]. Such deformations cause low-cycle destruc-

tions, boosting multi-cycle destruction and an irregular 

stressed condition [7]. Due to the complexity of the analysis of 
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the stress-strain state, the authors of [8, 9] systematized the 

equations that relate the theoretical and eff ective stress con-

centration coeffi  cients. The paper by [10] Kozhemiaka deter-

mined that the description and modeling of the survivability of 

metal structures is possible with the help of probability models 

within mathematical reliability. The methods for studying the 

service life and reliability of metal structures are identifi ed, the 

main provisions for the analysis of the stress-strain state are 

indicated by Hubskyi [11], Moskvicheva [12]. Today this is 

possible due to the use of discrete calculation methods based 

on the theory of elasticity. These methods include the fi nite 

element method, the fi nite diff erence method, and the bound-

ary integral equation method. However, the most common is 

the fi nite element method. The idea of this method is that any 

continuous quantity is approximated by a discrete model that 

is built on a set of continuous functions. Unlike classical meth-

ods, such calculation gives the chance to receive as close ratio-

nal parameters of a metal structure as possible [13, 14]. The 

fi nite element method allows solving the problem of the 

strained body mechanics, destruction mechanics of carrying 

and lifting equipment constructions [15, 16]. The author of 

this article in the papers [17, 18] developed a method for de-

signing rational metal structures according on the criteria of 

even stress distribution using CAD/CAE-system.

However, there are no methods for analyzing the impact of 

stress concentrators on the reliability of crane metal structure 

elements.

Unsolved aspects of problem. The fi nite element programs 

created in Ukraine do not have developed modules that enable 

one to assess load-bearing elements taking into account the 

criterion of survivability, including stress intensity coeffi  cients, 

stress concentration coeffi  cients. The criterion of survivability 

characterizes the change in load on the path of crack growth. 

The development of methods for designing metal structures is 

the numerical modeling of the survivability of load-bearing el-

ements in the event of damage and a detailed analysis of the 

stress-strain state of the object. Therefore, it is important to 

identify the nature of stress concentration impact on the reli-

ability of the components with the help of calculating the sur-

vivability of problematic areas of the metal structure.

Purpose. The objective of the research is to analyze the 

load distribution in the metal structure of the gantry crane un-

der cyclic mode of operation and determine in the stress-strain 

state of the stress concentrators of the crane elements to assess 

the reliability and survivability of the machine as a whole.

In order to achieve this goal, the authors solved the follow-

ing tasks: determination of the stress-strain state of the ele-

ments of the metal structure on the example of a gantry crane 

column; analysis of operating loads; calculation of survivabil-

ity taking into account the coeffi  cients of intensity and stress 

concentration.

Methods. To perform theoretical research aimed at im-

proving the stress-strain state of the structural elements of 

gantry cranes, a calculated scheme of forces that occur at max-

imum working loads (Fig. 1). It is known that the reliability of 

the calculation largely depends on the choice of the scheme of 

action of loads, their level and places of concentration of loads.

Construction of the schematic design of forces at the maxi-
mum working loadings. Using dynamic and mathematical 

models of the boom system of the gantry crane [19], a dynam-

ic analysis of the acting forces and their combinations under 

the working load of the crane was conducted.

These loads include G – weight of the cargo; W – external 

wind pressure force; F, F – forces from the weight of the load 

when the ropes deviate from the vertical; FIBOOM, FĲ IB, FIPEN – 

forces of inertia during the movement of the boom device; 

 FItan, FItanJIB, FITanPEN – tangential forces of inertia when turn-

ing the boom device; F1 – forces of inertia of the elements act-

ing on a rack pinion.

The schematic design is an idealized object, which does 

not take into account insignifi cant, in terms of impact on the 

stress-strain state, parts of the structure. The calculations are 

aimed at determining the nature of the load distribution, 

which will be further assessed by the reliability of the crane. 

The W-force from the wind pressure on the boom system is 

found by the formula

W  q  k  c  n b  LBOOM  sin ,

where q is dynamic wind pressure for operating condition (q  

 250 Pa); k is the coeffi  cient taking the change in wind pres-

sure over altitude into account; c is the coeffi  cient of aerody-

namic force, taking the shape of the structure into account; 

n  1 is the overload coeffi  cient; b is the average width of the 

windward area of the metal structure; LBOOM is boom length;  
is the angle of the boom.

The forces F, F from the weight of the load when the de-

viation of the ropes are equal
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y


 is the operator of the trans-
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in the plane of oscillation of the boom; 
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the length of the working part of the rack of the mechanism of 
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 is fi rst-order motion transmission operator vertical 

load coordinates perpendicular to the boom swing plane; 
L


 

is the operator of the length of the working part of the rack 

pinion of the mechanism for changing the departure of the 

boom relative to the angle of defl ection of the ropes.

The forces of inertia during the movement of the boom 

device have the form

FIBOOM  J1  ,

where J1 is the moment of inertia of the boom;  is generalized 

coordinate of the system.
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where m2 is trunk mass; y2 is the vertical coordinate of the cen-

ter of the trunk; J2 is the moment of inertia of the trunk; 2��  is 

Fig. 1. The schematic design of forces acting on the metal struc-
ture of the gantry crane
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angular acceleration of the trunk; 2


 is fi rst-order motion 

transmission operator for the trunk.

3
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where J3 is the moment of inertia of the crane rods; 2��  is an-

gular acceleration of the crane rods; 
3


 is fi rst-order motion 

transmission operator for crane rods.

The tangential forces of inertia when turning the crane are 

determined by the formula
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where m1, m2, m3 are weight of a boom, trunk, crane rods ac-

cordingly; y1, y2, y3 are vertical coordinates of the boom, trunk, 

crane rods, respectively; n is frequency rotational motion; tR is 

acceleration time of the turning mechanism.

One of the most loaded parts of the boom system is the 

rack pinion of the drive mechanism. The force in the rack pin-

ion is created by the forces and moments of inertia of the links
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where 1 2 3 4, , ,   �� �� �� ��  are angular acceleration of the rotor of the 

electric motor, trunk, crane rods, counterweight;  2 1,y y�� ��  are 

vertical acceleration according to the center of mass of the 

trunk and cargo; 2 1,x x�� ��  are horizontal acceleration according 

to the center of mass of the trunk and cargo; i is the velocity 

ratio of the departure change mechanism; Rd is the radius of 

the pitch diameter of the spiral drive of the mechanism of 

change distance from the center to column; L2 is the working 

part of the rack pinion.

Construction of a three-dimensional (3D) model of a gantry 
crane. Rod models of fi nite elements are not suitable for the 

analysis of the stress-strain state of local sections of structures 

that have stress concentrators. Plate models of fi nite elements 

are time consuming and require fragmentation, i.e. the con-

struction of models of high detail. The most successful model 

of fi nite elements is a three-dimensional (3D) model of a gan-

try crane, which is implemented using the software Solid 

Works (Fig. 2).

Constructing a three-dimensional (3D) model allows ob-

taining plots of equivalent voltage distribution in the metal 

structure of the gantry crane. This allows identifying the busi-

est areas. Thus, the most stress zones of metal structure are the 

zones of attachment of the mechanism of change in departure, 

rocker arm counterweight, overarm, crane supports and areas 

on the crane column.

Method for calculating the survivability of the load-bearing 
elements of the crane. Theoretical approaches to the calcula-

tions of survivability allow estimating the intervals of crack 

growth and its progress from a signifi cant size to a critical state.

Evaluation of the reliability of gantry cranes by the criteri-

on of survivability takes into account various parameters of the 

reloading process.

Models for calculating survivability are based on the Paris-

Elber equation [12, 20], which allows determining the growth 

rate of cracks

  ( ) ,n
eff

dlv c K
dN

     (1)

where l is crack length; N is the quantity of load cycles; c, n are 

empirical parameters of the position of cracks; Keff   is eff ective 

(in terms of crack growth) amplitude of the stress intensity factor
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where Kfc  Kmax  Kmin is double amplitude of the stress in-

tensity factor; Kmax, Kmin are the maximum and minimum val-

ues of the stress intensity factor in the load cycle; Kfc is the 

stress intensity factor

 ,fcK a F     (3)

where  is normal tensile stress acting on the area of crack 

growth; a is the estimated size of the crack; F is a function that 

takes into account the size of the geometric region of crack 

growth.

Given (1–3), we obtain the formula for calculating the sur-

vivability in the form of the number of load cycles, which chang-

es the nature of the crack from the initial size ao to critical ak

   1
.

k

o

a n

a

N a F da
C


    

In [20] it is recommended to use the following for calcula-

tions of survivability for steel St-38-b2 – c  5.97  1011, n  

 2.25; for steel St-3 – c  4.23  1011, n  3.05.

Using the stress concentration factor K, residual stresses 

are determined

 ,T
o nK


  

where T is yield strength; n is normal stress.

In [11], it is recommended to take the value of the stress 

concentration factor for steel St-3 – K  2.095, for steel 

St-38-b2 – K  1.7.

Thus, the assessment of the reliability and survivability of 

the gantry crane elements is carried out by calculating the 

Fig. 2. Diagrams of the distribution of equivalent stress in the 
metal structure of the crane
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loaded areas, taking into account the coeffi  cients of concen-

tration and stress intensity.

Results. The input material for assessing the reliability of 

metal structures of the gantry crane are the results of modern 

static calculation, which allows identifying the most dangerous 

zones in terms of damage accumulation. This calculation is 

performed from the action of vertical and horizontal forces us-

ing a CAD/CAE-system (Fig. 3).

To fi nd the most vulnerable part of the metal structure, 

which determines its reliability, a qualitative analysis of the 

stress-strain state of the load-bearing system. These studies 

were conducted on the basis of fi nite element models.

In this paper, the authors analyze in detail the load and the 

impact of stress concentration on the reliability of the ele-

ments on the example of a gantry crane column as one of the 

most dangerous zones of metal structure. The model of the 

column is made using the original drawings of the manufac-

turer (Fig. 4).

The main load-bearing elements of the metal structure are 

realized in the model, a grid of fi nite elements is formed (Fig. 5).

As a result of simulation of the stress-strain state of the 

column, stress values were obtained (Fig. 6).

In order to determine the areas of concentration of maxi-

mum stresses that can be a source of cracks and fractures, the 

ISO constraint was applied and plots of equivalent stresses in 

the model were obtained (Fig. 7).

110 MPa is accepted as the minimum value of stresses. The 

analysis of the diagrams showed that the most loaded zones-

concentrators are the attachment points of the rocker arm 

hinge of the movable counterweight, the attachment point of 

the boom departure change mechanism, the attachment of the 

support rollers and the turning mechanism.

Analysis of the documentation on the inspection of the 

gantry crane column showed that in this element there are 

through cracks in the attachment points of the support rollers, 

cracks in the attachment points of the boom to the column and 

in the stiff eners, which corresponds to the stress concentration 

areas detected during modeling.

For the identifi ed areas of stress concentration of the crane 

column, the following improvements in the metal structure 

are recommended: in the places of attachment of the support 

rollers, it is proposed to install pads for local stress reduction; 

to make additional diaphragms and scarves at the points of at-

tachment of the boom to the column and stiff eners which al-

low ensuring uniform distribution.

The authors proposed a comprehensive method for assess-

ing the operational reliability of sections of metal structures, 

where cracks are formed, which consists of two stages: load 

assessment with stress calculations and calculation of surviv-

ability depending on the operating time of the gantry crane. In 

Fig. 3. The crane model under the action of vertical and hori-
zontal forces

Fig. 4. The three-dimensional model (3D) of a column with a 
section

Fig. 5. Grid of fi nite elements of the gantry crane column

Fig. 6. Values of stresses at crane loading

Fig. 7. Loaded sections of the gantry crane column using the 
“ISO Restriction” tool



86 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2022, № 3

this regard, the accounting of operational parameters (weight 

cargo, weight boom, working speeds of crane mechanisms, 

load during reloading, cycle time, etc.) was performed at all 

stages of the crane and the reliability of the metal structure by 

the criterion of survivability was considered.

Tables 1, 2 present the values of the critical dimensions of 

the crack length for a certain period of operation, thereby de-

termining the survivability of stress zones of the metal ele-

ments. Numerical data is obtained due to the criterion of cy-

clic loading, intensity coeffi  cients and stress concentration.

Among the considered variants of stress zones, the metal 

structure of the portal crane constantly working with the grab 

equipment has the worst survivability. Thus, for the area of at-

tachment of the boom to the column, the beginning of the 

critical growth of the crack from 5 mm begins with 58 shifts. 

For the stiff eners of the upper boom belt, the beginning of the 

critical growth of the crack from 5 mm begins with 46 shifts. At 

the point of attachment of the rod with the rotating part of the 

crane cracks begin to develop with 22 shifts.

As for the mode of operation with hook equipment, the 

onset of crack growth varies from 60 to 122 changes in opera-

tion depending on the area of the metal structure.

The analysis of survivability showed that in the conditions 

of occurrence of cracks of the noncritical size in stress zones of 

elements of a metalwork it is necessary to transfer from a grab 

mode of work to hook in order to weaken loadings.

Conclusions. As a result of the work, the complex tech-

nique for estimating reliability of cranes which is focused on 

calculation of survivability of elements was off ered. The au-

thors simulated the loaded state of the metal structure of the 

gantry crane, analyzed the infl uence of stress concentration on 

the reliability of the elements on the example of the gantry 

crane column as one of the most stress aff ected zones of the 

metal structure. The analysis of the stress-strain condition of 

the column was performed, the maximum stresses were deter-

mined, the places of stress concentration in the metal struc-

ture of the column were identifi ed and recommendations for 

the improvement of dangerous areas are presented.

The results obtained provide an opportunity to assess the 

accumulated damage in the elements of the metal structure, to 

predict the development of defects to a critical size and to de-

termine the ability of the gantry crane for further operation.
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Table 1
Survivability of stress zones of the boom system, equipped 

with grab equipment
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10 0.001 0.0015 0.015

13 0.0014 0.0025 0.002

22 0.002 0.004 0.005-critical 

length

46 0.004 0.005-critical 

length

0.01

58 0.005-critical 

length

0.02 0.015

62 0.01 0.05 0.02

74 0.015 0.1 0.025

Table 2
Survivability of stress zones of the boom system, equipped 

with hook equipment
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Вплив концентрації напружень 
на надійність елементів металоконструкції 

портальних кранів
Ю. Г. Сагіров, К. В. Ткачук, В. В. Суглобов

Державний вищий навчальний заклад «Приазовський 

державний технічний університет», м. Маріуполь, Украї-

на, e-mail: ev13tk@gmail.com

Мета. Аналіз розподілу напружень у металоконструк-

ції портального крана в умовах циклічного режиму робо-

ти та визначення концентраторів напружень у колоні 

крана для оцінки живучості машини.

Методика. Для досягнення поставленої мети вико-

ристано метод аналітичних розрахунків, метод скін-

ченних елементів, метод диференціального та інте-

грального числення. Для дослідження стану метало-

конструкції портального крана, а саме – колони, була 

використана програма Solid Works та її додаток 

Simulation.

Результати. Із використанням CAD/CAE-системи 

було змодельовано навантажений стан металоконструк-

ції портального крана й визначені максимальні робочі 

навантаження, побудована розрахункова схема їх дії. 

Представлена методика розрахунку живучості несучих 

елементів крана з урахуванням коефіцієнтів інтенсив-

ності й концентрації напружень, що дозволяють визна-

чити швидкість росту тріщин у небезпечних ділянках ме-

талоконструкції.

Наукова новизна. Отримали подальший розвиток іс-

нуючі методи проектування кранових металоконструк-

цій. Уперше запропонована комплексна методика оцін-

ки надійності кранів, що орієнтована на розрахунок жи-

вучості елементів. Уперше розроблені твердотільні моде-

лі крана та його колони, виконано аналіз напружено-де-

формованого стану колони, визначені максимальні на-

пруження, виявлені місця концентрації напружень у ме-

талоконструкції колони та представлені рекомендації з 

удосконалення небезпечних ділянок.

Практична значимість. Представлена методика оцін-

ки надійності металоконструкцій портальних кранів 

може бути впроваджена у практику проектно-конструк-

торських організацій для розробок, проектування нових і 

модернізації існуючих портальних кранів. Отримані ре-

зультати надають можливість виконувати оцінку нако-

пичених ушкоджень в елементах металоконструкції, 

прогнозувати розвиток дефектів до критичного розміру й 

визначити здатність портального крана до подальшої 

експлуатації.

Ключові слова: портальний кран, металоконструкція, 
навантаженість, надійність, дефект, напруження
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