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1. Introduction

With the increasing pace of construction, there is a 
growing need for the development and use of new methods 
and means to ensure their integrity, reliability, performance 
efficiency, safety, which will make it possible to conduct in a 
short time diagnostics of critical elements of constructions. 
The main indicator of technical condition of a building, 
which is responsible for its performance, is the stressed-
strained state (SSS) of structural elements. As the bearing 
elements of modern buildings of civil and industrial purpose, 
metal structures (MS) are used, made of welded and rolled 
shaped sections (SS) [1–4].

All structural elements of steel SS of MS work on bend. 
Maximum values of stress occur in places of the largest bend. 
To provide for reliability, when designing MS, the permissi-
ble values of stresses are calculated that would not lead to 
the occurrence of critical stresses in the areas of maximum 
concentration. However, a change in SSS of a building’s MS 
is caused by several factors: change in the purpose of a facil-
ity, reorganization of a technological process with a change 
in technological lines in the building, operation of facility 
beyond the limits of design modes, natural disasters, and 
changes in regulatory requirements.

To ensure integrity of a structure, it is necessary to carry 
out current control of the technical condition by identifying 
real values of the stresses in places of their concentration [5, 6]. 
Therefore, of particular importance is the development of op-
erational methods of non-destructive control, which would 
allow diagnosing the value of SSS of SS with high reliability. 

The relevance of the work is in a comprehensive study 
of the impact of SSS and the SS geometry on the change in 
the measurement base for the entire nomenclature row of SS, 
which will enable designing means for diagnosing SSS of SS 
under operation conditions.

2. Literature review and problem statement

The operation of a facility under conditions that extend 
beyond operational requirements causes the occurrence of 
critical situations associated with the change in SSS of SS. To 
diagnose the actual stresses of metal structures in operation, 
the acoustic methods are used based on the acoustoelastic 
effect [7, 8], that is, establishment of functional dependency 
between delayed distribution of acoustic wave and stress ten-
sors [9]. This is due to the fact that mechanical stresses lead to 
the change in velocity of sound propagation in medium.
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The methods of determining stress in the strained el-
ements of wheels, tanks, pipes, cisterns and rails are fairly 
well developed and used for diagnostics in ship-building, 
nuclear, oil and gas, chemical and energy industries. The 
advantages of acoustic method include relative simplicity, 
compactness of the measuring equipment and application 
versatility for all materials [10].

The study of authors [9, 10] is to a greater degree aimed 
at applying echo-method. This method allows determining 
uniaxial and biaxial tensions that are averaged by the vol-
ume of ensounding. This method is used for the diagnostics 
of pipes, rails [9, 11]. Authors [10, 12] suggested using this 
method for determining elastic constants of metal. In this 
method, the change in geometric dimensions of the object 
of control is neglected and accepted as invariable. In the 
considered papers, the authors point out the possibility of 
expanding the field of application of these methods [8, 9] for 
a significantly larger number of metal structures. However, 
when using echo-method for SS that have slopes of internal 
edges of the shelves, there is beam mixing for a receiv-
ing-emitting transducer. Thus, the use of one transducer to 
control SS is impossible.

Author [13] considers the possibility of using surface 
waves to determine biaxial and uniaxial stresses. For the 
excitation of surface waves, author [14] considers the use of 
laser optical-acoustic excitation. To implement this method, 
it is necessary to ensure appropriate quality of the surface, 
which complicates the process of diagnostics. A special 
attention in this case should be paid to the technology of 
fabrication of material of the control object. It can affect the 
result of diagnostics due to the existence of metal anisotropy.

Papers [15, 16] analyze the use of surface waves to deter-
mine longitudinal and transverse stresses of welded elements 
under conditions of instability of the acoustoelastic effect 
and measurement error for this method. Examples of estima-
tion of components of a general error that affects the result 
of control of physical-mechanical characteristics of different 
objects are presented in [17]. The use of surface waves for 
pipes and railway rails is well explored in [18, 19]. These 
studies are aimed at establishing values of the residual and 
actual stresses, due to the difference in velocities for strained 
and non-strained states. The character of distribution of 
stresses in rolled SS directly depends on the presence of 
residual stresses and the quality of the surface after rolling. 
Design features and the action of loads of SS, used in MS of 
buildings, are different from those of pipes, rails, pipe lines, 
tanks. That is, application of this method gives a large error 
in the results of diagnostics. This method will also require 
increase in the zone of ensounding. Stresses in the flat metal 
structures made of SS are distributed in such a way that, 
to increase reliability, it is necessary to reduce the area of 
ensounding for the work in the front zone.

Article [20] proposed the use of the mirror-shadow meth-
od for determining mechanical stresses in the shelves of SS. 
In particular, taking into account the velocity of propagation 
of ultrasonic waves in the non-strained sections of SS. This 
allows conducting measurement of actual stresses without 
using of metal samples with zero loads. For the implementa-
tion of this method, it is necessary to establish the effect of 
geometry of the shelf and its change under the influence of 
the maximum-allowable stresses on displacement of the mea-
surement base. This research will help establish the degree 
of influence of the geometry of SS on the total error of the 
result of diagnostics and to develop recommendations for its 

reduction by introducing correction of position of piezoelec-
tric transducers.

3. Aim and tasks of the study

The purpose of the study is to establish the possibility 
of applying the mirror-shadow method of ensounding of the 
shelf of shaped sections for the diagnostics of metal struc-
tures SSS.

To accomplish the set goal, the following tasks are to be 
solved:

– to conduct analysis of the factors that occur in the 
course of implementation of the mirror-shadow method of 
acoustic diagnostics of SSS of SS of MS;

– to assess the contribution of each factor in the result of 
acoustic diagnostics of SSS of SS of MS;

– to develop recommendations for the reduction of influ-
ence of each of the factors on the result of acoustic diagnos-
tics of SSS of SS of MS.

4. Analysis of the factors that occur in the course 
of implementation of the mirror-shadow method of 

diagnostics of shaped sections

At bending under the action of load, there is a concen-
tration of maximum stresses on the shelves of sections in 
the cross section of SS that acts as an element of a beam. 
Distribution of stresses happens in such a way that one 
shelf is stretched while the other one is compressed. This 
makes it possible to use them to establish a connection 
between a particular kind of stresses with relative change 
in the velocity of propagation of ultrasonic waves. However, 
due to the stress, there occurs a deformation of the shelves, 
in particular, a change in their thickness. In the course of 
angle ensounding, change in the thickness of control object 
may lead to displacement of the point of arrival of ultra-
sonic waves beyond the limits of receiving transducer and 
significantly affect the result of diagnostics. That is why it 
is necessary to estimate magnitude of the beam displace-
ment at the deformation of control object under the action 
of load at the maximum permissible values. Also of special 
importance is the geometry of SS shelves, which in half the 
nomenclature series have slopes of internal edges, which 
causes displacement of the beam of acoustic wave sideways 
from the center of receiving transducer.

4. 1. Impact of change in geometric dimensions of the 
control object on the position of point of arrival of ultra-
sonic wave

Let us consider the SS that has a console fixing and is ex-
posed to loading, which is concentrated in a point at its end. 
For the part of section δ0=АВ (Fig. 1), which corresponds to 
the distance between receiving and emitting piezoelectric 
transducers at ensounding at angle ϴ, where

AB=2t·tgϴ,  (1)

there may be a change in the position of the point at which 
the beam of acoustic signal arrives (Fig. 2). It is linked to the 
change in thickness of the shelf t by certain magnitude Δt, so 
that the distance А1В1, denoted previously as AB, changes 
when stretched and compressed:
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А1В1=2(t–Δt)tgϴ,  (2)

А1В21=2(t+Δt)tgϴ,.   (3)

Fig.	1.	Stretching	the	shelf	of	a	beam:	1	–	shelf	of	a	beam;	
2	–	wall	of	a	beam;	3	–	neutral	line	of	a	beam

Fig.	2.	Displacement	of	the	point	at	which	the	beam	arrives	at	
the	stretch-compression	stresses	

Deformation of SS metal in the working range of loads 
occurs by Hooke’s law. This enables us to find absolute elon-
gation of shelves of the top δ1 and bottom δ2 edges (Fig. 3, 4):

max 0 1

0

;
E

δ − δ σ
=

δ    (4)

min 0 2

0

;
E

δ − δ σ
=

δ
   (5)

1 1

0

;
E

δ σ
=

δ
    (6)

2 2

0

.
E

δ σ
=

δ
    (7)

where σ1, σ1 are the current tensions on the edges of the shelf; 
E – modulus of elasticity.

Fig.	3.	Сharacter	of	distribution	of	stresses	in	the	cross	
section	of	the	shaped	section

Fig.	4.	Change	in	geometrical	parameters	of	the	shelf	of		
a	shaped	section	at	stretching

For the top edge of the shelf with the length δ1, stress is 
accepted as the maximum allowable value [σ], then

1 0 .
E

σ  δ = δ
   

(8)

For the bottom shelf, which is located at the distance 
 h t

2
−

 from the neutral line of a shaped section, we have

z
2

z

,
M h t
J 2

−
σ =  (9)

where Mz is the moment of force; Jz is the moment of inertia. 
Moment of force Mz will be the same for the entire 

cross-section of a shaped section

Mz=Wz[σ],      (10)

where Wz is the resistance moment. 
Then we receive:

z
2

z

.
W h t

J 2

σ  − σ =      (11)

Since Wz/Jz is represented for the point of the maximum 
acceptable value of stress, then [σ]

z

z

.
W 2
J h

=       (12)

Then

2 .
h t

h
−

σ = σ  
     (13)

The elongation of bottom edge of the shelf δ2 at reach-
ing [σ] on the outer surface of the shaped section will be 
defined

2 0 .
h t

E h

σ  − δ = δ    (14)

 

 

 

 

,
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Let us consider the process of change in geometrical pa-
rameters of the shelf of a shaped section at loading. Typical 
for this process is the constancy of the volume, that is, V0 and 
after Vi deformation:

V0=Vi,  (15)

where V0 is the volume of the shelf before deformation; 
Vi is the volume of the shelves after deformation. 

The volume of shelf V0 of length δ0 in the non-loaded 
condition (Fig. 4) is:

V0=b·t·l0,      (16)

and under load

( ) ( ) ( )0 1 0 2 .V b t t
2

δ + δ + δ + δ
= ⋅ − ∆ ⋅�

 
(17)

Then

( ) ( ) ( )0 1 0 2
0 .b t l b t t

2

δ + δ + δ + δ
⋅ ⋅ = ⋅ − ∆ ⋅   (18)

We assume the width of the shelf invariable in the pro-
cess of deflection of the beam b=const. This assumption is 
adopted in order to maximally take into account possible 
elongation of the shelf of a beam and, accordingly, deflection 
of the beam at the deformation of a beam. 

Reduction of height of the shelf t∆  occurs and elon-
gation of the shelf surfaces extending δ1 and δ2. Then (18) 
takes the form:

1 2

0

.
t 1

1
t 1

2

∆
− = δ + δ+

δ

     (19)

By comparing (19) and (2), we obtain:

1 11

1 2

0

.
A B 1
2ttg 1

2

= δ + δα +
δ

  
(20)

The sum of δ1+δ2 will take the form:

1 2 0 .
t

2
E h

σ    δ + δ = δ +  
  (21)

Then,

1 11 .
A B 1
2ttg 1 t

1 2
2 E h

=
σα     + +  

 (22)

Let us select integrated parametric characteristics of the 
process: 

– characteristic of shaped section of the rolled metal by  
 
the number of section ;

t
2 h

h
+ =  

– characteristic of material of the rolled metal 

1 11 .
A B 1
2ttg 1 h

=
α + σ

  (23)

We will introduce replacement hΚ = σ⋅  in (23)

1 11

1 1

.
A

A B 1
B 1

=
+ Κ

    (24)

From Fig. 2, A1B11=A1B1–B1B11, let B1B11=ΔP is the 
delta of stretching, then

p

1 1

. 
A B 1

∆ Κ
=

+ Κ
     (25)

Similarly we obtain reduction of the beam relative to the 
center of transducer when compressed:

1 11

1 1

B
;

A B

A 1
1

=
+ Κ

   (26)

c

1 1

.
A B 1
∆ Κ

= −
+ Κ

  (27)

Coefficient ±1 at 
1

Κ
+ Κ

 corresponds to the nature of  
 
stress observed on the shelf’s section. 

Shifting the center of the beam at compression ΔC and 
stretching ΔP (Fig. 5, 6) occurs within the dimensions of 
piezoelement of the transducer. The size of piezoelement of 
a compact transducer is 5×5 mm. For the shaped sections 
that have plane-parallel edges of shelves, double-T profile 
and hot rolled double-T profile, we considered deflection 
of the center of the beam from the center of piezo acous-
tic transducer of deviation. At permissible load even for 
the biggest profile of the rolled metal it does not exceed 
0.06 mm, which is 2.4 % of half the side of the contact 
surface of transducer.

Fig. 5. Displacement of the point of 
arrival of the beam at stretching ΔP and compression ΔC for 
a nomenclature series of double-T profile rolled metal with 

straight edges of shelves

Data analysis of the graphs on linear displacement of the 
point of arrival of the beam at stretching and compression 
revealed that at maximum permissible value of tension, the 
center of ultrasonic wave is displaced by an insignificant 
magnitude for all types of SS, which is connected to low lin-
ear deformations of the shelf of profile. Thus, for the sections 
that have parallel inner edges of shelves, there is no need 
to introduce correction of position of receiving transducer 
relative to the emitting one.
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Fig.	6.	Displacement	of	the	point	of	arrival	of	the	beam	at	
stretching	ΔP	and	compression	ΔC	for	a	nomenclature	series	of	

double-T	profile	rolled	metal	with	straight	edges	of	shelves

4. 2. Effect of geometry of the control object on the 
position of the point of arrival of ultrasonic wave

Let us consider the scheme of displacement of the beam 
at angle ensounding, when the edges of beam’s shelf have a 
slope. 

Sections that have sloping edges of shelves are defined 
according to the following standards:

1. GOST 8239-89 “Steel hot-rolled double-T profiles” up 
to profile Number 60 with a slope from 6 to 12 %.

2. DSTU 3436-96 “Steel hot-rolled channel bars” up to 
profile 40U with a slope to 8 % at h<300 mm and to 5 at 
h>300 mm.

It was determined for the shelves with parallel faces that 
there is no need to move transducers. However, in the shelves 
with sloping edges, the beam is moved in several planes due 
to nonparallelism of planes. That is why it is necessary to 
set the dimension of the beam’s displacement and the need 
for the introduction of correction of the point of location of 
receiving transducer relative to the emitting one (Fig. 7–9).

Fig.	7.	Displacement	of	ensounding	base	in		
the	shelf	with	sloping	edges

Point A (Fig. 7–9) of the introduction of the beam in 
material. The beam at angle a passes to the opposite surface 

of the shelf, which has slope γ, to point B (its projection onto 
the top edge of the shelf – point B′′).

Fig.	8.	Projection	of	ensounding	base	in	the	shelf	with	
sloping	edges:	side	view	

Fig.	9.	Projection	of	ensounding	base	in	the	shelf	with	
sloping	edges:	top	view

The expected point which the beam will reach at parallel 
shelves is В′. However, the angle of inclination of the shelf γ 
implies shifting the beam relative to the perpendicular plane 
that is shows by points BB′′C. Then point C, which the beam 
will reach, is found by adding vectors of direction of the 
beam within the plane B C′′ ′′

�������
 and В В′′ ′

������
 and the resultant 

vector B C′′
������

AC′=BC′=ttg2γ;    (28)

BB′=AB=tcosθ;    (29)

( ) ( )2 2
;B C BB B C= +′′ ′ ′    (30)

2 2B C t tg 2 tg ;= γ + θ′′    (31)

B C tg2
tg .

BB tg
γ′β = =

α′     (32)

From Fig. 9 we determine lateral displacement Δλat.d=В′С 
and linear Δlin.d=В′′С–В′′В′. 

Let us use valid data for the channel-type SS to consider 
the graph of the lateral Δlat.d and Δlin.d linear displacements 
(Fig. 10). We can see from the graph that Δlin.d for the given 
sections does not cross the boundary of half the dimension of 
piezo electric plate of transducer of 2.5 mm. That is, ultrasonic 
waves will proceed within the limit of piezoelectric converter 
and Δlat.d takes a very low value, such that it can be neglected.

According to standards [3, 4], SS of channel type of height 
up to 300 mm are made with a slope up to 8 % (Δlin.d – 8 %, 
Δlat.d  – 8 %), and after 300 mm – with a slope up to 5 % 
(Δlin.d – 5 %, Δlat.d – 5 %). Displacement of the point of ar-
rival of ultrasonic waves in the shelves with slopes of inner 
edges of the shelves of 8 % does not exceed 1.75 mm, and of 
5 % – 1.5 mm for the biggest number of profile. This makes 
it possible not to adjust the position of receiving transducer 
for the channel-type SS that has sloping internal edges of 
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the shelves, because displacement of the center of the beam 
occurs within the limits of its piezoelement.

Fig.	10.	Lateral	Δlat.d	and	linear Δlin.d	displacement	of		
the	beam	for	the	channel-type	SS	with	sloping	internal	edges	

of	the	shelves	of	6	%	and	12	%

For SS of the double-T profile type, according to the 
standard, we defined a range of angles of the inner edge of the 
shelf of 6–12 %. Lateral displacement of the beam Δlat.d will 
be within two boundary curves Δlat.d – 6 % та Δlin.d – 12 %.

At a 12 % slope of the edge of shelf, correction of position 
of receiving transducer will be needed starting from profile 
No. 27 (Fig. 11). However, if a shelf is made with a slope 
of 6 %, the adjustment is not required even for the biggest 
profile number.

Fig.	11.	Lateral	Δlat.d	and	linear	Δlin.d	displacement	of		
the	beam	for	SS	of	the	double-T	profile	type	with	sloping	

internal	edges	of	the	shelves	of	6	%	and	12	%

Dependencies, shown in Fig. 11, of displacement of the 
point of arrival of the beam at a maximum value of stress 
indicate the need for mandatory inspection of the slope angle 
of the inner edge of SS shelf. If lateral displacement Δlat.d of 
the point of arrival of the beam exceeds half the dimension of 
transducer’s piezoelement, then it is necessary to introduce 
correction of position of the receiving transducer. This must 
be taken into account when designing a block of piezoelec-
tric transducers for the diagnostics of SSS of SS.

6. Discussion of results of the study of the influence of 
stressed-strained state and geometry of shaped sections 

on the change in measurement base

Thickness of the shelf at the maximum permissible stress 
in metal occurs by a low magnitude that does not affect 

displacement of the point, which the beam from the emitting 
transducer reaches. This enables us to ignore change in the 
thickness of control object when determining the stresses in SS 
of MS by angle ensounding and confirms the possibility of im-
plementation of the mirror-shadow method of SS ensounding.

In order to eliminate the error caused by the presence of 
nonparallelism of surfaces of the shelves of SS, it is recom-
mended to measure the angle of slope of the inner edge of 
the shelf γ and calculate the angle of beam displacement β 
for each particular SS of the double-T profile type, which has 
sloping inner edge of the shelves. 

For each SS of the double-T profile type with sloping 
edges of the shelves, it is necessary to calculate position 
of the receiving and emitting transducers relative to one 
another:

1. Calculate the distance AB′′ from anchor point to the 
emitting transducer:

AB′′=t·tgθ.     (33)

2. Calculate the distance B′′C from the anchor point to 
the receiving transducer and rotation angle β:

2 2B C t tg 2 tg ,= γ + θ′′    (34)

.
tg2

arctg
tg

 γ
β =  α 

  (35) 

Using the adjustments for the calculation of position 
of receiving transducer relative to emitting transducer, in 
particular, the angle of displacement of the beam β and the 
distance between the anchor point and receiving transducer 
B′′C will help in the cases of significant non-plane-parallel-
ism of control object in the point of arrival of the beams to 
reach the dimensions of piezoelement of the receiving trans-
ducer. In the case when the lateral displacement Δlat.d will be 
less than half the dimension of piezoelement of the receiving 
transducer, correcting its position can be avoided, which will 
not affect quality of the signal.

Conducted theoretical studies allowed us to develop 
recommendations on designing a block of piezoelectric 
transducers. This will reduce an error caused by a misalign-
ment of the measurement base with geometric dimensions 
of emitting and receiving transducers when applying the 
mirror-shadow method.

This research enabled us to take into account the effect 
of geometry of the SS shelf and change in its geometry un-
der the action of maximum allowable stress on the change 
in the acoustic base of ensounding. However, the nature of 
ultrasonic wave implies propagation of acoustic field from 
the emitting transducer. Thus, it will be necessary to take 
into account a magnitude of attenuation of acoustic field that 
reaches the receiving transducer, and the error, caused by it, 
when diagnosing SSS of SS. This work is a continuation of 
and justification for the use of the mirror-shadow method for 
the diagnostics of SSS of SS of MS [20].

7. Conclusions

1. Conducted theoretical research into evaluation of possi-
bilities for realization of the mirror-shadow method of ensound-
ing of the shelf of shaped sections for the diagnostics of stressed-
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strained	state	of	metal	structures	allowed	us	to	analyze	factors	
that	occur	at	ensounding	and	assess	their	contribution.

2.	It	 was	 found	 that	 changing	 geometric	 dimensions	
of	 shelves	 of	 the	 shaped	 sections	 under	 the	 action	 of	 maxi-
mum	permissible	 load	does	not	 lead	 to	displacement	of	 the	
point	of	arrival	of	the	beam	of	ultrasound	wave	beyond	the	
boundaries	of	piezo	electric	plate	of	receiving	transducer	at	
ensounding	of	the	control	object.

3.	Results	 of	 theoretical	 studies	 demonstrated	 the	 need	
to	 adjust	 position	 of	 the	 receiving	 transducer	 for	 SS,	 in	

which	the	non-plane-parallelism	of	surfaces	of	control	object	
leads	 to	 displacement	 of	 the	 point	 of	 arrival	 of	 the	 beam	
beyond	the	dimension	of	piezoelement	of	piezoelectric	con-
verter.	We	developed	recommendations	to	reduce	the	impact	
of	 the	 slope	 of	 the	 inner	 edge	 of	 the	 shelf	 on	 the	 result	 of	
acoustic	diagnostics	of	SSS	of	SS	of	MS	by	such	parameters	
as	angle	and	distance	relative	to	the	anchor	point.	

Thus,	the	solution	of	the	set	problem	allowed	us	to	prove	
the	 possibility	 of	 implementation	 of	 the	 mirror-shadow	
method	for	the	diagnostics	of	SSS	of	SS	of	MS.




