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Abstract. The problems of experimental and theoretical research on the stressed and deformed
state of steel structures under emergency actions are particularly relevant. This paper proposes
experimental and theoretical research methodology, which is used on the basis of an example of
research on a full-length truss as part of the frame for an industrial buildings workshop. Components of
the stressed-strained state of the structure are determined experimentally in the course of a simulated
emergency situation. As emergency impacts, this paper considers the detachment of the air-cooling unit
attached to a node of the lower chord of the truss. Experimental data is gathered through the joint use of
the crate system, cable sensor and PC. The finite-element modelling of the structure behavior is
performed based on the direct integration of differential equations of motion of the system subject to the
local dynamic effects, and a comparison of data obtained with experiments results. As a result of using
the test methodology we obtained the maximum weight of technological equipment fastened to the roof
truss, while ensuring its normal operation in case of an emergency related to the failure to affix the
equipment.

AHHOTauuAa. [lpegnaraetcs MeToAMKa  3KCNEpPUMEHTarnbHO-TEOPETUYECKUX  MCCredoBaHUn
CTarnbHbIX KOHCTPYKUWUIA NPU HE YYUTbIBAEMbIX B HOPMATMBHBIX JOKYMEHTaX 3arnpoeKTHbIX BO3AENCTBUSAX,
KOTOpas pearnu3yeTcsl Ha npumepe CTPOnuIlbHOW dhepMbl B COCTaBe Kapkaca uexa MpOoMbILUNEHHOro
30aHuNs. JKCNepuUMEHTanbHbIM NyTEeM OMNpPeaensioTCad KOMMOHEHTbl HanpsKeHHO-4eopMUpoBaHHOIO
COCTOSIHUSA KOHCTPYKLMM NpW  MOLENUPOBaHMM aBapuiHOMW cuTyauuu. B KadvecTBe 3anpoekTHOro
BO3[ENCTBMA paccMaTpuBaeTCs OTPbIB BO3AYXOOXNaAUTENbHOW YCTAHOBKW, 3aKperfeHHoOW K y3ny
HWwkHero nosica depmbl. COOp aKCnepuMMeHTarnbHbIX AaHHbIX OCYLECTBNAETCA MpPW COBMECTHOM
NCMNOMb30BaHUM KPENTOBOW CUCTEMbBI, TPOCOBOIO AaTyMKa W NepcoHanbHoro KoMmnesoTepa. BeinonHseTca
KOHEYHO-3MNEeMEHTHOE MOAENUPOBaHUE MOBEOEHUS KOHCTPYKUMW Ha OCHOBE MPSIMOro MHTErpupoBaHus
anddepeHumnanbHblX YpaBHEHUA [OBWKEHUS CUCTEMbl, MNOABEPXEHHOW NOKanNbHbIM ANHAMUYECKUM
BO3OENCTBUSAM, U COMOCTaBMEHNE NONYYEHHbIX AAaHHbLIX C pedynbTaTammn aKkcnepumeHToB. B pesynbTtaTe
onpefeneHa mMakcumaribHas Macca TEeXHONOrM4eckoro 06opyAoBaHMs, 3aKpennsemMoro K CTPOnubHON
depme, nNpu obecneyeHun ee HOPManbHOW 3KCMMyaTauum B Criydae BO3HUKHOBEHUS HEHOPMUPYEMOWN
aBapuUMHON CUTyaunu, CBA3aHHOMN C OTKA30M KpenneHus o6opyaoBaHus.
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Introduction

The most important requirement when designing construction facilities is to ensure the mechanical
safety of buildings and structures. Many researchers consider issues aimed at improving structural
systems at ability to endure local damage. Of particular importance is the design of facilities with high
level of responsibility, for which it is necessary to take into account actions that are not covered under
buildings normal operation (so-called beyond-design actions). Incomplete or inadequate research on
such action may result in severe socio-economic consequences. Research related to the design of safety
design systems is one of the priority areas in the development of architectural engineering. Much
attention is paid to the study of concrete and steel structures. As an example of emergency situations, a
number of authors [1-6] have considered the processes of dynamic added stress on concrete systems,
when excluding individual support links. An analysis of the ultimate static and dynamic effects in steel
structures under emergency action, related to the maximum permissible loading or the exclusion of
individual elements or supports from the design scheme, is reflected in papers [7-13].

Experimental and theoretical research on full-sized steel trusses and beams are of particular
interest. In this case, experimental research is carried out both on designed [14, 15] and reconstructed
[16] facilities. Through experiments, such basic observed values as the deformation of the rods [15],
prestress levels of elements [14], and the parameters that describe the behaviour of nodal joints under
static and dynamic loads [13, 17] are simulated for the designed structures. Much attention is awarded to
emergencies. The most common beyond-design actions on building structures involve localised damage
to one element or a group of elements as a result of fire exposure [18], ultimate loading [9, 19], removal
of individual supports (pillars of the post-and-beam system) [13], or a number of scenarios involving
mechanical local damage [12], dynamic pressure pulsations born by the structure, or [20] the actual load
on the damaged system [21].

There is considerable interest in the theoretical and experimental analysis of beyond-design
actions on structures. It should be noted that the literature has rather neglected the description of
methodologies and the instrument basis for experimental research on building structures under local
dynamic actions. In this paper, we propose a method for experimental research on dynamic
displacements and deformations in steel structures under emergency impact, set forth using the example
of testing of a steel truss spanning 18m as part of the building frame. This method determines the value
of the dynamic added stress and the structure’s dynamic displacement. Local dynamic actions were
modelled using methods for analysing damaged structures, the main provisions of which are set out in
[22].

Methods

When designing various industrial facilities, the safety of production and technological processes
must be ensured. At the same time, in some cases, the normative documents do not take all possible
types of production-related accidents into account. Thus, safety requirements shall be established in
accordance with client’s technical requirements. To implement such requirements, when considering the
operating conditions of structural engineering objects, we propose that the following steps be taken:

— identify and classify possible emergency actions;

— develop and actually implement the test scheme, simulating an emergency situation. In this
case, the structure or design system used in the building shall be tested.

— perform a finite-element simulation and design calculation in the dynamic formulation for the
considered beyond-design actions, and calculate natural oscillations in the linear and non-linear
formulations;

— determine the simulated level of emergency loading. The size of the experimental quasi
beyond-design basis load (intensity, duration and other action parameters) shall be determined,
taking the scale factor into account, and making it possible to avoid real damage to the
structure. For example, the load on the structure (foundation subsidence) should be small
enough that, when loading, no substantial plastic strain (deformation) occurs, and that system
returns to its original state following quasi beyond-design actions;

— conduct an experiment simulating a possible accident. Determine the experimental values of
coefficients of structural and inertia (if any) damping. Gathering data on the dynamic behaviour
of these structures must be performed using modern industrial systems to record the values of
the monitored parameters with a frequency of at least 50 Hz.
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— conduct a structural analysis, taking into account the damping of vibrations and comparison of
the results obtained with the experimental data, and a debugging test scheme with a calculation
scheme that is adjusted if necessary;

— determine the parameters required, according to the security conditions, for the supporting
frame system and equipment during beyond-design actions.

Setting tasks for experimental investigations. It is necessary to perform a dynamic analysis of
roof truss FS-1, which is in extremely stressed-strained condition and is installed in the meat product
storage building frame of the meat industry (Fig. 1). As beyond-design actions, it is necessary to
consider the breakage of rope R (Fig. 2) connected to the node of the lower chord of the truss and with a
load 4, while simulating the presence of the air-cooling device.
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Figure 1. Object of the experiment: a — solid model: 1 — column 2 —roof trusses,
3 —secondary truss, 4 — load, 5 — safety ropes, 6 — girders, 7 — braces on bottom chord of a truss,
8 — suspended ceiling of the sandwich panels, 9 — polymer floor of the shop,
10 — operated additional building;
b —view A on the row of transverse frame,
¢ —aphoto of the object in the course of erection at the stage of installation of braces on bottom
chords of trusses

In this case, it is necessary to measure values of the dynamic displacement in the span and
deformation of the individual structural elements and determine the values of the arising dynamic effects.
According to the experiment’s results, it is necessary to determine the maximum weight of the air-cooling
device in ensuring the elastic behaviour of a truss in the event of an emergency situation under
consideration.
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Figure 2. The scheme of tests: 1 — column 2 —truss FS-1 investigated, 3 — secondary roof truss,
4 —load, 5 — safety ropes, R — cut rope, RD — cable sensor,
A, B —the location of the sections of rods with strain gauges installed

Description of the structural system to be tested. The object of the experiment is a flat roof
truss FS-1 spanning 18 m as part of the frame of an industrial building workshop (Fig. 1a). The truss is
made of square and rectangular pipes as per Russian State Standard GOST 30245-2003: the bottom
chord of a profile is 140x6, the upper one is 180x6, and the grille is 100x4. The node for connecting rods
is welded. The truss connections with the column and secondary truss are made of joint-fixed support
nodes. From the plane, the truss is fastened with braces on the upper and bottom chords. At the level of
the upper chord, the braces are located in the middle third of the truss span. At the level of the bottom
chord, they are situated according to the scheme of the support braces’ location, as shown in Fig. 1, pos.
7, and the one node is fastened. During the tests, the coating weight was taken into account and there
was no snow load, but in the final calculation of the stress-deformed state, it was ultimately taken into
account.

Load 4 is suspended using rope R in the assembly of the bottom chord (Fig. 3). In addition, safety
ropes 5 are attached to the load in order to ensure the load transfer to the adjacent trusses in the case
that rope R breaks. The safety ropes and suspension rope were used according to DIN 3055 with a
diameter of 5/6 mm, type of stranding 6x7 + FC with a breaking force of not less than 11.2 kN. The load
was made as a steel box, which is filled with steel plates. The total weight of the load is 180 kg. The
picture of the truss test scheme fragment and assembly with a load is shown in Figure 3. The weight of
the load was determined on the basis of preliminary calculations in a dynamic setting, taking into account
the condition that the additional dynamic added load associated with emergency impact did not cause the
appearance of plastic deformations in the structure.

Result and Discussion

Experiment plan. The dynamic test of the truss was planned by the quick mechanical destruction
of rope R with a load (Fig. 3,b). The state of the truss, through which operational loads were formed,
including the structure’s own weight and that of the girders and coating, load and safety system, was
considered as the initial. In this state, it was planned to activate data collection systems for the measured
values, and using the angle grinder to exclude rope R of the load from loading. According to the results of
the preliminary dynamic calculation for the impact considered by us, it is necessary to measure
displacements in time in node D of the truss (Fig. 2), and relative deformations in time in two rods: on the
bottom chord and in the diagonal member, connected to the assembly from the side of the rest onto the
column (cross-sections A, B on Fig. 2). Based on the results of measurements, it was planned to
determine the level of maximum dynamic added loading (increase stress) in rods and maximum increase
in displacements in case of emergency situation related to the breakage of the real technological
equipment (air-cooled devices) with different weights.
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Figure 3. Photo of preparing a design for testing: a — general scheme:
FS-1 —the truss tested in span of 18 m; MMS — mobile measuring station;
b —the load on the suspension R and safety ropes

The measurement scheme, devices and equipment. In each of the cross-sections A, B (Figs. 2,
4, 6), a group of strain gauges TD1-TD4 of the type KF 5P1-3-200B12 with a base of 5 mm and a
resistance of 200 ohm * 0.2 were installed. Resistive strain gauge bases were placed in parallel to the
longitudinal axis of the rod. To affix gauges on the truss, the glue of cold hardening cyanoacrylate
“Tsiakrin AO” was used. Output signals of the strain amplifier were recorded using a crate data
acquisition system L-CARD LTR EU-2 with chips ADC LTR-212, allowing to carry out a survey of gauges
with frequency up to 3,000 Hz. The mode information collection with a frequency of 1,536 Hz was used in
the experiment. Data obtained by the crate system was transmitted to a computer and processed by an
electronic recorder Lgraph 2.0, which has the ability to visualize the measured deformations in time. At
point D (see Fig. 2), vertical displacements were measured using the cable sensor SX50-1250-16-L-SR

with the accuracy of 524 pulses within 1 mm of the cable stroke (2-10_3 mm), a digital indicator PAX-I,
and video camera with a recording frequency of 60 frames per second. This cable sensor was attached
to a steel rod that passed through cover 8 (Figure 1) and attached to a ladder standing on floor 9 of the
shop. The diagrams of displacements were based on a non-interlaced scan of a video file with the
recording of the readings of the indicator PAX-I in each of the frames and their further processing.
Discrete data obtained about the displacements and deformation of the frame were processed in the soft
MATLAB 2015a with use of the one-dimensional wavelet transform using Meyer wavelet, which allowed
the removal of noise and maintained continuous dependencies corresponding to the main frequency of
the truss’ own vibrations. The mechanical properties of steel, which the truss is made from, were taken

from the test report attached to the steel certificate. Yield stress of the material o, =340 + 20 MPa,
relative deformations &, = 0.0015=+0.0004.

h

Cross-section A Cross-section B
Cable
sensor
’ TD4
L j__x N\
. =
I TW*
TDI1 |TD2 |
L0, L0
a) b)

Figure 4. Location of strain gauges in sections A, B (a)
and scheme of installation of the cable sensor (b)
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Figure 5. MMS: crate system, cable sensor and Figure 6. Installation of strain gauges on the
an indicator connected to a computer truss rods

At the emergency impact considered, the additional loading of the truss has not caused a
significant formation of permanent deformations. The view of the load 4 (Fig. 2) after the rope R breakage

is shown in Figure 7.
—

Figure 8. Installed air-cooling devices

The damping of the structure’s vibrations was observed for 0.4—0.7 seconds after the emergency
impact. Figure 9 shows the data of the measured values of longitudinal deformations & and the vertical
displacement of point D (see Fig. 3, 4, b), which shows that the maximum modulus of the values of
displacements and deformations are achieved in the first quarter of the period for the main form of

vibrations.
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Figure 9. Graphs of changes of deformations in time:
a—deformations registered by the strain gauge TD1 on the lower chord;
b —readings of the gauge TD2 on the diagonal member compressed,;
¢ —the vertical displacements of the point D measured using the cable sensor

Calculation of beyond-design actions. The truss calculation was performed in a dynamic setting,
taking into account the material’s linear-elastic behaviour and based on the methodology described
in [22]. To analyse the dynamic behaviour of the truss system, the equation was used:

M(ZDIZ} +[cziZ |+ R(Z D= F o+ 6z, &

where [I\/l ({Z })] [C({Z })] — matrices of the masses and damping; {R({Z })} {Z}— vectors of nodal
reactions and generalized nodal displacements; {F (t)} — vector of loads acting on the normative actions;
G - vector, defined by gravity forces of drop; y(t) — Heaviside function.

On the basis of applying the method of the peaks set forth in the paper [23], the value of the
structural damping coefficient £ = 0.02 was calculated. In the case of load impact, the dynamic yield limit

0,2 shall be determined in a simplified way according to the recommendations of [23]:

Gn? :1.1-0)1/17 -0, Where @ is the lowest frequency of the structure’s vibrations. According to
experimental measurements, it is @=27.1Hz for the investigated structure. Then we have
G,E), ~1.1-27.1%Y7 .320 ~ 427 MPa. We introduced single supporting fastenings at the joints with

braces at the upper and bottom chords of the adjacent trusses. The object’'s deformations were described
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by the rod finite elements. The secondary roof truss was discretised in a simplified way, as its stress-
deformed state was not considered in detail (Fig. 10).

Figure 10. Design and deformed scheme of the truss at time t0 before removing the load

The actions from operating loads on the truss were taken into account in the form of concentrated
nodal masses M1- Mg on vertical degrees of freedom. The mass m; takes into account the presence of
girders and cover structures of the shop, M2 — the ceiling affixed on suspensions (see Figure 3,a),
M3 = my + M4, M4 — one-third of the weight of the installer cutting the rope, Ms — mass born by the
secondary roof structure from the action of the truss and structures resting on it in a nearby span,
M = My /2. The force of gravity of the load Py = -1765 N (Fig. 11) was taken into account. The value to

was determined under the condition of damping for vibrations of the system after the load is affixed on
the structure. After this time, the load was removed.

Figure 12 reflects the truss deformation according to beyond-design actions at t = 0.375 s, which
corresponds to its maximum bending. The scale of movements has increased 100 times in comparison
with the scale of the object image. The graph of the point D movement is shown in Fig. 13. The table
compares the results of theoretical analysis of the truss with experimental data, according to the values of

the modulus of maximum vertical displacement in time at the point D Q\/D‘max) and the maximum in time

stresses in the rods. Table 1 shows that calculated and experimental data are satisfactorily matched. The
results of the actual additional loading on the truss, depending on the weightmmax of refrigeration

systems, are shown in Table 2. Here, Aam is the truss margin of safety.
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t
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Figure 11. Change in force in time

Figure 12. The design and deformed scheme of the truss at time t=0.375 s after removing the load
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Figure 13. Results of the theoretical calculation of point D displacement in time

Table 1. Results of experimental and theoretical research on truss FM-1

engacae | Vol 10%m Ts1 kP Tsa kP
sensor and
stralln gauges Experiment | Calculation | Experiment | Calculation | Experiment | Calculation
(Figs. 2, 4)
Node D 1.340 1.678 - - - -
TD1 - - 9500 11000 - -
Lower TD2 - - 4400 7900 - -
chordrod | TD3 - - 7300 11000 - -
TD4 - - 6100 7900 - -
TD1 - - - - 3100 4100
Diagonal | TD2 - - - - 8400 4600
member | TD3 - - - - 5500 4100
TD4 - - - - 2100 4600

Table 2. Results of experimental and theoretical research on truss FS-1

Name Values of dynamic additional loads at the breakage of the air-cleaning
deviceatamass M kg
max
180* 200 500 800 1100 1400 1700 2000
Ao MPa 11* 12 31 49 67 86 104 122
max

* the value is obtained experimentally, and the remaining values obtained by the linear interpolation.

We did not find in the literature of similar facilities to compare the results of experimental studies.
However, the overall behavior of the object under emergency exposures, which are considered, perfectly
corresponds to the dynamics of structures, studied in the works [11, 12, 21], with similar effects.

Conclusions

This paper has proposed a method for experimental and theoretical research on the stressed and
deformed state of steel structures under emergency actions not taken into account in design standards.

1. We have established that calculations and tests on the truss as part of the building frame under
actual impact have confirmed the efficiency of the proposed methodology of the investigation designs in
emergency situations, as well as the accuracy of the paper proposed by the authors [22] about modifying
the method for calculating systems damaged by directly integrating equations for objects’ motion.

2. We have found that, for the considered beyond-design impacts on the truss, the maximum
values of displacements and deformations were observed in the first quarter of the period of the main
form of vibrations, which can be used in assessing such structural systems’ ability to survive.
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3. When solving the problem of determining the mass of the air-cooling device, the breakage of
which has had a impact on the design of the truss, we found that the level of dynamic additional loading
in the rods, at the values of this mass not exceeding 500 kg, has had no significant effect on the support
system’s stress-strain state.
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