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ABSTRACT

In this article, the problem of assessment of working documentation
quality in terms of trustworthiness of the calculation of area of main
reinforcement of reinforced-concrete structures is reviewed. In spite of
development of automated designing systems, no application solutions
for fully automated check of quality of working documentation for re-
inforced-concrete structures as regards sufficiency and necessity of rein-
forcement of them have been proposed until now. Moreover, this rather
routine procedure can be fully automated to exclude the subjective nature
of its results. Artificial neural networks (ANN) constitute the most prom-
ising mathematical model for this purpose. There are known examples
demonstrating the possibility of applying the ANN for various types of
calculations and analysis of experimental data for reinforced-concrete
structures. In particular, the ANN allows predicting the actual defor-
mation parameters of reinforced-concrete structures with significantly
greater accuracy than any of the current national design standards. The
article presents the results of calculations of reinforcement and sag for
various input parameters using the example of reinforced-concrete slab
structure. Using the simplest ANN with one hidden layer over the entire
training sample, the predicted values with sufficient accuracy for practi-
cal use were obtained. It has been established that ANN makes it possible
to predict effectively not only values of the required reinforcement for slab
structures, but also their deformation. Within the framework of BIM-
technologies used currently in building design, the use of ANN to assess
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the quality of ready-made design documentation in terms of reinforce-
ment will reduce considerably the cost and time of relevant examinations
with significantly higher trustworthiness of their results.
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NMCMNOAb30BAHUE UCKYCCTBEHHbIX
HEUPOHHbIX CETE/A ANl OLEHKW APMUPOBAHUSA
XXEAE3OBETOHHbIX NAUT NEPEKPbLITUA

AHHOTALMUA

B cmamuwe paccmompeHa 3adaua oyeHKU kavecmaa paboueil 0oKy-
MeHmauyuu 8 uacmu 0ocmosepHocmu pacuema naowaou paboueil ap-
mamypul JHcene300emoHHbIX KOHCmpykyuil. Hecmomps Ha passumue
cucmem agmMomamu3upo8aHHO20 NPOEKMUPOBAHUSL, 00 HACTOSU,e20
8peMeHU He NpedsloNceHO NPUKAAOHBIX pelleHUull 0l NOJIHOCMbIO a8-
momamusupo8aHHoll npoeepku kawecmea paboueil doKymMeHmayuu
acene306emMoHHbIX KOHCMpYKUull Ha npedMem 00CMAmMoOuHOCMU U He-
obxo0umocmu ux apmuposarus. IIpu amom ama gecbma omHocuUMeNb-
HO pYMuHHAsi npoyedypa moxcem 6blmb NOJHOCMbI0 A8MOMAMU3UPO-
8aHA OISl UCKIHOUEHUS CYOBeKMUBHO20 XapaKmepa ee pe3yabmamnmos.
Haub6onee nepcnekmugHoll Mmamemamuueckoll Mooenvio 011 3motl ueau
seA0MCs UcKyccmaeeHHble HelipoHHble cemu (MHC). H3gecmHbl npu-
Mepbl, 0eMOHCMPUpPYHWUe 803MONCHOCMb NPUKIAOH020 NPUMEHEHUs.
HHC 0n5 paznuuHo20 pooa pacuemos u aHanu3ad 3KCNepuMeHmManbHblxX
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OaHHbIX ON151 Hcenle300emMOHHbIX KOHCmpyKuuil. B uacmnocmu, UHC
no3eosisiem ¢ CywecmaeHHo 60sbluell MOUHOCMbI0 NPOZHO3UPOBAMD
dakmuueckue napamempsvt 0ehopmMUPOBAHUS Jicesle300eMOHHBLX KOH-
cmpykyutl, uem nobbvle u3 Oelicmayrouiux HAYUOHANbHbIX HOPM NPO-
exmuposaHusi. B cmamve Ha npumepe icese306emoHHOl naAuUMHOL
KOHCMPYKUYUU npusedeHbl pe3yibmambsl pacuemos apMupos8aHus u
npozuba npu pasnuUUHbIX 3HAUEHUAX 8X00HbLX napamempos. C nomo-
wwto npocmetiweti MTHC ¢ 00HUM CKPbIMbLM CJl0eM No 8cell obyuarouseti
8bLO0pKe NOJLyUeHbl NPOZHO3Hble 3HAUEHUS ¢ 00CMAMmMOoyuHoll 011 Npax-
Muuecko20 UX UCNOJIb308AHUSL MOUHOCMbI. YemaHosneHo, umo MHC
nosgosisiem 00cMamouHo 3P@eKmuHO NPOZHO3UPOBAMb He MOJIbKO
3HaueHusi mpebyemozo ApMUPOBAHUS Ol MJIUMHBIX KOHCMPYKUYUIL
HO U ux deoopmayuu. B pamkax ucnonv3yemsvlx 8 Hacmosiujee 8pems 8
cmpoumeabHoM npoekmupogaHuu BIM-mexHonoezutl npumeHnerue MHC
07151 OUEHKU Kauecmed 20mogoll npoekmHol doKymeHmauuu 8 uacmu
apMupoB8aHus N03801UM 3HAUUMENILHO COKPAMUMb CMOUMOCMb U CPO-
KU coomeemcmaynuux aKcnepmus npu cyujecmeeHHo 6oJiee 8blcOKOU
00CcmosepHOCMU UX pe3YAbmamos.

KiroueBble c/IoBa: JKeie300e TOHHBIE KOHCTPYKITUY, apMUPOBAHHUE,
HEeUpOHHAaaA CeTh, UCKYCCTBEHHBIM WHTE/UIEKT, IIPOEKTHasA JOKYMeH-
Tanys.
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wint nepekpsitua / O. H. JlemkeBud // IIpobieMbl COBpeMEHHOTO
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O. H. JlemkeBu4 [u ap.]. — Munck, 2019. — Beim. 11. — C. 51-62.
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INTRODUCTION

Working drawings of reinforced concrete structures represent
a combination of graphic and text documents to be used when
performing the construction. Assessment of their quality affects
the economic performance and safety of the finished construction
site. The costs of checking the working documentation can be very
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significant, therefore as a rule this checking is not performed with the
same depth of elaboration, with which the calculations and design
were performed. An educated and trained specialist with many years
of experience can reveal gross errors after a visual examination of the
documentation without performing calculations. To identify all errors,
it is necessary to perform the duplicating (independent) calculations
and design, which can be implemented in practice for especially
critical facilities for economic reasons. Verification of the quality of
working documentation, for example, in terms of the adequacy of
reinforcement with the use of traditional methods requires a specialist
to re-evaluate the reinforced-concrete structures or evaluate them
visually, which assumes significant time consumption in the first case
and unpredictable quality of the assessment in the second case.

In general, the application of the trained ANN is aimed at
construction of a model based on the known data and then use of
it to predict the results from the input data. It is actually similar to
the approach when performing the visual control of the working
documentation: while knowing the topology, load and sectional
dimensions, a specialist tries to guess the minimum required amount
of reinforcement. Thus, if such an expert assessment by a specialist is
possible, it must be fair to assume that a similar or better result can
be achieved using the ANN trained to the necessary extent. At the
same time, it can be also assumed that after training the system to
a certain depth, taking into account the availability of the necessary
computing power, its efficiency will be considerably higher than that
of a specialist regardless of his/her experience. When performing
the visual assessment of the calculation results, a specialist actually
summarizes the trends obtained on the basis of previous experience in
assessment of other projects or, as a rule, qualitative characteristics of
the projects known to him/her. Having performed the calculation of the
design, the user on his/her own or with the help of trained personnel
checks subjectively his/her own results for quality compliance with
logic, common sense and experience gained earlier. Unlike a trained
ANN, he/she can use only his/her experience and knowledge so that
subjectivity of the assessments will be inevitable. As regards the ANN,
it can use a database with information on the results of the work
performed by thousands of specialists.
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This study is aimed at establishment of the fundamental possibility
of the use of artificial neural networks (ANN) to solve the problem of
reinforcement and deformation of statically indeterminable reinforced-
concrete structures with acceptable accuracy.

ANN IN THE PROBLEMS OF CALCULATION OF STRUCTURAL UNITS

By now, a significant number of research results regarding the
applicability of ANN in civil engineering has been published. Their
common feature is the search for solutions with the application of the
ANN replacing the traditionally applied techniques and algorithms.
As a result, potential users have no motivation to abandon traditional
applications in support of using ANN, because it would provide no
economic or other advantages. The construction norms contain a
detailed description of the techniques regulated when designing
the structural units, which is a serious obstacle to the application
of other mathematical methods. Here the use of the ANN instead of
the finite element method to solve individual problems of structural
mechanics with linear characteristics of materials shows high accuracy
of the solution [1]. Moreover, the comparative analysis of the results
of calculations of reinforced-concrete statically determinable beams
obtained according to the techniques of construction norms and, as a
result, of applying the trained ANN with verification according to the
data of samples of reinforced-concrete structures has shown that the
results obtained with the use of the ANN have higher accuracy [2].
When evaluating the results of tests of reinforced-concrete frames,
the accuracy is even higher in comparison with that provided in the
design standards: the error when using the ANN is 6.8% versus 30-
64% provided in various national design standards [3].

At present, attempts are undertaken to develop algorithms
implementing the ANN in order to use them instead of the finite
element method for analysis of systems with materials having a high
degree of non-linearity. These works are primarily aimed at reduction
of labor intensity of preparation of design models [4].

At present, there is no publicly available ANN-based software for
assessment or control of reinforced-concrete structures. At first, the
problem consists in the complexity of algorithmization of the ANN in
respectofcalculationsofreinforced-concrete structures, because reinforced
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concrete is a composite material having unique deformation features
described solely on the basis of empirical data. In accordance with the
universal approximation theorem, the direct-communication ANN with
one hidden layer can approximate any continuous multivariable function
with any accuracy [5]. To calculate the reinforced concrete structures,
the methods, in which the dependences of deformations, forces, and
reinforcement on the load are not continuous functions, are used. The
conditional break points are determined by the nature of cracking in the
sections of reinforced-concrete elements and, at the same time, by non-
linearity of the diagrams of deformation of concrete and reinforcement.
In addition, impossibility of construction of such functional dependencies
both for an arbitrary section of a reinforced-concrete element and for a
specific section, because their form is affected by both the magnitude of the
external load and the ratio of its components, is also a complicating factor
[6]. Thus, the applicability of ANN in the general case has been proved by
now for solving problems of structural mechanics, design, optimization,
research and diagnostics of structures and systems being under the
action of any static and dynamic loads [7]. However, the almost complete
absence of real application of them is explained by the complexity of
formalization of tasks, while the advantages over traditional methods and
algorithms are not obvious. The most significant obstacle consists simply
in the lack of practical need for using the ANN in the civil design, because
the vast majority of types of calculations in construction are regulated by
standards and norms, thereby leaving no tasks for other mathematical
methods within the existing design technology.

FEATURES OF APPLICATION OF THE ANN IN RESPECT OF THE
CALCULATIONS OF STATICALLY UNDETERMINABLE FLOOR SLABS

The main parameters in the quality control of designing the
reinforced-concrete structures are the reinforcement area, type and
location of the corresponding structural elements as those affecting the
strength and safety of the reinforced-concrete structure to the really
largest extent. Although the basis of any algorithms for calculating
reinforced concrete structures is an unambiguous representation
of the physical essence of their work under the action of loads, the
algorithms established by various national design standards can lead
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to qualitatively and quantitatively different results. It means that there
could occur situations when the same structure designed correctly
according to some national design standards, may be considered poorly
designed according to other national design standards. In addition,
individual parameters of the reinforcement of floor slabs are not
independent of each other; their mutual influence is determined as a
rule by the design requirements set forth by national design standards.
Thus, the corresponding expert system as a part of the boundary
conditions shall take into account the design standards. Consequently,
the expert system for each country needs in fact to be trained separately.
In addition, it is desirable to take into account the design constraints
obtained from assessment of testing a large number of experimental
structures or experience of operation of finished construction objects.

The floor slabs have different design reinforcement even within the
same span, that is the design reinforcement will be individual in each
node when being calculated by the finite element method that will
require an almost infinite volume of the training sample. In practice, the
reinforcement adopted in the project with due account for the size range
can be partially or completely unified over the entire structure area. For
this reason, the training sample shall be formed on the basis of the design
reinforcement, taking into account the size range stocks and restrictions.

The greatest difficulty in training the ANN is the multivariance
of the solution of the problem of reinforcing the reinforced-concrete
structure with the same initial data. Algorithms for calculating the
reinforcement of flexible structures allow for existence of more than
one solution to enable various optimizations of the total reinforcement
of the upper and lower zones of flexible structures.

CALCULATION OF REINFORCED-CONCRETE FLOOR SLABS

To ensure the necessary accuracy of operation of the ANN, the
machine learning models work as a rule with huge amounts of data;
however, there are no necessary databases in the construction. Due to
this circumstance, the calculations required for demonstration of the
possibility to train the models, that are necessary for evaluating the
calculations of reinforced-concrete structures are performed using the
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example of a rectangular reinforced-concrete slab structure supported
on four points (Figure 1).

a) sag at the span centre b) bottom reinforcement at the span centre

Figure 1. Structural design and output parameters

The following input parameters were used for training the ANN:

1) L —dimension in the direction of the X axis (range from 4.5 to 8 m);

2) L. —dimension in the direction of the Y axis (range from 4.5 to 8 m);

3) q - load distributed over the area (range from 5 to 10 kN/m?).

4) d - floor slab thickness (range from 0.16 to 0.30 m).

The calculated reinforcement at the span centre in mutually
perpendicular directions over the bottom of the slab (A and Asy) as
well as the maximum calculated sag of the slab d_were taken as output
parameters.

Since there is no straightforward method for choosing the number
of hidden layers and neurons in them, and since this work is not aimed
at finding the optimal structure for the problems under study, we use
the simplest ANN with ten neurons in one hidden layer (Figure 2).
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Figure 2. Schemes of the ANN
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The training sample was obtained by the calculation with the
use of the software implementing the finite-element method. The
reinforcement is calculated in accordance with the requirements of
EN 1992-1-1 Eurocode 2. The table presents all the input and output
parameters as well as their predicted values based on the input values
of the training sample.

Table 1
Input, output and predicted values of the parameters
Item Variables Training sample Predicted values Relative error, %
No. |Ix Ly d q| 6z Asx Asy | 6z Asx Asy | 8z Asx Asy
1 6 6 016 5 |258 705 705|267 713 685 34 12 3.0
2 6 6 018 5 |19.2 623 623|199 644 635 35 32 18
3 6 6 02 5147 568 568|154 586 589 | 4.5 3.0 3.6
4 6 6 022 5117 526 526|125 538 548 | 64 2.3 4.0
5 6 6 03 5 55 427 427 | 52 419 4.08| 6.1 2.0 4.7
6 6 6 016 7 |315 8.88 888|317 848 8.19 | 0.7 4.7 8.5
7 6 6 018 7 |232 768 768|231 764 750/ | 0.6 0.5 2.4
8 6 6 02 7 |17.7 6.87 687|166 692 691 | 6.9 0.8 0.6
9 6 6 022 7139 63 630|125 6.32 6.39 | 115 04 1.4
10 6 6 03 7| 64 497 497 | 51 481 475|253 32 4.7
11 6 6 016 10| 40.1 11.74 11.74| 39.1 11.25 11.36| 2.5 4.4 3.4
12 6 6 018 10292 999 999 318 10.12 10.13| 82 13 14
13 6 6 02 10|221 876 876|239 912 910| 74 39 3.7
14 6 6 022 10172 789 789|175 8.25 824 | 1.7 4.4 4.2
15 6 6 03 10| 7.7 6.02 6.02| 81 6.00 585]| 4.7 0.4 2.9
16 6 6 03 10| 77 6.02 6.02| 81 6.00 585]| 4.7 0.4 2.9
17 5 6 03 10| 58 393 631| 6.7 392 6.10 (129 0.3 3.5
18 5 5 02 10| 10.7 593 593|102 595 599 | 44 0.4 1.0
19 5 5 02 5 7.1 39 390 | 75 417 390 | 5.7 6.6 0.1
20 5 3 018 5 53 458 120 | 53 434 128 | 04 5.6 6.0
21 8 4 024 7 |195 1146 229 | 156 11.55 196 | 251 0.8 17.0
22 4 8 024 7 195 226 1146|173 213 11.37| 12.6 6.0 0.8
23 6 3 02 7|98 738 148|125 719 162|216 26 89
24 |3 6 02 7|98 148 738|121 152 754|188 25 21
25 6 8 022 5 244 4.88 10.39| 23.8 4.50 10.46| 2.6 8.4 0.7
26 8 6 022 5 (244 1039 4.88 | 26.2 10.27 4.90 | 6.9 1.1 0.4
27 5 7 02 5173 353 852|179 354 855 | 3.5 0.2 0.4
28 7 5 02 5173 852 353|161 846 335| 75 0.7 5.4
29 7 55 02 6 ]208 898 474|224 9.05 487 | 71 0.8 2.7
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Table 1 (ending)
Item Variables Training sample Predicted values Relative error, %
No. | 1x Ly d q 0z Asx  Asy oz Asx  Asy 0z Asx  Asy
30 |55 7 02 6208 474 898|203 4.62 914 | 23 2.6 1.7
9
9

31 7 5.5 0.24 16.5 9.72 514 | 154 9.62 532 | 6.8 1.0 34
32 |55 7 024 16.5 5.14 9.72 | 148 495 10.01| 11.6 3.9 29
33 7 55 018 55|259 946 496|238 9.64 506 | 89 1.9 1.9
34 |55 7 018 55|259 496 946 |26.7 491 946 | 3.0 11 0.0
35 8 45 018 75| 43.2 16.03 3.36 | 40.0 16.20 3.46 | 7.9 1.0 3.0
36 |45 8 018 75| 432 3.36 16.03| 424 3.63 16.08| 1.9 74 0.3
37 8 45 026 75| 16.8 11.08 237|189 10.90 244|113 1.7 29
38 (45 8 026 75|168 237 11.08| 170 260 11.00| 1.0 88 0.7
39 8 45 03 10| 13.7 11.7 249 | 12.6 11.64 256 | 84 0.6 29
40 |45 8 03 10| 13.7 249 11.70| 13.0 2.38 11.63| 5.1 46 0.6

Average relative error on the training set, % 74 27 31

For the purposes of structural design, the obtained average relative
error for all the studied output parameters can be considered as
extremely small, not affecting the result of the structural analysis. In
the general case, the solutions with such accuracy allow considering at
least two categories of problems:

— calculation of the volume of basic building materials (concrete
and reinforcement) to be solved at the stage of preliminary
assessment of the volume of investments;

- sufficiency and non-redundancy of the use of, first of all,
reinforcement to be solved at the stage of quality control of the
finished design documentation.

CONCLUSION

1. The hypothesis of the possibility of using the ANN for qualitative
and quantitative assessment of the adopted reinforcement in the design
of reinforced-concrete floor slabs in principle is confirmed.

2. The use of other mathematical models in the design of rein-
forced-concrete structures in addition to design standards and struc-
tural mechanics methods provides an opportunity to solve a radically
new class of problems that have not been earlier applied in practice.
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3. The use of the ANN in designing the reinforced-concrete struc-
tures in addition to traditional methods will significantly increase the
quality and efficiency of design work.

4. Using the ANN opens up the possibility of developing a qual-
itatively different software increasing considerably the efficiency of
design work in construction, while reducing significantly the need for
qualified engineering personnel. The presented approach to assessing
the quality of reinforcement can be applied both independently and in
advanced technologies of computerized development of working doc-
umentation.

5. Taking into account the universal introduction of BIM technol-
ogies, the use of ANN to assess the quality of ready-made project doc-
umentation regarding the reinforcement will reduce its duration from
weeks to seconds with considerably higher reliability of the results.
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