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A NUMERICAL INVESTIGATION OF THE

INFLUENCE OF THE EXTERNAL FIBRE I
COMPOSITE REINFORCEMENTS ON DAMAGED
CONCRETE ELEMENTS UNDER COMPRESSION

ABSTRACT

The need for restoration and reinforcement of
building structures damaged as a result of war and
combat activities is noted in the paper. It has been
determined that one of the methods for reinforcing
concrete and reinforced concrete structures is the
use of external reinforcement with fiber-reinforced
composite materials, particularly carbon fibers. The
paper considers the advantages and disadvantages
of using this method. The main part of the article
deals with methodology of numerical research, in
which the finite element method and a nonlinear
concrete deformation model implemented in the
LIRA-SAPR software complex are used. The aim of
the work is to determine the influence of external
carbon fiber reinforcement on the behavior of a
compressed concrete element and the optimization
of parameters for the minimum necessary amount
of materials, namely the length and thickness of the
reinforcement.

The main test specimens included: a control
specimen without damage; a specimen with damage
and without reinforcement; three series of specimens
with damage and external reinforcement of different
thicknesses and lengths. SikaWrap®-231 C carbon
fiber fabric was used for reinforcement with
Sikadur®-300 adhesive mixture. Loads were applied
at nodes on the upper surface of the test specimen.

In the numerical studies, volumetric finite elements
and a nonlinear concrete deformation model 21 -
exponential sequence for concrete were used to model
concrete and reinforcement material. The calculation
was performed taking into account the physical
nonlinearity of concrete with the implementation of
the step-by-step method during loading, with a total
of 20 steps and a load increment value of 0.05 for
each step.

Using the linear programming method, the
optimal reinforcement parameters were determined
to achieve the minimal use of external reinforcement
materials. As a result of the calculations, the required
area of external reinforcement 4,=206.4 mm’ was
obtained from four layers, with a total thickness of
t=0.516 mm, and the minimum size of the external
reinforcement B=1.3A.

KEYWORDS: reinforcement, carbon fiber, finite
element method, stress-strain state, concrete.

YHUCAOBI JAOCAIAXEHHA BIIAHBY 30B-
HIIIHBOTO IIIACHAEHHA KOMIIO3UT-
HHWMHU MATEPIAAAMM CTHCHYTOI'O BETOH-
HOIro EAEMEHTY 3 IIOIIKOAXEHHAM

AHOTAIIIA
Y poboTi 3ayBaKYETHCS HEOOXIAHICTh BiJHOBACHHS
Ta MiJCUAEHHSA OyZiBEABHUX KOHCTPYKIIH, ITONIKOJ-
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JKEHUX BHACAIZOK BiiHHU Ta 60HoBux Alil. Busnadeno,
0 OAHHUM 13 METOAIB IIACUAEHHA OETOHHHX Ta
3aAi300€TOHHUX KOHCTPYKIIIH € 3acTOCYyBaHHA
30BHIIIHBOTO APMYBAHHS 3 BOAOKOHHO-KOMITIO3UTHUX
MaTepiaAiB, 30KpeMa BYI'ACLIEBUX BOAOKOH. Y poboTi
PO3TASIHYTO IiepeBaru Ta HEAOAIKH 3aCTOCYBAHHSA
11boro MeTogy. OCHOBHA YaCTHHA CTATTI IPHUCBAYEHA
METOAOAOTI] YHCAOBOTO AOCAIAKEHHS, B AKOMY BHKO-
PHUCTAHO METOJ CKIHYEHHHUX EAEMEHTIB Ta MOJEAb
HeAlHIIHOT gedopMalii 6eTOHY, IO peani3oBaHO B
nporpamMHomy kommaAekci LIRA-SAPR. Mera po6o-
THU — BU3HAYUTHU BIIAMB II1JCUACHHS 30BHIIIHIM apMy-
BAHHSM 3 BYTACII€BOI'O BOAOKHA Ha poOOTY CTUCHYTO-
ro 6ETOHHOTO EAEMEHTY Ta OINTHUMI3aIliIo mapaMeTpis
3a MIHIMAABHO HEOOXIZHOIO KIABKICTIO MaTepiaais,
a came JOBKHMHY Ta TOBINMHY HigCHAeHHA. OCHOBHI
BUIIPOOYBAABHI 3pa3KU BKAIOYAAHM: KOHTPOABHHUH
3pa3ok 6e3 IONIKO/KEHb; 3PA30K 3 IOIIKOAKCHHAM
Ta 6e3 MiZCUAeHHs; TPHU cepil 3pas3KiB 3 IMOIIKOKEH-
HsMH Ta 30BHIIIHIM apMYBAHHSM Pi3HOI TOBIIUHHU Ta
AOBXKHUHU. B AKOCTI apMyBaHHSA BHKOPHUCTOBYBAAACS
TKaHUHA 3 ByraenesBoro BoAokHa SikaWrap®-231 C
Ha KAeioBil cymimi Sikadur®-300. HapantaskeHHs
HPHKAQJANOCSA Y BY3AH IO BEPXHIH IrpaHi JOCAIZHOTO
3paska. Y YHCAOBUX JOCAIAKEHHAX AAA MOAEAIOBAH-
Ha 6eToHy Ta Marepiany MiZCHACHHS BUKOPHCTAHO
00’€éMHI CKIHYEHHI €A€MEHTH Ta HEAIHIHy MOJeAb
aepopmysannsa 6erony 21 - exponential sequence for
concrete. Po3apaxyHOK BUKOHYBABCA 3 BpaxyBaHHAM
$izuuHOl HeAiHIHHOCTI 6€TOHY 3 Ooprasisalieo Kpo-
KOBOT'O METOAY IPU HABAHTAKEHHI, BCbOTo 20 KPOKIB
31 3HaYeHHAM IpHpocTy HaBaHTakeHHA 0,05 Ha
KOKEH KPOK. 3a 4OIOMOIoI0 METOAY AiHIHOTO Ipo-
rpaMyBaHHs OYAO BCTAaHOBACHO ONTHMaAbHI Iapa-
METPH ApMYyBaHHA JASl JOCATHEHHS MiHIMAABHOTO
BUKOPHUCTAHHA MaTepiaAiB 30BHIIIHBOIO apMyBaH-
Hs. B pesyApTaTi po3paxyHKiB OTPHMAaHO HEOOXIi/JHY
nAouyy 3oBHimHbOro apmysanus A,=206.4 MM 3
YOTHPBOX HIAPIB 3araAbHOIO TOBINHHOIO [=0,516 MM,
IPH IIbOMY MIHIMAABHUH PO3Mip 30BHIINIHBOTO APMY-
BaHHA B=1.3A.

KAIOUOBI CAOBA: nijcuneHHs, ByTA€LIEBE BOAOK-
HO, METOJ CKIHYEHHHUX EAEMEHTIB, HAIPYKEHO-
AePpopMOBAHUI cTaH, 6ETOH.

INTRODUCTION

The website of the "Russia will pay" project,
published data on the material damage caused by
Russia's war against Ukraine: "The largest share
in the total amount of direct damage belongs to
residential buildings (37.1 % or $55.9 billion) and
infrastructure (24.3 % or $36.6 billion)" [1, 2]. A
huge number of damaged buildings are in a state
of emergency or not suitable for normal operation.
There is an urgent need to restore and strengthen
the load-bearing structures in such buildings. One
of the methods of strengthening concrete and
reinforced concrete structures is the applications
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of carbon fiber composite materials as an external
reinforcement. Among the normative documents
in Ukraine, there are no standards for determining
the physical and mechanical properties of carbon
fiber products, and in the recommendations for the
use of composite materials of the SIKA company for
strengthening damaged concrete structures, little
attention is paid to compressed elements. Therefore,
we believe that numerical studies of the influence
of the external fibre composite reinforcements on
damaged concrete elements are needful and timely.
Analyzing the works [3, 4, 5, 6, 7 etc.], the following
advantages and disadvantages of using external
composite reinforcement can be formulated: high
strength, fatigue resistance, resistance to corrosion
and aging, speed and ease of reinforcement work, the
ability to perform reinforcement of any shape, and
maintaining the aesthetic appearance of reinforced
elements. However, despite these benefits, they have
their drawbacks, such as high cost, anisotropy of
properties, low strength in the transverse direction,
and the complexity of manufacturing fibers and
specialized equipment.

MAIN PART

The purpose of the work is to determine the
influence of reinforcement with external carbon fiber
composites on the operation of a compressed concrete
element, and to optimize the parameters according to
the minimum required amount of materials, namely
the length and thickness of the reinforcement. The
finite element method implemented in the LIRA-SAPR
software complex was used to analyze the stress-strain
state of concrete samples including damaged concrete
samples with external fibre composite reinforcements.

In this investigation, volumetric finite elements

and a nonlinear model of concrete deformation 21
- exponential sequence for concrete were used for
concrete C 25/30. External reinforcement was also
modeled by volumetric elements taking into account
orthotropic properties. SikaWrap®-231 C carbon
fiber fabric on Sikadur®-300 adhesive mixture was
used as reinforcement.

Test samples:

- Control sample — a concrete prism measuring
100x100x500 mm, without damage;

- Sample 1 - a concrete prism measuring
100x100x500 mm, with damage along the length
A=200 mm, depth 20 mm and opening width
w =2 mm;

- Sample 2 - a concrete prism measuring
100x100x500 mm, with damage along the length
A=200 mm, depth 20 mm and opening width
w=2mm, with onelayer of external reinforcement
SikaWrap®-231C ¢ = 0.129 mm (fibers along the
axis of the element). Three variable lengthes of
the external reinforcement B = 1.25A, 1.5A and
2A were considered.

- Sample 3 - a concrete prism measuring




100x100x500 mm, with damage along the
length A=200 mm, depth 20 mm and opening
width w=2 mm, with two layers of external
reinforcement SikaWrap®-231C ¢ = 0.258 mm
(fibers at an angle of 00 and 900 to the axis of
the element). Three variable lengthes of the
external reinforcement B = 1.25A, 1.5A and 2A
were considered

- Sample 4 - a concrete prism measuring

100x100x500 mm, with damage along the
length A=200 mm, depth 20 mm and opening
width w=2 mm, with four layers of external
reinforcement SikaWrap®-231C ¢ = 0.516 mm
(fiber orientation in the layup: 00/900/900/00).
Three variable lengthes of the external
reinforcement B = 1.25A, 1.5A and 2A were
considered.

The load was applied at the nodes on the upper face
of the test sample and, accordingly, the total load was
up to 100 kN. The calculation was performed taking
into account the physical nonlinearity of concrete
with the organization of the step method of applying
loads, a total of 20 steps with a load increment value
of 0.05 at each step.

The volumetric finite elements (FE 231 - Physically
nonlinear parallelepiped) were used to model the
concrete sample. FE is meant for the strength analysis
of solid 3D structures taking into account physical
nonlinearity of the material [8]. Non-linear properties
of concrete are taken into account thanks to the use
of the law of deformation 21 - exponential sequence
for concrete Fig. 2. In the nonlinear stress-strain
diagram area specify the following parameters: grade
of concrete; type of concrete; modulus of elasticity;
ultimate stress in compression (negative value);
ultimate stress in tension.

Concrete is modeled by volume finite elements
FE 231 each size 10x10x10 mm Fig. 3a, from which
the entire element is assembled layer by layer. In
the zone of artificial damage, the elements from
the top and from the bottom have dimensions of
9x10x10 mm and an additional element with the size of
2x10x10 mm is introduced in Fig. 3b, showing the
zone of the element without damage, and Fig. 3c,
showing the same zone but with damage.

Carbon fiber reinforcement is modeled by
volumetric finite elements FE 231, with dimensions
of 10x10x0.129 mm, shown in Fig. 4 with orthotropic
properties.

As a result of the performed numerical studies,
we obtained data on the stress-strain state of the test
samples. The dependence graph between loads and
displacementis shown in Fig. 5. For the convenience
of data analysis, results from 6 out of 11 samples in
the study are presented in the diagram. The failure
of the samples are considered to have reached such
a load that corresponds to the relative deformations
g, = 0.002, 2 mm per 1 meter. From the deformation
diagram, it can be seen that the sample 1 shows

3D model
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Figure 1 - Concrete column samples
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Figure 4 - Reinforcement with carbon fiber
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significantly lower indicators and has a nonlinear
ability at the level of 45 % of the control sample.
Sample 4 with B=2A showed deformation
characteristics even better than the undamaged
control sample.

In order to determine the optimal parameters
of reinforcement of a concrete prism based on
the minimum consumption of materials, namely
the length and thickness of the reinforcement, the
regression equation of two variables was obtained and
the optimization problem was solved.

To obtain a result in relative units, the following
are accepted as input parameters:

1. The ratio of the area of the reinforcement

material to the cross-sectional area of the
control sample:

1)

where, A, =t X4b is the area of the reinforcement
material, mm? A, is the cross-sectional area of the
prism, mm’. x, — takes the following values (0.00516;
0.01032; 0.02064).
2. The ratio of the length of the anchoring zone
to the side of the prism is defined as:

X, = (B%Aj +b,

where, A is the length of the damage zone 200 mm;
B is the length of the reinforcement zone (mm);
b is the edge size of the square of the prism 100 mm.
x, - takes the following values (0.25, 0.5, 1).

The parameter Y is needed to determine the
ratio of the load value of the test specimen to the
corresponding load level of the control specimen
at the limit values of deformations in concrete

()

Load, kN

2 0,4 0.6

Displacement,

Figure 5 - Deformation diagram of test samples

Ax +Ax, +4,=Y (3)

Methodology for the analysis of the received
numerical research data to obtain the regression
equation in the form of (3). The results of mixing at
each load step for all test samples are shown in Table 1.

Then, to obtain the dependence in the form (3),
we will construct and present the matrix of the
experiment in the following form Table 2. Where the
parameter X/ takes into account the influence of the
change in the thickness of the reinforcement (1), and
the parameter X2 takes into account the change in
the length of the anchoring of the reinforcement (2).

Coefficients AI, A2, A3 in Eq. 3 obtained by
linear regression according to experimental data,
calculations were performed in Excel. Substituting
the Egs. 1 and 2 into Eq. 3 results in Eq. 4.

g, =0.002, e.g.,2 mm per 1 meter length. Dependence A, B—A
can be sought by Eq. 3. 0,951+2,136—L+0,0164 ——=Y (4)
A 2b
Table 1 - Displacement in test samples under load, mm
Load,| Control |Sample | Sample 2 |Sample 2|Sample 2| Sample 3 | Sample 3 |Sample 3| Sample 4 | Sample 4 | Sample 4

kN Sample 1 B=125A|B=15A] B=2A |B=125A|B=15A| B=2A|B=125A|B=15A| B=2A
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 0.035 0.048 0.038 0.038 0.038 0.037 0.037 0.039 0.0348 0.034 0.034
20 0.073 0.105 0.081 0.080 0.080 0.079 0.078 0.078 0.073 0.072 0.070
30 0.117 0.186 0.125 0.128 0.127 0.123 0.125 0.123 0.116 0.114 0.110
40 0.167 0.356 0.185 0.184 0.182 0.180 0.179 0.176 0.164 0.161 0.155
45 0.195 1.070 0.218 0.217 0.214 0.211 0.210 0.206 0.191 0.187 0.180
50 0.225 0.256 0.255 0.252 0.247 0.245 0.241 0.22 0.216 0.206
60 0.295 0.352 0.350 0.345 0.334 0.331 0.324 0.288 0.281 0.266
70 0.384 0.509 0.504 0.496 0.456 0.450 0.439 0.375 0.363 0.340
80 0.503 0.760 0.741 0.725 0.658 0.640 0.619 0.492 0.467 0.430
85 0.582 0.943 0.899 0.873 0.801 0.763 0.733 0.577 0.535 0.486
90 0.686 1.220 1.100 1.050 1.020 0.914 0.865 0.709 0.620 0.553
95 3.380 3.580 3.480 3.290 3.200
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Table 2 — Matrix for constructing the regression equation Solving the optimization problem

by the graphic method of linear

Ne Y X Xo programming [9], a solution is obtained

Sample 2 B = 1.25A 1 10.94973 | 0.00516 | 0.25000 | as: the area of the external reinforcement

— 2 o

Sample 2 B = 154 | 2 [0.96610 | 0.00516 | 0.50000 | /12004 mm ' with four fayers, the total
Sample 2 B = 2A 8 1097797 | 0.00516 | 1.00000 | . external reinforcement is: B =1.3A.

Sample 3 B = 1.25A 4 10.98853 | 0.01032 | 0.25000 Conclusions and future work. Using

Sample 3 B = 1.5A 5 10.99529 | 0.01032 | 0.50000 | the finite element method and a nonlinear

Sample 3 B = 2A 6 | 0.99631 | 0.01032 | 1.00000 | model of concrete deformation, numerical

Sample 4 B = 1.95A | 7 | 0.99986 | 0.02064 | 0.25000 | Studies of the influence of external

composite material reinforcements on a

Sample 4 B = 1.5A 8 [1.00142 | 0.02064 | 0.50000 compressed damaged concrete element

Sample 4 B = 2A 9 1.00289 | 0.02064 | 1.00000 were performed. Using the graphical

method of linear programming,

Table 3 — Comparison of the results of the experiment with  minimizing the objective function

the theoretical data of equation 4 (Eq. 5) with the fulfillment of the

constraints (Eq. 6), the optimal

Y X1 X2 Predicted Y error | parameters of the reinforcement of the

1 0.94973 | 0.00516 | 0.25000 0.9662 1.7% | concrete prism were determined with the

2 10.96610 | 0.00516 | 0.50000 0.9703 0.4% | minimum consumption of materials. As

3 0.97797 | 0.00516 | 1.00000 0.9785 0.1% a result of calculations, we obtained the

4 0.98853 1 0.01032 | 0.25000 0.9779 1% required area of external reinforcement

' ' : : : A4=206.4 mm* with four layers, total

5 0.99529 | 0.01032 | 0.50000 0.9813 1.4% thickness t=0.516mm, while the minimum

6 0.99631 | 0.01032 | 1.00000 0.9895 0.7% | size of external reinforcement is B>1.3A.

7 0.99936 | 0.02064 | 0.25000 0.9992 0.0% In further research, it is planned to

8 1.00142 | 0.02064 | 0.50000 1.00%4 0.2% conduct physical experiments to validate

9 [1.00289]0.02064 | 1.00000 1.0116 0.9% | the numerical investigation through

To analyze the adequacy of the obtained
dependence, we obtained the data of the regression
analysis and compared the theoretical data obtained
by equation 3 and the results of numerical studies
Tab. 3.

The adequacy of the obtained dependence was
checked by Fisher's test and R-squared distribution,
which was 0.74. Equation (4) describes the obtained
data well enough and can be used in solved
optimization problems.

Formulation of the optimization problem. It is
necessary to find such minimum values of the area of
the external reinforcement and the anchorage zone
that the right-hand side of equation (4) is equal to
unity.

Objective function

F=A4,xB— min. (5)

Restrictions imposed

A —
0,951+2,136ITV+0,0164B AZI;
A=200 (6)
b =100

1,254 < B<2,04;
A, =51,6;103,2;206,4.

comparing test work with modelling
results. And a basic benchmark for repairing damaged
concrete elements using carbon fiber composites as
external reinforcements will be conducted in terms
of experimental and numerical work. In the future
work, fundamental study of fatigue performance of
damaged concrete samples with carbon fibre-adhesive
composite repairs is required for some infrastructures
under fatigue loading, e.g., bridges. Designing repairs
in the structural level needs the advanced extended
cohesive damaged element method to predict the
damage/fracture performance of concrete structures
with carbon fibre-adhesive composite repairs to
provide optimised solutions. Therefore, development
of the extended cohesive damaged element method
with fatigue loading function to account for cyclic
effects in accumulating damages is needed in the
future.
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