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This article presents the analysis of obtained experimental results for the study of masonry
columns which have been strengthened by GFRP confinement after high-level axial compression
loading. Ceramic hollow-brick middle-scale models were investigated regarding assumed testing
program. The basics of experimental studieswere briefly described in the paper. Theoretical study was
performed to compar e experimental and theor etical values. Such numerical analysis helpsto evaluate
the possibility to use the existing standar d’s appr oaches for calculating bearing capacity of strengthened by
GFRP jacketing ceramic brick columns which were subjected to the high axial loading. Theoretical results
areratheraligned with experimental data. Some conclusons were provided in terms of usability the
analytical model provided standards and other scientists. Addressing to the further investigation and
resear ch problems wer e perfor med.

Keywords: masonry, confinement, GFRP mesh, strengthening, effective confining pressure, design
compressive strength.

Introduction

Strengthening of compressed masonry structures by GFRP (Glass Fiber-Reinforced Polymer)
meshes gains popularity due to its advantages against more typical methods (e.g. steel framing and
concrete jacketing). However, polymer composites are rather new material and needs to be more investigated
under different limit states and conditions.

Since the spread of composite materials from the military& space industry to the construction
industry (1980s), a lot ofresearcheshave been provided to make possible to formulate the basic design
provisions and approaches to design composite materials in structures. However, at present in Europe
there is no single regulatory document (e.g.Eurocode) that would regulate the usage of FRP (fiber
reinforced polymers) systems. The main recommendations for the use of FRP reinforcement in structures
are given in the national standards of Japan (JSCE, 1997), Canada (CSA-S806, 2002), Italy (CNR-DT
200 R1/2013, 2013), USA (ACI 440.1R, 2006). The main provisions of these recommendations are
highlighted in the reports of the International Reinforced Concrete Federation (FIB) regarding usage of
FRP reinforcement (Matthys, & Fib Working Group, 2019). These regulations are supplemented and
continued in subsequent editions.

Recently publishedpapers (Yilmazet al., 2013), (Cascardi et al., 2020), (Borri & al., 2012),
(Valdeset al., 2015), (Witzany& Zigler, 2016) contain calculation methods analysis for the FRP confined
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masonry columns. Experimental studiesprovided by author in scope of the tests were verified according-
totheexisting analytical models.As result, usability of suggested approaches was discussed and accordance
with experimental part was reported as well. Also, valuableinputs were provided by different scientists
(Minafo et al., 2017), (Micdli e al., 2004), (Rao and Pavan, 2015), (Krevaikas and Triantafillou, 2005),
(Lignova et al., 2014) in terms of analytical prediction of FRP-confined masonry structures’ behavior.
However, theoretical investigation for hollow ceramic brick columns strengthenedwith GFRP after high
level loading was not provided previougly.

Article purpose

The purpose of this article is to evaluate existing design approaches for masonry ceramic brick
columns structural analysis after high-level loading and further decompression with FRP strengthening.
Also, comparative analysis between experimental and theoretical data will be performed.

Experimental program

Specimens’ construction, strengthening techniques and testing program were reported by authors
previously in details (Bula & Kholod, 2020).The specimen’s parameters were as follow: height ~ 800
mm, cross-section — 250 mm x 250 mm, mortar thickness — ~10 mm. As specimen’s material the hollow
ceramic bricks were used with unit dimensions 250 mm x 120 mm x 88 mm. Bonding mortar was
manufactured in-site by mixing Portland cement and sand with a mass ratio of (1:6). Average (10 tests)
compressive strength reported as f, = 5.70 MPa for mortar and f, = 6.31 MPa for brick. Reinforcing
system included the glass fiber meshMapegrid G120(TM “Mape”) and two-component ready-mixed
fiber-reinforced repair mortar. Basing on producer’s data mesh properties were taken as follows: mesh
size—12.7 mm x 12.7 mm; tensile strength — 1300 M Pa; dastic modulus 72 GPa; ultimate strain — 1.8 %.

Masonry columns have been tested under axial compression provided by means of the hydraulic
press. Specimens were axially loaded with a 10-min pause on every loading step to achieve full crack
development and stabilization. Longitudinal and transversal deformations were measured by mechanical
strain gages during compression test. Two columns (“S” series) were loaded up to failure as control
samples. The other two columns (*d” series) were subjected to ~80 % of ultimate loading and staged for
20 min. After that the specimens were fully unloaded and confined with continuous GFRP-mesh
wrapping. Preparation and strengthening application procedure was realized in accordance with producer
recommendations.

Numerical analysis

Numerical analysis was provided basing on Italian National Standard (CNR-DT 200 R1/2013) and
on some related analytical models suggested by authors in theirresearch(Faella et. al., 2011), (Corradi et
a., 2007), (Di Ludovico &t. a., 2010).

CNR standard suggests using the following equation for members confined with FRP subjected to a
lateral confining pressure f;
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where fq — design compressive strength of the FRP member; fma — design compressive strength of the
unconfined masonry; K — non-dimensional coefficient; f; « — effective confining pressure; a; — coefficient
equal to 0.5 if further experimental datais not available.
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Non-dimensional coefficient K' is supposed to define according the equation:
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where g, — masonry mass-density expressed as kg/m® a; and a, — coefficient equal to 1.0 if further
experimental datais not available.

The effective confining pressureis defined as afunction of the coefficient of efficiency:

fler = Ker fi=ky ks f, ?3)
where ky — horizontal coefficient of efficiency (depends on cross-section geometry); ky — vertical
coefficient of efficiency (depends on wrapping type); f, — confining pressure caused by FRP material;

For a continuous confinement, k, is equal to 1. The following equations should be used for f, ky, kv
valuesin case of rectangular (square) cross-section and continuous FRP reinforcement:
ty Eg
max{b,h} € fgria (4)

wheret; — FRP thickness; E;— FRP modulus of dasticity; b,h — columns cross-section dimensions; & iq —
reduced design strain for FRP reinforcement.

The horizontal coefficient of efficiency is given by the ratio between the confined area and the total
area of the masonry column, A, asfollows:

T (%)

FRP—/

£

Fig. 1. Confinement of rectangular sections externally
wrapped with FRP

Thereduced design strain for FRP reinforcement can be written as follows:

N

_jh,e fl
CR mm}f agff X ;0.004% (6)

where 7, — the environmental conversion factor for different exposure conditions; ey — ultimate strain for
FRP mesh (technical data depends on mesh type);

g — partial factors for FRP mesh. For the ultimate limit state, the value assigned to the partial factor of
FRP materials is equal to 1.10; 0.004 — conventional strain limit.
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Numerical investigationshave been performed according to the equations listed above. The initial
data sheet for masonry and GFRP reinforcement is given in Table 1.Compressive strength forunconfined
masonry was defined by experimental data. Reinforcement characteristics were taken from producer’s
data sheet. Design factors were assumed according to CNR tables.

Table 1
M asonry/Reinfor cementDataSheet

Data Symbol Vaue Units
Design compressive strength of the unconfined masonr
(Bﬁg&cﬁhzo: 2c()azs(t))engt 7 e unoomne sy f 302 [MPd|
Masonry mass-density Om 1710 [kg/m?]
Equivalent thickness of dry mesh (GFRP) tf 0.024 [mm]
Modulus of easticity (GFRP) E 72000 [MPa]
Elongation at failure €k 18 [%0]
Masonry column dimensions bxh 250x250 [mm]
Column’sfillet re 30 [mm]
Partial factor for GFRP mesh PV 11 -
Environmental conversion factor Na 0.75 -

The design compressive strength for confined samples and comparison with experimental data are
provided in Table 2. The mean value for experimental samples in series is shown.The theoretical values
have been calculated for different analytical models and reported below.

Table 2
Comparison between experimental and theor etical results
Strengthened | Tmoa BXP: peaI) | e (THEOR) | ¢ ieopy | £, (THEOR) | g (THEOR)
mesh failure (CNRDT \ . .
samples o (Fadllaet a.) (Corradi etal.) | (Di Ludovicoetal.)
‘9 sries criteria 200R1/2013) [MPd] [MPd] [MPa]
[MPa] [MPe]
Compressive
strength 4.2 3.57 49 3.2 31
EXP
THEOR — 1.17 0.85 131 1.35
ratio
Conclusions

In this article theoretical evaluation was performed for the confined middle-scale masonry
structures produced with hollow ceramic bricks after subjecting them to a high level (up to 80 % of
ultimate strength) compression. Numerical investigation shows quite good compliance with experimental
results (see Table 2). However, calculations by (Di Ludovico et. al., 2010) and (Corradi et al., 2007) give
more conservative outcome (31-35 %) comparing with the experimental data. Analytical model by (Fadla
et. d., 2011) reveds 15 % overestimating of the theoretical compressive strength value The closest agreement
was receivedaccording to (CNR-DT 200 R1/2013, 2013). Such versatile theoretical results could be explained
by specific hollow ceramic brick behavior, which is not fully accounted in investigated analytical models.
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In general, approach proposed in CNR can be used for predicting of the compressive strength for
corresponding “damages/material” combination. Although, more detailed FEM mode analysis and
probably existing analytical models calibration needs to be provided in further research for correspondent
combination.

Acknowledgments: All materials used for strengthening of specimens in this study have been
granted by Mapei,UA.
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C. C. Bysa, M. 1. Xoxnon, H. B. Bitep
Haunionanshuii yHiBepcuret “JIbBiBChKa MoMiTEXHIKA”
kadeapa OyaiBeNbHUX KOHCTPYKIIIH Ta MOCTIB

YUCEJbHUM AHAJII3 CTUCHYTHX HETISTHUX KOHCTPYKIIIA
3 IYCTOTLI0I KEPAMIYHOI IIEI'JIH, 11O BYJIM TIOCHUJIEHI
CITKAMMH 13 CKJIOBOJIOKHA

O Byna C. C., Xon00 M. I, Bimep H. B., 2021

HageneHo uncenbHuii aHasi3 eKCIIEpUMEHTAIBHAX PE3YIIBTaTIiB, 0 OTPUMaHi B pe3y/bTaTi BUIPOOYBaHb
CTHCHYTHX LEIJISIHUX KOHCTPYKIIH BUKOHAHMX 13 MYCTOTIJIOl KEPaMi4HOI LETJIH, 10 ITiAIaBaics EHTpalb-
HoMy ctrcKy 110 piBHA 80 % Bij pyiHIBHOrO, pO3BaHTa)KyBAJINCS Ta IiJICHITIOBAJIKCS 32 AOMOMOTOI0 CITOK i3
CKJIOBOJIOKHA.

Ha et moment y €Bpori (k i B YKpaiHi) HeMa€e €IMHOr0 HOPMATHBHOTO TOKYMEHTA, 10 PErNIAMEHTYE
BHUKOPUCTAHHSA KOMITO3UTHUX MaTepialiB MiJ Yac MiJCHICHHS KOHCTPYKIii. OCHOBHI peKOMEHIAMIl 1010
3acrocyBaHHsi FRP apMyBaHHs y 3a1i300€TOHHUX KOHCTPYKI[SIX HABEJECHO Yy HalliOHAILHUX HOpMax SmoHii,
Kananu, CIIIA. OcHOBHI ONOKEHHS X PEKOMEHIAIIIN TaKoK BUCBITICHO y 3BiTax MikHapoaHOi (enepa-
11 31 3amizoberony (FIB) mono Bukopucranus FRP-apmyBaHHs.

Ha neit MoMeHT Gararo HayKOBIIB HPOBOISTH JOCII/DKEHHS IMiJCWICHMX KOMIIO3UTHUMU MatepialaMu
LETJITHUX KOJIOH 3a PI3HUX PIBHIB HAaBaHTa)KEHHs, TUITY LETJISHOI KIJIAJK{, TUIYy Marepiany MiJCHICHHS.
OTpHrMaHi eKCIIepUMEHTaJIbHI PE3YJIbTaTH BEPU(DIKYIOTHCS 3 TEOPETHYHUMH ITOJIOKEHHSIMH, 1110 BUKIIAJICH] Y
HAaIlIOHAIEHUX HOPMAaxX OKPEMHX KpaiH.

[IpoBeneHo aHami3 eKCEPUMEHTANBHUX PE3YIbTAaTiB HA OCHOBI ITANHCHKUX HALllOHAIBHUX HOPM Ta
Ha OCHOBI METOJIUK PO3PaxyHKY, IO iX 3alpOIOHYBaJM JEsKi iTaliiChKi HAYKOBII. Y pe3yJbTaTi MpoaHaiizo-
BaHO 30DKHICTh CKCIICPUMCHTAJIBLHUX pE3Y/IbTATIB 3 TCOPETHYHHMH 3acalaMH pPO3paxyHKy (3a dYoThpma
Meromukamu). OTpuMaHi 301KHOCTI €KCIIEPUMEHTAIBPHUX Ta TEOPETHYHUX JAHHX ITOKA3aJM, IO JOCIIDKYBaHi
TOEJHAHHS PIBHS HABAaHTA)KEHb Ta THITy KJIAJKK HE MOBHICTIO BPaxoBaHI y PO3PaxyHKOBHX IiAXOJax Ta
MOTPeOYIOTh YTOYHEHHS. 3aBJaHHAM TaKHUX JOCTIKEHb € CTBOPEHHsI YTOYHEHUX PO3PaXyHKOBHX MOJEJEH
Ta MPOMO3ULIN 10 PO3PAXYHKY TAaKUX KOHCTPYKILH.

Ki1o4oBi cioBa: yncenbHUH aHAJI3, HerJisiHi KOHCTPYKUII, CITKM i3 CKJIOBOJIOKHA, KOMIIO3UTHI
MaTepiaau, NiACUIeHHs, MilIHICTh KJIAJKM HA CTUCK.
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