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Resumo

As argamassas reforcadas com téxteis (TRM) receberam recentemente uma importancia significativa
como reforco exterior (EBR) de alvenaria e estruturas de betdo armado. Sdo constituidas por uma malha
de alta resisténcia embebida numa matriz inorganica. As malhas sao compostas por fios bidireccionais
contendo basalto, carbono, vidro resistente aos alcalis, aramida, ou fios de PBO, ou malhas
unidireccionais contendo corddes de aco de alta resisténcia. Os téxteis sdo aplicados utilizando matrizes
tais como argamassas de cimento, cal, ou geopolimero. Na literatura cientifica e técnica, ha também a
utilizacdo de outros nomes e acrénimos, tais como matriz cimenticia reforcada com fibras (FRCM) e
calda reforcada com aco (SRG) quando sdo utilizadas malhas de aco.

Devido a novidade desta solucao, questdes como a durabilidade e o desempenho a longo prazo sao
desconhecidas em grande escala e ndo existem ainda normas de ensaio e métodos de dimensionamento
relevantes. Para colmatar esta lacuna, este estudo apresenta uma investigacéo experimental e analitica
abrangente a varios niveis sobre o desempenho mecanico dos compositos TRM utilizados para o reforco
de estruturas de alvenaria existentes. O objectivo ¢ fornecer novos conhecimentos sobre o efeito das
condicdes ambientais criticas sobre o TRM-alvenaria em diferentes escalas e correlacionar a degradacao
do material com o desempenho estrutural global através da realizacao de testes de envelhecimento
acelerado em sistemas TRM-alvenaria. Assim, a resposta micro (ligacdo malha-argamassa), meso
(ligacdo TRM-substrato), e macro (resposta do TRM em tracéo e resposta no plano e para fora do plano
da alvenaria reforcada) dos TRM sado combinadas e investigadas em profundidade sob condicdes
ambientais naturais e de gelo-degelo (FT). Compostos TRM a base de fibras de aco e vidro feitos com
argamassa hidraulica a base de cal sao utilizados para reforcar painéis de alvenaria de tijolo ceramico
solido.

Os resultados mostram que o comportamento a longo prazo dos compésitos TRM para diferentes idades
é significativamente dependente da combinacdo de argamassa e fibras e, portanto, pode mudar
notavelmente entre diferentes solucdes TRM. Também se observa que os TRM a base de cal ndo podem
atingir as suas propriedades mecanicas totais em condicoes interiores, mesmo apds 3 anos. As
condicOes exteriores levam a uma melhor cura das amostras e a obtencao de propriedades mecanicas
significativamente mais elevadas nestes compésitos. No entanto, também pode levar a uma deterioracao
significativa em idades posteriores. Os resultados indicam também que as condicdes de exposicao ao
gelo-degelo consideradas neste estudo ndo tém efeitos prejudiciais sobre a resisténcia da argamassa.
Contudo, o comportamento de ligacao fibra-argamassa pode deteriorar-se, sendo o nivel de deterioracéo

dependente do tipo de fibra, do comprimento embebido e da configuracéo da fibra.
Palavas-chave:

TRM composto; Aderéncia fibra/ matriz; gelo-degelo; comportamento a longo prazo; modelacado analitica.
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Abstract

Textile-reinforced mortars (TRM) have recently received significant attention for the externally bonded
reinforcement (EBR) of masonry and reinforced concrete structures. They are comprised of a high-
strength mesh bonded with an inorganic matrix. The meshes are composed of bidirectional yarns
containing basalt, carbon, alkali-resistant glass, aramid or PBO yarns, or unidirectional textiles containing
ultra-high tensile strength steel cords. Textiles are bonded using matrices such as cement, lime, or
geopolymer mortars. In scientific and technical literature, there is also a use of other names and
acronyms: fabric-reinforced cementitious matrix (FRCM) and steel-reinforced grout (SRG) when using steel
fabrics.

Due to the novelty of this solution, several issues such as durability and long-term performance are
unknown to a large extend, and relevant test standards and design methods do not exist yet. To address
this gap, this study presents a multi-evel comprehensive experimental and analytical investigation on the
mechanical performance of TRM composites to strengthen existing masonry structures. The purpose is
to provide new insights into the effect of critical environmental conditions on TRM-masonry at different
scales and correlate material degradation to the global structural performance by performing accelerated
aging tests on TRM-masonry systems. Hence, micro (fabric-to-mortar bond), meso (TRM-to-substrate
bond), and macro (TRM tensile response and in-plane and the out-of-plane response of TRM-strengthened
masonry) response of TRMs are combined and investigated in-depth under natural environmental and
freeze-thaw (FT) conditions. Steel and AR-glass-based TRM composites made with hydraulic lime-based
mortar are used for strengthening clay brick-based masonry panels.

The results show that the long-term behavior of TRM composites for different ages is significantly
dependent on the mortar and fiber combination and, therefore, can change notably between different
TRM solutions. It is also observed that lime-based TRMs cannot reach their total mechanical properties
under indoor conditions even after three years. Outdoor conditions lead to better curing of the samples
and achieving significantly higher mechanical properties in these composites. However, it can also lead
to a significant deterioration at later ages. The results also indicate that the freezing-thawing exposure
conditions considered in this study do not have detrimental effects on the mortar strength. However, the
fiber-to-mortar bond behavior can deteriorate, because the level of deterioration depends on the fiber type,
embedded length, and fiber configuration.

Keywords:

TRM composite; Fiber/matrix bond; Freeze-Thaw; Longterm behavior; Analytical modeling.

vi



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Contents
(TS o TSRS PRSUROTI v
Y01y U o1 PSPPSR Vi
ST O FIGUIES ..ttt e e et e e et e e et e e e bt e e e ebte e e beeesateeeebeeeenteeeanreas Xi
(R R0 I 0] [PPSO U PSP XVii
LISt OF SYMIDOIS ...t e e et e et ae e et e e e be e e etae e e teeeeareas XiX
LIST OF ACTONYIMS ...ttt et ettt e e et e e et e e et e e st eeenteeestbeeebeeesnteeennns XXii
IO 1 oo [0t o o TSSOSO POP PP 1
1.1. Motivation @and OBJECHIVES .......eei i et 3
1.2. Outline and methodology of the theSiS.......ccuei i 4
2. 0verview 0N TRV COMPOSITES ....vveeveeeeie ettt ettt ettt ettt e e e e ete e et e enaeeeteeeaeeenteeereeaneas 6
2 B 141 0T [0 o1 i o TSP PPRU SRR 7
2.2. Fiber-to-mortar bond DENAVION ..........c..iiiiiiiieiie e 7
2.2.1. PUIFOUL TEST SBIUD ..eee et e e et e e etaee e 8
2.2.2. PUI-OUL MECHANISM ....eii ettt e e e raae e e e e arae e 10
2.2.3. Analytical MOAEIING. ... .cciiiie it e st e e saae e etae e arae e 12
2.3. TRM teNSIlE DENAVION .....viiieiiie ettt et e et e e aae e reeeenes 13
2.3. 1. TENSIIE TS ... e et e e nraa e 13
2.3.2. TeNSIle MECNANISIM ...oiiiiiie ettt e e e e e s e aneeenneens 13
2.3.3. Influence parameters on TRM tensile BENAVION .......cc.eeviiieviiee e 14
2.4. TRM-to-substrate bond DEAVIOr ...........cuiiiiii e 15
2.5. TRM-strengthened masonry PANEIS ........coouviiii i 16
2.6. DUFADIIITY @SPECES .. .vvieiee ettt e e e e e et e e e e et e e e e etaae e e 18
2.6.1. Degradation MEChANISIM .......ccveii et e e e et e e e e rtee e e e earaee s 18
2.6.2. DUIADIlITY TESES .ot e e e e e e e e et e e e e eraee s 18
= 1 T oo o 10 o 0 ST 21
3. Experimental plans and teSt MEthOUS. ........civvii i 23
3oL MAEEHIAIS ettt neens 24
3.2, MICrOSTTUCTUIAl @NAIYSIS .....evveeee ettt ettt e e e e et e e e et e e e e ebaee e e s anraee s 25
I B 1V [ = (ot o] R () R 25
3.2.2. Differential thermal @nalySES.........coicveiie it 25
3.3. Material characterization.............oooveii i 26
3.3. 1. MOrAr @Nnd DICK. .. .eiuieeeeie e 26
TR Tl o USSP 30
3.4. Fiber-to-mortar bond characterization .............ccooieiiii e 31
O T 1 Tt 0 (5 Y= (1] o S 31
O = 1 =Tt o)l oo g 1o N =T o o R 35
3.4.3. Effect of fiber CoNfigUIation ..........oooiiviiie e e 36
O o 1 =Tt Ao o 1 = (TSR 37
3.4.5. Effect of CYClIC 10AAING ...cvvviie et e et e eae e e eaees 38

vii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

3.5. TRM ENSIlE DENAVION ....viieiieciee et rae et eenteeree s 39
3.6. TRM-0-SUDSIrate DONA.......ooiviiiiicic e e et aeenae s 40
3.7 MASONIY PANEIS ..ottt ettt ettt e et e e et e e eat e e e bee e ebeeeetbeeeatbeeetaeeanraaans 41
3.7.1. IN-Plane DENAVION .......cuviiiiieicee et 42
3.7.2. OU-0f-PIaNE DENAVION .....ccviii ittt ettt 42
3.7.3. The role of surface preparation .........ccecocviiiiie it 44
3.8. CUNNE CONAITIONS ettt ettt e e et e e et e e s teeeeateeeeabeeebeeeanreeans 44
3.8.1. Material charaCterization...........ccviiieiie e 46
3.8.2. Fiber-to-mortar DON.........c.oooiiiiiiicce e 46
3.8.3. TRM-0-SUBSErate DONd.........coviiiieicce e 47
3.9, ENVIrONMENTAl @ING ....ccuviiiieieeeiie ettt et et e e tte e et e e erte e e ette e e treeanraeens 47
3.0 1. NATUIAI @ZING....eeceeieecee e e et ettt eateas 47
3.9.2. FIEEZE-TNAW EXPOSUIE ...cevveeeetiee ettt e et e et e etee e et e e ette e et e e e teeeeateeeeteeeenteeeesaeeaebeeesnteeesnreas 49
4. MALEHIAl TESUIS.......eeeiiciee ettt et sae e eaa e et e e saeeenteeaeeeraeenbeenreea 53
4.1, MIcroStruCtural @NalYSIS ......uvei ittt e e e et e e araa e 54
4.1.1. X-ray diffraction reSUIT........vve i 54
4.2. Physical properties of MaterialS .......coocuiiiiiiiiie e 54
4.2.1. Thermal eXpPanSion FESUI........ccuuieiiiiiiee et et e e et e e et e e nes 54
4.2.2. Thermal CONAUCTIVITY. ....coorieee ettt e et e e e e eatee e e e enaaee e e e enees 55
4.2.3. Water absorption Capillary.............oooeueeee i 55
4.2.1. Water absorption- immersion .........cocveeieiicee e e 55
R D | VA o1 || (=Y 1 2SR 57
G T O o =T T oo 1112 58
4.3, Effect of CUMNG CONAITIONS.....oviiiceeiiee et e e e e e e e e enaaee s 58
L T S (o = PSPPSR 58
G T = 1 ot G PSPPSR 61
4.4, Effect of aging of lime-based MOMAr...........ocovvviiiiiiee e 63
4.5. Effect of freeze-thaw CONAITIONS ....c..veiviiiiieie e 64
R T R | = PSR 64
T = 1 ot GRS 66
R TG Rl oSSR 67
4.6, MAIN CONCIUSIONS ...ttt et et e et e meeanteesaeeeneeeteenneeenneenneens 67
5. Mechanical performance of TRM COMPOSITES .......eiivveiiiiii it 69
5.1. Effect of the pull-out 1EST SEIUD ...vevei i 70
I = 1 (Tet )l oo g o =T o T i o TR 73
5.2.1. Steel-reinforced MO .......oovi i 74
5.2.2. Glass-reinforCed MOITAN ..........oiiiiieiie e eeesnae e e e 77
5.3. Effect of fiber CoNfigUIatioN ..........ooiiieeie et e 79
5.3.1. Steel-reinforced MO .......cceiiiieece e 79
5.3.2. Glass-reinforCed MOITAN ..........oiiiieiie et e snee e neeas 82

viii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

DA, EffECt OF SIIP FATE oot et 85
5.4.1. Reliability and physical meaning of test OUICOMES ......ccviiiiiiiiiii e, 85
5.4.2. Steel-reinforCed MO .......covi i 86
5.4.3. Glass-reinforCed MOITAN ..........ciiuiiiiciie ettt sre e e esaeenaeas 89

5.5, Effect Of CYCHC I0AMING . .veiiiiiiieiee ettt ettt et e bee e 93
5.5.1. Steel-reinforced MO .......ccvi i 93
5.5.2. Glass-reinforCed MOITAN ..........coiiiiiciie ettt ste e snaeenae s 97

5.6. TRM-0-SUDSTrate DONM.......ccueiiiiiiie e 100
5.6.1. Effect of bond length and surface preparation ............ccoeeveeieeieeeciee e, 100
5.6.2. Comparison of pull-out and single-lap shear tests.........cooovciiiiiiicice e, 102

5.7. Effect of CUING CONAIIONS .....coiviiiiee et tee et 104
5.7.1. FIDer10-mortar DONG.........ooiiiie it 105
5.7.2. TRM-A0-SUDSTrate DoNd.........ccueiiiiiiieiie e 109

5.8. Effect of aging of lime-based TRM .........oooiiiiiiiii e 114
5.8.1. Steel fiber-to-mortar bond behaVIor ...........coviiiiiiiiecc e 114
5.8.2. Glass yarn-to-mortar bond behavior............cc.ooviiiiiiiiiiie e 117
5.8.3. Tensile behavior of steel-based TRM .........cooviiiiiiiiie e 120
5.8.4. Tensile behavior of glass-hased TRM...........ooooiiiiiiiiiiiec e 123

5.9. Effect of freeze-thaw CONAITIONS .......oveiiiiiiiee e 126
5.9.1. FIDer—10-mortar DONG.......ccooiiiiiee e 126
5.9.2. TeNSIlE DENAVION ....c.ueiieiieie et 128
5.9.3. TRM-0-SUDSTrate DONG........coiiiiiiie e 131
5.9.4. Steel-based TRM with different bond 18NS .......oeeieveeiiiece e, 134
5.9.5. Glass-based TRM with different bond [€NGEhS........ccovvieeiiieeeee e, 137
5.9.6. Steel-based TRM with different fiber configuration...........cccoeviiieieeiicc e, 141
5.9.7. Glass-based TRM with different fiber configuration...........ccoeveeeeiiee e, 144

5.10. MaIN CONCIUSIONS. ...ttt itieeie ettt ettt e et e et e s e eneeeeeesneeaneeeneens 146

6. Mechanical performance of TRM-strengthened masonry PanelS.........oocvveeveeeicveeecvee e, 149

6.1. Effect of surface treatment...........ooo oo 150
L B g B o] T TS o =Y g = 1Y/ o 150
LI R O 10 o] & o] = T T o 1=1 Y o | S 153

6.2. Effect of freeze-thaw CONAITIONS ......vviieiiiie s 156
Lo R 4 o] = TS o =Y g = 1Y/ o S 157
O O 11 o] & o] = g T o 1=1 o Y o | R 160

LG T 1 = 11 ol Tot 13 1S Fo] o USRS 165

A =117 o= T 1o o L=Y g = R 166

8 N = oo I 1= 4 = 1Yo USSP RSP 167
A R = 1o 010 B 11 o 3 =TSR 167
7.1.2. Mathematica formulation of Method 1.........c.oooiiiiiiiii e 167
7.1.3. Mathematica formulation of Method 2..........c.cooveiiiiii e 175



Multi-scale investigation of the durability performance of TRM-strengthened masonry

7.1.4. Evaluation of proposed bond-slip law methods ...........cccoeiiiiiiiiiiiii e, 177
7.1.5. Modified bond=SP [aW .......ooiiiiiiiie et 185
7.1.6. Effect of Natural @ging........coouiiiiiiiiie e 195
7.1.7. Effect of Freeze-thaw condition..........ccvoiiiiiiiii i 202
7.2. Crack spacing prediction of TRM COMPOSITES.......cc.viiiiuiiiiiiccciiec et 204
7.3, MASONIY PANELS ...cccvieiectie ettt ettt ettt e e e et e e et e e e be e e eaae e e beeesteeesateeeetaeesnreeans 205
7.3.1. Prediction of panels shear Strength .........c.coooveiiiii i 205
7.3.2. Prediction of panels flexural Strength..........ccovveiiiiiiii e, 208
7.4, MAIN CONCIUSIONS ... eetieitieeie ettt ettt et e et e et e e te e s s e e sseesteesseesnseesaesnaeansaeseens 209

8. CONCIUSIONS ...ttt ettt ettt et e s ae et e e s e et e e st e e be e st e e aeesbeeasesteensesteeneeanas 211
8.1. Experimental CamPaiZN .....cc.veeiiuieeiieee ettt et 212
8.1.1. Material charaCterization...........cccviiiiiiiecie e 212
8.1.2. Effect Of the 1eSt SEUP ..eei e 213
8.1.3. Effect of BONA [ENGHN.....oeeeii e 214
8.1.4. Effect of fiber configUration ...........oooiumiii e 214
8.1.5. EffeCt Of SHP FAE ..t 214
8.1.6. Effect of CYClC I0AING . .covvee et 215
8.1.7. TRM-to-substrate bond behavior............cocvviiii i 215
8.1.8. Effect of cUriNg CONAITIONS.......ccuriie e eaea e 216
T T o 1 Yot ) il 0 o v= g TR 217
8.1.10. Effect of freeze-thaw CONAItioNS.........c.oeiiiiiiiiee e 217
8.2, SHUCTUIAl DENAVION ......eiiiiee ettt 219
8.2.1. Mechanical performance of Masonry PanElS ...........oovcvereeieciiee e 219
8.2.2. EffeCt Of fre@ze-thaw .....c.oo i 219
8.3, ANAIYEICAl fINAINGS ... vttt e e e e e et e e e et ee e e e eraeeeeenees 220
8.3.1. Textile-to-mortar bond DENAVION .........ooviiiiiiie e 220
8.3.2. StrUCtUral DENAVIOL ..o e 221
B FULUIE WOTK ...ttt et ettt et e n et e b e aneeenteenneeaneas 221
SR ) (<Y (= -SSR 223
Appendix |: Technical datasheets of the MaterialS.........ccuvveiieeieee i 234
Appendix Il: Analytical modeling of pull-pull test configuration .........c..ccoveeeeiiciee e, 251
Appendix lll: Analytical prediction of shear strength of reinforced panels .........cccccoevvevveeiiicieeeiinnen. 253
Appendix IV: Analytical prediction of flexural strength of reinforced panels........ccccccoevveeeivceneeeennn.. 254



Multi-scale investigation of the durability performance of TRM-strengthened masonry

List of Figures

Fig. 2-1. Common layout of pull-out tests: (a) pull-push; (b) pull-pull.........c..cccoveiiiiiiiiiiiieeee, 9
Fig. 2-2. Pull-out test conducted by Ghiassi et al. [31]: (a) test setup; (b) details of LVDT position....... 10
Fig. 2-3. Typical pull-out curves with the different transitions from nonlinear stage to dynamic stage: (a)

[0ad drop; (D) SMOOTN. ...iiiiieece et e e et ae e et e e et e et e teeeeans 10
Fig. 2-4. Typical bond-slip law: (a) multi linear; (D) N-PIECEWISE. ....veeiviieciiecce e, 12
Fig. 2-5. Typical tensile stress-strain behavior of TRMS.........ccciiiiiiiiiiiiic e, 13
Fig. 2-6. Typical tensile test methods: (a) rigid load; (b) soft clamping-grip. .......ccoceevvieiiiiiiieccie, 14
Fig. 2-7. The schematics of shear bond test: (a) single-lap shear test; (b) double-lap shear test. ......... 15

Fig. 2-8. Typical failure modes observed for TRM-to-masonry joints: (a) debonding with cohesive failure of
the substrate; (b) debonding at the mortar-to-substrate interface; (c) debonding at the textile-to-mortar
interface; (d) textile slippage within the mortar; (e) textile slippage within the mortar with cracking of the
outer layer of mortar; (f) tensile rupture of the textile [31]. c..ooovveiiiiieie e, 16

Fig. 3-1. Materials used: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) clay brick; (e) glass fabric; (f)
Y 1< I 1 o1 A 25
Fig. 3-2. Preparation of DTA samples: (a) crushing mortar; (b) solving in isopropanol; (c) separating the
solid part; (d) removing isopropanol; (d) weighting sample; (e) performing DTA test. ....ccovvveivevvereennnne. 26
Fig. 3-3. Mechanical characterization test setups: (a) mortar compressive; (b) brick compressive; (c)
mortar flexural; (d) brick flexural; () mortar splitting; (f) mortar elastic modulus; (g) brick elastic modulus;

and (h) masonry prism COMPIESSIVE TESTS. ....iiiriiiiie et 28
Fig. 3-4. Mortar physical tests: (a) water absorption- capillary; (b) water absorption- immersion; (c) open
porosity; (d) shrinkage tests; (e)thermal conductivity; (f) Thermal expansion. ..........cccccveeveeeieeeeicveeenne. 29
Fig. 3-5. Yarn/cord direct tensile test: (a) steel cord; (b) glass yarn. .......cccveevveeeveeeicee e, 31
Fig. 3-6. Different pull-out test setups: (a) pull-push I; (b) pull-push II; (c) pull-pull.....c...cccvveerverennnene. 32
Fig. 3-7. Pull-push | tests: (a) specimens configurations; (b) test setups. ....c..oeevveviiieiciiiieieeeeeee 33
Fig. 3-8. Pull-push Il tests: (a) specimens configurations; (b) test SetUPS. ..vvveiveciviieiieeeeecee e 34

Fig. 3-9. The stages of preparation of the pull-push Il specimens: (a) embedment of the fibers in resin;
(b) applying the first layer of the mortar; (c) adjusting fiber and pouring the second layer of the mortar.

........................................................................................................................................................ 34
Fig. 3-10. Pull-pull tests: (a) specimens configurations; (b) test SEtUPS. ....ccvvveiiecvvieeiiciee e, 35
Fig. 3-11. Considered fiber configurations: (a) glass yarns; (b) steel cords; (c) 3D view of pull-out
] o 1=Tox 1= 4 1 37
Fig. 3-12. Cyclic pull-out 10ading PrOCEAUIE. .......eeieeriie ettt e e e e eraaee s 38
Fig. 3-13. Tensile specimens: (a) configurations; (b) test SETUPS. ...cccvvveiiecrieieeeeee e 40
Fig. 3-14. Single-lap shear test specimens: (a) specimen’s configurations; (b) test setup. ..........c........ 41
Fig. 3-15. Diagonal compression tests: (a) geometric details; (b) test setups. ....ccevevveveveeiccieeieeeee, 42
Fig. 3-16. Geometric details and test setups used for out-of-plane tests: (a) bending tests parallel to bed
joint; (b) bending tests, NOrmMal t0 DEA JOINTS. .....ciiveiei i 43
Fig. 3-17. General overview of the curing condition effect teStS. ......oovvveiieciieiie e, 45
Fig. 3-18. Temperature and air humidity variation outside the University premises during outdoor exposure.
........................................................................................................................................................ 47
Fig. 3-19. (a) Freeze-thaw exposure condition; (b) environmental lab condition..........ccccceeevevvvriiinnnns. 50

Xi



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Fig. 3-20. Schematic representation of the test program under the freeze-thaw condition. .................. 51
Fig. 4-1. XRD profiles of mortar M1, ..ottt 54
Fig. 4-2. Water absorption due to capillary action: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) brick.
........................................................................................................................................................ 56

Fig. 4-3. Water absorption due to immersion: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) brick. 57
Fig. 4-4. Differential thermal analysis (DTA) results of mortar M2 at: (a) 1 day; (b) 7 days; (c) 60 days.

........................................................................................................................................................ 59
Fig. 4-5. Shrinkage strain and weight changes vs. mortar age: (a) mortar M1; (b) Mortar M2.............. 61
Fig. 4-6. The moisture content of the brick to the total absorption as a function of time in the capillary
LE=ES) RSO RRUOUPRRRRRPUPR 62
Fig. 4-7. Differential thermal analyses (DTA) result: (a) mortar M1; (b) mortar M3.........ccoooevverennnnnnn. 65
Fig. 5-1. Envelope load-slip curves for different test setups: (a) pull-push I; (b) pull-push II; (c) pull-pull.
........................................................................................................................................................ 70
Fig. 5-2. Global force equilibrium: (a) pull-push test; (b) pull-pull teSt.........ooieeiiiiiee e, 72
Fig. 5-3. Load-slip curves of pull-pull specimens obtained from the internal LVDT of the machine. ...... 72
Fig. 5-4. Average load-slip curves obtained from LVDT and internal LVDT of the machine: (a) pull-push I;
(oY I o011 T | USRS 73
Fig. 5-5. Load-slip response of single steel fibers with different embedded lengths: (a) 50 mm; (b)
100 mm; (c) 150 MM (d) 200 MM eeiiiiiiiiee e et e et e e et e e eree e e eteeesnreeens 74
Fig. 5-6. The cracking failure mode of steel-based TRM obtained for: (a) two specimens of 50 mm bond
length; (b) a specimen of 100 mm bond [ENGHh. ......eveeiiiee e 75
Fig. 5-7. Bond properties changes of single steel fiber based on different embedded lengths: (a) peak
load; (b) toughness until peak load; (c) slip corresponding to peak load; (d) initial stiffness................. 76
Fig. 5-8. Load-slip response of single glass fiber with different embedded lengths: (a) 50 mm; (b) 75 mm;
(03 I O L0 1 o PR 77
Fig. 5-9. Bond properties changes of single glass yarn based on different embedded lengths: (a) peak
load; (b) toughness until peak load; (c) slip corresponding to peak load; (d) initial stiffness................. 78
Fig. 5-10. Pull-out response of steel-based TRMs with different configurations: (a) single cord; (b) two
(ot0 (o IS (o) IR (oYU T 1o 1« K- 80
Fig. b-11. Failure modes of steel-based TRMs with different configurations: (a) single cord; (b) two cords;
(03 IR {010 T el (o £ 80
Fig. 5-12. (a) The average pull-out curves; (b) the average pull-out curves per fiber; (c) the cumulative
absorbed energy of steel-based TRMs with different fiber configurations............cooevvvveiveiieiiccieece, 81
Fig. 5-13. Pull-out response of glass-based TRMs with different configurations: (a) single yarn; (b) single
yarn+ transverse; (C) SrOUD (2 YAINS). cuveeeiiiriie e et e e et eeete e e e e e e e et e e e e et e e e e searaeesserraeeeseaeeeeans 83
Fig. 5-14. (a) The average pull-out curves; (b) the cumulative absorbed energy of glass-based TRMs with
different fiber CONfIGUIAtIONS. ........ii i etae e s stre e ebee e 84
Fig. 5-15. Changes of slip rate vs. slip: (a) steel TRM; (b) glass TRM. ........ccooeeiiiiiiiiieiceecce e, 86

Fig. 5-16. Load-slip response curves of monotonic pull-out tests on steel TRM performed under different
slip rates: (a) 0.2 mm/min; (b) 1.0 mm/min; (c) 5.0 mm/min; (d) 10.0 mm/min; (e) 20.0 mm/min; (f)
oYL €= 1>( TSR 87

Fig. 5-17. Effect of the slip rate on bond parameters of steel TRM in monotonic pull-out tests: (a) peak
loads; (b) pull-out and debonding energy; (c) initial StfNESS.....c..eveiievieeeiee e 88

Xii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Fig. 5-18. Load-slip response curves of monotonic pull-out tests on glass TRM performed under different
slip rates: (a) 0.2 mm/min; (b) 1.0 mm/min; (c) 5.0 mm/min; (d) 10.0 mm/min; (&) 20.0 mm/min; (f)

oYL =1 =(C TSRO PSP 90
Fig. 5-19. Effect of the slip rate on the bond parameters of glass TRM in monotonic pull-out tests: (a) peak
loads and frictional load; (b) toughness; (c) initial StffNESS. ....c.vveiviiiiieice e, 91
Fig. 5-20. Pull-out CYCliC PAr@MELEIS......ciivii ettt 93

Fig. 5-21. Cyclic pull-out behavior of the single steel cord and mortars M1 and M2 with L.=50 mm: (a)
load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation. ...........cccovvvvevenneeee. 95

Fig. 5-22. Cyclic pull-out behavior of the steel cord and mortars M1 and M2 with L,=150 mm: (a) an
example load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation. ............... 96
Fig. 5-23. Cyclic pull-out behavior of the group of 2 steel cords and mortars M1 and M2 with L,=150 mm:
(a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation. ........................ 96
Fig. 5-24. Cyclic pull-out behavior of the single cord and the group of 4 steel cords and mortar M1 with
L.=150 mm: (a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation. .... 97

Fig. 5-25. Cyclic pull-out behavior of the single glass yarn with L.= 50 mm and 75 mm: (a) load-slip curve;
(b) peak loads; (c) strength degradation; (d) stiffness degradation; (e) comparison of monotonic and push
Of CYCHIC 10AAING (PEAK 1) o.eveeeieeee ettt ettt ettt e et e e eae e et e e sateeeetaeeenteeesnreeens 98

Fig. 5-26. Cyclic pull-out behavior of the single glass yarn with and without transverse elements and
L.= 50 mm: (a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation; (e)

comparison among monotonic and Cyclic 10adiNgG. ..........cooiiuiiii i 99
Fig. 5-27. Cyclic pull-out behavior of the group of 2 glass yarns with L== 50 mm and 75 mm: (a) load-slip
curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation............cccovvvvevveieieeicnieennen. 100
Fig. 5-28. TRM-to-substrate bond behavior: (a) original brick; (b) sandblasted brick. ............ccoceuve... 101

Fig. 5-29. (a) Load-slip curve and (b) failure mode of steel-based TRMs under single-lap shear test. . 104
Fig. 5-30. Pull-out load-slip curves of steel-based TRM specimens: (a) P_PL-1_St; (b) P_PL-7_St; (c)

P_RH-7_St; (d) Envelopes of the experimental reSUIES. .........ooveveiieiiee e 106
Fig. 5-31. Pull-out load-slip curves of steel-based TRM specimens: (a) P_PL-1_Gl; (b) P_PL-7_ GI; (c)
P_RH-7_ Gl; (d) Envelopes of the experimental reSUIS. .........covvieieciee i 108
Fig. 5-32. Load-slip curves and failure mode of single-lap shear specimens with dry brick: (a) S_PL-1_D;
(D) S_PL-7_D; (C) S_RH-7_D. oottt 110
Fig. 5-33. Load-slip curves and failure mode of single-lap shear specimens with semi-saturated brick: (a)
S_PL-1_SS; () S_PL-7_SS; (C) S_RH-7_SS. ... 111
Fig. 5-34. Load-slip curves and failure mode of single-lap shear specimens with saturated brick: (a) S_PL-
1_SA; (B) S_PL-7_SA; (C) S_RH-7_SA. ..ot 113
Fig. 5-35. Pull-out behavior of the steel-based TRM: (a) typical pull-out behavior; (b) effect of the mortar
age; (c) effect of the mortar type; (d) effect of environmental condition.........cccceevevveeeiiciiee i, 115

Fig. 5-36. Pull-out behavior parameters of the steel-based TRM: (a) peak load; (b) initial stiffness; (c)
debonding energy; (d) pull-out energy; (e) chemical bond Nergy. .......ccoeeevveveieiicceeeeecee e 116

Fig. 5-37. Pull-out behavior of the glass-based TRM: (a) typical pull-out behavior; (b) effect of the mortar
age; (c) effect of environmental CONAITIONS. .......cvviiiiiiiiiee e e 118

Fig. 5-38. Pull-out behavior parameters of the glass-based TRM: (a) peak load; (b) initial stiffness; (c)
debonding energy; (d) PUIFOUL BNEIEY......ocuveiieieieeie et e e 119

Xiii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Fig. 5-39. Tensile response of the steel-based TRM: (a) typical tensile behavior; (b) saturated cracking
stage at 90 days (indoor aged); (c) effect of the mortar age under indoor conditions; (d) effect of mortar

age under outdoOr CONAITIONS. ......iii it e et e e e et e e e e s et e e e e s s bre e e e snntaeeaeens 121
Fig. 5-40. Tensile response parameters of the steel-based TRM: (a) o:; (b) o2 (c) o5; (d) Ey; (e) Ez; (f) E-.
...................................................................................................................................................... 122
Fig. 5-41. Crack spacing under tensile test: (a) steel-based TRM; (b) glass-based TRM. .................... 122

Fig. 5-42. Tensile response of the glass-based TRM: (a) typical tensile behavior; (b) saturated cracking
stage at 90 days (indoor aged); (c) effect of the mortar age under indoor conditions; (d) effect of mortar
age under oUtdOOr CONAITIONS. .. ....coi it e e e e e e et e e e e e e e e earerees 124

Fig. 5-43. Tensile response parameters of the glass-based TRM: (a) o:; (b) o2; (c) o3; (d) E:; (e) Ez; (f) Es.

Fig. 5-44. Pull-out response: (a) typical pull-out behavior; (b) control specimens; (c) exposed specimens.
...................................................................................................................................................... 127

Fig. 5-45. Pull-out behavior parameters: (a) peak load; (b) debonding energy; (c) pull-out energy...... 128

Fig. 5-46. TRM composite tensile response: (a) typical tensile behavior; (b) saturated cracking stage at
90 days (control specimens); (c) tensile response of control specimens; (d) tensile response of exposed

Yo 1=Tol] 10T 4 F TSSO PURRRRPPPP 130
Fig. 5-47. Tensile response parameters of the TRM composite: (a) o:; (b) o2; (c) E;; (d) E................. 130
Fig. 5-48. Crack spacing of the tensile SPECIMENS. .......oocviiiiieeiie et 131
Fig. 5-49. TRM-to-substrate response: (a) typical load-slip curve; (b) control specimens; (c) exposed
specimens; (d) peak load changes; (e) average stress at the exposed bond level specimens............. 132
Fig. 5-50. Average of load-slip response of single steel fibers in different bond lengths: (a) SS50; (b)
SS150; (€) SS200; (d) SS250. ....uvieeieieie ettt 135
Fig. 5-51. Pull-out parameters of single steel-based TRM in different bond lengths: (a) peak load; (b)
debonding energy; (C) PUI-OUL BNEIEY......cuveeeeieeeeeee ettt e ettee e e e evaea e 137
Fig. 5-52. Load-slip response of single glass fibers in different bond lengths: (a) 50 mm; (b) 75 mm; (c)
TOO MM ettt et e e et e et e et e e te e eaaeeaae e e teeeat e et e e ereeeaaeeteeeteeenreereeaneas 138
Fig. 5-53. Pull-out parameters of single glass-based TRM in different bond lengths: (a) peak load; (b)
debonding energy; (C) PUI-OUL BNEIEY. ....cccuveee ettt et e e eaaae e e e earaeaeens 139
Fig. 5-b4. Load-slip response of single glass fibers in different bond lengths: (a) 50 mm:; (b) 75 mm; (c)
TOO MM ettt et e et e e et e e et e et e e aeeeaeeeabeeeteeeateeabeeeaeeeaaeeteeeteeenreereeaaeas 141
Fig. 5-55. Pull-out response of steel-based TRMs with different configurations and under FT condition: (a)
Lo T oto ] o FIR (o) IR (o U T oTo] (o - 142
Fig. 5-56. Pull-out parameters of group steel-based TRM composite under FT conditions: (a) peak load;
(b) debonding energy; (C) PUI-OUL ENEIEY.......veieeieriie ettt et 143
Fig. 5-57. Pull-out response of glass-based TRMs with different configurations and under FT condition: (a)
single yarn+ transverse; (D) SrOUD YAIMS. ....c.uiciuei i eeiee et e ettt et e e et te e e sbe e etre e s reeeenreas 144
Fig. 5-58. Pull-out parameters of single+ transverse and group glass-based TRM composite under FT
conditions: (a) peak load; (b) debonding energy; (c) pull-out energy. .........cooevvvveeiecieeeiieee e, 146
Fig. 6-1. Diagonal compression result: (a) load-displacement curves; (b) average shear stress-strain curves.
...................................................................................................................................................... 150
Fig. 6-2. Diagonal compression failure mode: (a) UD; (b) SDO; () SDS. .....coovieiiiiiiiiieeceeeiee e, 151

Xiv



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Fig. 6-3. Load-displacement curves of the specimens tested under flexure tests: (a) failure parallel to bed

joint; (b) failure normal to bed JOINT. .......ooiiii e 154
Fig. 6-4. Failure mode of unreinforced flexural panels: (@) UP; (b) UN. ....c..cooviiiiiiiiiiiciiecccieceie, 154
Fig. 6-5. Failure mode of TRM-strengthened flexural panels: (a) SP; (b) SN........ccocoviieiiiiiiiiieeciee, 154
Fig. 6-6. Diagonal compression failure mode under the control and FT conditions: (a) UD panels; (b) SD
ST 01 SO PRSP UTRRPPUPPRP 157
Fig. 6-7. Load-displacement curves of the diagonal compression tests under the control and the FT
conditions: (a) UD panels; (D) SD PANEIS. .......covuiiiiiiiiie ettt 158
Fig. 6-8. Average shear stress-strain curves of the diagonal compression tests under the control and the
o oo gl [ o] o < F T O RR oS PER OO PRRRPPI 158
Fig. 6-9. Out-of-plane failure mode: (a) UP panels; (b) UN panels.........cccooeoeiiiiieiiieeececece e 160
Fig. 6-10. Out-of-plane failure mode: (a) SP panels; (b) SN panels. .......cccoeeeiiiiieiciieecec e, 161
Fig. 6-11. Out-of-plane response of panels under the control and FT conditions (failure parallel to bed
JOINEY: (B) UP; (D) SP...eeeee ettt et e et e et e e et e et e e ette e e taeesareeans 161
Fig. 6-12. Out-of-plane response of panels under the control and FT conditions (failure normal to bed
JOINEY: (2) UN; (D) SN .ottt ettt et e e et e e et e e e etee e e etaeesnbeeesaseeesaaeeeteeesnreeans 162
Fig. 7-1. Bond-slip law: (a) multi linear; (D) N-DIECEWISE. .....covvveiirieeceee et 167
Fig. 7-2. Free-body diagram of a pull-push test, global force equilibrium, and infinitesimal segment of fiber.
...................................................................................................................................................... 168
Fig. 7-3. Bond shear stress-slip and force distribution along with the fiber at the different stages: (a) linear;
(o) I aToT a1 TaT=Yo T (03 e Y] = 14 4 LTSRS 170
Fig. 7-4. The results of analytical modeling based on changing mortar area, A-: (a) and (b) pull-push I; (c)
and (d) pull-push II; (&) and (f) PUIFPUIL c...eoeveee e e 178
Fig. 7-5. Effect of mortar area (A-) on the bond properties: (a) maximum stress; (b) friction stress; (c)
[070] T I g 1ol 1¥1 10T PP PR 179
Fig. 7-6. The effect of pull-pull and pull-push configuration when similar input values are used. ........ 180

Fig. 7-7. Analytical modeling of experimental tests performed by Naaman et al. [85]: (a) full scale of the
load-slip curve; (b) ascending branch of the load-slip curve; (c) full scale of the bond-slip curve; (d) enlarge

the scale of the DONA-SIIP CUIVE. ..eveei e e e e etee e araee s 181
Fig. 7-8. Bond-slip law diagrams extracted with method 1: (a) full scale; (b) enlarge scale. ............... 182
Fig. 7-9. Sketch of numerical MOAEING. .....cocuveeiiieiee e 182
Fig. 7-10. Stress [MPa] distribution in the mortar along with the tensile applied load: (a) pull-push; (b)
PUIEPUILL ettt ettt ettt e et e et e e eteeeaa e e st e e ebeeeaaeesbeeabeeasseesbeeaseesareenreeas 183
Fig. 7-11. Experimental pull-out curve versus analytical and numerical pull-out curve: (a) pull-push [; (b)
[o1U L1 o1 E T R (o) I o111 o 183
Fig. 7-12. Bond-slip law diagrams extracted with method 2...........ccoeiiiioiiiiiiee e 185
Fig. 7-13. Experimental pull-out curve versus analytical and numerical pull-out curve: (a) pull-push [; (b)
[o1U L1 o1 E T (o) I o111 o | 185
Fig. 7-14. Modified bond-slip [aw of Method 1. .....c..oviiiiriiee e 186
Fig. 7-15. Steel-based TRM with 150 mm embedded length (a) pull-out response; (b) analytical bond-slip
BV . ettt e be e e be e e etteeah—e e e beeeahbeeeabeeeataeeabaeeabeeeatreeabaeeateeeanreas 188
Fig. 7-16. The pull-out response of a steel-based TRM specimen: (a) loaded end slip curves; (b) free end
slip curves (c) load-time vs. slip-time curves (A.M. stands for Analytical Modeling). ........cccccccovevvenenne 190

XV



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Fig. 7-17. Glass-based TRM with 50 mm embedded length (a) pull-out response; (b) analytical bond-slip

PSPPSR 190
Fig. 7-18. The pull-out response of a glass-based TRM specimen: (a) loaded end slip curves; (b) free end
slip curves (c) load-time vs. slip-time curves (A.M. stands for Analytical Modeling). ..........cc..coevveneee. 191
Fig. 7-19. The bond slip-law of the steel-based TRM at 60 days and in (a) 50 mm; (b) 100 mm; (c)
150 mm; (d) 200 MM boNd IBNGEN. «..eoeveiiieece e 193
Fig. 7-20. The pull-out response of the steel-based TRM at 60 days: (a) 50 mm; (b) 100 mm; (c) 150 mm:;
(d) 200 mm bond length (A.M. stands for Analytical Modeling). .......ccoeeeuieiiiiiiieece e, 193
Fig. 7-21. Fiber strain distributions along the embedded length of the steel-based TRM: (a) at the end of
the linear stage; (b) at the nonlinear stage (L.: bond length). ......ccooiimiiiiiiii e 195
Fig. 7-22. Bond-slip law curves of the steel-based TRM at different mortar ages under indoor condition:
(a) 15 days; (b) 30 days; (c) 90 days; (d) 180 days; (e) 270 days; (f) 920 days. .....ccoeeevveeevveeennnns 196
Fig. 7-23. Bond-slip law curves of the steel-based TRM at different mortar ages under the outdoor
condition: (a) 180 days; (b) 270 days; (C) 920 dayS. ...c.eeeeveeecieeece e 197
Fig. 7-24. Bond-slip law parameters of the steel-based TRM: (a) bond shear strength; (b) friction stress;
(c) bond modulus; (d) slip hardening COEffICIENT. ......ccveeiivieiee e 198
Fig. 7-25. Bond-slip law curves of the glass-based TRM at different mortar ages under indoor condition:
(a) 15 days; (b) 30 days; (c) 90 days; (d) 180 days; (e) 270 days; (f) 920 days. .....ccoceeevvreeeveerreenne 200
Fig. 7-26. Bond-slip law curves of the glass-based TRM at different mortar ages under the outdoor
condition: (a) 180 days; (b) 270 days; (C) 920 daYS. ...c.veeicveeecrieeeteee e 201
Fig. 7-27. Bond-slip law parameters of the glass-based TRM: (a) bond shear strength; (b) friction stress;
(c) bond modulus; (d) slip hardening COEffiICIENE. .......c.eeeeveiieee e 202
Fig. 7-28. The changes in bond-slip law parameters under the FT conditions (b) bond shear strength; (c)
friction stress; (d) bond modulus; (e) slip hardening coefficient. ......cc..covveieeiiieieice e, 203
Fig. 7-29. Interaction between bond responses and tensile stress-strain of the yarn.........ccccooooee. 207

XVi



Multi-scale investigation of the durability performance of TRM-strengthened masonry

List of Tables

Table 2-1. Literature review on the durability of TRM composites under chemical attacks. .................. 20
Table 2-2. Literature review on the durability of TRM composites under freeze-thaw conditions........... 21
Table 3-1. Conducted material characterization tests on the mortars. .........c.ccooveviiiiiiiicccce, 27
Table 3-2. Conducted material characterization tests on the brick...........ccccooevieiiiiiiiici, 27
Table 3-3. Overview of the test setup effect experiment............ooocvviiiiiici i, 32
Table 3-4. Summary of the bond length effect teStS. ....ooiiviiiiiceee e, 36
Table 3-5. Summary of the fiber configuration testS. .......ccuveiiiiiiie e, 36
Table 3-6. Summary of the slip rate effect teStS. .....ccveivieiiiie 38
Table 3-7. Summary of the cyclic PUllOUE TESES. ......covveiiicce e 39
Table 3-8. Overview of the curing condition tESES. .....ccveviiieiicee e 45
Table 3-9. Overview of the experimental tests under natural aging. ........ccceeeeeeecieeccie e, 48
Table 3-10. Experimental program under Freeze-Thaw condition. ..........cccceeeveieeiiiiiiiie i, 51
Table 3-11. Pull-out experimental program under Freeze-Thaw condition. .......c..ccoevvvveeiiiieeeieciieen, 52
Table 4-1. Water absorption capillary rate (kg/ (m2mines)) of materials. ........covveevevieieeeciciecee, 56
Table 4-2. Moisture uptake content of the materials. ..........oooouveiiiiiii e 56
Table 4-3. Dry bulk density of MaterialS...........oeeiiueiei e e e 57
Table 4-4. Mortar mechanical properties under three different curing conditions (at 60 days)*. .......... 60
Table 4-5. Brick mechanical properties under three different moisture conditions™.........ccocvevveeneeenns 62
Table 4-6. Mechanical properties of mortars aged under indoor conditions™. ..........ccocveeiviieeeiiineeeenn, 63
Table 4-7. Mechanical properties of mortars aged under outdoor conditions™. .........ccceeevvvvveeeiiiieeenn, 64
Table 4-8. Mechanical properties of the mortar M1 and mortar M3 under freeze-thaw conditions™...... 66
Table 4-9. Mechanical properties of the brick under freeze-thaw conditions™. .........cccoveevviveiiiinennnn, 66
Table 4-10. Mechanical properties of the steel and glass fibers under freeze-thaw conditions™............ 67
Table 5-1. Effect of test setup on the pull-out teStS reSURS™. ....vvveiiceieeeee e 71
Table 5-2. Bond properties changes of single steel fiber based on different embedded lengths*. ........ 76
Table 5-3. Bond properties changes of single glass yarn based on different embedded lengths™. ........ 79
Table 5-4. Changes of bond properties in steel-based TRM with fiber configuration®.........c...ccceevveee. 82
Table 5-5. Changes of bond properties in glass-based TRM with fiber configuration®. .............cccvee... 84
Table 5-6. Results of monotonic pull-out tests on steel TRM: average value™...........ccoceeevvvveeeiiieenenn, 89
Table 5-7. Results of monotonic pull-out tests on glass TRM: average value™. .........cccccoeevvevveeeiiinenenn, 92
Table 5-8. TRM-to-substrate bond behavior based on surface treatment and bond length*................ 102
Table 5-9. Changes of bond properties in steel-based TRM with fiber configuration™......................... 104

Table 5-10. Effect of different curing conditions on the fiber-to-mortar bond properties of steel-based TRM*.
...................................................................................................................................................... 107

Xvii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Table 5-11. Effect of different curing conditions on the fiber-to-mortar bond properties of glass-based

TRV ettt ettt ettt et e e e ett e te e et e e et e e e e eteeetteeteeareeanteenns 109
Table 5-12. Effect of different mortar curing conditions and dry brick on the TRM-to-substrate bond
01 (0] 0 LCT 11T PP SRS P PP PRI 110
Table 5-13. Effect of different mortar curing conditions and semi-saturation brick on the TRM-to-substrate
oo 0o I o] (0] o1=T 1 (=TSP P TSP PPTPRRP 112
Table 5-14. Effect of different mortar curing conditions and saturated brick on the TRM-to-substrate bond
01 (0] 01T 11T SRS PRSP PP PPTPRRRI 113
Table 5-15. Pull-out properties of the steel-based TRM aged under indoor conditions™...................... 117
Table 5-16. Pull-out properties of the steel-based TRM aged under outdoor conditions*.................... 117
Table 5-17. Pull-out properties of the glass-based TRM aged under indoor conditions™. .................... 120
Table 5-18. Pull-out properties of the glass-based TRM aged under outdoor conditions*. .................. 120
Table 5-19. Tensile parameters of the steel-based TRM aged under indoor conditions™. ................... 123
Table 5-20. Tensile behavior of the steel-based TRM aged under outdoor conditions™....................... 123
Table 5-21. Tensile parameters of the glass-based TRM aged under indoor conditions™.................... 125
Table 5-22. Tensile behavior of the glass-based TRM aged under outdoor conditions™. ..................... 125
Table 5-23. Pull-out properties of glass-based TRM composite under freeze-thaw conditions™. .......... 128
Table 5-24. TRM tensile behavior under freeze-thaw conditions™. ...........ccovveiiiiiiiiiicieee e, 131
Table 5-25. Glass-based TRM-to-substrate bond properties under freeze-thaw conditions™. ............... 133
Table 5-26. Changes of bond properties in steel-based TRM with different embedded lengths and under
L el Vo 1o 4 =SSP TP TOUPPPR 136
Table 5-27. Changes of bond properties in glass-based TRM with different embedded lengths and under
L el Vo 1o 4 =SSP UPRPOUPPPP 140
Table 5-28. Changes of bond properties in steel-based TRM with different fiber configurations and under
el Vo 1o 4 -SSP PROUPPI 143
Table 5-29. Changes of bond properties in glass-based TRM with different fiber configurations and under
el Vo 1o 4 -SSP PROUPPI 145
Table 6-1. Diagonal compression teST rESUIS™. ... .vivi i 151
Table 6-2. Flexural 1eSt reSUILS™. .. ...ociiii e e e e e saree e 156
Table 6-3. Diagonal compression teST FESUIS™. .......veii i 159
Table 6-4. Bending test results: failure parallel to bed joINTS™. .....cooeveieiiiiieeeee e 163
Table 6-5. Bending test results: failure normal to bed JOINES™. .....coovvveeiiiie e 164
Table 7-1. Bond-slip parameters for each test setup based on method 1........cccovviieiiieiiiiineeiinnes. 182
Table 7-2. Comparison between analytical and numerical reSults...........ccovveeeeiieeeiccieeeeeee e 184
Table 7-3. Bond-slip parameters for each test setup based on method 2........ccccevevvviieiiicieeeiinnen. 185

Table 7-4. Pull-out response parameters for steel-based TRMs (embedded length of 150 mm)......... 188

Table 7-5. Analytical bond-slip laws and predicted debonding load/slip for steel-based TRM (embedded
LT ox i IOy ST I 02 ) 188

Table 7-6. Pull-out response parameters for glass-based TRMs (embedded length of 50 mm). ......... 191

Table 7-7. Analytical bond-slip laws and predicted debonding load/slip for glass-based TRM (embedded
LT F ot i IO S TO I 42 o ) PSR 191

Table 7-8. Bond-slip law parameters for the steel-based TRM with different embedded lengths*. ...... 194

Xviii



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Table 7-9. Bond-slip laws of the steel-based TRM aged under indoor and outdoor conditions™. ......... 198
Table 7-10. Bond-slip laws of the glass-based TRM aged under indoor and outdoor conditions*........ 199
Table 7-11. Bond-slip laws of the glass-based TRM aged under the control and the FT conditions*. .. 203
Table 7-12. Prediction of saturated crack SPacing..........cooeeivieiiiie i 204
Table 7-13. Prediction of the nominal shear (V.) and flexural (M.) capacity. .......cccceoveiviiiiiieinnnene 206

List of symbols

A area of specimen in water absorption due to capillary action test
A the cross-sectional area of fiber
A. the cross-sectional area of mortar
A net area of the in-plane wallet specimen
o width of masonry panel under flexural test
C water absorption coefficient due to capillary action
depth of the effective compressive block
di fiber diameter
Eizs Elastic modulus corresponding to three different tensile responses of TRM composites
E fiber elastic modulus
E. mortar elastic modulus
E the toughness or absorbed energy
Eeer debonding energy
E. pull-out energy
Era the area under the load-displacement curve of masonry panel under flexural test until the maximum load
E. the area under the load-displacement curve of masonry panel under flexural test until the cracking load
& the local strain in the fiber
€n the local strain in the mortar
F the local force in the fiber
i compressive strength of masonry
f tensile strength of masonry
fe the effective tensile stress level in the TRM composite
fu tensile strength of the TRM reinforcement
fu flexural strength of masonry
G shear modulus of masonry panel
Ge chemical bond energy
H. height of the masonry panel
K Initial stiffness
L' length of the masonry panel
L the embedded length of fiber in a mortar
L bond length

XiX



Multi-scale investigation of the durability performance of TRM-strengthened masonry

L. the axial gauge length of masonry panel under diagonal compressive load
L outer span length of masonry panel under flexural test

M the local force in the mortar

M. nominal flexural strength of TRM strengthened-masonry panel

M nominal flexural strength of unreinforced masonry panel

OSR orthogonal strength ratio of masonry panel (anisotropy degree of masonry)
P the total force bearing by mortar and fiber

P/S the slope of the initial portion of the experimental pull-out curve

Po open porosity

P bonded force

P cracking load of masonry panel

Pe critical pull-out load

Ps debonding force

P frictional load

P- peak load

Per second peak load corresponding to slip hardening

Q 1/AE+ 1/A.E.

R modulus of rupture of masonry panel under flexural test

fi fiber radius

Ry modulus of rupture of masonry panel under flexural test failure normal to bed joint
R modulus of rupture of masonry panel under flexural test failure parallel to bed joint
S the local slip between fiber and mortar

So relative slip of the fiber at full debonding

Sin relative slip of the fiber at the dynamic stage

Srodus section modulus of un-crack masonry wallet

S slip corresponding to peak load

Ser slip corresponding to the second peak load

t the thickness of the masonry panel

te TRM composite thickness

t interfacial frictional shear flow

toa maximum allowable interfacial shear flow

u debonding length

v rigid-body displacement of the yarn

Vi shear strength provided by TRM composites

Va shear strength provided by the masonry

V. nominal shear capacity of TRM strengthened-masonry panel

Ve shear strength of masonry panel

W specimen mass after 24 hours



Wabsorphon
W,

Mo
[bending
aiagonai

Vi

Vn
Pw
0123

Omu

To
Tan
Tr
Trmax

Vs

Un

Multi-scale investigation of the durability performance of TRM-strengthened masonry

moisture uptake content at time t

the dry weight of the specimen

the apparent mass of saturated specimen immersed in water
mass of saturated mortar or brick

weight of specimen at time t

saturation crack spacing of TRM composite under tensile load
A/ A

slip hardening

strain-hardening coefficients

masonry shear strain

the coefficient of fiber-matrix misfit

corresponding deflection of the cracking load of masonry panel

the elongation of the fiber

transversal extension of masonry panel under diagonal compressive load

the elongation of the mortar

axial shortening of masonry panel under diagonal compressive load

strain stress corresponding to three different tensile responses of TRM composites

reflecting the slope of the pull-out curve
the bond modulus

(KIIJQ)W

friction coefficient assumed 0.2

coefficient of internal shear friction in mortar joint

ductility parameter of masonry panel under flexural test

the pseudo-ductility ratio of masonry panel under diagonal compressive load
poisson ratio of fiber

poisson ratio of mortar

density of water

tensile stress corresponding to three different tensile responses of TRM composites

the direct tensile strength of the mortar

the local shear at the fiber-matrix interface
masonry shear stress
the shear bond strength between mortar and brick

The dynamic shear strength
maximum frictional bond shear stress
the maximum shear strength
volumetric fractions of the yarns

volumetric fractions of the mortar

the perimeter of the fiber

XXi



Multi-scale investigation of the durability performance of TRM-strengthened masonry

List of Acronyms

AR-glass fabric
CTE

DTA

EBR

FRCM

FRP

FT conditions
IRA

LVDT

PBO fabric
SRG

TRM

URM

XRD

alkaline resistance glass fabric
coefficient of thermal expansion
differential thermal analyses
externally bonded reinforcement
fiber reinforced cementitious materials
fiber-reinforced polymer

freeze-thaw conditions

initial rate absorption

linear variable differential transformer
polybenzoxazole fabric
steel-reinforced grout
textile-reinforced mortar

unreinforced masonry

X-ray diffraction

XXii



Chapter 1: Introduction

Chapter 1: Introduction



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Cultural heritage buildings and other iconic masonry structures, as the main elements of built heritage,
should be preserved in order to maintain their cultural and socioeconomic values for future generations.
Built heritage is exposed to continuous natural (environmental conditions and earthquakes) and man-
made hazards, threatening their performance. Over the last few decades, there have been several
devastating earthquakes worldwide, resulting in large amounts of cultural heritage structures being
damaged or even destroyed. Furthermore, natural aging has affected the mechanical performance of
masonry constructions over the years, for which proper conservation approaches should be looked for
and applied [1].

Many unreinforced masonry (URM) structures are prone to failure during earthquakes due to their
weakness against in-plane and out-of-plane seismic loads [2]. The development of strategies for repairing
and strengthening structures made of these materials has been the object of many studies during the
last decades. Among these, externally bonded reinforcement (EBR) is one of the most common
strengthening methodologies in which composite material is attached to the external surface of weak
structural components. Traditionally, fiber-reinforced polymers (FRPs) were mainly used as the
strengthening material in this system. However, the issues related to sustainability, durability, poor
performance at high temperatures, and compatibility of these composites with masonry substrate
indicated the need to use and develop novel and more compatible repair materials. In an attempt to
alleviate the drawbacks that arise from the use of FRPs [3,4], textile-reinforced mortar (TRM) composites
have been proposed in the last years [5,6].

TRMs (also known as FRCMs: fiber-reinforced cementitious materials) are composed of continuous
yarns/fibers embedded in an inorganic matrix and present several advantages: they have a good thermal
capacity, are applicable to wet surfaces, are removable, and can be compatible with masonry and
concrete surfaces [3,7]. The large variety of available fabric types and mortars allows TRM composites to
develop with an extensive range of mechanical properties [8,9]. When properly designed, TRMs show a
pseudo-ductile response with distributed cracking, making them interesting for seismic strengthening
applications [10,11].

Despite the recent attention these composites have found as a suitable strengthening material, many
issues regarding their mechanical response and durability are still unknown. Recent studies have mainly
focused on the tensile response of TRMs, the bond of TRM-to-masonry, and the bond of fiber-to-mortar
[12-19]. Structural scale tests (diagonal compression and out-of-plane tests on TRM-strengthened
masonry) are still few and mainly focused on the effect of textile and substrate types [20,21], the number

of textile layers [22], and symmetrical or asymmetrical application of the repair [23-25].
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This document aims to investigate TRM performance before and after degradation to determine the short
and longterm performance of strengthening masonry structures. For this purpose, material
characterizations of glass and steel textiles, lime-based mortar, and brick as a substrate will be explored.
Then, the bond durability of fiber-to-mortar and TRM-to-substrate and tensile behavior will be examined
under pull-out, single-lap shear, and tensile tests. After that, the long-term performance of masonry
strengthened by TRM systems will be investigated. Moreover, the analytical analysis will be performed for

both verifying results.

1.1. Motivation and objectives

Composite-based strengthening systems in cultural heritage buildings are quite spread nowadays. A
critical aspect is the long-term behavior of these systems. Important recent work has been developed on
the durability of FRP strengthening systems [26-29], but almost nothing is known about the performance
of TRM-based strengthening systems applied to masonry substrates due to the novelty of the method.
Durability aspects are of significant importance as TRM is increasingly seen as the best substitute of FRP
for masonry due to its much better compatibility with the substrate [30].

The main purpose of this study is the multi-scale characterization of the durability performance of TRM-
strengthened masonry systems through extensive experimental and analytical activities. The materials
will be brick masonry as the substrate, lime-based mortar as the matrix of the reinforcing system, and
glass and steel fibers as the reinforcing materials.

The focus will be on understanding the mechanics and degradation mechanisms at the material level
(brick, mortar, fiber), at the bond level (fiber-to-mortar bond and TRM-to-masonry bond), the composite
level (TRM composites), and the structural level (TRM-strengthened masonry components). A
comprehensive series of relevant tests and simulation methods will be used/developed for achieving the
ambitious objectives established in the research plan. As several issues related to TRM-strengthened
masonry are still open and test methods and standards are not available yet, a critical investigation on
the suitability of different test setups and test methods will also be performed.

The durability performance will be investigated by performing accelerated aging tests under critical
environmental conditions (freeze-thaw and natural environmental conditions). The tests will be designed
to develop a clear understanding of the active degradation mechanisms and establish correlations
between the observed mechanisms at different performance levels. The experimental data will develop

suitable time-dependent constitutive laws for analytical simulations. According to the gathered data, a
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refined predictive analytical model will be developed for simulating the long-term performance of TRM-
strengthened masonry under different exposure conditions.
Hence, the following Research Questions (RQ) are formulated. The RQs are designed in a way to follow a
natural path to consider all aspects related to the longterm performance assessment of TRM-
strengthened masonry systems.

e Which are the critical parameters controlling the effectiveness of a TRM strengthening system?

e How is the short-term and long-term performance of TRMs?

e How is the durability of TRM systems, and what are the corresponding degradation mechanisms?

1.2. Qutline and methodology of the thesis

Using a quantitative methodology, the thesis describes the development and analysis of a combined
experimental and analytical campaign. It consists of eight chapters that reflect the tasks. In each chapter,
there are highlights (except in Chapter 1 and Chapter 8), the main text, and the conclusions. The chapters
are as follows:

e Chapter 1- Introduction: presents the motivation for conducting the research, the objectives
of the research, its scope, and a summary of the thesis.

e Chapter 2- Overview on TRM composites: expands the background and research focus
presented in the previous chapter, discussing the necessary techniques to accomplish the
objectives and highlighting current research gaps. Moreover, it identifies the critical gaps in the
test methods and durability behavior of TRM-masonry composites.

e Chapter 3- Experimental plans and test methods: describes the detailed procedures for
preparing the specimens and performing the tests. A description of the materials and methods
of material characterization is provided. In addition, the test methods conducted for investigating
the TRM behavior from the micro to the structural level are described.

e Chapter 4- Material results: presents and discusses experimental results of physical and
mechanical properties of materials under different environmental conditions.

e Chapter 5- Mechanical performance of TRM composites: investigates the effective
parameters deeply on the fiber-to-mortar bond behavior such as test setup, bond length, fiber
configurations, slip rate, and cyclic loading. Further, the effect of different curing conditions on
the fiber-to-mortar and TRM-to-substrate bond behavior and the durability performance of TRM

composites under freeze-thaw and natural environmental conditions are examined and discussed.
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Chapter 6- Mechanical performance of TRM-strengthened masonry panels: describes
the effect of surface treatment on the structural behavior of TRM-strengthened masonry.
Additionally, the short and longterm behavior of TRM-strengthened masonry panels is
investigated by performing diagonal compression and out-of-plane tests.

Chapter 7- Analytical modeling: proposes a new bond-slip law and analytical model, which
predicts the bond behavior of lime and cement-based TRM composites considering the slip
hardening and softening effects observed in experimental tests. In addition, the shear and flexural
strength of the masonry panels were computed and compared with the experimental results.
Chapter 8- Conclusion: summarizes the main points gleaned from the research described in

the previous chapter and suggests areas that should be investigated further.
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Chapter 2: Overview on TRM composites

This chapter provides an overview of current research findings on the TRM composites' behavior and

points out current research gaps. There are several highlights in this chapter:

The main techniques for characterizing TRM systems are pull-out, single-lap shear, tensile, and
flexure tests. Additionally, diagonal compression and out-of-plane tests are conducted to
investigate the structural behavior of TRM-strengthened masonry walls.

Lime mortars are suitable for strengthening historical and masonry structures because of their
compatibility, sustainability, breathability, and ability to accommodate structural movements. In
general, cementitious matrices are used to strengthen structures stronger than traditional
masonry constructions.

TRM composites show a pseudo-ductile response and multiple cracking by reaching their bond
strength, making them suitable for seismic strengthening applications.

Several parameters have been analyzed on TRM behavior from a macro level (e.g., tensile,
flexural, and TRM-to-substrate tests) to structural level, including fiber types, coating, layout, ratios,
overlap, as well as mortar strength, and symmetrical or asymmetrical configurations.

TRM mechanics and durability continue to be poorly understood, which is one of the impediments

to their widespread use.
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2.1. Introduction

Textile-reinforced mortar (TRM) composites, as an externally bonded reinforcement technique, have
received extensive attention as a sustainable solution for seismic strengthening of masonry and historical
monuments. Besides TRM, other names and acronyms are used in scientific and technical documents
such as fabric reinforced cementitious matrix (FRCM), inorganic matrix-based composites, and (when
comprising steel textiles) steel-reinforced grout (SRG). TRMs, an attractive alternative to the Fiber
Reinforced Polymer (FRP) systems, are composed of continuous fabrics embedded in an inorganic matrix
[31]. Compared to FRPs, TRMs have some advantages, physical, chemical, and mechanical compatibility,
fire resistance, installation time and cost, and removability, since they are manufactured from inorganic
matrices rather than resins [3,7,32]. The textile is usually made of glass, steel, basalt, carbon, or even
natural fibers (e.g., hemp, flax), and matrices are either cementitious or lime-based. Lime mortars are
suitable for strengthening masonry and historical constructions because of compatibility aspects,
sustainability issues, breathability, and the capability of accommodating structural movements [33-38].
Cementitious matrices are usually used to strengthen structures stronger than traditional masonry
constructions [39-42].

Although the mechanical behavior of lime-based TRMs has been the subject of many recent studies
[8,13,14,32,43-45], very little is known about these systems' long-term behavior and durability or the
effects of local material degradation on the global behavior of the structure. However, the durability
performance of TRM composites has recently received attention from a few studies, in which the effect
of freeze-thaw cycles, water attack, alkaline environment, and salt crystallization on the mechanical

performance of TRM composites have been examined [46-51].

2.2. Fiber-to-mortar bond behavior

The fiber-to-mortar bond behavior has only received limited attention, especially in the case of lime-based
TRMs [31,52]. A fundamental understanding of this mechanism and the parameters affecting that,
currently missing, is critical for developing TRM composites with enhanced mechanical properties and for
the fit-for-purpose design of TRMs for strengthening applications. The effectiveness of the TRM
strengthening technique is strongly dependent on the nonlinear properties of the TRM composite and the
TRM-to-substrate bond properties. At the same time, the nonlinear properties of TRMs are dependent on
the fiber and mortar properties as well as fiber-to-mortar bond behavior [53-55]. The layout of the textile

and the roughness of its surface influence the mechanical interlocking with the mortar. The presence of
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coating or impregnating resins affects the chemical bond with the mortar [15,56]. The strength of the
mortar and its curing duration [17] and conditions [57] affect the load transfer mechanism with the textile.
Finally, the filaments bond in a yarn plays an important role; it is improved by the deep penetration of
resin or mortar in the cross-section of the yarn, whereas when the bond between the outer filaments and
the mortar is stronger than that between the outer and the inner filaments telescopic failure may occur
[58]. Load-slip curves generally exhibit a first stage, during which the load transfer relies on chemical
bond and interlocking, followed by a second stage associated with the onset of relative slippage and the
combined contribution of adhesion and friction, and by a final stage, in which the load transfer relies on

friction only [16].

2.2.1. Pull-out test setup

Although there is a gap in the literature on fiber-to-mortar bond response in TRM composites (made of
lime-based mortars), much information can be found regarding this mechanism in textile reinforced
concrete (TRC), where cementitious mortars and short fibers are utilized [59]. Various pull-out test setups
have been used in literature to characterize the fiber-to-mortar (or concrete) bond behavior. These can
generally be categorized into pull-push (or single-sided) [60-62] and pull-pull (or double-sided) [63,64]
tests. However, the differences between the experimental results obtained from different test setups are
poorly addressed. In the pull-push tests (Fig. 2-1a), the mortar is fixed from the top, and the fiber is pulled
out from the same direction. Therefore, compressive stresses are generated in the mortar near the loaded
end in this test configuration. In the pull-pull tests (Fig. 2-1b), on the other hand, the mortar is fixed from
the bottom, and the fiber is pulled out from the top (or vice versa), simulating direct tensile tests. Tensile
stresses are therefore developed in the mortar in this test setup. Therefore, due to the different stress
conditions imposed on the specimens in these test configurations, different pull-out responses are

expected.
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Fig. 2-1. Common layout of pull-out tests: (a) pull-push; (b) pull-pull.

Among the few available studies on the characterization of fiber-to-mortar bond behavior of TRM-
strengthened masonry, Ghiassi et al. [31] used a single-sided pull-out test configuration on fibers
embedded in cylindrical specimens (Fig. 2-2). They, however, reported difficulties in the preparation of
the specimens (vertical alignment of the fibers) and the measurement of the slip during the tests due to
the flexibility of the fibers. Hence, a pre-load was applied to specimens to ensure a straight alignment of
the fiber at the loaded end and to facilitate the installation of the LVDT before the initiation of the tests.
Additionally, due to the geometrical limitations of the test setup, the LVDTs used for slip measurements
were attached at a certain distance from the mortar edge. Therefore, the elastic deformation of the fibers
had to be reduced from the recorded values with the LVDTs that could lead to additional uncertainty in

the slip measurements.
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Fig. 2-2. Pull-out test conducted by Ghiassi et al. [31]: (a) test setup; (b) details of LVDT position.

2.2.2. Pull-out mechanism

Two typical loads versus slip response curves of a monotonic pull-out test are shown in Fig. 2-3. As shown
in Fig. 2-3, the pull-out curve typically consists of three stages: elastic, nonlinear, and dynamic stages
[31,61,62,65,66]. In the elastic stage (section OA), a perfect bond exists between the fiber and the mortar,
and the adhesive bond is active. In the nonlinear stage (section AB), debonding initiates, and the response
becomes nonlinear due to the progressive destruction of the adhesive bond. By reaching the peak load
(P+), the dynamic stage initiates. The transition from the progressive debonding stage to the dynamic
stage can either be a sudden drop in the pull-out load (Fig. 2-3a) if the frictional bond is smaller than the
adhesive bond or smooth and upward (Fig. 2-3b) [67-70]. The pull-out load corresponding to point C (in

this case, Py represents the total frictional load resisted by the system [69,71].

-§ A Debonding energy (E;) ?é “ | Debonding energy (Egy,)
~ Pull-out energy (E,,,) = B Pull-out energy (E,,)

(b)

Fig. 2-3. Typical pull-out curves with the different transitions from nonlinear stage to dynamic stage: (a) load drop;
(b) smooth.
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At the dynamic stage, the only resisting mechanism is friction between the textile and the matrix
[68,69,72,73]. In the dynamic stage, a constant (= 0.0), a slip hardening (3> 0.0), or a slip softening
(B< 0.0) can be observed [67,70,72,74-76]. When a slip hardening is observed in the dynamic stage,
the load increases with a lower slope than that of the static one. Slip hardening occurs when the frictional
stress between the fiber and the mortar increases due to the shape of fibers, embedded length, and the
abrasion effect [69,72,73,76-78]. As the test progresses, the portion of the textile-to-mortar interface
where friction holds progressively becomes smaller as the debonding length becomes larger. A second
load peak (P+') is attained (at a slip of s¢') when the interaction of the damaged yarn surface is diminished,
and friction becomes the sole resistance mechanism. With the increment of the debonded length, the
load resistance of the system reduces until the end of the tests.

The peak load (Pr) and its corresponding slip (s¢), initial stiffness (K), toughness or absorbed energy (E),
and chemical bond energy (Gq) are the main outcomes of the pull-out tests [62,66,69], as shown in Fig.
2-3. These parameters are used for investigation of the bond behavior and can significantly affect the
experimental interpretations or the extracted bond-slip laws. The initial stiffness is obtained as the slope
of the linear portion of the load-slip curve and corresponds to the initial stage of the stress transfer before
the occurrence of any interfacial cracking [31,62,66]. The toughness or absorbed energy is defined as
the area under the load-slip curve [62,66,79-81] and includes debonding energy (E.«) and pull-out energy
(Ew). Debonding energy expresses the energy dissipated during the complete fiber debonding and is
measured as the area under the load-slip curve until the peak load [69,82]. Material deformation and
new surfaces by cracking characterize the debonding energy [80]. The pull-out energy is the energy
dissipated by the fiber-to-mortar frictional interface during the dynamic stage. It is measured as the area
under the load-slip curve from the peak load until the end [69,80]. Additionally, the pull-out energy
attributes the post-peak behavior of the fiber-to-mortar bond, which is significant in the pseud-ductility
behavior of TRM composites. Meanwhile, the chemical bond energy (G.) is expressed as follows

[68,73,83]:

2R -R)
G, _def'ém Eg. 2-1

E: is the fiber elastic modulus, and d: is the fiber diameter. The chemical bond energy will be zero if the
frictional bond is equal to the adhesive bond. It occurs in the load-slip curves with a smooth and upward

trend at the transition from the nonlinear stage to the dynamic stage.

11



Multi-scale investigation of the durability performance of TRM-strengthened masonry

2.2.3. Analytical modeling

A fiber-to-mortar bond can be analyzed with the assumption of a perfect or non-perfect bond to determine
cohesive interface models [84]. The perfect bond models do not consider any slip between the reinforcing
element and the matrix and are usually used in composites in which the deformability of the matrix is
larger or similar to that of the fiber, such as in fiber-reinforced polymers. Conversely, the cohesive interface
models allow for a slippage between the fiber and the surrounding matrix. They are typically used to
analyze the bond behavior in composite materials where the matrix has much less deformability than the
fiber, like fiber-reinforced mortars.

A wide range of analytical and numerical models have been proposed and used in the literature to
simulate the pull-out response or extract bond-slip laws from experimental pull-out curves. The shear lag
models, such as the one proposed by Naaman et al. [65,85], Mobasher [66], and Banholzer et al. [84,86],
are among the most commonly used techniques as they provide a realistic explanation of the debonding
phenomenon by considering both adhesive and friction bond effects [87,88]. Using these models, bond-
slip laws can be derived indirectly from pull-out tests [89,90]. Various multi-linear or nonlinear [65,66,85]
and N-piecewise [84,86] bond-slip laws have been proposed in the literature, as shown in Fig. 2-4. The
fiber pull-out problem usually comprises a reinforcing element, a matrix, and the interfacial region.
Depending on the stress level and distribution, this interfacial region can involve the bonded, the
debonded, and the sliding zones. These zones occur during the pull-out test consecutively or

simultaneously throughout the embedded length of the fiber.

T¢
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Fig. 2-4. Typical bond-slip law: (a) multi linear; (b) N-piecewise.
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2.3. TRM tensile behavior

2.3.1. Tensile test

In spite of the fact that the tensile behavior of TRM composites cannot yet be fully exploited, direct tensile
tests are required for the mechanical characterization of textile-reinforced matrix systems and should
become a fundamental component of product qualification. In addition to providing the ultimate stress,
tensile tests also provide Young's modulus of composite, which is an essential property to factor into
reinforcement designs. Additionally, tensile tests provide information about fiber-to-matrix bond properties,
which is crucial for cracking [30]. Specimen production, dimensions, and shape, as well as load
application and test setup, affect the tensile behavior of TRM composite response [91]. Hence, the
following are the tensile mechanism of TRM composites and some issues concerning their tensile

behavior based on literature reports.

2.3.2 Tensile mechanism

Fig. 2-5 shows the schematic tensile behavior of TRM composites [8,14,31,43,92-94]. Three stages are
usually identified in the tensile response: a linear stage which presents the behavior of uncracked
composite material [92-94] (stage |); a crack development stage, in which multiple cracks are formed in
the specimen (stage Il). The distance, the width, and the number of cracks strictly depend on the fiber-
to-mortar bond behavior in this stage [92-94]. Finally, no further cracking occurs in the last stage, and
the load is only resisted by the bundles/yarns (stage lll). The peak tensile stress (o), the strain
corresponding to the peak stress (g), and tensile modulus (E) in each stage and the saturated crack

spacing are the critical characteristics of the tensile response of TRM composites.
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Fig. 2-5. Typical tensile stress-strain behavior of TRMs.
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2.3.3. Influence parameters on TRM tensile behavior

Tensile tests on TRM systems have been carried out with two different test setups, the rigid load
application (clevis-grip) method recommended by ACI-549.4R [95] and AC434 [96] and the soft clamping-
grip method suggested by RILEM TC 232-TDT [97] (Fig. 2-6). However, some recommendations and
studies have already been made regarding the test setup [32,43,98,99]. In the clevis-grip method, the
main transfer mechanism is an adhesive in tension and shear. In addition, to avoid potential adverse
effects from possible eccentricity and misalignment, one of the grips shall allow rotation in two parallel
planes [100]. In the clamping-grip method, friction load transfer causes the applied load to increase
gradually. In this case, the clamps can produce high compressive stresses at the end of the specimens
[32]. Different boundary conditions between these two tests can lead to significantly different results

[99,101].

.
= Z =

[
TRM composite TRM composite

(a) (b)

—

Fig. 2-6. Typical tensile test methods: (a) rigid load; (b) soft clamping-grip.

Several studies have focused on the tensile behavior of TRM composites by considering the effect of
different material properties. The fiber type (e.g., carbon, AR-glass, basalt, PBO, and natural fibers)
[8,32,102] and different coating treatments [103,104] had a significant effect on the tensile response of
TRM composites. According to the results, fiber layout, such as mesh size [32], the ratio [43,105], layer
number [106,107], and overlap [108], affect the tensile mechanism. Besides, some research studies
have revealed that the development of the tensile properties of TRM composites is critically influenced by
the mortar properties [105] and additive [109]. All these variables were investigated under monotonic
loading, while in some studies [110-112], the effect of fatigue loading and fiber pre-stress on the tensile

performance of TRM composites were examined.
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2.4. TRM-to-substrate bond behavior

In the perspective of using TRM composites as a strengthening system, bond behavior between the mortar
and the substrate should be carefully characterized. The bond behavior of TRM systems to substrates is
studied using two approaches: single-lap and double-lap shear tests (see Fig. 2-7). The composite is
applied to one side of the substrate during the single-lap shear test; however, in the second layout, the
composite is placed on both sides of the substrate and tested simultaneously. The following paragraphs

present the findings from the stress-transfer study at the TRM-to-substrate interface.

Front view Side view

Side view

(a) (b)

Fig. 2-7. The schematics of shear bond test: (a) single-lap shear test; (b) double-lap shear test.

Studies on advanced TRM-to-masonry systems have highlighted the complexity of their bond behavior
[113]. It is generally accepted that shear stress transfer mechanisms govern overall performance and
that the tensile capacity of textile reinforcement is not always optimally used. Several factors can influence
the bonding between TRM and substrate, including fiber and mortar properties [13], surface preparation
[114], load rating [115], and fatigue behavior [116]. In the literature, there have been tests of several
types of fibers: carbon [117,118], steel [118,119], PBO [41,116], basalt [45,118], glass [13,118], and
natural fiber [113] and their single-lap shear response were experimentally examined. Besides, the effect
of the number of fiber layer and mortar layer on the TRM-to-substrate bond behavior was investigated
[44,120]. The outcomes displayed that bond strength increases about twofold for two layers, but it
increases nonlinearly for more layers, which indicates that the fibers are exploited less effectively [44].

Additionally, the anchorage length of the jacket must be sufficient to safely transfer tensile loads from the
masonry substrate to the TRM without premature debonding occurring [121]. The fiber embedded length

in mortar also impacts both the failure load and the failure mechanism [32,122]. Consequently, the
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mechanical properties of mortar and fiber, textile layout, bond length, and the substrate surface improved
bond performance [30,123].

It is of vital importance for the efficiency of the strengthening system that the mortar, reinforcement, and
substrate are all closely bonded since debonding can lead to premature failure and low fiber activation.
Accordingly, the desirable failure mode of masonry elements reinforced with TRM will either involve
masonry failure in compression or textile failure in tension [121]. Failure modes of masonry substrate
strengthened by TRM depend on the substrate properties, the mortarshear strength, the fiber tensile
strength, and the fiber-to-mortar and TRM-to-substrate bond [118]. Fig. 2-8 shows the typical failure
modes of the TRM-to-masonry: (a) debonding at the interface between TRM and substrate (Fig. 2-8a, b),
(b) slipping between fiber and mortar (Fig. 2-8c-e), and (c) fiber rupture (Fig. 2-8f). Depending on the
failure mode, the obtained load-slip curves might include only an elastic part or an elastic stage followed

by a nonlinear stage [119].

Fig. 2-8. Typical failure modes observed for TRM-to-masonry joints: (a) debonding with cohesive failure of the
substrate; (b) debonding at the mortar-to-substrate interface; (c) debonding at the textile-to-mortar interface; (d)
textile slippage within the mortar; (e) textile slippage within the mortar with cracking of the outer layer of mortar;

(f) tensile rupture of the textile [31].

2.5. TRM-strengthened masonry panels

Many unreinforced masonry (URM) structures are prone to catastrophic failure during earthquakes
[124,125] due to their weakness against in-plane and out-of-plane seismic loads [2]. The development of
strategies for repairing and strengthening structures made of these materials has been the object of many
studies during the last decades. Among these, externally bonded reinforcement is one of the most
common strengthening methodologies, in which composite material is attached to the external surface of
weak structural components. Traditionally, FRPs were mainly used as the strengthening material in this

system [126,127]. However, the sustainability, durability, poor performance at high temperatures and
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compatibility of these composites with masonry indicated the need to use and develop novel repair
materials. In an attempt to alleviate the drawbacks that arise from the use of FRPs [128-130], TRM
composites have been proposed in the last years [10,131,132].

Many studies have been published to evaluate the performance of TRM-strengthened masonry, but these
studies are at the structural scale [23,133-135]. The performance of these systems from the material to
the structural level, which is the main goal of this study, is still lacking [136,137]. Many studies have
examined the in-plane and out-of-plane performance of TRM-strengthened masonry with particular
attention to the effect of textile and substrate types [20,21], the number of textile layers [22,25], and
symmetrical or asymmetrical configurations [23,24]. The results show that TRM composites increase the
load-bearing capacity of masonry elements and improve their structural behavior by reducing brittle failure
modes [138,139]. In addition, the TRMs provide pseudo-ductility and improve the strength and stiffness
of masonry panels under diagonal compression and out-of-plane loads [134,139,140].

An in-plane lateral load can cause masonry walls to crack at diagonals, slide at shear joints, and even
crush at the toe. These failure modes vary with the masonry’s physical and mechanical characteristics
and its compression state and aspect ratio [141]. The tendency for diagonal tensile cracks to develop
through masonry units can be observed in the formation of a single crack. There is the possibility of shear
sliding along a single mortar bed joint or multi-bed joints in a step format. The compressed corners may
cause toe-crushing failure [141]. By contrast, masonry walls strengthened by TRM cracks at diagonals
under an in-plane load, showing improvement in the in-plane performance of masonry walls [10].

Most existing exterior masonry walls, particularly URM, are not strong enough to withstand out-of-plane
loads. Due to earthquakes or high wind pressure, their failure is sudden and brittle [142]. The out-of-
plane behavior of masonry panels has been investigated in two directions: failure parallel and
perpendicular (normal) to the bed joints [143]. The experimental results indicate that a single crack
formed across the URM panel and along the bed joint in failure parallel to the bed joint. However, in
failure normal to the bed joint, the cracks started in the head joint and progressed around the units in
alternate courses [143,144]. The experimental results showed that the TRM composites did not affect
the failure of panels parallel to bed joints so that after cracking the TRM composites, the strengthened
panel failed at the masonry bed joints [144]. In contrast, under failure normal to bed joint, TRM-

strengthened panels failed through the masonry units [144].
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2.6. Durability aspects

The mechanical behavior of TRM composites has been the subject of an increasing number of
experimental and analytical studies; however, their durability and long-term performance have received
less attention. Therefore, it is difficult to characterize the main mechanisms contributing to the
degradation of TRM composite and ascertain their shortterm and long-term performance [47]. It is clear
that the effectiveness of using externally bonded reinforcement (EBR) systems like TRM composites
depends on the long-term bond behavior of the fibers to the bricks and the TRM to the concrete. Following
are sections where the degradation mechanism and available studies about the durability characteristics

of TRM composites will be discussed.

2.6.1. Degradation mechanism

The performance of structural components over time is determined by the durability of their materials
and components against the degradation agents existing in service. According to the literature, the
durability of structural components and materials is defined as their ability to resist cracking, chemical
degradation, and delamination under specified load and environmental conditions [145]. As for durability
tests, several environmental conditions have been already highlighted in the experimental reports, such
as chemical attack (acid, saline, and alkaline solutions), freeze-thaw conditions, fire, hot water, creep,
and fatigue [46,146]. Aging or Degradation is the process of changing a material's physical or mechanical
properties, classified into three chemical, physical, and mechanical mechanisms [147]. Depending on
the material characteristics and the environment, these mechanisms may interact in an additive or
subtractive manner. Physical degradation is characterized by reversible changes to the material properties,
whereas irreversible changes define chemical degradation. Finally, the degradation of materials under
mechanical stress is known as mechanical degradation. As a result, degradation profoundly impacts the
durability and serviceability of materials, and understanding its mechanisms is essential to assessing

long-term performance [147].

2.6.2. Durability tests

As Table 2-1 displays, most literature discusses the effect of acid, saline, and alkaline solutions on the
mechanical performance of TRM composites [39,50,51,148-154]. Avariety of methods has been utilized
to evaluate the effect of chemical attacks on the performance of TRM composites since there are no well-

established standard procedures. The methods include immersing samples in a solution or performing
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wet-dry cycles for various times or temperatures, summarized in Table 2-1. Most studies have considered
alkaline environments, with very few considering acidic or saline environments. Researchers tended to
focus on tensile behavior of TRM composites under chemical attack [148,149,152-154], while flexural
[39], fiber-to-matrix [39], and TRM-to-substrate (pull-off [148,151] and single-lap shear [50,51]) tests
received much less attention. Among the fabrics studied, glass and carbon are the most common, while
steel, basalt, PBO, and natural fibers, which are most relevant in strengthening applications, receive less
attention.

There have been contradictory results observed in experiments. Some studies report improved
mechanical performance (tensile strength) following exposure to alkaline or saline conditions [155]. In
contrast, others reported deterioration of mechanical response when cement or lime-based TRMs were
used [149,156]. In acidic solutions, the results are also contradictory, so that some studies show
sufficient resistance while others reveal a great deal of vulnerability [149]. It is also essential to consider
the type of mechanical tests and test setups used after the aging of materials. In some cases, the chemical
attack did not deteriorate tensile strength, while it did deteriorate flexural strength due to the role of
boundary conditions on the durability test results [157]. A similar observation has also been reported for
bond strength and failure mode in saline and alkaline environments, where test setup (pull-off [155,158]
or single-lap shear tests [159]) had a significant impact on results.

Observations on the effect of freeze-thaw (FT) environmental conditions on the mechanical performance
of TRMs indicate that the deterioration level strongly depends on the mortar strength, the fiber-to-mortar,
and the TRM-to-substrate bond. Besides, the exposure conditions such as the temperature level, the
number of cycles, and the degree of mortar saturation influence the durability performance of TRM
composites [39,48,148,149,151,153,160-162]. Table 2-2 reports the existing studies on the effect of
FT conditions on the TRM composite's performance. Due to the lack of well-established standards for
evaluating the freeze-thaw resistance of TRC composites, various researchers used different protocols
and some cycles, which makes performing critical comparisons between different experimental databases
difficult. In addition, a limited number of studies have been conducted in this field that only focuses on
mechanical properties (tensile and flexural) of TRM composites. A few studies have examined the changes
in bond strength between TRM and substrate with pull-off test [151] and fiber and matrix with pull-out
test [39]. Under FT conditions, the results present dual behavior of TRM composites, so that in some of
them, mechanical degradation has been observed [48,154,160,161], and in others, mechanical behavior

has improved [148,149,153].
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Table 2-1. Literature review on the durability of TRM composites under chemical attacks.

post-
Ref. Fiber Matrix Standard Methodology Solution Duration exposed
tests
90, 120, and
150 cycles
hybrid GB/T 50082- g saline (each cycle pull-out &
[39] fabric concrete 2009 wetdry [5% NaCl] includes 12 flexural
hrs. wet & 12
hrs. dry)
immersion 1000 hrs. at
60°C
10 cycles
: saline (each cycle .
[50] AR-glass lime ASTM D7705 et [3.5% NaCl] includes 2 single-lap
y days wet & 2
days dry at
60°C)
6 cycles (each
| cycle includes
lime and saline 2 days wet by
steel - wet-dn ) single-la
[51] cement y [2% NaCl+ 8% Na2S04.10H20] capillary & 3 gelap
days dry at
60°C)
saline
carbon & . . [ocean] 1000 & 3000 tensile &
[148] PO cement AC434 immersion alkaline hrs. at 22°C oulloff
[Ca(OH)2+ NaOH+ KOH, pH> 12.5]
alkaline
E 549. [10% NaOH, pH=13]
[149] glass HPC cement JSCZEO%gw immersion acidic 1440 hrs. tensile
[10% H2S04, pH= 0.2 to 3.4]
E-glass, alkaline
AR-glass, [16% Ca(OH)z, pH= 12.6] 168, 720,
carbon, ) ) \ \ !
150 b ) ASTM E2098 immersion . . . 1440, 2160 rensie
[150] | paar, ETAG 029 [16%Ca(OH)2+ 1%NaOH+L4%KOH, pH=13] |  2300'prs. ot
PBO, [0.2% KOH, pH=12.5] 20 and 45°C
steel [5% Ca(OH)z, pH= 14]
RILEM MS A.1 saline
carbon cement, lime ! wet-dry 11 cycles pull-off
[151] 1998 [10% NazS04]
saline
hydrated and — [3.5% NaCl] 1000 hrs. at _
[]_52] AR-glass yair lime - immersion alkaline 9300 tensile
[NaHCOs, pH=10]
saline
[3.5% NaCl]
alkaline
[]_53] carbon pozzolan - immersion 1000 hrs. tensile
[NaHCOs, pH=10]
acidic
[HCI, pH=2.5]
saline
[154] | ARgass cement ASTM D1141- immersion [2.45% NaCl+ 0.41% Naz504] 1000 I:rs. at tensile
98 alkaline 40°C

[4% NaOH, pH=13]
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Table 2-2. Literature review on the durability of TRM composites under freeze-thaw conditions.

Ref. Fiber Matrix Standard Conditions Duration post;zzi)sosed
hybrid fabric -18°C «+ 5°C
[39] (carbon and E- concrete GB/T 50082- immersing in 50, 70, 90 cycles (3 hrs. freezing and thawing) pull-out &
2009 : flexural
glass) saline
-18°C < 4°C 25, 50, 100, 150, 500 cycles (30 min freezing and 30 )
[48] AR-glass cement ASTM C666 (100% RH) min thawing) tensile
[]_48] carbon & PBO cement AC434 -18(1%;);3'?7';5 ¢ 20 cycles (4 hrs. freezing and 12 hrs. thawing) tensile
: -18°C < 37.7°C ) ) ’
[]_53] carbon lime AC434 (100% RH) 20 cycles (4 hrs. freezing and 12 hrs. thawing) tensile
. -20°C « 25°C . . tensile &
[]_60] glass lime (100% RH) 14 cycles (6 hrs. freezing and 2 hrs. thawing) fesural
-20°C « 20°
[]_61] AR-glass cement NBN EN 12467 ?10007 Rg) ¢ 50 cycles (2 hrs. freezing and 2 hrs. thawing) tensile
-18°C < 20°C
[]_49] glass concrete CSN 731322 (immersing in 50, 100, 150 cycles (4 hrs. freezing and 2 hrs. thawing) tensile
water)
[]_51] carbon cement, lime -10(6((:);R7|-I(; ¢ 40 cycles (3 hrs. freezing and 3 hrs. thawing) pull-off

2.7. Main conclusions

This chapter aimed to provide information about the current knowledge regarding the necessary

techniques for accomplishing the objectives and highlighted the current research gaps. The following is a

list of knowledge gaps regarding TRM composites:

While several studies can be found in the literature devoted to the characterization of mechanical
properties of TRMs, or the characterization of TRM-to-masonry bond behavior, the fiber-to-mortar
bond response in these systems has only received limited attention.

Various pull-out test setups have been used in literature to characterize the fiber-to-mortar (or
concrete) bond behavior. These can generally be categorized into pull-push (or single-sided) and
pull-pull (or double-sided) tests. However, the differences between the experimental results
obtained from different test setups are poorly addressed.

A fundamental understanding of the fiber-to-mortar bond mechanism and the parameters
affecting that is currently missing. These parameters are the fiber-embedded length and different
fiber configurations (number of fibers and presence of transverse fibers).

The bond behavior of short fibers and cement-based matrices has been studied extensively in the
literature; however, several issues remain regarding the characterization and modeling of the
fiber-to-mortar bond mechanism in the lime- and cement-based TRM composites. Therefore, it is
necessary to develop a comprehensive bond-slip law model.

Among the issues that still deserve further investigation, the effects of slip rate and the response
under cyclic loading are significant to develop analytical and numerical predictive models,

improve test methods, and orient design criteria.
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There is a lack of understanding of the parameters controlling the response at the structural scale.
This understanding can be developed through a comprehensive experimental and analytical study
from materials to structural scale.

The mechanical behavior of lime-based TRMs has been the subject of many recent studies. The
role of curing conditions before performing mechanical tests is a critical factor yet to be discussed
or explored. The majority of published experimental results do not contain this information, which
makes comparing and analyzing the data of different laboratories a challenge.

However, the durability performance of TRM composites has recently received attention from a
few studies; there is a paucity of data on the durability of TRM composites. The long-term
performance of TRM composites remains unaddressed and not understood. In previous studies,
chemical attacks have primarily been studied at different TRM composite scales (micro-scale:
pull-out tests, and macro scales: tensile and flexural tests), while their freeze-thaw behavior has
been explored by a few at macro scales. Further, parameters controlling the durability
performance of TRM composites are not known in multi-level (micro, macro, and structural levels).

Hence, an in-depth investigation must be conducted from material to structural scale.
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Chapter 3: Experimental plans and test methods

The experimental campaign consisted of the characterization of micro, meso, and macro responses of

TRM composites. The detailed procedure followed for preparing the specimens and performing the tests

is given in this section. The main highlights from this chapter can be listed as follows:

Material characterization tests include mechanical tests and physical tests.

The pull-out test is used to investigate textile-to-mortar bond behavior.

The single-lap shear test is utilized to determine TRM-to-substrate bond behavior.

The direct tensile test is conducted to evaluate the tensile behavior of TRM composites.
Diagonal compression tests and flexural tests are used to characterize the in-plane and out-of-
plane behavior of masonry panels.

The effects of different environmental conditions (mortar curing, brick moisture condition, mortar
age, natural environmental condition, and freeze-thaw conditions) on the TRM composites'

behavior are examined.
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3.1. Materials

Two commercially available hydraulic lime-based mortars were used as TRM matrix, as shown in Fig.
3-1a, b. These mortars are referred to as M1 and M2 throughout this study. Mortar M1 is a high-ductility
hydraulic lime mortar (Planitop HDM Restauro) composed of hydraulic lime (NHL), Eco-Pozzolan, natural
sand, special additives, synthetic polymers in water dispersion, and short fibers. This mortar is prepared
by mixing the powder with the liquid provided by the manufacturer (5:1 powder to liquid ratio according
to the technical datasheets) in a low-speed mechanical mixer for four minutes to form a homogenous
paste. Mortar M2 is a pure natural hydraulic lime (NHL 3.5) and mineral geo-binder base (Kerakoll
GeoCalce Fino) prepared by mixing 1 kg powder with 0.212 kg water for seven minutes. Besides, for
building the masonry wallets, a commercial mortar is utilized based on lime and ecopozzolan (Mape-
Antique MC), named mortar M3 (Fig. 3-1c). This mortar is prepared by mixing 1 kg powder with 0.14 kg
water for four minutes. Moreover, solid clay bricks (200x100x50 mm:) are used to build the masonry
wallets and the single-lap shear specimens (Fig. 3-1d). Appendix 1 presents the technical data sheets
provided by the manufacturers.

The reinforcing materials are glass and steel fibers, as shown in Fig. 3-1e, f. The glass fabric is a woven
biaxial fabric mesh made of alkali-resistance fiberglass (Mapegrid G220), in which weft yarns passed
through the warp yarns and were welded with each other. Its mesh size and area per unit length are equal
to 25x25 mmz2 and 35.27 mmz?/m, respectively. The steel fiber is a unidirectional ultra-high tensile steel
sheet (GeoSteel G600), with a density of 670 g/m? and an effective area of one cord (five wires) equaled
to 0.538 mma. Each steel fiber is made by twisting five individual wires together, three straight filaments
wrapped by two filaments at a high twist angle, forming a uniform cord. Appendix 1 presents the technical

data sheets provided by the manufacturers.
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Fig. 3-1. Materials used: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) clay brick; (e) glass fabric; (f) steel
fiber.

3.2. Microstructural analysis
3.2.1. Xvray diffraction fest

X-ray diffraction (XRD) test was performed to quantify the crystalline phases of mortar. Bruker D8 Discover
was used with Cu Ko radiation (A= 1.54060A) at 40 kV and 40 mA. The sample was scanned from 5°
t0 90° 20 at the speed of 0.02°s,

3.2.2. Differential thermal analyses

Differential thermal analyses (DTA) were conducted with a Q600 TA Instrument apparatus to quantify and
identify chemical composition by observing the thermal behavior of samples during mortar age. To
prepare DTA samples, 5 g of mortar was ground and crushed (Fig. 3-2a). As reported in [163-165],
isopropanol, ethanol, methanol, acetone, and diethylene ether are the most popular solvents for

preventing mortar hydration stoppage. In this study, the crushed mortar was immersed in isopropanol
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(50 mL) for 15 minutes to stop the hydration process [166], as shown in Fig. 3-2b. Afterward, the solid
part was separated with a paper filter (Fig. 3-2c), and diethylene ether (10 mL) was used to remove
isopropanol from the solid part [166]. Finally, the sample was dried in an oven (40°C for 10 minutes) or
a vacuum desiccator for a short period. 25 mg of sample was used for the DTA test, as shown in Fig.
3-2d. For performing the test, an aluminum pan was utilized (Fig. 3-2e). The samples were heated from
50°C to 1000°C at a 10°C/min rate and 100 ml/min of N: flow. The tests were performed on all three
mortars (M1, M2, and M3).

(b) (c)

Fig. 3-2. Preparation of DTA samples: (a) crushing mortar; (b) solving in isopropanol; (c) separating the solid part;
(d) removing isopropanol; (d) weighting sample; (e) performing DTA test.

3.3. Material characterization

3.3 1. Mortar and brick

Table 3-1 and Table 3-2 present an overview of the conducted material characterization tests on the

mortars and the brick, respectively.
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Table 3-1. Conducted material characterization tests on the mortars.

Test mortar M1 | mortar M2 | mortar M3 Code
Compressive strength v v v ASTM C109
Flexural strength v v v BS EN 1015-11
Splitting tensile strength v v v BS EN 12390-13
Elastic modulus v v v ASTM C496
Thermal conductivity v - ISO 8301
Thermal expansion v - -
Shrinkage strain v v EN 1261704
Water absorption- capillary v v v BS EN 1015-18
Water absorption- immersion v v v -
Dry bulk density v v v BS EN 1015-10
Water desorption - v -
Open porosity v - - BS EN 1936

Table 3-2. Conducted material characterization tests on the brick.

Tests Brick moisture content Brick surface
Dry | Semi-saturated | saturated | flatwise | lengthwise | widthwise
Compressive strength * v v v v v v
Flexural strength ® v v 4 v v ]
Elastic modulus v v v . . v
Water absorption- capillary | ¥ - - v v v
Open porosity v - -
Dry bulk density v - i - ] }
Initial rate absorption (IRA) | ¥ - - v v v
Water absorption- immersion v - - - - -
Water desorption - - 4 v v v

(a): Compressive strength was measured in the flatwise direction of the dry, semi-saturated, and saturated bricks. For lengthwise and widthwise, only semi-
saturated brick was used.

(b): Flexural strength was measured in the flatwise direction of the dry, semi-saturated, and saturated bricks. For lengthwise only semi-saturated brick was
used.

(c): Elastic modulus was measured in the widthwise direction of the dry, semi-saturated, and saturated bricks.

The mortars and the brick were subjected to several mechanical and physical tests. According to
ASTM C109 [167] and BS EN 1015-11 [168], the compressive and flexural strength of the mortars and
the brick were experimentally obtained. Compressive specimens were cubes (50x50x50 mme for mortars
and 40x40x40 mm: for brick), and the flexural specimens had a prismatic shape (40x40x160 mm?), as
shown in Fig. 3-3a-d. The compressive strength of the brick was characterized perpendicular to all three
directions, and the flexural strength was characterized perpendicular to the lengthwise and flatwise of the
brick surface. In addition, the splitting strength of the mortars characterized based on ASTM C496 [169]
had a cylinder shape with 70 mm diameter and 150 mm in length (Fig. 3-3e). The elastic modulus of the
mortars and the brick was determined, according to BS EN 12390-13 [170]. The mortar specimens were

cylinders with 70 mm diameter and 150 mm in length, while the brick specimens had a prismatic shape
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(40x40x160 mm3), as shown in Fig. 3-3f and Fig. 3-3g. It should be mentioned that the elastic modulus
of the brick was measured perpendicular to its widthwise surface.

A Lloyd testing machine applied the compressive and the flexural tests under force-controlled conditions
at a rate of 150 N/s and 10 N/s, respectively. In the compressive tests, for reducing the friction at the
specimens’ boundaries and ensuring a uniform distribution of stresses at the center of the specimens, a
pair of friction-reducing Teflon sheets with a layer of oil in between is placed between the specimens and
the compression plates (Fig. 3-3a and Fig. 3-3b). The flexural tests are performed according to the three-
point bending test scheme with a 100 mm distance between the supports (Fig. 3-3¢ and Fig. 3-3d). The
universal testing machine also was used to perform the tensile splitting strength of mortars under
displacement-controlled conditions (0.12 mm/min), Fig. 3-3e. The elastic modulus was characterized by
a universal testing machine (load capacity of 100 kN) and LVDTs (3 for cylinder and 4 for prismatic

specimens) with a 5 mm range and 14um sensitivity, as shown in Fig. 3-3f and Fig. 3-3g.

Fig. 3-3. Mechanical characterization test setups: (a) mortar compressive; (b) brick compressive; (c) mortar
flexural; (d) brick flexural; (e) mortar splitting; (f) mortar elastic modulus; (g) brick elastic modulus; and (h)
masonry prism compressive tests.
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The compressive strength of masonry prisms was characterized according to ASTM C1414 [171]. The
prisms were constructed by three bricks and 20 mm bed joint mortar (M3), as shown in Fig. 3-3h.
Compressive tests were also performed using the universal testing machine (load capacity of 1000 kN)
and introducing monotonic displacements at a 0.3 mm/min rate.

Water absorption coefficient due to capillary action was measured on cube specimens (50x50x50 mms
for mortars and 40x40x40 mms for brick) according to BS EN 1015-18 [172]. For this purpose, four
faces of the specimens were sealed with a Silirub to measure the water absorption in one direction. Then,
the specimens were dried in a ventilated oven at a temperature of 90°C until reaching a constant mass.
Finally, the specimens were immersed in water until a depth of 10 mm, and the mass changes of the
samples in time were measured periodically, as shown in Fig. 3-4a. The process was repeated until the
change in the sample mass was less than 0.2% of the previously determined value. The water absorption
coefficient due to capillary action was computed from the straight-line slope between 10 and 90 minutes.
Furthermore, the initial rate absorption (IRA) of the brick also was measured, according to BS EN 772-11
[173]. It should be mentioned that the water absorption coefficient due to capillary and IRA rate of the

brick was measured for all surfaces.

(d) (e) (f

Fig. 3-4. Mortar physical tests: (a) water absorption- capillary; (b) water absorption- immersion; (c) open porosity;
(d) shrinkage tests; (e)thermal conductivity; (f) thermal expansion.
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Water absorption immersion tests were also conducted on the unsealed mortars (M1, M2, and M3) and
brick specimens according to ASTM C67 [174]. Firstly, cube specimens were dried in a ventilated oven
at a temperature of 90°C until reaching a constant mass. Then, specimens were immersed fully in water
(see Fig. 3-4b), and their weight was measured periodically. This was also repeated until the change in
the samples mass was less than 0.2% of the previously determined mass.

In addition, water desorption of mortar and brick was measured. When the specimens used for the water
absorption capillary tests were saturated, one free side of the specimens was sealed. Then the saturated
specimens were stored in the chamber room at 20°C, and 60% RH and their weights were measured
periodically. It should be mentioned that the water desorption of the brick was measured for all surfaces.
The dry bulk density of the mortars (M1, M2, and M3) and the brick was determined according to
BS EN 1015-10 [175]. Additionally, according to BS EN 1936 [176], the mortar M1 and the brick's open
porosity was measured experimentally on cube specimens, as shown in Fig. 3-4c. First, specimens were
dried until they reached a constant mass. After measuring the weight of the specimens, they were placed
inside the vacuum, and the test was run.

The mortar shrinkage strain was also measured based on EN 12617-04 [177] by using prismatic shape
specimens (40x40x160 mm3), as presented in Fig. 3-4d. The shrinkage strain was computed after
demolding the specimens at two-day ages. During these tests, specimens were stored in a climatic
chamber room at 20°C and 60% RH.

According to ISO 8301 [178], the thermal conductivity of mortar M1 was measured experimentally.
Thermal conductivity was determined using the Alambeta instrument and disk-shaped specimens
(100 mm diameter and 5 mm thickness) (Fig. 3-4e). Moreover, the coefficient of thermal expansion (CTE)
of the mortar M1 and the brick was investigated using a strain gauge. Mortar specimens with prismatic
shape (150x70x10 mm?) were tested after 90 days. Strain gauges were installed on the surface of both
the mortar and the brick in two perpendicular directions, as shown in Fig. 3-4f. Then, the specimens were
stored in a climatic chamber room and exposed to different temperatures. CTE is computed from the

measured thermal strains (&) with the temperature change (AT=+30 to -10°C).

3.3.2. Fiber

The steel and glass fibers' tensile strength, strain, and elastic modulus were measured through direct
tensile tests (Fig. 3-5). For this purpose, two steel plates (75x50x3 mm?) were attached to the end of the
fibers 48 hours before the test day to facilitate gripping during the tests. The tests were performed on

single cords/yarns with a free length of 300 mm. For this purpose, a universal testing machine (load
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capacity of 10 kN) was used under displacement-controlled conditions (0.3 mm/min), a 100 mm clip
gauge located at the center of the specimen, and the internal LVDT of the machine measured the yarn

deformation.

Fig. 3-5. Yarn/cord direct tensile test: (a) steel cord; (b) glass yarn.

3.4. Fiber-to-mortar bond characterization

3.4.1. Effect of the test setup

A comprehensive investigation was initially performed to identify the most reliable pull-out test setup to
characterize the textile-to-mortar bond behavior. Two pull-push and one pull-pull test setups were
developed for this purpose, as shown in Fig. 3-6. In the pull-push tests (Fig. 3-6a, b), the mortar was fixed
from the top, and the fiber was pulled out from the same direction. Therefore, compressive stress was
generated in the mortar near the loaded end in this test configuration. In the pull-pull tests (Fig. 3-6¢), on
the other hand, the mortar was fixed from the bottom, and the fiber was pulled out from the top (or vice
versa), simulating direct tensile tests. Tensile stress was therefore developed in the mortar in this test
setup. Due to the different stress conditions imposed on the specimens in these test configurations,
different pull-out responses were expected. Single steel fibers were embedded into mortar M2 and
provided 150 mm of bond length for the TRM composite. Table 3-3 reports the overview of the

experimental tests.
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(a) (b)

Fig. 3-6. Different pull-out test setups: (a) pull-push [; (b) pull-push II; (c) pull-pull.

Table 3-3. Overview of the test setup effect experiment.

Test Objective Mortar Fiber Bond length
[mm]
Pull-push |
Pull-push Il | Test setup effect on the pull-out response | M2 | Single steel cord 150
Pull-pull

3.4.1.1. Setup 1. pull-push /

The first pull-push test setup (pull-push I) was the one used by Ghiassi et al. [31]. The specimens were
made of fibers embedded in mortar cylinders with a 150 mm free length for gripping in these tests. The
preparation of the specimens was performed following the procedure detailed in Ghiassi et al. [31]: (1)
cleaning the fibers; (2) adjusting the PVC mold on the base; (3) placing the cleaned fibers in the center
of the mold; (4) applying the first layer of mortar until half of the mold height; (5) tamping the mortar;
and (6) pouring the second layer of mortar. The diameter and height of specimens were 75 mm and
150 mm, respectively. Two steel plates were attached to the end of the fibers 48 hours before the test
day to facilitate gripping during the tests. Fig. 3-7a presents the geometry of the pull-push | specimens.
For performing the tests, a supporting frame was placed on top of the mortar cylinders and was fixed
from the bottom to a rigid steel frame to avoid specimens movements during the tests, as shown in Fig.
3-7b. An LVDT was attached to the fiber at a 6.3 mm distance from the mortar edge to measure the fiber
slip. It was, therefore, necessary to reduce the elastic deformation of the fiber along this 6.3 mm from

the measured experimental values to obtain the fiber slip.
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50 mm

<>
50 m"'i Steel plate

150 mm
Steel cord

150 mm Mortar

75 mm

(a) (b)

Fig. 3-7. Pull-push | tests: (a) specimens configurations; (b) test setups.

3.4.1.2. Setup 2: pull-push I/

The second pull-push test setup (pull-push Il) was designed to mitigate the problems related to slip
measurements in the pull-push | test setup. Therefore, the sample geometry, the supporting system, and
the gripping methods were changed accordingly. In this test setup, shown in Fig. 3-8a, the mortar was
prepared in a disk shape with the dimensions of 150x125x16 mm? to facilitate the preparation of the
specimens and alignment of the fiber inside the mortar. The free length of the fiber was also embedded
in an epoxy resin block over a length of 200 mm and with a rectangular cross-sectional area of
10x16 mme. This block offered protection against early and uncontrolled failure caused by clamping and,
at the same time, facilitated slip measurements during the tests. This technique was first proposed by
Banholzer [179]. The preparation of the specimens was as follows: (1) embedment of the fiber-free length
in epoxy resin and curing for 48 hours (Fig. 3-9a); (2) preparation and cleaning of the mold and the fiber;
(2) applying the first layer of mortar with a thickness of 8 mm inside the molds (Fig. 3-9b); (3) placing the
fiber on top of the first mortar layer; (4) applying a second layer of mortar with a thickness of 8 mm (Fig.
3-9¢). The specimens were tested in a similar test configuration as the pull-push | test setup. However, a
U-shape steel support was used here for supporting the specimens, as shown in Fig. 3-8b. A mechanical
clamp was used to grip the epoxy resin (and thus the fiber) from the top and perform the tests. Two
LVDTs with a 20 mm range and 2-um sensitivity were located at both sides of the epoxy block to record

the slip. The average of these LVDTs measurements was presented as the slip in the experimental results.
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10 mm
> <

200 mm Resin block

150 mm Mortar

(a) (b)

(a) (b) (c)

Fig. 3-9. The stages of preparation of the pull-push Il specimens: (a) embedment of the fibers in resin; (b)
applying the first layer of the mortar; (c) adjusting fiber and pouring the second layer of the mortar.

3.4.1.3. Setup 3: pull-pull

In the third test setup type (pull-pull), specimens had a similar geometry to the pull-push Il test setup, but
the supporting system was different. As shown in Fig. 3-10, the specimens were gripped from the bottom
in this test setup, thus simulating tensile tests. The specimens were prepared following the same
procedure as pull-push Il tests. The specimens were slightly longer in this case. The mortar disks were
with dimensions of 250x125x16 mm:® to provide additional space for gripping from the bottom. To
prevent crushing of the mortar in the gripping area during the tests, the lower part of the specimens was
reinforced by placing additional steel fibers as shown in Fig. 3-10a. A mechanical clamp was used to grip
the epoxy resin (and thus the fiber) from the top and another to grip the mortar from the bottom (Fig.
3-10b). The LVDTs were placed at similar locations as in the pull-push |l tests, and the average of these

LVDTs measurements was presented as the slip in the experimental results.
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Fig. 3-10. Pull-pull tests: (a) specimens configurations; (b) test setups.

All specimens were demolded after 24 hours of preparation and were placed in a damp environment for
seven days. After that, specimens were stored in the lab environmental conditions (20°C, 60% RH) until
the test day (for 60 days of mortar curing). Five pull-out specimens were tested for each test setup. All
the tests were carried out using a servo-hydraulic system with a maximum capacity of 25 kN at a

displacement rate of 1.0 mm/min.

3.4.2. Effect of bond length

The effect of bond length on the pull-out response of TRM composites was examined by using single glass
yarns extracted from the textile mesh in the longitudinal (warp) direction or steel cords as presented in
Table 3-4. The glass yarns were used together with the mortar M1 and the steel fibers with the mortar
M2. The specimens were made with embedded lengths of 50, 100, 150, and 200 mm for steel fibers
and 50, 75, and 100 mm for glass fibers. These values were selected based on the experimental results
reported by Ghiassi et al. [31] and observations during the tests.

Specimens were demolded after 24 hours of preparation and placed in a damp environment for seven
days. Then, the specimens were stored in the lab environmental conditions (20°C, 60% RH) until the
testing day (at 60 days of age). Five specimens were prepared and tested for each material and bond
length, resulting in 20 specimens made for steel-based TRM and 15 specimens for glass-based TRM.
Since the pull-push Il test setup was used in this section, the reader is referred to section 3.4.1 for more

information on the preparation and test setup of the pull-push Il specimens.
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Table 3-4. Summary of the bond length effect tests.

Bond length
[mm]
50
M1 Glass Single yarn 75
100
Embedded bond length | Effective bond length 50
100
150
200

Test Objective Mortar | Fiber | Fiber configuration

M2 Steel Single cord

3.4.3. Effect of fiber configuration

Aiming to understand better the fiber-to-mortar response in TRM composites made of unidirectional and
bidirectional fibers, the effect of fiber configuration (the effect of the number of fibers and the presence

of transverse fibers) on the bond response of these composites was investigated (see Table 3-5).

Table 3-5. Summary of the fiber configuration tests.

Bond
Test Objective Mortar Fiber Fiber configuration length
[mm]
Single yarn
| Effect of fiber M1 Glass Single yarn + transverse 50
Fiber i . Group (2 yarns)
. . configuration on the )
configuration bond behavior Single cord
M2 Steel Group (2 cords) 150
Group (4 cords)

Three cases were considered for each material type, as shown in Fig. 3-11. For the glass-based TRMs,

these cases included embedment of “single yarn,” “single yarn + transverse elements,” and “group of
yarns” with a 50 mm bond length embedded in mortar M1. For “single yarn” specimens, the transverse
fibers (weft yarns) were cut before embedment in the mortar (Fig. 3-11a). In the case of “single yarn +
transverse elements,” one yarn (warp yarn) with two transverse elements (weft yarns) was embedded in
the mortar, as shown in Fig. 3-11a. The transverse elements had a total length of 25 mm (12.5 mm from
each yarn side equal to half of the mesh size). In the case of “group of yarns,” two yarns (warp yarns)

with two transverse elements (weft yarns) in between were embedded in the mortar (the distance between

longitudinal fibers was 25 mm), see Fig. 3-11a. For the steel-based TRMs, since a unidirectional steel
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fiber mesh was used in this study, the specimens were prepared with the embedment of “single cord,”

“two cords,” and “four cords” in the mortar M2 with a 150 mm embedment length (see Fig. 3-11b).

T

2Smm 50 mm Lb

Glass yarn Steel cords

(a) (b)

Fig. 3-11. Considered fiber configurations: (a) glass yarns; (b) steel cords; (c) 3D view of pull-out specimens.

After 24 hours of preparation, the specimens were demolded and placed in damp conditions for seven
days. The specimens were then stored in the lab environment (20°C, 60% RH) until the test day (for 60
days). The single-sided pull-out test setup (pull-push Il) was performed in these tests (more information

related to the specimens preparation and test setups are provided in section 3.4.1).

3.4.4. Effect of slip rate

The slip rate effect on the bond behavior of fiber-to-mortar was also examined using the pull-push Il test
setup (see further information on the test setup in section 3.4.1). The specimens comprised single glass
yarns extracted from the textile mesh in the longitudinal (warp) direction or single steel cords embedded
in mortar M1. The bond lengths were 50 mm for the glass yarns and 150 mm for the steel cords, equal
to the effective bond lengths. Five different slip rates were considered, namely 0.2, 1.0, 5.0, 10.0, and
20.0 mm/min. Five specimens were prepared and tested for each slip rate, resulting in 25 specimens
for the glass TRM and 25 for the steel TRM (Table 3-6).

The specimens were demolded after three days of casting, were cured in a damp environment for seven
days, and then stored in laboratory environmental conditions (20°C, 60% RH) for 50 days. The testing

age of the specimens was 60 days.
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Table 3-6. Summary of the slip rate effect tests.

Fiber Bond length Slip rate
configuration [mm] [mm/min]
0.2

Test Objective Mortar Fiber

1.0

M1 Glass Single yarn 50 5.0

10.0

. Effect of slip rate on the
Monotonic . 20.0

textile-to-mortar bond

tests behavior 0.2
1.0
M1 Steel Single cord 150 5.0
10.0
20.0

3.4.5. Effect of cyclic loading

Cyclic pull-out tests were performed on glass yarns and steel cords embedded in mortars M1 and M2,
respectively. Loading-unloading cycles were performed with progressively increasing maximum (target)
slip, from 0.3 mm to 20 mm, whereas the minimum slip was corresponding to a load of 50 N in the
unloading phase to avoid yarn/cord instability ensure that its position was kept. Two cycles for each target
slip were carried out, with a slip rate of 1.0 mm/min (up to a target slip of 9 mm) and of 3.0 mm/min

(increased for a timesaving reason) until the end of the tests (Fig. 3-12).

20

Slip  Load rate mm/min
0.3

1
1
1
1
1.5 1
1
1
1
1

Slip [mm]

Loading cycles

Fig. 3-12. Cyclic pull-out loading procedure.

Various configurations of specimens were used in these tests. Glass-based TRMs included embedding
"single yarns" with 50 mm and 75 mm bond lengths and "single yarn + transverse elements" with
50 mm bond lengths. The transverse elements had a total length of 25 mm, 12.5 mm at each side, equal

to half of the mesh size. Moreover, "group of yarns' specimens (consisted of two yarns and two transverse
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elements) were used with 50 mm and 75 mm bond lengths. All specimens of glass-based TRM were
manufactured with mortar M1.

With regard to steel-based TRM, the parameters investigated were mortar type (mortars M1 and M2),
bond length (50 mm and 150 mm), and the number of steel cords (single, two, and four). The steel mesh

was unidirectional, and there were no weft elements. The overview of the experimental plan is presented

in Table 3-7.
Table 3-7. Summary of the cyclic pullout tests.
Bond Slip rate
Test Objective Mortar Fiber Fiber configuration length P )
[mm/min]
[mm]
Single yarn
Single yarn + transverse 50
M1 Glass Group (2 yarns) _
. 1.0 mm/min
Effect of Single yarn ) _
. 75 until 9 mm slip
cyclic Group (2 yarns) and
. loading on _ 50 _
Cyclic tests the textile-to- Single cord 150 3.0 mm/min
M1 from 9 mm to
mortar bond Group (2 cords)
. 150 the end of the
behavior Steel Group (4 cords) test
. 50
M2 Single cord 150
Group (2 cords) 150

The specimens were demolded after three days of casting, were cured in a damp environment for seven
days, and then stored in laboratory environmental conditions (20°C, 60% RH) for 50 days. The final age
of the specimens at testing was 60 days. Pull-push Il test setup and configuration were performed on the

cyclic specimen (more information is presented in section 3.4.1).

3.5. TRM tensile behavior

Direct tensile tests were conducted on prismatic specimens with a length, width, and thickness of
550 mm, 60 or 70 mm, and 10 mm, respectively, as shown in Fig. 3-13a. The samples consisted of a
100 mm free fiber length at each side and a 350 mm central region where the fabrics were embedded
in the mortar (Fig. 3-13a). The tensile specimens were prepared as follows: applying the first layer of
mortar inside the wood molds (5 mm thickness), placing the fabric mesh, and finally applying the second
layer of mortar with 5 mm thickness. The number of fibers (parallel to tensile load) in each TRM system

was eight and three (with the area ratio of 0.0072 and 0.0044), respectively, for the steel and the glass-
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based TRM specimens (that was due to specific geometrical properties of each mesh). Glass fabric was
used with mortar M1, whereas steel fibers were used with mortar M2. The information related to curing

conditions and ages of tensile specimens is presented in section 3.8 and section 3.9.1.

Steel fiber
100 mm
’ Clamp

|
5 i [ Base length:
o [ 310 mm
350mm B . LVDT )l ¢
6Q.or 70 1 oLy :

g . i Cl
: > Steel plate s a mp
v B : 4 | )
o] | ] . >

(a) (b)

Fig. 3-13. Tensile specimens: (a) configurations; (b) test setups.

One week before the test date, the free part of fibers was embedded in resin to avoid rupture of the fabric
in the clamping area. In addition, two steel plates (100x75x10 mm:) were glued to the free part of fibers
to apply a uniform load to the fiber mesh. A mechanical clamp was used to grip the samples for
performing the tests, see Fig. 3-13b. Two LVDTs with a 20 mm range and 2-um sensitivity were placed
at both sides of the tensile specimen and recorded the displacement. A servo-hydraulic jack with a
maximum capacity of 25 kN applied the direct tensile load to the specimens under a displacement control
rate of 0.3 mm/min. The introduced stress was calculated by dividing the load by the cross-section area
of the dry textile (steel and glass mesh areas were equal to 4.3 mm? and 2.65 mmz, respectively). The
strain was measured by dividing the mean value of the displacements recorded from the two LVDTs by
their base length (310 mm). In particular, the RILEM TC-250 recommendations were followed whenever

possible.

3.6. TRM-to-substrate bond

Single-lap tests were performed to investigate the TRM-to-masonry bond behavior. For the preparation of
the specimens, the bricks surfaces were initially sandblasted to increase the surface roughness, as
suggested in [119]. Then, bricks (with dimensions of 200x100x50 mm?) were cleaned with an air
compressor to remove the dust. After that, the bricks were immersed in water for one hour to ensure a

semi-saturated condition. After removing the bricks from the water and wiping the excess superficial water,
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the mortar was applied in two layers of 5 mm thickness each. The bond area between the mortar and
the substrate was 150 mmx 70 mm for the steel-based TRM and 100 mmx 70 m for the glass-based
TRM (see Fig. 3-14a). After applying the first layer of the mortar, fiber mesh (including eight longitudinal
cords for steel and three warp yarns for glass fibers) was placed on the mortar, followed by application of
the second mortar layer. The embedded lengths of steel and glass-based TRM were 150 mm and
100 mm, while the free length of both fiber meshes was 250 mm (Fig. 3-14a). Two aluminum plates
were attached to the extremity of the fibers 48 hours before testing to facilitate the gripping of the
specimens during the tests and to ensure a uniform load transfer. The information related to curing

conditions and the age of single-lap shear specimens is presented in sections 3.8 and 3.9.

Steel plate 1

Support

(a) (b)

Fig. 3-14. Single-lap shear test specimens: (a) specimen’s configurations; (b) test setup.

A closed-loop servo-controlled testing machine with the maximum load capacity of 50 kN at a
displacement rate of 0.3 mm/min was used for performing the single-lap shear tests. It is noteworthy
that the velocities for each test were selected based on the literature and were in the quasi-static range
[180-183]. A stiff supporting frame and two clamps were used to support the specimens, as shown in
Fig. 3-14b. Attention was given to dry fiber and TRM composite alignment with the applied force. The slip
of the fiber-to-mortar was measured by means of two LVDTs with a 20 mm range and 2-um sensitivity
placed at the loaded end (Fig. 3-14b). A preload equal to 200 N was applied to specimens before testing
to facilitate attachment of the LVDTs [31].

3.7. Masonry panels

Solid clay brick and mortar M3 were used to build the masonry wallets. Similar to single-lap shear

specimens, bricks were immersed in water for one hour before being used. Thirty days after constructing
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and curing wallets in lab environmental conditions (20°C, 67% RH), a layer of glass-based TRM composite
was applied (with 10 mm thickness mortar M1), and wallets were stored in the lab for 90 days. Hence,
wallets were tested after 120 days. During the first week, the wallets strengthened with TRM composites
were cured under wet clothes and plastic. The information related to curing conditions and ages of

specimens is presented in section 3.9.2.

3.7.1. Inplane behavior

According to ASTM E519 [184], diagonal compression tests were performed on masonry wallets with
dimensions of 540x540x100 mms, as shown in Fig. 3-15a. A servo-hydraulic system with a maximum
capacity of 300 kN was used for performing these tests at a displacement rate of 0.3 mm/min. The load
was applied through steel shoes (115x115x15 mm:) placed at diagonally opposing bottom and top
corners of the wallets [134]. As shown in Fig. 3-15b, two LVDTs with 20 mm range and 2-um sensitivity

measure the vertical and horizontal deformation of the wallets during the tests.

Jack
(300 kN)

.
LVDT
Steel shoe

(b)

Fig. 3-15. Diagonal compression tests: (a) geometric details; (b) test setups.

3.7.2. Out-ofplane behavior

Flexural tests were performed promoting preferential damage and failure either parallel or normal
(perpendicular) to bed joints and according to EN 1052-2 [185]. Dimensions of the out-of-plane wallets
failure parallel and normal to bed joint were 540x420x100 mm: and 520x330x100 mms, respectively,

as shown in Fig. 3-16a and Fig. 3-16b. The fabric mesh was placed so that the warp yarns were parallel
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to the longitudinal axis of specimens. In total, there were 17 and 12 warp yarns in the out-of-plane wallets
parallel and normal, respectively. Meanwhile, 21 weft yarns were in both types of flexural wallets.

Specimens were tested in a vertical configuration (to omit the effect of self-weight on the results) under
four-point bending so that the strengthened face was subjected to tension. The distance between the
outer and inner bearings was 420 mm and 170 mm, respectively. Four LVDTs were used with a 20 mm
range and 2-um sensitivity to measure the sample deformation at the middle and the location of inner
bearings, as shown in Fig. 3-16a and Fig. 3-16b. The tests were performed at a displacement rate of

0.3 mm/min and with a servo-hydraulic jack with a maximum load capacity of 50 kN.

540 mm
420

<

<
<

Inner bearing

LVDT

i

520 mm
420

(b)

Fig. 3-16. Geometric details and test setups used for out-of-plane tests: (a) bending tests parallel to bed joint; (b)
bending tests, normal to bed joints.

43



Multi-scale investigation of the durability performance of TRM-strengthened masonry

3.7.3. The role of surface preparation

The brick surface preparation effect on the structural performance of TRM-strengthened masonry was
investigated. For this reason, two groups of samples were prepared: in one group, original bricks were
used, while in the second group, sandblasted bricks were used (lengthwise direction) to build the wallets.
For this purpose, six wallets were constructed and strengthened with a layer of glass-based TRM
composites (with mortar M1) at both sides to examine their compressive diagonal behavior. Three out of
the six strengthened panels were made with the original bricks, and the other three with the sandblasted
bricks.

Out-of-plane tests were performed to promote damage and failure parallel to the bed joints or normal
(perpendicular) to the bed joints. Six specimens were prepared for each direction and strengthened with
a layer of glass-based TRM composites at one side of the wallets (opposite side of the loading). Three

wallets were constructed with the original bricks and three wallets with the sandblasted bricks.

3.8. Curing conditions

The experimental campaign involved the martial characterization tests, pull-out tests, and single-lap shear
tests by performing the steel- and glass-based TRM composite and the mortars M1 and M2. Three
different curing conditions were considered for the mortars: (1) curing of specimens in the laboratory
(20°C, 60% RH) under a plastic sheet for a day (named as PL-1); (2) curing of the specimens in the
laboratory (20°C, 60% RH) covered with damp cloths and stored under a plastic sheet for seven days
(PL-7); (3) curing of the specimens inside a chamber room (20°C, 90% RH) for seven days (RH-7). After
that, all the specimens were stored in the laboratory until the testing day. For the preparation of the single-
lap shear specimens, the bricks were conditioned to three different initial moisture contents (named as
D, SS, and SA, respectively) before application of the TRM system: (1) dried (in the oven for two days at
the temperature of 90°C); (b) semi-saturated (60% moisture content); (c) saturated (immersed in water
for two days). Combined with the curing methods, these conditions lead to nine different conditions for
the singledap shear specimens. Fig. 3-17 and Table 3-8 present the general overview of the curing

condition effect tests.
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Fig. 3-17. General overview of the curing condition effect tests.

Table 3-8. Overview of the curing condition tests.

Mortar Brick Age
Test type Objective curing moisture [ d§ ]
condition condition y
Compressive
FIexuraI Effect of different curing
Elastic o 60
conditions on the mortar strength
modulus
Mortar Spl;'?;”g PL-1, PL7, _ e
Shrinkage _ _ 3to
. Effect of different curing
strain o _ 250
) conditions on the mortar physical
Capillary and chemical properties
coefficient prop 60
Desorption
Compressive
Flexural Effect of different brick moisture ) D SS. SA
Elastic contents on the brick strength e
Brick moqulus -
Capillary
coefficient Effect brick surface on its physical ) )
Desorption properties test
test
Fiber-to- Effect of different curing PL-1
mortar bond Pull-out conditions of the mortar on the PL-7 - 60
fiber-to-mortar bond RH-7
PL-1
PL-7 D
RH-7
Effect of different curing
TRM-to- . " PL-1
Single-lap conditions of the mortar and the
substrate , PL-7 SS 60
shear brick on the TRM-to-masonry
bond bond RH-7
PL-1
PL-7 SA
RH-7

PL-1: curing of specimens in the laboratory (20°C, 60% RH) under a plastic sheet for a day; PL-7: curing of the specimens in the laboratory (20°C, 60%
RH) covered with damp cloths and stored under a plastic sheet for seven days; RH-7: curing of the specimens inside a chamber room (20°C, 90% RH) for
seven days; D: dry brick; SS: semi-saturated brick; SA: saturated brick.
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3.8. 1. Material characterization

The mechanical properties (compressive, flexural, splitting strength, and elastic modulus) of the mortars
M1 and M2 were determined under different curing conditions, as described in section 3.8 (PL-1, PL-7,
and RH-7). All the specimens were tested at the age of 60 days, so five specimens were tested for each
curing condition and each type of test. Water absorption and desorption of mortars M1 and M2 were also
determined. The water absorption and desorption of mortars were characterized only in one direction
(perpendicular to the surface into which the mortar was poured), and three specimens were used for
each curing condition, as isotropic behavior is expected. The effect of curing conditions on the shrinkage
strain of mortars M1 and M2 also was determined. Three specimen types were considered for shrinkage
measurements. Type | and Il specimens were cured under PL-1 (one day under a plastic sheet) and PL-
7 (seven days covered by damp cloths and under a plastic sheet) conditions. Meanwhile, either type llI
specimens were prepared with a layer of AR-glass fabric (with mortar M1) or steel mesh (with mortar M2)
placed in the middle and cured under the PL-7 conditions to understand the role of reinforcement on the
shrinkage results. The specimens were demolded after two days when the measurement of the shrinkage
strains was initiated.

The mechanical properties (compressive, flexural strengths, and elastic modulus) of the bricks were
measured under different moisture content of the brick, as mentioned in section 3.8 (dry, semi-saturated,
and saturated). The compressive and flexural strengths were characterized perpendicular to the flatwise
direction of the brick, and the elastic modulus was measured only along the lengthwise direction. Five
specimens were used for each brick moisture condition and type of test. Also, the water absorption due
to capillary, water desorption, and initial rate absorption (IRA) of the brick were characterized in all three
directions (flatwise, lengthwise, and widthwise) by using three specimens for each direction.
Simultaneously with the water absorption capillary test, the moisture content of the brick was also

determined.

3.8.2. Fiber-to-mortar bond

The single-sided pull-out test (pull-push Il type) was used to investigate the effect of different mortar curing
conditions on the fiber-to-mortar bond behavior. Pull-out tests were carried out on single cords/yarns
embedded in mortar. The single steel cord and glass yarns were embedded in the mortars M2 and M1,
respectively, with 150 mm and 50 mm bond lengths. Five specimens were prepared and tested for each

curing condition. The specimens were demolded after 24 hours of preparation and then were cured in
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three different conditions as described at the beginning of this section. The tests were performed at the

age of 60 days. For details on the pull-out test procedure, see section 3.4.1.

3.8.3. TRM-to-substrate bond

Single-lap shear tests were performed on the steel-based TRM composite and substrate to investigate the
TRM-to-masonry bond behavior. The embedded and free length of the fiber mesh was 150 mm and
250 mm, respectively (see Fig. 3-14). The specimens were cured as described at the beginning of this

section. More details related to the single-lap shear test procedure are provided in section 3.6.

3.9. Environmental aging
3.9.1. Natural aging

Table 3-9 presents an overview of the experimental tests under natural aging. The experimental campaign
investigated the changes in materials properties (compressive and flexural strength), textile-to-mortar
bond behavior, and the tensile response of TRM composites with time under indoor and outdoor
environmental conditions. To address this aim, a set of samples were placed in laboratory conditions
(20°C, 60% relative humidity) for 920 days to replicate indoor conditions. A second set was placed outside
under direct exposure to rain and sunlight at the University premises to simulate outdoor conditions. The
outdoor specimens were initially cured inside the laboratory for 90 days, then placed outside in January
2017 and for 830 days. Fig. 3-18 shows the changes in mean air temperature and relative humidity in

the location of samples during outdoor exposure.

30 100
Temperature

- - - Humidity

=G0

I 80

Temperature [°C]
Humidity [%]

0 300 600 900
Exposing time [days]

Fig. 3-18. Temperature and air humidity variation outside the University premises during outdoor exposure.
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Table 3-9. Overview of the experimental tests under natural aging.

Test type Objective Mortar Fiber | Bond length [mm] | Age [days]
15
30
Effect of the mortar age on its strength M1-M2 - - 60
Mortar 90
strength 180
920
Effect of the real environmental ML-M2 ) ) 180
condition on the mortar strength 920
15
30
Effect of the mortar age on the textile- Glass- 90
to-mortar bond MLIM2 1 gteel 50- 150 180
270
Pull-out 920
Effect of the real environmental Glass 180
condition on the textile-to-mortar bond | " M2 | Steel 50-150 270
920
90
Effect of mortar type M1-M2 | Steel 150 920
90
Effect of the mortar age on the tensile Glass- 180
behavior of TRM composites M1-M2 Steel 350 270
Tensile 920
Effect of the real environmental Glass. 180
condition on the tensile behavior of M1- M2 350 270
. Steel
TRM composites 920

3.9.1.1. Material characterization tests

The compressive and flexural strength of the mortars M1 and M2 was experimentally obtained at different
ages (3, 7, 14, 30, 60, 90, 180, and 920 days). Five cubes (for the compressive test) and five prismatic
(for flexural test) specimens were prepared for each test at each age. Also, fifteen specimens were
prepared to study the effect of real environmental exposure on the mechanical properties of the mortars.
These specimens were cured in the lab environment for 90 days, then stored outside, and tested at the
ages of 180 and 920 days (hence exposed to the real environmental conditions for 90 and 830 days,
respectively). After 24 hours of preparation, the specimens were demolded and placed in the lab

environment (20°C, 60% RH) until testing or exposure to the real environment.

3.9.1.2. Pull-out test
This experimental campaign used TRM composites reinforced with either steel cord or glass yarn (warp

direction). The steel fiber was embedded in the mortar M2 with a bond length of 150 mm, while the glass
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yarn was embedded in the mortar M1 with a bond length of 50 mm. Specimens were demolded 24 hours
after preparation and placed in a lab environment (20°C, 60% RH) until testing or exposure to the real
environment. For details on the pull-out test procedure (pull-push Il type), see section 3.4.1.

Pull-out tests were performed at 15, 30, 90, 180, 270, and 920 days of mortar age to study its effect on
the fiber-to-mortar bond behavior. Four specimens were prepared and tested for each testing age,
resulting in 24 specimens for each steel-based and glass-based TRMs. Further, the effect of mortar type
on the long-term bond behavior of textile-to-mortar was also examined by comparing the pull-out response
of the steel fibers embedded in mortars M1 and M2 at 90 and 920 days of aging.

Twelve samples from each TRM type were also prepared and placed outside the laboratory at the age of
90 days to be exposed to natural environmental conditions. These specimens were tested at 180, 270,
and 920 days. Therefore, specimens were exposed to natural environmental conditions for 90, 180, and

830 days.

3.9.1.3. Tensile test

Direct tensile tests were conducted on prismatic specimens with length, width, and thickness of 550 mm,
60 mm, and 10 mm, respectively. Tensile specimens were made using either steel fiber mesh and mortar
M2 or glass fabric mesh and mortar M1. After preparing tensile specimens, samples were covered with
plastic for one day, then demolded and cured in the laboratory conditions (20°C, 60% RH) until the test
days. Detailed information about specimen preparation and performing tensile tests is provided in section
3.5.

The tensile tests were performed at the mortar ages of 90, 180, 270, and 920 days. Five specimens
were tested at each age resulting in 20 specimens for each steel and glass-based TRM type. In addition,
15 specimens from each TRM type were stored in natural environmental conditions and tested at the age

of 180, 270, and 920 days (corresponding to outside storage days of 90, 180, and 830, respectively).

3.9.2. Freeze-Thaw exposure

The Freeze-Thaw experimental campaign examined changes in materials properties, the tensile response,
fiber-to-mortar bond behavior, TRM-to-mortar bond behavior, and masonry structural behavior (with and
without TRM strengthening system). For this purpose, glass fabric with the mortar M1 was used as the
TRM composite for preparing specimens. In addition, the masonry wallets were built with clay brick and
the mortar M3. Once the TRM composite was cured for 90 days and the panels with a cure time of 120

days, a part of them was exposed to FT cycles on an automated basis.
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A Fitoclima 6400 EC25 climatic chamber was used to expose the samples to freeze-thaw (FT) conditions.
The FT cycles consisted of thawing the samples at 30°C and 90% RH for two hours; then, the temperature
decreased at a rate of 0.111°C/min till reaching -10°C. After this point, samples were frozen for two
hours, followed by a temperature increase at a rate of 0.111°C/min till reaching the 30°C. Fig. 3-19a
shows the imposed FT cycles under the planned and the real conditions. This cycle of sixteen hours was
repeated 360 times.

The selected FT environmental condition aims to create an environment in the laboratory to represent
real environmental conditions but in an accelerated way. A similar FT condition was also performed in
another study [28] to investigate the performance of FRP strengthening systems. A number of controlled
samples were also prepared and placed in the laboratory in parallel to the FT tests. The environmental

condition of the storage laboratory during this period is presented in Fig. 3-19b (average temperature and

humidity was 18°C and 75% RH).
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Fig. 3-19. (a) Freeze-thaw exposure condition; (b) environmental lab condition.

As shown in Fig. 3-20, at every 60 cycles (equal to 40 days) and when the inside temperature of the
chamber was 20°C, five specimens were taken from the chamber and stored seven days in the lab to
conduct post-exposure tests. It should be noticed that four specimens of masonry panels were taken from
the chamber after 360 cycles. Table 3-10 shows the experimental program details such as conducted
post-exposure tests, number of FT cycles, and the total number of samples (included control and exposure

specimens). The detailed information regarding specimens preparation and conducting the post-exposure

tests are provided in section 3.2 to section 3.7.

50



Curing of mortar M3 (120 days)

Chapter 3: Experimental plans and test methods

=
:’ Performing tests on exposed specimens

Performing tests on control specimens

r¢ < ™ _ _ _ _ _

+ » = = = = =
I I Curing of mortar M1 (90 days) 1 = = é = = =
s = 1 T T T T T T
= =
5 g 1 | 1 1
g s LG & & @& @ &
z z 1 1 e | 1 71 == 1 s
= x I T Ll Cycles
Z ¢ | 60 | 120 180 240 300 360 ycles
-g g | 1 I [} 11 11 [ [}
i E 1 1 L1 Ll L1l L1 L1 ; E\PUS[I[C
g £ 0 401 80 1 120 160 200 240 [days]
3 S ) . ’ ’ A
| | : —N7:4— —N7:4— —uv:q— —>l7:4— —H7:4— —H'7:4—

1 1 L L 1 1 .
P Age

0 30 120 167 207 247 287 327 367 [days]

@ End of exposure

Fig. 3-20. Schematic representation of the test program under the freeze-thaw condition.

Table 3-10. Experimental program under Freeze-Thaw condition.

Freeze-Thaw (FT) cycles Total
Test Material 0| 60| 120 | 180 | 240 | 300 | 360 | Mumber of
specimens
M1 e | o ) [ X) ) ) (Y] 45
C ] M3 ) - - (X ) (Y] 25
ompressive Brick o | . - oo 15
Masonry prism | ® | - - o 15
M1 o | - - 'Y o0 25
Flexural M3 ® | - - i 15
Brick ® | - - oo 15
M1 ) - - (X ) (Y] 25
Elastic modulus M3 ® | - - o 15
Brick ® | - - L 15
- M1 ) - - LX) o0 25
Splitting M3 o | . - oo 15
Tensile Glass fiber ® | - - o 15
TRM composite | ® | @ L o0 o o o 45
Pullout Textile-to-mortar ol o . .o o o oo 15
bond
Single-lap shear | TRM-to-substrate | ® | ® ° (X ° ° o0 45
Diagonal URM panel ® | - - L 12
g . Strengthened
compressive ° | - - oo 12
panel
Bending test URM panel ® | - - o0 12
(failure p.a.raIIeI to Strengthened o | . ) oo 12
bed joint) panel
Bending test URM panel ® | - - o0 12
(failure nprmal to Strengthened o | . ] oo 12
bed joint) panel

eTest exposed specimens; @ ®Tested both control and exposed specimens.

In addition to the experiments listed above, the effect of FT conditions on the fiber-to-mortar bond behavior

was investigated. To address this aim, a set of pull-out specimens (with different bond length and fiber
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configurations) were prepared and, after 90 days of curing in the laboratory, the specimens were exposed

to 360 FT cycles or stored in the environmental lab condition as the control specimens. After that, a series

of pull-out tests on the steel- and glass-based TRM composites (made with mortar M1) were conducted

as the post-exposure tests (see Table 3-11 for detailed experimental plan).

Table 3-11. Pull-out experimental program under Freeze-Thaw condition.

. Fiber Bond length Freeze-thaw cycles Total number of
Test | Mortar | Fiber configuration [mm] 0]160] 1801300 | 360 specimens
— 50 o | o ° ° [ X ) 30
J‘g:o Glass Single yarn 75 e | o o o | oo 30
= Q2 100 o | o ° ° o0 30
=z 3 50 o o | o | o | oo 30
a g 150 o | o ° ° o0 30
2 .
qE) Steel Single cord 200 ol o o o oo 30
- 250 e | o ° ° o0 30
M1 Single yarn ol o | o o | oo 30
é Glass + trémsverse 50
= 5 roup o @ ° ° o0 30
R (2 yarns)
= c
& § 2Grou§ o | o ° ° o0 30
g Steel (Gcor S) 150
— roup e | o ° ° o0 30
(4 cords)

eTest exposed specimens; @@ Tested both control and exposed specimens.
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Chapter 4: Material results

This chapter presents and discusses experimental results of physical and mechanical properties of the
lime-based mortar, brick, and fibers used in this Thesis. For this purpose, several micro and meso-scale
tests were performed, as described in chapter 3. The main highlights from this chapter can be listed as
follows:

e The effect of different curing conditions on mortar's physical and mechanical properties is

investigated.

e The effect of brick moisture content on the mechanical properties of the brick is examined.

e Lime-based mortars are characterized under natural environmental conditions and aging.

e Brick, fibers, and lime-based mortars are exposed to freeze-thaw conditions to investigate their

possible deterioration.

53



Multi-scale investigation of the durability performance of TRM-strengthened masonry

4.1. Microstructural analysis

4.1.1. Xvay diffraction result

The X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Discover diffractometer. The XRD
pattern of the mortar M1 is presented in Fig. 4-1. The samples were extracted at the fiber-to-mortar
interface (pull-out specimens prepared for freeze-thaw tests) at 90 days of age to avoid differences in the
carbonation depth. The crystalline phase includes SiO. (33.5%), MgCaCO: (26.1%), MgSiO: (17.1%),
Al:Si-0; (OH): (11.7%), and CaCOs (11.5%). Hence calcite (CaCO:) and silicon dioxide (SiO.) are the main

components of the mortar, causing the mortar strength to improve.

70003 I Quartz, syn - Si 02 - Hexagonal - PDF 01-077-8621
| Calcite, magnesium, syn - ( Mg0.06 Ca0.94 ) { C O3 } - Rhombo.H.axes - PDF 01-089-1305
1 Enstatite, ordered - Mg Si O3 - Orthorhombic - PDF 00-022-0714
piezotite, syn | Aluminum Silicate Hydroxide - Al3 Si2 O7 (O H )3 - Triclinic - PDF 01-078-0436

Vaterite, syn - Ca ( C 03 ) - Orthorhombic - PDF 01-080-4618
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Fig. 4-1. XRD profiles of mortar M1.

4.2. Physical properties of materials

4.2.1. Thermal expansion result

The coefficient of thermal expansion (CTE) of brick and mortar was evaluated based on [27]. The CTE of
the mortar M1 and the brick are 20.2x10-6/°C (Coefficient of Variation: CoV= 13%) and 16.5x10-6/°C
(CoV=11%), respectively. Both the brick and the mortar M1 have almost the same CTE. This result shows
that the two materials are compatible, and the mortar-to-brick interface has a very low probability of

cracking due to temperature changes.
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4.2.2. Thermal conductivity

Since only mortar M1 was used as the matrix of TRM composites in the freeze-thaw conditions test, the
thermal conductivity of this material only was determined, according to ISO 8301 [178]. The average
thermal conductivity of mortar M1 is 0.154 W/mK (coefficient of variation, CoV= 6%), which is in the low-

medium thermal conductivity range, according to [186].
4.2.3. Water absorption capiflary

Testing mortars and bricks for water absorption due to capillary action was performed according to BS EN
1015-18 [172]. The water absorption is calculated as follows:
(Wt _Wd)

A

C= Eq. 4-1

Where W: is the weight of the specimen at time t, W. is the dry weight of the specimen, and A is the are
of the specimen. Fig. 4-2 presents the average curves of the mortars and brick water absorption capillary
obtained from five specimens for each test. Mortars M1 and M2 show higher water absorption rates in
contrast to mortar M3. In addition, brick surfaces show different water capillary behavior due to the
nonhomogeneous of this material. Table 4-1 presents the water absorption rate due to capillary actions
for all mortars and brick. This coefficient was computed by the slope of the straight line between 10 and
90 minutes, based on [172]. The capillary coefficient of the mortar M1 mortar decreases as the mortar
age increases. This observation can be due to the carbonation process occurring over time and/or
delayed hydration of C.S as the leading hydraulic phase of hydraulic lime-based mortar [187]. Hence, by
closing the pores, water absorption is reduced. On the other hand, the capillary coefficient of the mortar
M2 at all ages is almost the same. The capillary coefficient of the brick at all three surfaces is different

due to the anisotropic properties of this material.
4.2.1. Water absorption- immersion

Testing mortars and bricks for water absorption was performed according to the ASTM C67 [174]
(gravimetric sorption test method). For each test, five specimens were used. The difference between initial
and postimmersion weight represents the amount of moisture absorbed (see Eq. 4-2).

(w-w

d

=—) 100 -
W X Eq. 4-2

d

absorption

Where Wi iS the moisture uptake content at time t. The average moisture uptake of mortars and brick

is presented in Table 4-2 and Fig. 4-3. Mortar M1 absolves more water than the other mortars.
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Water absorption capillary [Kg/m®|

Water absorption capillary [Kg/m®|

Fig. 4-2. Water absorption due to capillary action: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) brick.
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Table 4-1. Water absorption capillary rate (kg/ (memin®s)) of materials.

Material | 30 days | 60 days | 90 days | flatwise | lengthwise | widthwise
Mortar M1 | 0.153 0.040 0.056 - - -
Mortar M2 | 0.504 | 0.490 0.554 - - -
Mortar M3 | 0.057 - - - - -
Brick - - - 0.32 0.59 0.61
Table 4-2. Moisture uptake content of the materials.
) Mortar M1 Mortar M2 Mortar M3 | Brick
30 days | 90 days | 30 days | 60 days | 90 days | 30 days -
Woabsomion [%] 17.6 17.9 15.5 15.5 16.1 9.2 11.3
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Fig. 4-3. Water absorption due to immersion: (a) mortar M1; (b) mortar M2; (c) mortar M3; (d) brick.

4.2.2. Dry bulk density

The dry bulk density of the mortars and the brick was determined according to BS EN 1015-10 [175].
For this purpose, dry bulk density is calculated by the ratio of dried mortar weight (W.) to the volume of
the specimen (V:), which is defined in Eq. 4-3:

W, —W
== Eq. 43

Where W... is the mass of saturated mortar or brick, Wi is the apparent mass of saturated specimen
immersed in water, and p. is the density of water. Table 4-3 lists the dry bulk density of the mortars and

the brick.

Table 4-3. Dry bulk density of materials.
Material Mortar M1 | Mortar M2 | Mortar M3 | Brick
Bulk density [kg/m?] 1489 1587 1867 1984

57



Multi-scale investigation of the durability performance of TRM-strengthened masonry

4.2.3. Open porosity

Open porosity only was measured for the mortar M1 and the brick. According to BS EN 1936 [176], the
open porosity (p.) of a specimen is determined by the ratio (in percentage terms) of the volume of open

pores to the apparent specimen volume, expressed by Eq. 4-4:

_ (Wsat. - Wd) % 100

P, =
(Wsat. - VVI)

The open porosity of the mortar M1 and the brick is equal to 40% and 26%, respectively. These results

Eq. 4-4

are in line with the dry bulk density observations.

4.3. Effect of curing conditions

4.3 1. Mortar

The aim is to investigate the effect of different curing conditions on the mortar strength. Therefore, three
different curing conditions were considered for the mortars M1 and M2 named PL-1, PL-7, and RH-7 (see
section 3.8 provides more details).

Fig. 4-4 shows DTA results of the mortar M2 at 1, 7, and 60 days. The curves present three different
peak points: water evaporation (at 507 100°C), dehydroxylation (losing chemically bound water of
Ca(OH). at 3607440°C), and decarboxylation (losing chemically bound CO. of CaCO: at 600~ 850°C)
[188,189]. The DTA results illustrate that the specimens cured under PL-7 condition show the highest
water evaporation at 1 and 7 days. This indicates that the internal moisture of the samples is maintained
under the PL-7 conditions. Specimens cured under PL-7 and RH-7 conditions show a higher
dehydroxylation level at seven days than those cured under PL-1 conditions. During the first seven days,
more moisture was available in PL-7 and RH-7 conditions, leading to the advancement of the hydration
reactions and forming more Ca(OH). in those samples [190]. The level of dihydroxylation, however,
becomes similar in all curing conditions at 60 days, indicating the hydration reactions have ceased.
Decarboxylation level is higher in the specimens cured under PL-7 and RH-7 conditions than those cured
under PL-1 conditions at all tested ages. This shows the presence of a higher CaCO: and carbonation
degree in those samples. The increase of the decarboxylation peak (and so CaCQO:) at 60 days (Fig. 4-4c)
is consistent with the reduction of the dehydroxylation peak and Ca (OH). showing achievement of a higher

level of carbonation in those samples.
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Fig. 4-4. Differential thermal analysis (DTA) results of mortar M2 at: (a) 1 day; (b) 7 days; (c) 60 days.

The mean strength (compressive, flexural, and splitting) of the mortars M1 and M2 at different curing
conditions are presented in Table 4-4. The results indicate that the higher the humidity, the higher the
mortar strength, which can be the result of higher hydration and carbonation after 60 days. This
observation shows the importance of moisture conservation in the early curing ages. The positive impact
of moisture on mortars, however, has been different, as mortar M1 is more affected by humidity (PL-7
and RH-7 conditions) than mortar M2. As an example, the compressive strength of mortar M1 has been
increased by 31% and 47% under PL-7 and RH-7 conditions, respectively, compared to PL-1 conditions.
However, these values for mortar M2 are only 8% and 9%, respectively. Similar results are also found for
other mechanical strengths. It may be because the mortar M1 contains pozzolan. High humidity causes
the pozzolan to react with moisture and the hydration process to increase [34], resulting in a higher
strength for mortar M1.

The effect of preservation of humidity for seven days (in PL-7 and RH-7 conditions) on the pore structure
(porosity, connectivity, and tortuosity) can be indirectly seen in the water absorption results (Table 4-4).
The capillary coefficient of the mortar M2 stored under PL-1 conditions is higher than that of the

specimens stored under higher humidity conditions (PL-7 and RH-7), showing that the microstructure of
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these mortars has a more porous and connected microstructure [187]. At the same time, the average
weight of specimens cured under PL-1, PL-7, and RH-7 conditions was 208 g (CoV=0.5%), 202 g
(CoV=0.7 %), and 220 g (CoV=1.4 %). Nevertheless, the coefficient of desorption does not change.

Table 4-4. Mortar mechanical properties under three different curing conditions (at 60 days)*.

Test Mortar Curing conditions
PL-1 PL-7 RH-7
. M1 6.70 (14) | 8.79(12) | 9.82 (2)
Compressive strength [MPa] M2 6.89 (6) | 7.47 (5) | 7.51 (14)
M1 4.07 (5) | 5.20(12) | 5.22 (5)
Flexural strength [MPal M2 | 1.68(6) | 1.78(10) | 2.08 (5)
. M1 | 6265 (11) | 7177 (9) | 8038 (5)
Elastic modulus [MPa] M2 8759 (8) | 9216 (6) | 9748 (6)
-~ . M1 0.93(9) | 1.16(8) | 1.33(7)
Splitting tensile strength [MPa] M2 0.39 (18) | 0.71 (23) | 1.12 (9)
. . M1 0.14 (15) | 0.28 (7) -
Shrinkage strain M2 0.13(3) | 0.19 (4) -
Capillary coefficient [kg/(m?xmin®*)] M2 0.45(10) | 0.37(11) | 0.38(8)
Desorption [%] M2 -106(1) | -11.0(2) | 9.5(2)

*CoV of the results is given in percentage inside parentheses. PL-1: curing under plastic for one day; PL-7: curing under plastic and covered with damp
cloths for seven days; RH-7: curing inside a chamber room with 90% RH.

Fig. 4-5 and Table 4-4 show the average shrinkage strain changes based on the mortar M1 and M2 age.
As expected, shrinkage strain changes of mortar M1 are stopped in all types when the weight reduction
process stops (10 and 40 days for the specimens cured under PL-1 and PL-7 conditions, respectively),
as shown in Fig. 4-ba. Shrinkage strain changes of mortar M2 are stopped after 10 and 20 days for PL-
1 and PL-7 curing conditions (Fig. 4-bb). The effect of curing conditions on the shrinkage strain of mortars
is significant. The mortar M1 cured under PL-7 conditions shrinks twice as much as the specimens cured
under PL-1 conditions. This value for mortar M2 is 38%. A higher humidity at an early age may explain
this difference between the results of PL-7 and PL-1 conditions. An explanation could be due to chemical
reactions (e.g., hydration and carbonation of lime) [191,192]. Furthermore, since the mortar M1 consists
of pozzolan, higher humidity causes the pozzolanic reactions to accelerate and consume more moisture
within the mortar, resulting in higher shrinkage [193]. Further investigation is necessary to determine
how hydration, carbonation, and pozzolanic reactions contribute to shrinkage.

The effect of fabric on the mortar shrinkage strain is notable. The mortar M1 specimens reinforced with
the glass fabric (PL-7_reinforced) show 12% less shrinkage compared to the unreinforced specimens
cured under similar conditions (PL-7). This value for the mortar M2 and steel fiber is 38%. These

observations are in line with [194].
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Fig. 4-5. Shrinkage strain and weight changes vs. mortar age: (a) mortar M1; (b) Mortar M2.
4.3.2. Bricks

Mechanical and physical properties of the brick were investigated in three different moisture content: dry,
semi-saturated, and saturated bricks. Table 4-5 shows the average of the mechanical properties of the
clay brick obtained from five specimens. The compressive and flexural strength were characterized
perpendicular to the flatwise surface of the brick, and the elastic modulus was measured only along the
lengthwise direction. The effect of moisture content on the mechanical properties of the brick is significant-
the more water content, the lower the brick strength. For instance, the compressive strength of the semi-
saturated and saturated brick decreases by 7% and 27%, respectively, in contrast to the dry brick. This
reduction rate for the flexural strength is equal to 7% and 11%, respectively, and for the elastic modulus
is 3%. Table 4-5 lists the average of the mechanical properties of the clay brick for flatwise, lengthwise,
and widthwise surfaces. The brick compressive strength is different in each direction owing to its
anisotropic properties. Meanwhile, the flexural strength of the clay brick is almost equal in flatwise and
lengthwise directions.

Table 4-5 also reports the average of the physical properties of the brick at each surface. The IRA of the
brickis 0.47,0.79, and 1.03 Kg/ (m2xmin) for flatwise, lengthwise, and widthwise directions, respectively.
This value is in line with the range previously reported for clay bricks [195,196]. Moreover, the capillary
coefficient of the brick at each direction is different, as reported in Table 4-5; however, the moisture
desorption is approximately equal in all directions.

The moisture content ratio to the water absorption of the brick at all surfaces and at 24 hours is calculated

as follows:
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. (Wt - Wd )
Moisture content = ———+—x 100

(W24hr. - Wd )

Eq. 4-5

Table 4-5. Brick mechanical properties under three different moisture conditions™.

. Brick conditions
Effect of moisture content Dry Semi saturated | Saturated
Compressive strength [MPa] 25.2 (2) 23.5 (5) 18.4 (6)
Flexural strength [MPa] 5.5 (1) 5.1 (9) 49 (13)
Elastic modulus [MPa] 10660 (5) 10363 (4) 10328 (2)
o Brick surface
Effect of direction flatwise lengthwise widthwise
Compressive strength [MPa] 23.5(H) 22.3(10) 18.6 (10)
Flexural strength [MPa] 4.5 (14) 4.4 (4) -
IRA [kg/(m>xmin)] 0.47 (9) 0.79 (2) 1.03 (5)
Capillary coefficient [kg/(m>xmin>*)] | 0.32 (1) 0.59 (2) 0.61 (8)
Desorption [%] -10.2 (1) -10.0 (1) -10.3 (1)

*CoV of the results is given in percentage inside parentheses.

where W.a.. is the specimen mass after 24 hours. The moisture content ratio to the water absorption

reaches 33.7%, 54.8%, and 57.2% after 60 minutes for the flatwise, lengthwise, and widthwise surfaces,

respectively, see Fig. 4-6. The optimum range of moisture content for achieving the highest flexural bond

strength between the clay bricks and lime mortars was reported in [195,196] between 40% and 80%.

Accordingly, the bricks of the single-lap shear specimens (section 5.7.2) with the semi-saturated condition

are immersed in water at the flatwise surface and for 165 min, which results in moisture content of nearly

60 % of saturation (Fig. 4-6).

100

Percentage of total absorption [%]
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Fig. 4-6. The moisture content of the brick to the total absorption as a function of time in the capillary test.
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4.4, Effect of aging of lime-based mortar

In this section, the effect of mortar age on the mechanical properties of mortars M1 and M2 is investigated.
As mentioned in section 3.9.1, the specimens were stored in the environmental lab (named indoor
specimens) or outside at real environmental conditions for 920 days (named outdoor specimens). The
following paragraphs present the obtained results.

Table 4-6 and Table 4-7 summarize the variation of compressive and flexural strength of both mortar M1
and mortar M2 types aged under indoor and outdoor conditions. Although the peak compressive strength
of both mortars is similar, this value is reached at different ages showing governance of different hydration
rates in these two mortars. In addition, it can be observed that the peak strength (the maximum
compressive and flexural stress) is not reached at a specific age in these lime-based mortars, as opposed
to typical cementitious mortars. The peak compressive strength of mortar M1 under indoor conditions
occurs at 60 days (8.3 MPa), while its peak flexural strength is only reached at 180 days (6.0 MPa).
Interestingly, a slightly higher compressive strength but lower flexural strength is obtained under outdoor
conditions. In contrast, the peak compressive strength in mortar M2 (stored indoor) is observed at 30
days (9.5 MPa), and the peak flexural strength is reached at 920 days (3.1 MPa). Both flexural and
compressive strengths of this mortar are slightly lower under outdoor conditions (except for compressive
strength at 180 days). Overall, mortar M1 has a flexural strength higher than mortar M2 despite having
a lower compressive strength, which indicates a less fragile response of the mortar M1 due to the

existence of short fibers in the mortar mix.

Table 4-6. Mechanical properties of mortars aged under indoor conditions*.

Vortar Test 3 7 14 30 60 90 180 920
days | days days days days days days days

Compress('f‘c’;’ stength | 69 | 38 | 59 | 71 83 | 78 75 5.7

(MPa] (4) (5) (8) 9) (11) (4) (10) (12)

M1

./ f. days [%] 013 | 053 | 084 | 100 | 117 | 111 | 106 | o081

Flexural strength (f) | 25 | 40 | 47 5.1 5.6 6.0 5.2

[MPa] (7) 3) (7) 3) (10) (10) (11)
f, / fuo days [%] - | 053] 086 | 100 | 108 | 1.09 | 118 | 1.02
Compress(lf\cl)e stength | 59 | 65 | 88 | 95 | 88 | 89 75 7.9

(MPa] (7) (7) (7) (10) (12) (5) (9) (5)
M2 f. / f. days [%] 041 | 068 | 092 | 100 | 092 | 093 | 079 | 083
Flexural strength () | 1.4 | 15 | 1.8 | 25 | 21 23 26 31

[MPa] 3) 3) (12) 9) (7) 9) (13) (12)
f, / fuo days [%] 055 | 0.60 | 071 | 1.00 | 08 | 092 | 103 | 123

*CoV of the results is given in percentage inside parentheses.
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It can be indicated that outdoor conditions cause both mortars M1 and M2 to reach higher compressive
strength when compared to the indoor aged specimens. This observation can be due to the presence of
more moisture and more hydration of mortars. In contrast, indoor aged specimens dry faster, and the

hydration processes stop.

Table 4-7. Mechanical properties of mortars aged under outdoor conditions™.

Mortar Test 90 days | 180 days | 920 days
Compressive strength (f.) 7.8 9.7 6.6
M1 [MPa] (4) (16) (8)
Flexural strength (fx) 5.6 5.3 4.1
[MPa] (10) (7) (11)
Compressive strength (f.) 8.9 10.9 6.3
- [MPa] 6l | (12) (5)
Flexural strength (fi) 2.3 2.3 2.3
[MPa] 9) (12) 3)

*CoV of the results is given in percentage inside parentheses.

4.5, Effect of freeze-thaw conditions

In this part, the effect of freeze-thaw (FT) conditions on the material properties are discussed
experimentally. The mortars M1 and M3, brick, steel cords, and glass yarns were exposed to 360 FT
cycles (after a lab curing duration of 90 days at 18°C and 75% RH condition, see section 3.9.2), and
their strength variations were compared to the control specimens stored under environmental lab

conditions.

4.5.1. Mortar

Fig. 4-7 shows the DTA analysis of the mortars M1 and M3 (based on lime and ecopozzolan, respectively),
which were obtained for different FT cycles, as mentioned in Fig. 4-7. DTA analysis graph the mortar M1
shows three peaks (Fig. 4-7a) attributed to water evaporation (50-100°C), dehydroxylation (losing bound
water at 380-400°C), and decarboxylation (releasing CO. at 680-780°C) [38,190,197,198]. However,
the DTA result of the mortar M3 only shows one peak point at 800°C due to decarboxylation. DTA results
show that decarboxylation increases with time under both the control and the FT conditions due to the
large amount of CaCO> when it is compared to the control specimens at 90 days of age (CO). The
dehydroxylation and decarboxylation changes obtained from the DTA test show that the used lime-based

mortar is still hardening at older ages under both the control and the FT conditions. Generally, hydraulic
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lime-based mortar hardens with a combination of hydration and carbonation, according to [187].
Therefore, from these outputs and previous results [199,200], it can be concluded that using a hydraulic
lime-based mortar at an early age for durability tests can lead to erroneous results.

Table 4-8 summarizes the varying strength of the mortar M1 and M3 under both the control and the FT
conditions. After exposing 360 FT cycles, the compressive, flexural, and splitting strength, as well as
elastic modulus of the mortar M1, increased by 12%, 11%, 57%, and 11%, respectively, compared to O-
cycle (CO) specimens. Under the control conditions, the compressive and flexural strength of C360
specimens do not change compared to CO specimens, but the splitting strength and the elastic modulus
increase by 50% and 21%, respectively. These observations show that the considered FT conditions do
not have a detrimental effect on the mortar strength but lead to a slight enhancement of properties,
possibly by promoting mortar hydration under high humidity conditions [201]. This conclusion is
supported by differences in the DTA for the mortar M1 under the FT condition. The changes of mortar
M3 strength differ from those of mortar M1. Under both the control and the FT conditions, the mechanical
properties of this mortar do not change. However, its elastic modulus under the control conditions shows

a decreasing trend.
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Fig. 4-7. Differential thermal analyses (DTA) result: (a) mortar M1; (b) mortar M3.
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Table 4-8. Mechanical properties of the mortar M1 and mortar M3 under freeze-thaw conditions™.

Control specimens Exposed specimens
Strength Material [cycles] [cycles]
CO | C180 | C360 | E60 | E120 | E180 | E240 | E300 | E360
M1 16.8 | 20 173 | 17.0| 19.0 | 195 | 175 | 17.3 | 18.8
Compressive strength (11) | (12) | (10) | (10) | (22 (5) (4) (2) (3)
[MPa] M3 8.7 6.0 7.8 ] ) 8.3 ) ) 9.8
(6) (9) (4) (6) (5)
M1 4.5 4.5 4.7 ) ) 5.8 ) ) 5.0
Flexural strength (2) (12) (5) (5) (5)
[MPa] M3 8.7 6.0 7.8 ) ) 8.3 ) ) 9.8
(6) (9) (4) (6) (5)
M1 6713 | 8280 | 8095 ) ) 7593 ) ) 7462
Elastic modulus (6) (11) | (10) (1) (12)
[MPa] M3 5236 ) 3301 ) ) ) ) ) 4875
(10) (8) (13)
M1 14 | 2.0 2.1 2.2 2.2
Splitting strength (8) (14) (8) (3) (9)
[MPa] 0.5 0.6 0.6
" 1 (15 (17

*CoV of the results is given in percentage inside parentheses.

4.5.2. Brick

The compressive and the flexural strengths of the brick were determined perpendicular to the flatwise
surface of the brick, while the elastic modulus was characterized perpendicular to the widthwise surface.
Table 4-9 presents the brick strength changes under the FT conditions. In general, the brick strength does
not change significantly, which is in accordance with the results reported in [28]. In addition, the
compressive strength of the masonry prism does not degrade under both conditions, which is in line with

the mortar M3 and brick behavior.

Table 4-9. Mechanical properties of the brick under freeze-thaw conditions*.

. Control specimens [cycles] | Exposed specimens [cycles]
Strength Material 0 360 360
Compressive strength Brick 23.5 (H) - 22.5(7)
[MPa] Masonry prism 11.1 (8) 10.1 (17) 9.7 (13)
Flexural strength .
(MPa] Brick 4.5 (14) - 4.5 (6)
Elastic modulus .
(MPa] Brick 9650 (2) - 9476 (2)

*CoV of the results is given in percentage inside parentheses.
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4.5.3. Fibers

The tensile strength of the steel cords and glass yarns was also determined under freeze-thaw conditions.
Since the glass fabric is bi-directional (see Fig. 3-1e), its tensile behavior at both warp and weft directions
was measured; however, the steel cord is a unidirectional mesh, and its strength was only measured in
one direction. Table 4-10 reports the tensile stress, Young's modulus, and rupture strain of the steel and
the glass fibers before and after freezing-thawing exposure. The glass fibers do not show any deterioration,
but the tensile strength and elastic modulus of steel cords under the FT conditions declined slightly by

5% and 9%, respectively.

Table 4-10. Mechanical properties of the steel and glass fibers under freeze-thaw conditions™.

Tensile parameter Material Control specimens | Exposed specimens to 360 FT cycles
. Steel cord 2972 (8) 2819 (1)
Te”s"l‘\*ﬂ;"e”gth Glass fiber (warp) | 875 (13) 899 (5)
(MPal Glass fiber (weft) 685 (9) 676 (12)
Young's modulus Steel cord 189340 (8) 173000 (2)
MPal Glass yarn (warp) 65940 (5) 70720 (3)
Glass yarn (weft) 69870 (4) 72910 (3)
Rupture strain Steel cord 1.88 (9) 2.07 (5)
%] Glass yarn (warp) 1.77 (10) 1.86 (8)
Glass yarn (weft) 1.45(11) 1.29 (15)

*CoV of the results is given in percentage inside parentheses.

4.6. Main conclusions

This chapter discusses a comprehensive experiment designed to characterize the material properties
under different conditions (mortar curing conditions, brick moisture conditions, indoor and outdoor
exposure, and freeze-thaw conditions). Accordingly, the following main conclusions can be reached:

e The mortar strength increased under high humidity conditions due to improved hydration and
carbonation, as expected. Additionally, brick strength is affected by moisture content, so that dry
brick demonstrated the best strength.

e Results indicate that particular attention needs to be paid to the hydration degree of lime mortar
in lime-based TRM composites and its effects on both short-term and long-term properties. The
30-day curing testing age, which is normally used for cementitious matrices, appears to be less

appropriate when referring to hydraulic lime-based TRMs.
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Under the considered FT conditions, the mortar mechanical properties slightly improved. Control
specimens showed similar behavior as well. Based on the findings, it is concluded that the
hardening process for the mortar continued after 360 cycles (337 days).

Freeze-thaw conditions did not affect the mechanical properties of glass fibers, while the tensile

strength of the steel fibers decreased slightly.
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Chapter 5: Mechanical performance of TRM composites

This chapter presents and discusses experimental results of the mechanical behavior of TRM composites
tested under varied parameters and conditions. For this purpose, pull-out tests, tensile tests, and single-
lap shear tests were performed as described in chapter 3. The main highlights from this chapter are as
follows:
e An optimized test setup for performing the pull-out tests is developed.
e The effect of different variables (e.g., bond length, fiber configuration, slip rate, and cyclic loading)
on the textile-to-mortar bond behavior are investigated.
e The effects of mortar curing and brick moisture conditions on the TRM composite performance
are explored.
e Pull-out response and tensile behavior of TRM composites under indoor and outdoor conditions
are evaluated for 920 days.

e The durability performance of TRM composites under freeze-thaw conditions is investigated.
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5.1. Effect of the pull-out test setup

Three different pull-out test setups were used in this section: pull-push I, pull-push I, and pull-pull, as
described in section 3.4.1. The envelope and average of the load-slip curves obtained from each test
setup are illustrated in Fig. 5-1. The failure mode obtained for all three types of test setups was pull-out
of the fiber from the mortar, which causes the load-slip curves from different test setups to be similar.
Nevertheless, there are some differences in the peak load (Ps), the initial stiffness (K), and consequently
the toughness or energy absorption (E) due to the effect of the test setup. These parameters are the main
outcomes of the pull-out tests that are used for investigating the bond behavior [62,66] and can

significantly affect the experimental interpretations or the extracted bond-slip laws.
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Fig. 5-1. Envelope load-slip curves for different test setups: (a) pull-push I; (b) pull-push II; (c) pull-pull.

The peak load (Pr) and its corresponding slip (sr) are directly obtained from the experimental load-slip
curves. The initial stiffness (K) is obtained as the slope of the linear portion of the load-slip curve and
corresponds to the initial stage of the stress transfer before the occurrence of any interfacial cracking
[31,62,66]. The toughness or absorbed energy is defined as the area under the load-slip curve

[62,66,79-81]. The bond between the fiber and the mortar has a significant influence on the fiber's ability
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to stabilize crack propagation in the mortar and consequently on the total energy consumption. Here, as
also suggested in the literature [61,202], the area under the load-slip curve until the peak load is
considered as the toughness or debonding energy absorption (E«). These parameters are obtained from
the results of each test configuration, and the values are presented in Table 5-1.

It can be observed that the variation of the results obtained from the pull-push | test setup is higher than
the other two setups and is in the same range as reported in Ghiassi et al. [31]. The specimens tested in
the pull-pull configuration have a higher pull-out load (average of 1245 N) when compared to pull-push
tests (equal to 987 N and 992 N in pull-push | and Il tests, respectively). The reason for such an
observation can be described by analyzing the global force equilibrium. As shown in Fig. 5-2a, the applied
load (P) in the pull-push tests is equal to the tensile force in the fiber (F) that is balanced by a compressive
force in the mortar (M), and the reaction forces in the boundaries (on top of the specimen). On the other
hand, in pull-pull specimens, tensile forces in the fiber and the mortar balance the applied load (P), as
presented in Fig. 5-2b. In other words, in the pull-pull test setup, both the fiber bond and the mortar
contribute to the tensile resistance, which leads to a higher peak load in these tests. The gripping
conditions in pull-pull configuration (supporting specimens from the bottom side), as well as the
contribution of the mortar in resisting tensile stresses, can also lead to mortar cracking at the bottom, as

shown in Fig. 5-3.

Table 5-1. Effect of test setup on the pull-out tests results*.

Test setup Specimen Se [mm] P- [N] Ee [N.mm] K [N/mm]
1 0.44 782 249 1504
2 0.94 1149 743 1818
pull-push | 3 1.13 1197 936 1834
4 0.59 824 358 1893

average 0.78 (3H) 987 (19) 571 (49) 1762 (9)
1 1.03 874 603 3139
2 1.23 1066 857 2972
pull-push I 3 0.828 952 566 3662
4 1.225 1079 895 3206

average 1.08 (15) 992 (8) 730 (20) 3245 (8)
1 0.95 1016 600 2184
2 1.34 1360 1188 1863
pull-pull 3 1.45 1299 1251 2712
4 1.60 1309 1353 2166

average 1.33(18) 1245 (11) 1098 (27) 2231 (14)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load

; P2 peak load; E... debonding energy; K: initial stiffness.
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Fig. 5-2. Global force equilibrium: (a) pull-push test; (b) pull-pull test.
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Fig. 5-3. Load-slip curves of pull-pull specimens obtained from the internal LVDT of the machine.

Regarding the initial stiffness (K), the results from the pull-push | shows the lowest value followed by pull-
pull and pull-push Il test setups, see Table 5-1. In this test setup (pull-push 1), as explained before, the
flexibility of the fibers increases the complexity of the slip measurements. Moreover, due to the space
limitations, the LVDTs are usually attached at a small distance from the loaded end, and the slip values
are measured by the reduction of the elastic deformation of the fibers. This adds an additional source of
error in the results. Embedment of the fibers in the resin block in pull-push Il and pull-pull specimens has,
therefore, a significant role in accurate measurement of the fiber slip during the tests. This resin block
significantly reduces the elastic deformation of the fiber in the un-bonded length and additionally protects
the fibers from premature failure due to handling, clamping, or stress concentrations during the tests. A
comparison between the load-slip curves obtained from the internal LVDT of the hydraulic actuator and
the LVDT attached to the fibers in pull-push | and pull-push Il test setups confirm the significant reduction
of the elastic deformation of the fibers during the tests (Fig. 5-4).
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Fig. 5-4. Average load-slip curves obtained from LVDT and internal LVDT of the machine: (a) pull-push I; (b) pull-
push Il

The differences in the peak load (Pr) and initial stiffness (K) of the experimental load-slip curves have also
led to a significant difference in the toughness (E«) of the specimens. It can be observed in Table 5-1
that the highest debonding energy is obtained for the pull-pull tests followed by the pull-push Il and pull-
push |, as expected.

In addition to the variation of the obtained results, the complexities related to the construction and testing,
as well as the effectiveness of the test setups, are critical. As explained before, preparation of the
cylindrical specimens in pull-push | test setup is a difficult task. During the installation of the fibers inside
the molds, complete alignment of the fibers is extremely challenging and difficult to control [31].
Additionally, a pre-load shall be applied to specimens in pull-push | test specimens to ensure a straight
alignment of the fiber at the loaded end and to facilitate installation of the LVDT before initiation of the
tests. These problems have been resolved in the pull-push Il and pull-pull specimens by preparing disk-
shaped molds for the mortar and embedment of the free-length fiber in a block of epoxy resin. Gripping
of the pull-pull specimens from the bottom, however, remain tricky as it can lead to crushing/cracking of

the mortar before starting the tests.

5.2. Effect of bond length

To investigate the bond length effect in TRM composites, single glass yarns were embedded into the
mortar M1 mortar, and single steel cords were embedded into the mortar M2. For steel fibers, embedded
lengths of 50, 100, 150, and 200 mm were considered, and for glass fibers, embedded lengths of 50,
75, and 100 mm were considered, based on previous studies [15,31]. A more detailed description of the

tests is provided in section 3.4.2.
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5.2 1. Steel-reinforced mortar

The load-slip curves obtained from single fiber steel-based TRMs with different embedded lengths are

shown in Fig. 5-5. As illustrated, the maximum pull-out load is lower than the tensile strength of the steel

fibers in all cases. The pull-out response consists of the typical elastic, nonlinear, and dynamic stages in

all embedded lengths [31,61,62,65,66], with the failure mode being slippage of the fiber from the mortar

in all specimens, except for three specimens, in which vertical cracks occurred in the mortar (Fig. 5-6).

The effect of mortar cracking is clearly observable on the pull-out response of the specimens, see Fig.

5-5a, b.
1200 -
Single-steel fiber
Embedded length= 50 mm
. 800
£
E: N
— Occurence of vertical
~| crack along the fiber|

Load [N]

Slip [mm]
(a)
1200
Single-steel fiber
Embedded length= 150 mm
800
400+
0 T T
0 5 10

Slip [mm]

(c)

Load [N]

Load [N]

1200

800

Single-steel fiber
Embedded length= 100 mm

Occurence of vertical
| erack along the fiber]

1200

Slip [mm]

(b)

800+

400+

Single-steel fiber
Embedded length= 200 mm

[
=
wn

Slip [mm]

(d)

Fig. 5-5. Load-slip response of single steel fibers with different embedded lengths: (a) 50 mm:; (b) 100 mm; (c)
150 mm; (d) 200 mm.
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(a) (b)

Fig. 5-6. The cracking failure mode of steel-based TRM obtained for: (a) two specimens of 50 mm bond length;
(b) a specimen of 100 mm bond length.

The pull-out curves show that after the peak load is reached, a sudden drop occurs in the force, followed
by a slip hardening behavior [53,203]. It can be observed that the slope of the slip hardening increases
with the increment of the embedded length. It is clear that the pull-out response after the peak load is
mainly dependent on the frictional stresses between the fiber and the matrix. High frictional stress leads
to a slip hardening response, while a slip softening is observed when low frictional stress exists [77,204].
By increasing the embedded length, the total frictional force and consequently the slope of the slip
hardening region increase (as shown in Fig. 5-5). When the applied load or induced transverse stresses
reach the matrix tensile strength, mortar cracking or splitting occurs, which can lead to a sudden drop in
the load.

The average peak load (P:), the slip corresponding to the peak load (s¢), the toughness or debonding
energy (E«), and the initial stiffness (K) for each embedded length are presented in Fig. 5-7. In addition,
Table 5-2 presents pull-out parameters for the individual specimens. It can be observed that the peak
load and its corresponding slip as well as the toughness increase until 150 mm embedded length and do
not change significantly thereafter. These are indications of reaching the effective bond length in the range
of 150- 200 mm (see Fig. b-7a-c). This range is also in agreement with the findings of previous
experimental studies on similar steel-based TRMs [31,119]. At the same time, a reverse trend is observed
for the initial stiffness with an increment of embedded length (Fig. 5-7d). This phenomenon has also been

observed in the experimental results reported in [53,79,205-208].
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Fig. 5-7. Bond properties changes of single steel fiber based on different embedded lengths: (a) peak load; (b)
toughness until peak load; (c) slip corresponding to peak load; (d) initial stiffness.

Table 5-2. Bond properties changes of single steel fiber based on different embedded lengths*.

Boqiq'%'gth Specimen s [mm] P, [N] Ewo [N.mm] K [N/mm]
1 0.19 347 43 3981
50 2 0.31 453 87 2995
3 0.26 466 77 3558

average 0.25 (20) 422 (13) 69 (27) 3511 (12)
1 0.52 687 239 3395
2 0.61 797 324 3393
100 3 0.47 662 207 2713
4 0.56 739 266 2714

average 0.54 (10) 721 (7) 259 (17) 3054 (11)
1 1.03 874 603 3139
2 123 1066 857 2972
150 3 0.828 952 566 3662
4 1.225 1079 895 3206

average 1,08 (15) 992 (8) 730 (20) 3245 (8)
1 133 979 858 2208
2 1.25 989 839 2847
200 3 1.44 1019 924 2219
4 1.15 755 531 1518

average 1.29 (8) 936 (11) 788 (19) 2198 (21)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load

; Pe: peak load; E... debonding energy; K: initial stiffness.
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5.2.2. Glass+reinforced mortar

The experimental load-slip curves of the glass-based TRM specimens (single yarn) with different
embedded lengths are shown in Fig. 5-8. Again, the test results indicate the significant effect of the
embedded length on the bond behavior. The failure mode of the specimens changed from yarn slippage
to yarn tensile rupture with increasing embedded length. In the specimens with 50 mm embedded length
yarn, pull-out (slippage) occurs, and the load-slip curves consist of all the three conventional stages of the
bond response (Fig. 5-8a). In the specimens with 75 mm embedded length, tensile rupture of the yarns
occurs after a certain slip, and the load-slip curves only consist of the linear and the nonlinear stages, Fig.
5-8b. Finally, in the specimens with 100 mm embedded length, tensile rupture of the yarns occurs with
a smaller slip value, and therefore the load-slip curves consist of an elastic stage followed by a short

nonlinear stage (Fig. 5-8c).
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Fig. 5-8. Load-slip response of single glass fiber with different embedded lengths: (a) 50 mm; (b) 75 mm; (c)
100 mm.

The changes of the main parameters of the load-slip curves with embedded length are presented in Fig.

5-9 and Table 5-3. It can be observed that by increasing the embedded length, the peak load (P-) increases
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until yarn rupture occurs (Fig. 5-9a). The peak load at 100 mm embedded length is very near the yarn
tensile strength obtained from direct tensile tests. The debonding energy absorption (E.) increases from
50 mm to 75 mm embedded length and then decreases at 100 mm (Fig. 5-9b). This is expected, as the
yarn slipping (that governs the specimens with 50 and 75 mm bond length) dissipates more energy than
the yarn tensile failure. The changes of the slip corresponding to the peak load (Sr) with embedded length
are also affected by the failure mode in the specimens (Fig. 5-9c). At the same time, the initial stiffness
(K) decreases with the increment of the embedded length that is a similar observation to steel-based

TRMs, as shown in Fig. 5-9d.
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Fig. 5-9. Bond properties changes of single glass yarn based on different embedded lengths: (a) peak load; (b)
toughness until peak load; (c) slip corresponding to peak load; (d) initial stiffness.
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Chapter 5: Mechanical performance of TRM composites

Bond length [mm] | Specimen | s» [mm] P: [N] | Ew [N.mm] | K [N/mm]
1 2.26 347 641 945
2 1.13 366 331 1706
50 3 1.83 317 467 1469
4 2.17 337 584 1009

average | 1.85(24) | 342 (5) | 506 (24) | 1282 (25)
1 3.08 643 1512 1089
2 6.13 597 3097 1170
75 3 2.93 566 1202 785
4 3.96 592 1754 748

average | 4.03(32) | 599 (5) | 1891 (38) | 948 (19)
1 2.69 666 1454 809
2 2.85 703 1479 1049
100 3 3.09 768 1633 950
4 1.68 796 960 1039

average | 2.58 (21) | 733 (7) | 1381 (18) | 962 (10)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E«.. debonding energy; K: initial stiffness.

5.3. Effect of fiber configuration

The effect of fiber configuration on the fiber-to-mortar bond behavior is investigated. The steel-based TRM
composite included single, two, and four cords embedded in the mortar M2 with a 150 mm embedment
length. The glass-based TRM composites were single yarn, single yarn, and transverse elements, and a
group of yarns reinforcing the mortar M1 with 50 mm bond length. In chapter 3, the tests are described

in more detail.

5.3 1. Steel-reinforced moritar

The average and envelope of the load-slip curves obtained from steel-based TRMs with different
configurations are shown in Fig. 5-10. The results are presented in terms of the applied load per fiber
(load divided by the number of fibers) versus slip to facilitate comparison between different configurations.
It can be observed that although the steel fibers are unidirectional, the pull-out response of single cords
is different from that of the multiple cords. The failure mode of the specimens also changes from fiber
slippage in single cord specimens to mortar cracking and splitting in multiple cords specimens, as shown
in Fig. 5-11. The pull-out curve of the single cord specimens (Fig. 5-10a) shows a second peak load
followed by a load reduction after complete debonding. This second peak load is not observed in the
multiple cords specimens (Fig. 5-10b, c), which can be due to the occurrence of mortar cracking and

splitting after the peak load. From the presented curves, it can be observed that in contrast to the single
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cord specimens (Fig. 5-10a), the slip measurements are different from that of internal LVDT

measurements in the multiple cords specimens. Although this difference does not affect the obtained

results, it shows that by increasing the number of cords, the deformation of the resin block used for

gripping the specimens becomes significant, leading to a large difference between these two

measurements.
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Fig. 5-10. Pull-out response of steel-based TRMs with different configurations: (a) single cord; (b) two cords; (c)

(@)

four cords.

(b)

Fig. 5-11. Failure modes of steel-based TRMs with different configurations: (a) single cord; (b) two cords; (c) four

cords.
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Fig. 5-12a illustrates a comparison among the average pull-out responses in different configurations, and
Fig. 5-12b presents the calibrated load-slip curves based on the number of cords. It can be observed that
by increasing the number of cords, the load carried by each cord decreases due to the so-called fiber
volume fraction effect [209-211] and the change of failure modes. Table 5-4 clearly shows that by
increasing the number of cords, the peak load (Pr), and the slip corresponding to the peak load (s¢), the
toughness (Esw) and initial stiffness (K) of the load-slip curves decrease. Moreover, by increasing the
number of cords, the energy absorption decreases that due to the change of the failure mode from pull-

out to mortar cracking, as presented in Fig. 5-12b.
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Fig. 5-12. (a) The average pull-out curves; (b) the average pull-out curves per fiber; (c) the cumulative absorbed
energy of steel-based TRMs with different fiber configurations.
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Table 5-4. Changes of bond properties in steel-based TRM with fiber configuration™.

Fiber configuration | Specimen | s» [MM] | Peperser [N] | Eeebpersoer [N.Mm] | K erioer [N/mm]

1 1.03 874 603 3139
2 1.23 1066 857 2972
Single cord 3 0.828 952 566 3662
4 1.225 1079 895 3206

average | 1.08 (15) | 992 (8) 730 (20) 3245 (8)
1 0.96 956 651 2323
2 1.01 695 556 2175
Two cords 3 0.86 922 538 2499
4 0.51 752 271 3678
5 1.12 750 673 3016

average | 0.89 (23) | 815 (13) 538 (27) 2738 (20)
1 0.41 693 168 3742
2 0.86 823 491 3247
Four cords 3 0.90 589 286 2961
4 0.39 607 162 3477
5 1.12 789 592 3068

average | 0.74(39) | 700 (13) 340 (51) 3299 (9)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E«.: debonding energy; K: initial stiffness.

5.3.2. Glass-reinforced mortar

The average and envelope of the pull-out curves obtained from the glass-based TRMs with different

configurations are shown in Fig. 5-13. The difference between the single-yarn and group fiber specimens

is more significant in the latter, which can be attributed to the effect of transverse elements. The main

parameters of the pull-out curves are also summarized in Table 5-5.
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Fig. 5-13. Pull-out response of glass-based TRMs with different configurations: (a) single yarn; (b) single
yarn+ transverse; (c) group (2 yarns).

In general, the specimens made of single yarns with 50 mm embedded length to show all the three
conventional stages of the pull-out behavior [16,31,62,65,66], see Fig. 5-13a. On the other hand, the
specimens made of “single+ transverse” and the group specimens do not have the typical drop of the
pull-out load after the peak (Fig. 5-13b, c). On the contrary, the pull-out curves in these specimens show
a slip hardening behavior and pseudo ductility before the final load drop. This strain hardening behavior
can be attributed to the contribution of the transverse elements (weft yarns) to the bond response. It
should also be reported that the slippage yarns in “single+ transverse” and the group specimens are
followed by breakage of the transverse elements at the last stage of the tests.

The effect of transverse elements on the bond response has also been previously reported in [212] by
comparing the bond behavior in the fabric and the single yarn polypropylene. The results illustrated that
transverse elements increase clearly both the peak load and its corresponding slip. Meanwhile, in the
current study, the presence of transverse elements has only caused an increment of slip hardening. This
different observation shows that depending on the properties of the fiber and mortar, the effect of
transverse elements on the bond response can be different. Therefore, it can be concluded that the

transverse elements work as an anchorage, leading to enhanced strength and ductility.
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Table 5-5. Changes of bond properties in glass-based TRM with fiber configuration™.

Fiber configuration Specimen | se [mMm] | Peersver [N] | Ederpersoer [N.mm] | Koo [N/mm]
1 2.26 347 641 945
2 1.13 366 331 1706
Single yam 3 1.83 317 467 1469
4 2.22 309 591 1392
5 2.17 337 584 1009
average | 1.92(22) | 335 (6) 522 (21) 1304 (22)
1 2.43 369 607 837
2 3.12 341 729 786
Single yarn+ transverse 3 2.61 353 679 958
4 3.56 405 1077 934
average | 2.93(15) | 367 (7) 773 (23) 879 (8)
1 6.35 449 2298 1002
2 6.43 422 2208 1420
Group (2 yams) 3 7.22 374 2129 1247
4 6.08 404 1941 1031
5 9.15 372 2979 1562
average | 7.05(16) | 404 (7) 2311 (15) 1252 (17)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E«.. debonding energy; K: initial stiffness.

It seems that the slope of the slip hardening in the group specimens is higher than “single+ transverse,”

which is due to the higher stiffness of the transverse elements in these specimens, Fig. 5-14a. It can be

observed in Table 5-5 that although a larger slip corresponding to the peak load (sr) and debonding energy

(Ews) is obtained in the group and “single+ transverse” specimens compared to single yarn specimens,

the peak load (Pr) and the initial stiffness (K) have negligible changes. The toughness, or the absorbed

energy, is almost the same until the slip of 3.5 mm (Fig. 5-14b). Thereafter, the transverse elements

cause the energy absorption to increase about 22 % and 36 % for the “single+ transverse” and the group

specimens, respectively.
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Fig. 5-14. (a) The average pull-out curves; (b) the cumulative absorbed energy of glass-based TRMs with different
fiber configurations.
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5.4. Effect of slip rate

Quasi-static tests were performed on specimens to study the influence of slip rate on bond behavior. Five
different slip rates were considered, namely 0.2, 1.0, 5.0, 10.0, and 20.0 mm/min. Single steel and
glass yarns were embedded in mortar M1 with bond lengths of 150 mm and 50 mm, respectively. A

detailed description of the tests can be found in chapter 3.

5.4. 1. Reliability and physical meaning of test oufcomes

As explained before, the specimens prepared for pull-out tests consisted of a free yarn/cord length, which
was embedded in an epoxy block resin to facilitate the gripping of the samples by the wedges of the
testing machine. Nevertheless, as the tests were performed by imposing displacement rates on the
hydraulic system, it was necessary to check the actual slip rates at the loaded end of the bonded area
(upper surface of the mortar block), measured by the LVDTs.

Fig. 5-15 shows the changes in the actual slip rate versus slip for the different imposed (machine stroke)
slip rates. The actual slip rate is computed by dividing the textile slip (measured by the LVDTSs) into the
experimental time. For better understanding, these changes are presented in the complete and enlarged
scales for both the steel and glass-based TRM composites in Fig. b-15a and Fig. 5-15b, respectively. For
both systems, the slip rate reaches the expected value in the early stages of the tests, namely, at about
0.03 mm in the specimens tested at 0.2 mm/min and 1.0 mm/min rates, and about 0.4 mm for those
tested at higher slip rates. In all steel and glass TRMs tested at 0.2 mm/min and 1.0 mm/min rates,
these slip values are lower than the slip corresponding to the peak load (s¢), so the bond behavior is still
in the elastic stage and no delamination has occurred. On the other hand, in glass TRMs tested with a
slip rate equal to or higher than 5 mm/min, these slip values are larger than S, indicating the tests reach
the intended slip rate after debonding had been initiated. These comparisons validate the experimental
setup developed for the tests presented in this study and the slip rate selected for the first part of the
cyclic tests. At the same time, they indicated the need to represent the results in terms of actually
measured slip and actual slip rate (e.g., at peak load), instead of controlled machine stroke displacement

and imposed sip rate, also in order to make test outcomes independent from test implementation details.
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Fig. 5-15. Changes of slip rate vs. slip: (a) steel TRM; (b) glass TRM.

5.4.2. Steel-reinforced mortar

Fig. 5-16a to e show the individual and average curves obtained from the experiments on steel TRM
composites, and Fig. 5-16f shows the five average curves together to compare the different slip rates.
The first stage of the test is associated with a stiff branch of the response curves, in which the load
transfer between the cord and matrix relies on both adhesion and interlocking, this latter arising by the
high roughness of the cord surface. Then, the curves display a progressive reduction of the slope, up to
the attainment of the load peak, followed by a post-peak softening phase with a nearly linear load reduction
associated with the increase of slip. The transition between the first and second stages is smooth, and
there are no sudden load drops associated with brittle failures, such that, in this case, a precise value of
the loads corresponding to the loss of adhesion (P-) and its residual value after the load drop (P9 could

not be identified.
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Fig. 5-16. Load-slip response curves of monotonic pull-out tests on steel TRM performed under different slip
rates: (a) 0.2 mm/min; (b) 1.0 mm/min; (c) 5.0 mm/min; (d) 10.0 mm/min; (e) 20.0 mm/min; (f) average.

The peak load (Pr), resulting from the contributions of adhesion, interlocking, and friction, increases from

328 N (at 0.2 mm/min slip rate) to 507 N (20 mm/min), without a clear trend with the increase of slip

rate (Fig. 5-17a). The strength at the slowest rate (0.2 mm/min), however, confirms itself as the lowest

one. The pull-out behavior is affected by the slip rate at the lowest rates considered in this investigation.

The bond capacity at 0.2 mm/min resulted lower than those obtained at all the other rates. On the other

hand, the differences amongst such higher rates (from 1 mm/min to 20 mm/ min) are of the same order

of magnitude of the scatter, so no clear trends emerged (Table 5-6).
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Fig. 5-17. Effect of the slip rate on bond parameters of steel TRM in monotonic pull-out tests: (a) peak loads; (b)
pull-out and debonding energy; (c) initial stiffness.

The debonding energy (E«) in the steel TRM system is, in general, significantly higher than the pull-out

energy (Ex), as shown in Fig. 5-17b. The pull-out energy is defined as the area under the load-slip curve

from the peak load (Ps) until the end. Both debonding and pull-out energies show slight variations with

the slip rate beyond 0.2 mm/min. Finally, the initial stiffness (K) decreases until a slip rate of 5 mm/min,

and then it does not change. This output should be further investigated, also considering other types of

steel cords.
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Table 5-6. Results of monotonic pull-out tests on steel TRM: average value®.

piﬁ;ﬁ:i] Specimens | Pe[N] | Ew[N.mm] | E[N.mm] | K [N/mm]
1 396 1112 3783 5308
2 272 484 2727 3401
0 3 407 914 3470 6002
4 261 1146 1947 3370
5 306 511 2916 3557
average | 328 (19) | 834 (34) | 2969 (21) | 4328 (26)
1 395 912 3557 2616
2 499 1134 4834 1985
Lo 3 499 1134 4834 1985
4 468 869 4249 2150
5 468 869 4249 2150
average | 442 (10) | 1018 (12) | 4183 (15) | 2231 (15)
1 423 889 4325 1204
2 570 1241 4712 773
50 3 570 1241 3269 1389
4 417 723 4361 1035
5 524 1771 5244 2050
average | 473 (13) | 1192 (31) | 4382 (15) | 1290 (33)
1 376 1081 3901 1391
2 415 1067 3934 1102
100 3 424 1255 4077 2420
4 349 791 3573 1359
5 455 812 5045 1516
average | 404(9) | 1001 (18) | 4106 (12) | 1558 (29)
1 474 1062 4219 1350
2 607 1557 4880 1237
200 3 514 1192 4674 1342
4 521 969 4940 1194
5 423 751 3725 1767
average | 508 (12) | 1106 (24) | 4488 (10) | 1378 (15)

*CoV of the results is given in percentage inside parentheses; P:: peak load; E..: debonding energy; E... pull-out energy; K: initial stiffness.

5.4.3. Glass-reinforced mortar

Fig. 5-18a to e show the individual and average curves obtained from the experiments on glass TRM
composites, and Fig. 5-18f shows the five average curves together to compare the different slip rates.
The average load values of the peak load (P:), frictions load (Py). and the peak load (P') due to the slip
hardening effect are compared in Fig. 5-19a. The mean value of the Pr varies between 153 N (at

0.2 mm/min slip rate) and 340 N (at 10 mm/min), whereas the P’ range, is between 144 N
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(0.2 mm/min) to 386 N (at 10 mm/min), as listed in Table 5-7. It is worth noting that these peaks are

of the same order of magnitude and that the former is not necessarily higher than the latter.
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Fig. 5-18. Load-slip response curves of monotonic pull-out tests on glass TRM performed under different slip
rates: (a) 0.2 mm/min; (b) 1.0 mm/min; (c) 5.0 mm/min; (d) 10.0 mm/min; (e) 20.0 mm/min; (f) average.

Pull-out tests revealed that the bond behavior in terms of peak load is affected by the slip rate. More
specifically, for low rates when passing from 0.2 mm/min to 1.0 mm/min and to 5 mm/min, the higher

the slip rate, the higher the first and second peak load. In contrast, a quasi-stabilization is found for the
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higher rates (5 mm/min, 10 mm/min, and 20 mm/min). On the other hand, the load drop amount after

full debonding (P- — Py seems to be independent of the load rate.

7000
Fiber: Glass —o—E,,
6000 4 Mortar: M1 _ A Er»

o Bond length: 50 mm
_ i T oS00
2| : e
=) . 7 * 4000 s R
N 5 + -]
! o £ 3000 ’
8 20097 2 e 1

ar 23] -, s
o 2000 -I,}
/
100 & Fiber: Glass
Mortar: M1 100040
0 Bond length: 50 mm 0 te-# = &
0 5 10 15 20 25 0.21 5 10 20
Slip rate [mm/min] Slip rate [mm/min]|
(a) (b)
4000
E 30004
z
v
& 2000+
=
i
= 10004 Fiber: Glass
Mortar: M1
0 Bond length: 50 mm
021 5 10 20
Slip rate [mm/min]
(c)

Fig. 5-19. Effect of the slip rate on the bond parameters of glass TRM in monotonic pull-out tests: (a) peak loads
and frictional load; (b) toughness; (c) initial stiffness.

A similar trend is also found on the pull-out energy (E.) and on the chemical bond energy (G:), as shown
in Fig. 5-19b. Ge is defined by Eq. 5-1, in which E: is the modulus of elasticity of the glass textile and d:is
the diameter of the glass yarn (1.06 mm) [68,72,73].

2(P, P

G =t 1 i
d TCZEfdf Eq 5-1

The debonding energy (E«) is smaller than the pull-out energy (E.), and its changes with the increment
of the slip rate are less significant. The initial stiffness (K) shows a large scatter but still follows a similar
trend as the load peaks, as illustrated in Fig. 5-19c. By contrast, the values obtained under the slowest

rates are always lower than the other ones, confirming that very slow tests may provide lower results.
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Table 5-7. Results of monotonic pull-out tests on glass TRM: average value*.

Slip rate Specimen P» P: Py’ Eaer Ex G K
[mm/min] [N [N [N] [NNmm] | [N.mm] [J/mm?] [N/mm]
1 141 86 102 14 1052 0.0079 622
2 76 45 90 6 659 0.0025 725
02 3 176 160 180 23 1691 0.0007 670
4 220 127 203 24 1905 0.0221 907
average | 153 (34) (1;)15) (I;Z)L 17 (43) 1(23)7 0('%)?)3 731 (15)
1 274 172 175 53 1821 0.0270 1628
2 218 147 170 44 1798 0.0132 1544
1.0 3 273 150 159 45 1858 0.0393 1629
4 238 176 233 63 2573 0.0099 2594
average | 251(9) | 161 (8) (118; 52 (14) 2(?;)3 0.0224 (52) | 1849 (23)
1 292 289 308 152 3504 - 3166
2 329 329 362 114 4315 - 3531
3 372 265 353 60 3590 0.0300 1404
5.0 4 332 269 327 44 4460 0.0103 2192
5 249 233 269 38 2451 0.0007 3168
average | 315(13) (21717) ?1201; 81 (54) ?ESS;L 0.0137 (89) | 2692 (29)
1 279 279 436 65 6417 - 1002
2 285 228 320 21 4042 0.0084 2649
10.0 3 362 239 308 53 3781 0.0393 2965
4 436 315 484 84 5061 0.0377 2959
average | 341 (19) (21635) (31%7) 56 (41) ig?? 0.0285 (50) | 2394 (34)
1 253 202 310 27 4432 0.0066 1495
2 294 225 275 33 3102 0.0122 1971
0.0 3 316 231 261 25 2716 0.0190 2200
4 447 315 323 88 3114 0.0451 3046
average | 328 (22) (21133; 292 (9) | 43 (60) ?ﬁg)l 0.0207 (71) | 2178 (26)

*CoV of the results is given in percentage inside parentheses; P-: peak load; P:: frictional load; P:": peak load corresponding to slip-hardening effect; E..:
debonding energy; E..: pull-out energy; G:: chemical bond energy; K: initial stiffness.

In summary, based on the results of the pull-out tests performed on the glass TRM system investigated
in this work, and limited to the experimental setup used and the slip rate range considered, the influence
of the slip rate is negligible between 5 mm/min and 20 mm/min. In contrast, it leads to a reduction of

the bond strength for lower rates (below 5 mm/min).
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5.5. Effect of cyclic loading

The cyclic pull-out tests were conducted on steel and glass yarns embedded in mortars M1 and M2. The
maximum (target) slip was progressively increased between 0.3 mm and 20 mm during loading-unloading

cycles. Detailed information about the tests is provided in chapter 3.
5.5. 1. Steel-reinforced mortar

Pull-out cyclic parameters including peak loads, strength degradation, and stiffness are defined in Fig.
5-20. The first two peaks (Peak-1 and Peak-2) are followed by an unloading phase, whereas the third one
(Peak-3) is attained during a longer loading phase, which ends at the following target slip (see the cyclic
test protocol in section 03.4.5). The strength degradation is calculated (in percent) at each cycle (i.e., at
each target slip) as the reduction of Peak-2 with respect to Peak-1 (Cycle-1) and that of Peak-3 with
respect to Peak-2 (Cycle-2), see Fig. 5-20. Finally, the stiffness is detected in cycles 2 and 3 with respect
to that of the previous cycle. The stiffness corresponding to the secant modulus of elasticity of the loading

branch between its first point and the target slip is defined as follows (Eq. 5-2):

{AKlz{l— s }100}
Kl,max
| Eq. 52
{AKzztl— % JxlOO}
KZ,max

Where Ki1 and K. are the slop of the first load cycle at the slip “i,” and the slop corresponding to the

maximum stiffness of the same test group, respectively. The same function is employed for the second

cycle.
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Fig. 5-20. Pull-out cyclic parameters.
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Fig. 5-21 to Fig. 5-24 show the cyclic response of steel TRM composites, namely, load versus slip
response curves in subplots (a), peak loads at target slips (b), strength degradation (c), and stiffness
degradation (d). The cyclic curves displayed narrow cycles with small energy dissipated by hysteresis.
Moreover, the monotonic curves could be considered as envelopes of the cyclic ones. Cyclic loading leads
to a strength degradation, which is higher after the first cycle (10- 35%) than after the second cycle (5-
20%, with only a few exceptions), suggesting that a residual bond strength could be attained with few
more cycles. The stiffness degradation in the two cycles is comparable and comprised between 10- 30%
at small slips (below 3 mm) and 50- 75% at the end of the test (15 mm slip).

The comparisons amongst different configurations show the role of embedded length and type of mortar,
confirming the outcomes of previous monotonic studies [15,17,31]. The maximum load attained by a
single cord in mortar M2 with 50 mm bond length, L., (246.5 N, Fig. 5-21b) is much lower than that
exhibited with mortar M1 (519.1 N, Fig. 5-21b), clearly showing the role of mortar properties on the bond
performance. Mortar M1, despite a similar compressive strength and elastic modulus, shows a larger
flexural strength compared to mortar M2. The better flexural tensile strength of this mortar, which can be
due to the presence of short fibers in the mix and differences in the chemistry of these mortars, appeared
as a good indicator for the bond performance with the textile. In addition, the enhancement of the bond
response when the embedded length is increased from 50 mm to 150 mm is different. In contrast to the
specimens with mortar M2, the bond behavior does not show a significant improvement when the
embedded length is increased in specimens with mortar M1, which could be attributed to the differences

in the effective embedded length in these two systems.
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Fig. 5-21. Cyclic pull-out behavior of the single steel cord and mortars M1 and M2 with L.=50 mm: (a) load-slip
curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation.

Since the steel mesh is unidirectional, the effect of the number of cords is expected to be insignificant.
Nevertheless, the peak loads per cord with mortar M1 are 611.9 N with one cord (Fig. 5-22b), 783.6 N
with two cords (Fig. 5-23b), and 983.8 N with four cords (Fig. 5-24b), showing an increase in the load-
bearing capacity by each cord when the number of cords increases. In contrast, in samples with mortar
M2, the peak load difference is insignificant (819 N with one cord (Fig. 5-22b) and 907 N with two cords
(Fig. 5-23b), (in all cases, bond length, Ls, is 150 mm). Indeed, the interaction between cords is much
weaker due to the absence of weft (transversal) elements with respect to that experienced by bidirectional
meshes and, therefore, the beneficial effects observed with the groups of glass yarns (discussed in the
next section) are much less pronounced in this case. Finally, the energy absorption levels are smaller in

cyclic tests with respect to monotonic tests.
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5-23. Cyclic pull-out behavior of the group of 2 steel cords and mortars M1 and M2 with L.=150 mm: (a)
load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation.
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Fig. 5-24. Cyclic pull-out behavior of the single cord and the group of 4 steel cords and mortar M1 with
L.=150 mm: (a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation.

5.5.2. Glass-reinforced mortar

Fig. 5-25 to Fig. 5-27 show the cyclic response of glass TRM composites, namely load versus slip response
curves in subplots (a), peak loads at target slips (b), strength degradation (c), and stiffness degradation
(d). Some common features emerged in all specimens, independently from their specific configuration.
First, unloading-reloading cycles are very narrow, indicating a small amount of dissipated energy, and the
cyclic test results are contained in the envelope of the monotonic one. Second, under repeated cycles at
the same target slip, the peak load at the end of the first loading phase is not recovered after the cycles,
i.e., a strength degradation resulted due to the irreversible loss of adhesion, especially in the first cycle.
More precisely, the strength degradation after the first cycle, represented by the difference between Peak-
1 and Peak-2 in subplots (b) and by the curve of Cycle-1 in subplots (c), is comprised between 15% and
45%. The peak loads after two cycles (Peak-3), instead, are similar to those after one cycle (Peak-2); the
strength degradation curve of Cycle-2 is lower than that of Cycle-1 and comprised between 5% and 25%.

On the other hand, for both Cycle-1 and Cycle-2, no clear correlation results between strength degradation
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and slip. Finally, the stiffness degradation varied in the 5- 15% range at small slips (less than 1 mm),

increased up to 50- 75% at 15 mm slip, and is similar in Cycle-1 and in Cycle-2, as shown in subplots (d).

There are also some differences amongst the different configurations investigated. First, a higher

maximum load is attained by the specimens with the single yarn with 75 mm bond length (L.= 75 mm),

as shown in Fig. 5-25a, b, with respect to L.= 50 mm (Fig. 5-25a, b and Fig. 5-26a, b), indicating that a

longer bond length leads to a higher pull-out strength, which, in its turn, may be due either to an effective

bond length longer than 50 mm or to a higher contribution of friction activated over a longer embedded

yarn (or to a combination of the two factors). At the same time, Le= 75 mm shows a smaller strain (slip)

capacity when compared to L= 50 mm (around 1/3) that is due to the early occurrence of the yarn

rupture. These observations are also in line with the ones previously reported on the monotonic response

of the same glass TRM system tested under different embedded lengths [15]. Also, the single yarn with

L= 75 mm shows a smaller load degradation of Cycle-1 and Cycle-2, while similar stiffness degradation

compared to L= 50 mm.
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Fig. 5-25. Cyclic pull-out behavior of the single glass yarn with L.= 50 mm and 75 mm: (a) load-slip curve; (b)
peak loads; (c) strength degradation; (d) stiffness degradation; (e) comparison of monotonic and push of cyclic

loading (Peak 1).
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Fig. 5-26. Cyclic pull-out behavior of the single glass yarn with and without transverse elements and L= 50 mm:
(a) load-slip curve; (b) peak loads; (c) strength degradation; (d) stiffness degradation; (e) comparison among

monotonic and cyclic loading.

The role of transverse yarns on the cyclic response is also significant (Fig. 5-26). A clearly larger Peak-1,

Peak-2, and Peak-3 are obtained in the specimens with transverse yarns when compared to those with a

single longitudinal yarn. At the same time, single yarns show a larger strength degradation in both Cycle-

1 and Cycle-2. A higher pull-out load/yarn is also obtained with two fiber yarns (Fig. 5-27a, b) with respect

to one yarn (note that, as said before, the load is always indicated per yarn, i.e., the force recorded by

the load cell is divided by the number of yarns to plot the results). This again shows the beneficial role of

interaction between fiber yarns connected by weft elements, as also reported in [15].
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Fig. 5-27. Cyclic pull-out behavior of the group of 2 glass yarns with L.= 50 mm and 75 mm: (a) load-slip curve;
(b) peak loads; (c) strength degradation; (d) stiffness degradation.

5.6. TRM-to-substrate bond

In this section, a comprehensive investigation of the TRM-to-substrate bond behavior is performed. For
this aim, the effect of bond length and surface treatment of the substrate is considered as variables. A
comparison is also made between the results obtained from pull-out tests and conventional singledap
shear bond tests to highlight the differences/similarities between these two test methods. There is more

information about the tests in section 3.6.
5.6.1. Effect of bond length and surface preparation

Two groups of single-lap samples were prepared with 100 mm bonded length. In one group, the original
brick surface was used (method a), while in the second group, the brick surface was sandblasted to
increase the surface roughness, here termed method b [119]. Besides, to investigate the effect of bond
length, an additional embedded length of 150 mm was utilized with sandblasted bricks (method b). For

each type of brick surface and embedded length, five specimens were constructed and named SL100-a
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for the original brick and SL100-b and SL150-b for single-lap shear specimens constructed with the
sandblasted brick.

A comparison among the results of SL100-a, SL100-b, and SL150-b specimens clearly shows the effect
of sandblasting on the TRM-to-substrate bond behavior, see Fig. 5-28. The failure mode of the SL100-a
samples is the delamination of the TRM from the substrate, while yarns slippage, followed by tensile
rupture, is observed in the SL100-b samples. Additionally, in SL150-b specimens, all yarns ruptured by

reaching the maximum load. The load-slip curves are also consequently different in these three sets of

samples.
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Fig. 5-28. TRM-to-substrate bond behavior: (a) original brick; (b) sandblasted brick.

The main experimental parameters, such as the peak load and its corresponding slip, the fabric stress,
and the initial stiffness, are obtained for the tested samples and presented in Table 5-8. The stress is
calculated by dividing the peak load by the cross-section area of the yarns (2.65 mm3). It can be seen
that sandblasting has a significant effect as SL100-b samples show a peak load and a corresponding slip
around two times higher than those of SL100-a. In addition, the initial stiffness of SL100-b specimens is
two times higher than the SL100-a samples. As expected, by increasing the embedded length, the peak
load and its corresponding slip increased by 44% and 33% in SL150-b specimens compared to SL100-b

specimens, respectively. The initial stiffness of SL150-b, however, decreases by 45%.
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Table 5-8. TRM-to-substrate bond behavior based on surface treatment and bond length™.

Surface Bond . Peak load per Slip at the peak load | Stress | Initial stiffness
treatment length | Specimen yamn [mm] [MPa] [N/mm]
[mm] [N]
SL100-al 276 0.55 313 468
SL100-a2 196 0.27 222 846
SL100-a3 316 0.84 359 367
original 100
SL100-a4 178 0.58 201 189
SL100-a5 222 0.55 252 437
Average 238 (22) 0.56 (32) 269 (22) 461 (47)
SL100-b1 605 1.71 687 446
SL100-h2 299 0.99 339 844
SL100-b3 419 1.34 475 662
sandblasted 100 o 100-64 614 0.68 696 1804
SL100-b5 599 1.29 680 1123
Average 507 (25) 1.20 (29) 575 (25) 976 (48)
SL150-b1 784 2.02 889 332
SL150-b2 742 1.33 842 414
sandblasted 150 SL150-b3 731 1.34 829 652
SL150-b4 663 1.67 752 381
Average 730 (6) 1.59 (18) 828 (6) 445 (28)

*CoV of the results is given in percentage inside parentheses

5.6.2. Comparison of pull-out and single-lap shear tests

Recent investigations on mechanical characterization of TRM-based composites have been mostly
focused on mechanical tests for characterization of the tensile response of TRM composites or of the
TRM-to-masonry bond behavior [14,31]. Single or double-lap shear bond tests have been extensively used
for characterization of the TRM-to-substrate bond behavior, similar to that of FRP-strengthened masonry.
However, the critical differences between these two composite materials in terms of the nonlinear
response and failure modes suggest that these tests are not suitable for constitutive modeling and
extraction of bond-slip laws. Fiber-to-mortar pull-out tests seem to be a more suitable testing method but
have received very limited attention.

Consequently, in most of the available studies in the literature, the bond-slip laws proposed for TRM
composites are based on the experimental results obtained from shear debonding tests. However, it
should be noted that the bond response obtained from these tests is the resultant of several complex
mechanisms, including the fiber-to-mortar bond behavior and the matrix-to-masonry bond behavior, as

well as cracking of the mortar top layer (and possibly the bottom layer that is difficult to be observed).
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This behavior leads to proposals of bond-slips law that are only able to reproduce the experimentally
observed load-slip curves rather than actually considering the governing mechanisms, such as fiber pull-
out, mortar cracking, debonding at the interface of masonry and TRM. Furthermore, the reproduction of
the experimental curves in such conditions is also subjected to limitations and assumptions of the
modeling approach on material properties and stress conditions. This limitation can therefore lead to
erroneous predictions in numerical simulations if a different modeling strategy is adopted.

For simulating a strengthened masonry structure with a TRM system, one should model the bond behavior
of components of TRMs (fiber-to-mortar and mortar-to-substrate) instead of using the results of the single-
lap shear tests that express the general behavior of the system. Literature review showed that for the
same experimental data, different bond-slip laws could be obtained following different approaches. To
better clarify the importance of this issue, a comparison is made in this section between the load-slip
curves obtained from the single-lap shear tests and pull-out tests. The average and envelope load-slip
curves obtained from single-lap shear tests performed on specimens prepared and cured following the
same procedure as of the specimens used for pull-out tests (in section 5.3.1) are shown in Fig. 5-29a.
As it can be seen in Fig. 5-29b, the failure mode is cracking and splitting of the mortar top layer together
with the sliding of the fibers. A comparison between the load-slip curves of the single-lap and pull-out tests
shows that the response is similar in the elastic region in all the specimens (see Fig. 5-29a). However,
the peak load and the post-peak response of the specimens are different. The main parameters of the
load-slip curves, summarized in Table 5-9, can better clarify the observed differences. It seems that in
the pull-out tests, by increasing the number of fibers, a decrease in the bond properties is observed.
However, the single-lap shear tests results (that contain eight cords) show a higher peak load, higher slip
corresponding to peak load, and higher toughness when compared to those of pull-out tests on specimens
with four cords. This unexpected behavior can be due to the differences in the involved mechanisms and
boundary conditions in these two test setups. In the pull-push tests, the mortar is fixed from the top, and
a similar stress distribution exists on both mortar layers. Consequently, the mortar is under compressive
load, and the fiber bear tensile load. On the other hand, in single-lap shear tests, the mortar is free, and
only the substrate is fixed, causing different stress distributions in the top and the bottom mortar layers.
Moreover, the type of test setup causes both the mortar and the fiber to be under tensile stress, but the
brick bears the compressive stress, as reported in [119]. These observed differences in the load-slip
curves suggest that a different bond-slip law will be obtained in each case, and therefore the application
of these laws in numerical simulations should be made with special care and attention. While the stress

distribution and the possible failure modes in the TRM system are similar to the results of the singledap
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shear test, the pull-out test is a suitable test for investigating the bond behavior between fiber and mortar.
It is worth noting that the obtained results of pull-out tests only depend on the bond between fiber and
mortar and the stress state in the mortar. In contrast, the load-slip curves obtained from single-lap shear
tests are affected by other interacting factors, such as the mortar-to-substrate bond, cracking of the top
layer of mortar, and unsymmetrical loading conditions on the mortar. Hence, for simulating the bond

behavior of fiber-to-mortar in TRM systems, the bond-slip law extracted from the pull-out test is suggested.
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Fig. 5-29. (a) Load-slip curve and (b) failure mode of steel-based TRMs under single-lap shear test.

Table 5-9. Changes of bond properties in steel-based TRM with fiber configuration*.

Test Fiber configuration | se [mMM] | Proerioer [N] | Eaenperoe [N.mm] | K perioer [N/ mm]
Single cord 1.08 (15) | 992 (8) 730 (20) 3245 (8)
Pull-out Two cords 0.89 (23) | 815(13) 538 (27) 2738 (20)
Four cords 0.74 (39) | 700 (13) 340 (51) 3299 (9)
Single-lap Eight cords 1.05(13) | 875(8) 674 (15) 2600 (31)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E..: debonding energy; K: initial stiffness.

5.7. Effect of curing conditions

This section examined the effects of different mortar curing conditions and brick moisture content on
fiber-to-mortar and TRM-to-substrate bond behavior. This was accomplished by initially curing specimens
under three different conditions and then undergoing post-exposure tests (pull-out and singledap shear
tests) on the TRM composites. The pull-out specimens were prepared by embedding single glass yarns
or steel cords into the mortars M1 and M2, respectively, where their bond lengths were 50 mm and 150
mm. Effect of mortar curing and brick moisture content was only investigated on steel-based TRM

composites and mortar M2. The specimens are named X_Y_Z_7', in which X relates to the test type (P:
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pull-out test, S: single-lap shear test). Y is connected to the curing condition of the mortar, and Z is linked
to the brick moisture condition, which is used just for the single-lap shear specimens. Y and Z are defined
in section 3.8. Z’ used only for the pull-out specimens are related to the fiber type (St: steel fiber, Gl: glass

yarn).

5.7. 1. Fiber-to-mortar bond

5.7.1.1. Steel-reinforced mortar

All steel-based TRM specimens failed due to fibers slippage from the mortar, resulting in a typical load-
slip curve. Fig. 5-30 shows the individual and average load-slip curves of these specimens for each curing
condition. The pull-out curves show a sudden drop in the load to a residual value P: after reaching the
peak load (P-) due to the occurrence of debonding between the fiber and the mortar [18]. A slip hardening
behavior follows this sudden drop by reaching the second peak load, resulting from friction between the
fiber and the mortar. It can be observed that the slip hardening is smaller in the samples cured under
PL-7 and RH-7 conditions compared to those cured under PL-1 conditions. Nevertheless, the curing
conditions considered here do not affect the general form of the load-slip curves.

Table 5-10 presents the main characteristics of the experimental pull-out curves for each curing condition.
The pull-out parameters include the first peak load (Ps), the dropped load or frictional load (Py), the initial
stiffness (K), the debonding energy (E«), and the pull-out energy (E.). E« and E.. are the areas under the
load-slip curve until the P- and from the P» until the end, respectively. In general, the specimens cured
under PL-7 (seven days covered with damp cloths and a plastic sheet) and RH-7 (seven days stored in
the chamber with 90% RH) show a much better bond performance than specimens cured under PL-1
(one day under the plastic sheet), as shown in Table 5-10. In other words, all bond parameters improve,
but the post-peak energy absorption (E.) does not change. The Pr, K, and E. of the P_PL-7_St specimens,
the parameters explaining the fiber-to-mortar bond behavior before full debonding, are 41%, 168%, and
120%, respectively, higher than the P_PL-1_St specimens are. There is also a 9%, 112%, and 15%
increase of these values in the P_RH-7_St specimens compared to P_PL-1_St specimens of 9%, 112%,
and 15%, respectively. The increase in the mortar M2 strength under curing conditions PL-7 and RH-7
(Table 4-4) can be accounted for this improvement in the bond behavior.

Comparing P_PL-7_St and P_RH-7_St, it is evident that conserving moisture with plastic is more effective
than curing under high humidity conditions (Table 5-10). For example, the Pr of P_PL-7_St specimens
increases by 30%, compared to those of P_RH-7_St. Although mortar M2 has a similar mechanical

strength under these two curing conditions (see Table 4-4), the DTA results show that the decarboxylation
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level of the specimens cured in the PL-7 condition is higher than the condition RH-7. The results indicate
a higher carbonation degree is achieved in samples cured under PL-7 conditions, leading to better bond

performance even though the mechanical properties of the mortar M2 are not significantly different
between PL-7 and RH-7.
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Fig. 5-30. Pull-out load-slip curves of steel-based TRM specimens: (a) P_PL-1_St; (b) P_PL-7_St; (c) P_RH-7_St;
(d) Envelopes of the experimental results.
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Table 5-10. Effect of different curing conditions on the fiber-to-mortar bond properties of steel-based TRM*.

Mortar curing Specimen Se P» P Eees Ee K
condition [mm] | [N [N] | [INNmm] | [N.mm] | [N/mm]

PPL1St1 | 078 ] 635 | 467 | 305 5594 1139
PPL-1 St2 | 0.85 ] 766 | 595 | 410 7395 1430
P_PL-1 St 3 | 0.58 | 485 | 439 198 5451 1329
PL-1 P_PL-1 St 4 | 0.67 | 530 | 431 192 4998 942
P PL-1 St5 | 081 | 769 | 565 | 342 7025 1110
0.74 | 635 | 500 | 290 6093 1190
(14) | (18) | (14) | (29) (15) (14)
P PL-7 St 1 | 083 | 952 | 814 | 568 8573 3241
P_PL-7 St 2 | 051 | 750 | 621 256 6633 3499
P_PL-7_St 3 | 0.93 | 858 - 548 5861 2998
PL-7 P PL-7 St4 | 1.01 | 866 | 745 | 589 7747 3083
P_PL-7 St 5 | 1.23 | 1066 | 872 | 852 8855 3151
09 | 898 | 763 | 562 7534 3194
(26) | (12) | (12) | (34) (15) (5)
P_RH-7 St 1 | 083 ] 858 | 630 489 6653 2422
P_RH-7_St 2 | 0.59 | 630 | 500 | 265 4742 2497
RH-7 P_RH-7_St 3 | 0.59 | 5682 | 505 | 250 5766 2667
0.7 | 689 | 544 | 334 5720 2528
(17) | (18) | (11) | (33) (14) (4)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; P: frictional load; E..: debonding energy; E..:
pull-out energy; K: initial stiffness.

average

average

average

5.7.1.2. Glass-reinforced mortar

The yarn slippage was the main failure mode of the glass-based TRM composites for all three curing
conditions. Fig. 5-31 presents the average and individual load-slip curves for these specimens under
different curing conditions. Similar to the steel-based TRM, the experimental results show the typical pull-
out curves. In general, the curing conditions considered here do not affect the general form of the load-

slip curve (Fig. 5-31d).
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Fig. 5-31. Pull-out load-slip curves of steel-based TRM specimens: (a) P_PL-1_GlI; (b) P_PL-7_ Gl; (c) P_RH-7_
Gl; (d) Envelopes of the experimental results.

Conservation of moisture during curing contributes considerably to the glass-to-mortar bond behavior. As
reported in Table 5-11, Pr, K, and Ew of the P_PL-7_GI specimens increased by 22%, 29%, and 42%,
compared to the P_PL-1_GI specimens. These values are equal to 36%, 22%, and 274% for the P_RH-
7_Gl specimens compared to the P_PL-1_Gl specimens. The other bond parameters also show a similar
enhancement in the P_PL-7_GI and P_RH-7_GI specimens compared to the P_PL-1_GI specimens.
Moreover, a comparison between the P_PL-7_GI and P_RH-7_GI bond parameters shows that plastic

sealing is more effective than high humidity environments, which is in line with the steel-based TRM
results.
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Table 5-11. Effect of different curing conditions on the fiber-to-mortar bond properties of glass-based TRM*.

Mortar curing Specimen Se P» P: Eees Ew K
condition [mm] | [N [N] | IN.mm] | [N.mm] | [N/mm]

P PL-1 GL_1 | 014111102 12 3476 891

P PL-1 G2 | 026 | 144 | 112 19 4102 750

PL.1 P_PL-1 GI_3 | 0.25 | 180 | 179 25 3921 800

P PL-1 G4 | 019 | 177|138 18 3893 985

average 0.21 | 153 | 133 19 3848 857

(23) | (18) | (22) | (26) (6) (11)
P PL-7 GI_1 | 0.27 | 157 | 118 24 4267 1036
P PL-7_GI_2 | 0.19 | 215 | 206 26 3915 1290

PL7 P_PL-7_ GI_3 | 0.28 | 173 | 169 32 4363 951
P PL-7 GI_4 | 0.41 | 203 | 203 66 5188 1151
average 0.25 | 187 | 193 27 4433 1107

(16) | (12) | (9) | (12) (11) (12)
P _RH-7_GI_1 | 0.52 | 168 | 123 49 3548 1190

P_RH-7_GI_2 | 0.62 | 223 | 193 73 4211 977

RHL7 P RH-7_GI_3 | 0.62 | 228 | 201 74 3487 993
P_RH-7_GI_4 | 0.76 | 212 | 196 87 3611 1008
average 0.63 | 208 | 197 71 3714 1042

(14) | (1) | (2) [ (19) (8) (8)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; P:: frictional load; E«: debonding energy; E..:
pull-out energy; K: initial stiffness.

5.7.2 TRM-to-substrate bond

The main outputs of single-lap shear tests (load-slip curves, peak load (Pe), bond strength (ov), and failure
mode of the specimens) are presented and discussed in this section [14,31,119]. Here, the bond strength
is calculated by dividing the peak load by the fiber cross-section area. The ratio of the bond strength to
the tensile strength of steel fiber () is also presented to investigate the effect of different curing conditions

on the utilization of the tensile strength in the TRM systems.

5.7.2.1. Dry substrate

Fig. 5-32 and Table 5-12 show the load-slip curves and the summary of the S_PL-1_D, S_PL-7_D, and
S_RH-7_D test results. The load-slip curves show a similar trend in all specimens comprising an elastic
stage followed by a short nonlinear stage (see Fig. 5-32). Debonding at the TRM-to-substrate interface
was the main failure mode of all the tested specimens (see failures in Fig. 5-32). This shows that the
bond between the TRM and the substrate is weaker than the bond at the fiber-to-mortar interface in these
specimens. Although the surface of the bricks was sandblasted to improve the mortar-to-substrate bond,
using dry bricks led to a poor bond performance because of the suction of the mortar water towards the

brick [213,214].

109



Multi-scale investigation of the durability performance of TRM-strengthened masonry

Interestingly, the specimens cured under PL-7 conditions (S_PL-7_D) show a lower peak load (P) than
the specimens cured under the other conditions (S_PL-1_D and S_RH-7_D), as listed in Table 5-12. This
observation contrasts with the pull-out results. This shows high drying shrinkage in those specimens, as
reported before, has possibly led to the development of micro-cracks at the mortar-to-brick surface and

reduction of its bond performance.
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Fig. 5-32. Load-slip curves and failure mode of single-lap shear specimens with dry brick: (a) S_PL-1_D; (b)
S_PL-7_D; (c) S_RH-7_D.
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Table 5-12. Effect of different mortar curing conditions and dry brick on the TRM-to-substrate bond properties*.

. " . Peak load/per yarn Stress n
Mortar curing condition Specimen N] (MPa] %]
S PL-1 D 1 552 1025 34
S PL-1 D_2 621 1154 39
PL-1 S_PL-1_ D_3 562 1045 35
S PL-1.D 4 498 926 31

average 558 (19) 1038 (8) | 35(9)
S PL-7_D_1 344 639 21
S_PL-7_D_2 316 588 20
PL-7 S_PL-7_D_3 330 613 21
S_PL-7_.D 4 469 871 29

average 365 (17) 678 (17) | 23 (17)
S RH-7.D 1 694 1289 43
S_RH-7_D_2 675 1255 42
RH.7 S_RH-7_D_3 619 1151 39
S RH-7.D 4 458 852 29
S_RH-7_D 5 815 1515 51

average 652 (18) 1289 (15) | 43 (15)

*CoV of the results is given in percentage inside parentheses; 1: maximum bond strength to the tensile strength of steel fiber.
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5.7.2.2. Semi-saturated substrate

These specimens showed a ductile load-slip curve (deformation ability after reaching the peak load), see
Fig. 5-33. As opposed to the specimens prepared on dry substrate, the failure of all these specimens was
fiber slippage followed by mortar cracking (Fig. 5-33) in these specimens. This indicates a better bond is
formed between the mortar and the brick, in this case [33,195,215,216].

A comparison between the bond parameters of this group of specimens shows that S_PL-7_SS
specimens have a better performance than two other series (Table 5-13). This can be due to the presence
of sufficient moisture in these specimens, thus improving the fiber-to-mortar bond in a similar way to pull-
out specimens (P_PL-7_S). Also, it seems that the bond performance in the specimens cured under high
relative humidity conditions (P_RH_7_SS) does not differ much from the specimens cured under plastic

for one day (P_PL_1_SS).
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Fig. 5-33. Load-slip curves and failure mode of single-lap shear specimens with semi-saturated brick: (a) S_PL-
1_SS; (b) S_PL-7_SS; (c) S_RH-7_SS.
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Table 5-13. Effect of different mortar curing conditions and semi-saturation brick on the TRM-to-substrate bond

properties™.
. " . Peak load/per yarn Stress n
Mortar curing condition Specimen N] (MPa] %]
S_PL-1_SS 1 844 1569 53
S_PL-1_SS_2 679 1261 42
PL.1 S_PL-1_SS_3 707 1314 44
S_PL-1_SS 4 615 1144 38
S_PL-1_SS b 967 1798 60
average 762 (17) 1322 (12) | 44 (12)
S_PL-7_SS_1 932 1733 58
S_PL-7_SS_2 970 1803 61
PL7 S_PL-7_SS_3 782 1454 49
S_PL-7_SS 4 857 1594 54
S_PL-7_SS_b 832 1546 52
average 875 (8) 1646 (8) | 55(8)
S_RH-7_SS 1 677 1259 42
S_RH-7_SS 2 640 1190 40
RHL7 S_RH-7_SS 3 533 990 33
S_RH-7_SS 4 684 1271 43
S_RH-7_SS 5 678 1260 42
average 642 (9) 1178 (10) | 40 (10)

*CoV of the results is given in percentage inside parentheses; 1: maximum bond strength to the tensile strength of steel fiber.

5.7.2.3. Saturated brick

Fig. 5-34 shows the load-slip curves of the S_PL-1_SA, S_PL-7_SA, S_RH-7_SA specimens. Compared
with the dry bricks, these specimens demonstrate a higher ductility and bond strength. However, their
load-slip curves lack the post-peak region observed in specimens prepared on semi-saturated bricks due
to the type of failure mode that occurred in these specimens (combined fiber slipping and mortar cracking
followed by detachment at the fiber-to-mortar interface, Fig. 5-34). As shown in Table 5-14, the S_PL-
1_SA specimens have a better bond performance than the S_PL-7_SA and S_RH-7_SA specimens. This
improvement in the bond behavior can be attributed to the water balance within the mortar during curing
condition PL-1. It seems that the presence of high humidity (in PL-7 and RH-7) combined with a saturated
substrate has led to an irreversible moisture expansion [217]. In contrast, as shown in section 4.3.1,
higher humidity can affect the shrinkage behavior of the mortar.

A comparison between saturated and dry bricks shows an increase in the bond strength. According to
Table 5-14, the n for the specimens prepared on saturated bricks is in the range of 41% to 59%. In
contrast, this range falls between 23% and 41% for dry brick samples.
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Fig. 5-34. Load-slip curves and failure mode of single-lap shear specimens with saturated brick: (a) S_PL-1_SA;
(b) S_PL-7_SA; (c) S_RH-7_SA.

Table 5-14. Effect of different mortar curing conditions and saturated brick on the TRM-to-substrate bond

properties®.
Mortar curing Specimen Peak I;)?nd/ per Stress n
condition P y[N] [MPa] [%]
S_PL-1_SA 1 993 1845 62
S_PL-1_SA 2 900 1672 56
PL-1 S_PL-1_SA 3 957 1780 60
S_PL-1_SA 4 920 1710 58
average 942 (4) 1845 (4) | 62 (4)
S_PL-7_SA 1 730 1357 46
S_PL-7_SA 2 691 1285 43
PL7 S_PL-7_SA_3 808 1502 51
S_PL-7_SA 4 883 1642 55
S_PL-7_SA 5 1094 2033 68
average 841 (17) 1447 (9) | 49 (9)
S_RH-
7_SA_1 616 1145 39
S_RH-
7_SA_? 850 1579 53
S_RH-
RA-7 7_SA_3 624 1160 39
S_RH-
7_SA_4 540 1004 34
1222 41
average 657 (18) (18) (18)

*CoV of the results is given in percentage inside parentheses es; 1: maximum bond strength to the tensile strength of steel fiber.
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5.7.2.4. Interaction of mortar curing and brick moisture conditions

The brick condition appears to have a significant impact on the TRM-to-substrate bond behavior.
Comparing the exploitation ratio (n) of the samples S_PL-1_D, S_PL-1_SS, and S_PL-1_SA (dry, semi-,
and saturated bricks with mortar curing condition PL-1), n has increased when the bricks have a higher
initial moisture content (n=35%, 48%, and 59%, respectively). However, curing the mortar under high
humidity conditions during the early ages (curing PL-7 and RH-7 in this study) can reduce the effect of
substrate conditions on the bond performance. These findings are also corroborated by comparing the
peak loads (P-) of the pull-out and the singledap shear tests. Under PL-1 curing conditions and semi-
saturated or saturated substrate conditions (SS and SA conditions), the P» of the single-lap shear tests is
more than that of the pull-out test. For PL-7 conditions, the P- of the pull-out and single-lap shear tests
are in the same range (however, the Ps is smaller for the dry brick condition). Comparable results are also
observed for RH-7 conditions. As a result, it is clear that the high moisture content in the mortar (due to
either proper curing or lack of suction of mortar water by the substrate) results in a higher degree of

hydration in the mortar and a better the bond performance.

5.8. Effect of aging of lime-based TRM

The experimental campaign investigated the changes in fiber-to-mortar bond behavior and the tensile
response of TRM composites with time under indoor and outdoor environmental conditions. Single steel
fiber was embedded in the mortar M2 in 150 mm bond length, and the single glass yarn was used with

the mortar M1 with 50 mm bond length. More information about the tests can be found in section 3.9.1.

5.8. 1. Steel fiber-to-mortar bond behavior

The failure mode for all the specimens is fiber slipping/pull-out from the mortar. The pull-out curves at
all ages show the typical linear, nonlinear, and dynamic stages with a drop of the load after the peak load
(see, for example, the results obtained for samples tested at 15 days in Fig. 5-35a). This sudden drop
load shows the transition from chemical/frictional bond to frictional bond and indicates that the frictional
bond is smaller than the adhesive bond in this system [67-69,72,73]. After this load drop, a slip
hardening behavior (forming a second peak load) and then a softening response until the end of the tests
is observed [68,69,72,75,77,218]. Comparing the load-slip curves of the samples tested at different ages

under indoor conditions (Fig. 5-35b) shows that, in general, the bond behavior is improved with time even
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until 920 days, although a slight decrement of bond performance may also be observed at some ages.
This behavior is because of the increase of the mortar M2 strength.

The role of the mortar type seems to be significant for the bond performance of indoor aged samples, as
shown in Fig. 5-35c. Specimens prepared with mortar M1 show a better bond performance at 90 days
but a worse one at 920 days than specimens prepared with mortar M2. It seems that although pull-out
samples prepared with mortar M1 gain higher strengths in early ages, bond deterioration or mortar
shrinkage governs their performance at later ages. Besides, a comparison between the pull-out response
of M1 mortar at 90 and 920 days shows (Fig. 5-35c) that the transition from the progressive debonding

stage to the dynamic stage has changed from a smooth and upward trend to a sudden drop in the pull-

out load.
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Fig. 5-35. Pull-out behavior of the steel-based TRM: (a) typical pull-out behavior; (b) effect of the mortar age; (c)
effect of the mortar type; (d) effect of environmental condition.

Comparing the pull-out curves of indoor and outdoor aged samples (made of mortar M2), Fig. 5-35d
shows that, generally, outdoor aged samples have a better bond performance. This observation can be
due to a higher hydration degree achieved in the samples aged under outdoor conditions. Clearly,

hydraulic lime-based mortars aged under indoor conditions have a considerably slower hydration degree
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and thus lower bond performance. The peak load of samples aged at 920 days under outdoor conditions
is 1125.9 N, which is 19% higher than samples aged under indoor conditions. It should also be noted
that samples aged under outdoor conditions reached a peak load of 1550.3 N at 270 days showing a
progressive deterioration mechanism afterward until 920 days.

To better understand the role of environmental conditions, the change in the key characteristics of the
pull-out curves with time is presented in Fig. 5-36. Here, the individual sample results are presented
together with a nonlinear regression line showing the general trend of the experimental results; however,
a few experiments are not so well represented. The mean values of pull-out parameters of indoor and
outdoor specimens are presented in Table 5-15 and Table 5-16. It can be observed that the peak load,
the initial stiffness, the deboning energy, the chemical bond energy, and the pull-out energy show, in
general, an incremental trend until 270 days, and then the values decreased until the end of the tests in
outdoor aged samples. Meanwhile, in indoor aged samples, these properties reached their peak value at
an early age and did not show a significant change with time after that, except for the chemical bond
energy and initial stiffness, which are slightly decreased in the initial stage of exposure. As expected, the

variation of the experimental results is also higher in the samples aged under outdoor conditions.
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Fig. 5-36. Pull-out behavior parameters of the steel-based TRM: (a) peak load; (b) initial stiffness; (c) debonding
energy; (d) pull-out energy; (e) chemical bond energy.
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Table 5-15. Pull-out properties of the steel-based TRM aged under indoor conditions*.

Mortar | Age [days] | s> [mm] | Ps [N] | Ew [N.mm] | Ew [N.mm] | Ge [J/mm?] | K [N/mm]
15 0.8 711.1 376.0 6030.6 0.06 1902.6
(16) (7) (20) (7) (37) (19)
30 0.9 8719 529.2 8132.8 0.09 2076.1
9) (9) (20) 9) (57) (23)
90 0.8 740.6 364.5 6763.9 0.07 1277.4
M2 (3) 9) (10) (10) (16) (10)
180 0.9 7309 436.8 7253.0 0.04 1360.3
(16) (17) (32) (16) (54) (14)
270 0.8 7479 408.4 6373.3 0.09 1865
(21) (17) (43) (2) (55) (29)
920 1.02 | 9453 614.8 8691.6 0.06 1889.2
(6) (11) (14) (8) (50) (25)
90 1.0 916.6 599 12514.4 2657.8
M1 (12) (8) (14) (16) (18)
920 1.1 769.2 537.0 7358.8 0.01 1202.7
(19) (8) (28) (13) (91) (6)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E... debonding energy; E..: pull-out energy;

G:: chemical bond energy; K: initial stiffness.

Table 5-16. Pull-out properties of the steel-based TRM aged under outdoor conditions™.

Age [days] Se [mm] P- [N] Eeo [N.mm] Ew [N.mm] Ge [J/mm?] K [N/mm]
180 1.3 1121.5 1045.0 10139.3 0.08 2871
(5) (4) (11) (5) (35) (27)
970 1.7 1550.3 1839.2 12262.0 0.12 3222.3
(6) (2) () (1) (56) (13)
920 1.3 1125.9 971.0 9243.7 0.03 2058.5
(36) (16) (43) (12) (25) (40)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E... debonding energy; E..: pull-out energy;
Ga: chemical bond energy; K: initial stiffness.

5.8.2. Glass yarn-to-mortar bond behavior

The pull-out curves of the individual samples, the experimental average, and the analytical curves of the
glass-based TRM are presented in Fig. 5-37. These specimens, in contrast to steel-based TRMs, do not
show a sudden load drop after the peak load; thus, the transition from the progressive debonding to the
dynamic stage is smooth. This behavior can be due to the insufficient curing condition of the mortar M1
at early ages, followed by the weak bond at the fiber-to-mortar interface. Comparing the pull-out curves

tested at different ages and under indoor conditions (Fig. 5-37b), one shows that at early and later ages
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(until 30 days and after 270 days), and the slip hardening is followed by a softening in the pull-out curves.

However, at 90 and 180 days, the slip hardening is followed by a second slip hardening effect leading to

significant absorption of energy. This change of final slip softening at early ages to slip hardening seems

to be a result of further hydration of the mortar. Nevertheless, at later ages, it seems that a sort of bond

deterioration or mortar shrinkage by forming micro-cracks at the bond interface has occurred, which led

to a slip softening behavior.

Comparison of the indoor and outdoor aged samples indicates again that generally, outdoor aged samples

show a better bond performance compared to indoor aged samples, see Fig. 5-37c. This behavior is in

line with what is observed for the mortar M1 changes in indoor and outdoor conditions. As also observed

in indoor aged samples, a degradation of the bond performance can also be observed in the samples

aged under outdoor conditions at later ages.
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Pull-out behavior of the glass-based TRM: (a) typical pull-out behavior; (b) effect of the mortar age; (c)

The key characteristics of the pull-out response, compared in Fig. 5-38, show that the peak load and

debonding energy of outdoor samples are slightly higher than the corresponding specimens tested in the
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indoor condition. However, both the peak load and debonding energy show a declining behavior from 270

days to 920 days in outdoor-aged samples. The initial stiffness of the outdoor aged samples is significantly

higher than the indoor aged samples becoming more than three times at 920 days, owing to better curing

conditions or higher hydration of the mortar M1. Moreover, both the debonding energy and the pull-out

energy show an increasing trend for indoor aged samples while energy desorption is always smaller than

that of outdoor aged samples up until the end of the tests, where they become close. Increasing the

energy desorption at the early ages of outdoor exposure can be due to improving the bond of fiber-to-

mortar. By increasing the exposure ages, the bond declined due to bond deterioration, shrinkage, or

micro-cracks. Again, the experimental mean values are presented in Table 5-17 and Table 5-18.
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Fig. 5-38. Pull-out behavior parameters of the glass-based TRM: (a) peak load; (b) initial stiffness; (c) debonding
energy; (d) pull-out energy.
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Table 5-17. Pull-out properties of the glass-based TRM aged under indoor conditions™.

Age [days] | s> [mm] | Pe [N] | Ew [N.mm] | Ex [N.mm] | K [N/mm]
15 2.6 284.6 542.9 2279.0 456.1
(12) (10) (16) (8) (4)
30 1.9 250.5 380.2 2166.9 815
(31) (30) (49) (38) (22)
90 2.3 378.8 656.4 4554.6 857.8
(13) (16) (8) (19) (22)
180 2.3 390.8 648.4 5133.8 909.1
(27) (12) (32) (10) (35)
270 3.1 3395 792.7 2775.7 917.3
(13) (17) (24) (28) (38)
920 1.9 410.9 607.6 2569.8 785.5
(22) (10) (13) (28) (43)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E«.: debonding energy; E.: pull-out energy;
K: initial stiffness.

Table 5-18. Pull-out properties of the glass-based TRM aged under outdoor conditions™.

: (faiz] s [mm] PIN] | Ew[N.mm] | Eo[N.mm] | K[N/mm]
180 18 4597 6228 4878.2 1012.7
(18) (4) (23) (19) (18)
270 22 4376 801.0 44613 1423.0
(11) (15) (21) (18) (48)
520 21 4032 695.9 3542.4 3069.2
(20) (12) (18) (24) (2)

*CoV of the results is given in percentage inside parentheses; s:: slip corresponding to peak load; P-: peak load; E... debonding energy; E..: pull-out energy;
K: initial stiffness.

5.8.3. Tensile behavior of steel-based TRM

The typical tensile stress-strain response of individual steel-based TRMs at 90 days, together with their
experimental average curves, are presented in Fig. 5-39a. In all specimens, fiber rupture is the governing
failure mode. In addition to the three typical stages of the tensile response, explained previously, a final
softening stage can be observed in the stress-strain curves. This final softening is probably due to the
non-uniform distribution of the stresses among the cords or the step-by-step failure of steel wires. The
cracking of the mortar can be clearly observed in the samples Fig. 5-39b. Many cracks have formed,
showing the balance between the bond and mortar strength and suitable textile-to-mortar bond behavior

in these samples.
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At first glance, no significant differences are observed between the tensile responses of samples aged

under indoor conditions (Fig. 5-39¢) and outdoor conditions (Fig. 5-39d) with time (despite the final

tension strength); however, the main characteristics of tensile response, shown in Fig. 5-40, show

interesting trends. Only a slight increase can be observed in the first cracking stress (o) in indoor aged

samples. However, the cracking strength is increased until 270 days and then decreased until the end of

the tests in the outdoor aged samples. At all ages, however, outdoor samples show higher cracking stress

than indoor samples, which can be again attributed to a higher hydration degree of the mortar. These

observations are in line with the observed changes in the mechanical properties of the mortars reported

in previous sections. The stress corresponding to the end of stage Il (02) increases notably with time in

both indoor and outdoor aged samples. Again, outdoor aged samples show a higher o than indoor aged

ones. In contrast, stress at stage Il (o:) shows an initial decrease and then an increase in both cases.
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Fig. 5-39. Tensile response of the steel-based TRM: (a) typical tensile behavior; (b) saturated cracking stage at 90
days (indoor aged); (c) effect of the mortar age under indoor conditions; (d) effect of mortar age under outdoor
conditions.
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Fig. 5-40. Tensile response parameters of the steel-based TRM: (a) o; (b) o2;
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As for stiffness, E: is increased initially and then decreased, E: increases, and E: does not show any

significant changes with time. The saturation crack spacing of the samples gradually decreases over time,

see Fig. b-41a. The mean values are explicitly presented in Table 5-19 and Table 5-20.
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5-41. Crack spacing under tensile test: (a) steel-based TRM; (b) glass-based TRM.
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Table 5-19. Tensile parameters of the steel-based TRM aged under indoor conditions™.
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Number Distance
Age E: E. E. &1 & & O O: Os of between
[days] | [GPa] | [GPa] | [GPa] | [%] [%] [%] | [MPa] | [MPa] | [MPa] cracks
cracks (mm]
90 1266.3 | 37.5 | 1639 | 0.03 | 0.15| 1.40 | 226.2 | 277.8 | 2318.4 8 39
(62) | (83) | (10) | (69) | (21) | (13) | (15) | (17) 9)
180 30943 | 63.4 {1628 | 0.01 | 0.19 | 1.14 | 227.1 | 339.0 | 1887.8 9 36.7
(25) | (31) | (®) [ (A7) | (8) | (8) | (22) | (21) (6) '
270 1464.7 | 56.7 | 149.4 |1 0.02 | 0.21 | 1.49 | 229.9 | 332.0 | 2223.8 11 308
(29) | (66) | (10) | (19) | (19) | (10) | (25) | (12) (6)
986.8 | 85.6 | 181.0 | 0.03 | 0.22 | 1561|2441 |411.4 | 2582.8
920 13 26.1
(37) | (16) | (22) | (37) | (4) | (25) | (12) (6) (8)
*CoV of the results is given in percentage inside parentheses.
Table 5-20. Tensile behavior of the steel-based TRM aged under outdoor conditions*.
Nurmber Distance
Age E: E. Es & & & o1 o: o of between
[days] | [GPa] | [GPa] | [GPa] | [%] [%] [%] | [MPa] | [MPa] | [MPa] cracks
cracks mm]
11596 | 61.6 | 1848 | 0.03 | 0.20| 1.29 | 291.7 | 399.8 | 2411.7
180 11 29.6
(41) | (37) | (4 [ (32) | 4 | (5) | (9) (5) (3)
970 1057.1 | 56.7 | 150.6 | 0.03 | 0.23 | 1.18 | 303.9 | 416.3 | 1877.5 15 20
(10) | (47) | (8) | (22) | (10) | (20) | (14) | (4) (26)
920 4004 | 92.4 | 173.1 | 0.08 | 0.24 | 1.37 | 245.1 | 390.2 | 2340.9 14 o5
(32) | (26) | (8) [ (60) | (5) | (6) | (22) | (11) (4)

*CoV of the results is given in percentage inside parentheses.

5.8.4. Tensile behavior of glass-based TRM

The typical tensile stress-strain response of individual glass-based TRMs (at 90 days), together with their

experimental average curves, are presented in Fig. 5-42a. Again, fiber rupture was the governing failure

mode in all the specimens. Although the three stages of the tensile response are identified in the curves,

no fluctuation in the crack developing stage can be observed, which is due to the small number of cracks

formed in these samples and/ or the lower tensile strength of the glass fibers (Fig. 5-42b).

123



Multi-scale investigation of the durability performance of TRM-strengthened masonry

1200

Individual specimen
—-—-- Experimental average
900 +
=
ey
2
#6004
2
7]
| - Age: 90 days
30077 Fiber: Glass
Mortar: M1
0 Indoor condition
T T T
0.000 0.005 0.010 0.015 0.020
Strain [mm/mm]
(a) (b)
1200 1200
90 days
900+ A 900+
— — (180 days| [920 days
o o = ~
% %
= 92 = /
7 600 0t 2 6001
2 / 2
7] ¥ &
300 i Fiber: Glass 300 S Fiber: Glass
Mortar: M1 - Mortar: M1
Indoor condition ‘@l Outdoor condition
0 T T l 0 T T l
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020

Strain [mm/mm] Strain [mm/mm]

(c) (d)

Fig. 5-42. Tensile response of the glass-based TRM: (a) typical tensile behavior; (b) saturated cracking stage at
90 days (indoor aged); (c) effect of the mortar age under indoor conditions; (d) effect of mortar age under
outdoor conditions.

No significant change is observed in the tensile response of samples aged under indoor conditions, Fig.
5-42c, though the samples aged under outdoor conditions show that the tensile behavior declines by
increasing the exposure, as presented in Fig. 5-42d. An in-depth look at the changes in the main
characteristics of the tensile response (Fig. 5-43) shows some differences between the samples aged
under indoor and outdoor conditions. As opposed to steel-based TRM, the first cracking stress, o,
decreases with time. This decrease is significantly higher in outdoor aged specimens in the first 270 days,
which is then recovered to some extent until the end of the tests. The stress corresponding to the end of
stage I, o, increases with time in indoor aged samples but decreases in outdoor aged samples. In turn,
05 shows a slight decrease in indoor aged samples and a significant one in outdoor aged samples. This
observation seems to indicate a non-negligible sensitivity of the glass fibers to outdoor environmental
conditions, which has led to their mechanical degradation. As for stiffness, E. increases with time for
indoor aged samples and decreases for outdoor aged samples, E:increases in indoor aged samples, but

it shows a decrease after 270 days in outdoor aged samples, and E: decreases in both cases. In contrast
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to steel-based TRM, the crack spacing is decreased in indoor aged specimens but decreases in outdoor

aged ones, Fig. 5-41b. The mean values are also explicitly presented in Table 5-21 and Table 5-22.

500 B 700 1200
o sonditir] A e IR S S L
3754 g e 5254 R g I TP 9004 . H
o o L % Indoor condition
= a, B = 575 o g = :
nZ_:ZSOf o I.‘,_ Outdoor condition ;3507 5 - \ST Tt ~: E 600+ *
© T Rl S % : i __()mdoor condition : ’ ® (]uld(:w. ;:;x.mlwl;s-!rrl ..... g
1254 o 1754 300 C .
) % " Omeemign| " Oupur i 0 | O i
[} 250 5lIJO 7.;0 1000 0 250 5lIJO 7:50 1000 "’éﬂ 560 7%0 1000
Age [days] Age [days] Age [days]
(a) (b) (c)
1000 100 o Indoor condition 100 o Indoor condition
» Outdoor condition * Outdoor condition
7504 \Indoor condition 759 754 <
:E 5 - T nc_';? 50 )\( Ouldonrmmdilimll E E. |I'ld00l’l¢011d1l1(‘ll‘
f 5004 /‘Qj = -7 ; [ E 0 E"‘%-‘:E.f:_’_"‘_‘_’q__‘" &
Outdoor condition x UL o x Borrrmemeex
250 : * e T i S E 254 ~ [Dudoor condition
[a Indoor condition B d ‘[ndnnrcnndilinn R )
0 ‘ . * (}mdi‘\urwmhlmn o B ‘ i i o ‘ | ,
0 250 500 750 1000 0 250 500 750 1000 0 250 500 750 1000
Age [days] Age [days] Age [days]
(d) (e) (f)
Fig. 5-43. Tensile response parameters of the glass-based TRM: (a) o:; (b) oz (c) o3; (d) E;; (e) Ez; (f) Es.
Table 5-21. Tensile parameters of the glass-based TRM aged under indoor conditions™.
Number Distance
Age E: E. E: & & € 0. o: o: of between
[days] [GPa] [GPa] [GPa] [%] [%] [%] | [MPa] | [MPa] | [MPa] cracks
cracks mm]
90 408.1 12.2 49.3 | 0.10]0.47 | 1.83 | 353.1 | 395.6 | 1054.0 A 63.8
(44) (46) (13) | (40) | (25) | (18) | (15) | (12) (2) '
180 323.3 345 60.7 | 0.14|046|1.68| 3974|4726 | 9325 3 102.8
(43) (29) (18) | (38) | (32) | (8) | (14) | (18) (2)
570 491.3 19.0 422 | 0.07]0.52 | 1.68 | 358.2 | 440.8 | 9344 A 782
(25) (24) (7) (12) | (33) | (12) | (17) | (16) (8) '
920 735.3 25.6 416 | 0.05|0.77 | 1.98 | 339.6 | 528.8 | 1006.9 6 469
(14) (23) (33) (10) | (24) | (10) | (10) (20) (17) '
*CoV of the results is given in percentage inside parentheses.
Table 5-22. Tensile behavior of the glass-based TRM aged under outdoor conditions*.
Number Distance
Age E: E. E. & & & o: o: o: of between
[days] | [GPa] [GPa] [GPa] [%] [%] [%] | [MPa] | [MPa] | [MPa] cracks
cracks mm]
180 670.7 345 515 | 0.06|0.44 | 1.07 | 365.1 | 497.6 | 804.7 5 115
(29) (23) (27) | (13) | (18) | (18) | (22) (15) (10)
270 509.9 59.0 305 |0.02(045(082| 71.4 | 292.1 | 406.5 A 88
(46) (43) (30) (42) | (33) | (24) (15) (15) (11)
920 384.0 27.2 389 | 0.05]055(1.10] 193.8 | 320.9 | 528.0 9 119
(22) (44) (22) (32) | (21) | (21) (16) (15) (11)

*CoV of the results is given in percentage inside parentheses.
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5.9. Effect of freeze-thaw conditions

This section investigates the effects of freeze-thaw conditions on TRM composites based on the
experimental plan described in section 3.9.2. To this end, sections 5.8.1, 5.8.2, and 5.9.3 explain the
effect of FT condition on the tensile, pull-out, and single-lap shear behavior of glass-based TRMs. Next,
the effect of FT condition on fiber-to-mortar bond behavior of steel and glass-based TRM composites with
different fiber embedded lengths and configurations are investigated.

Specimens are named XYZ, in which X is related to the type of TRM mechanical tests (T: Tensile test, P:
Pull-out, S: Single-lap shear). Y is related to the control (C) or exposure (E) specimens, and Z is connected
to the number of FT cycles. For example, PE360 is a pull-out specimen that received exposure to 360 FT
cycles.

For the pull-out specimens with different bond lengths and fiber configurations, the UVYW-YZ nomenclature
is considered. Where U is related to the fiber type (S: steel, G: glass), and V is linked to the fiber
configuration (S: single fiber, T: single yarn + transverse elements, G: two fibers, G": four fibers). In
addition, W is connected to the different embedded lengths (for glass fiber: 50, 75, and 100 mm, for
steel fiber: 50, 150, 200, and 250 mm). For example, SS150-E60 is a steel-based TRM composite with
a single yarn and 150 mm bond length exposed to 60 FT cycles.

5.9. 1. Fiber-to-mortar bond

Fig. 5-44 shows the typical pull-out response of individual specimens at O cycles and their experimental
average (of five samples) under the control and the FT conditions. In all cycles, the load-slip curves show
the typical pull-out response. The failure mode for all the specimens is yarn slipping from the mortar with
few exceptions in which the yarn raptures at the post-peak area. It can be observed that the pull-out
response of the control specimens is enhanced until 180 cycles and then deteriorates until 360 days (Fig.
5-44b). A similar trend also was observed in the mortar age effect on the pull-out response of glass-based
TRM (section 5.8.2). A similar enhancement of the pull-out response is also observed in the samples
exposed to FT conditions under 120 cycles, followed by a declining trend until the end of the tests (Fig.

5-44c).
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Fig. 5-44. Pull-out response: (a) typical pull-out behavior; (b) control specimens; (c) exposed specimens.

The peak load, debonding energy, and pull-out energy as the key characteristics of pull-out response are
presented in Fig. 5-45 with a linear regression line to demonstrate the general trend of pull-out parameters
(details presented in Table 5-23). The debonding energy and pull-out energy are defined as the area under
the load-slip curve until the peak load and the area from the peak load until the end, respectively. In Table
5-23 and Fig. 5-45c¢, the pull-out energy of PE240 specimens is not presented and measured due to fiber
rupture after reaching the peak load. The peak load, debonding energy, and pull-out energy of PE360
specimens (exposed specimens after applying 360 FT cycles) decrease by 39%, 85%, and 38%,
respectively, compared to PCO (control specimens at zero cycles). These values for PC360 specimens
(control specimens corresponding to 360 FT cycles) are 39%, 70%, and 33%, respectively. These
observations indicate that FT conditions do not affect bond behavior since the pull-out parameters
decrease similarly under both conditions. Instead, bond deterioration seems to have other sources, which
may be attributed to continued mortar hydration until the end of the test or shrinkage [161,219]. This

output needs to be explored in more detail in future studies.
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Fig. 5-45. Pull-out behavior parameters: (a) peak load; (b) debonding energy; (c) pull-out energy.

Table 5-23. Pull-out properties of glass-based TRM composite under freeze-thaw conditions™.

Name Se P» B Ex K
[mm] [N] [N.mm] [N.mm] [N/mm]
PCO 0.63 (1) 502 (14) 208 (9) 4162 (34) 1829 (17)
PC180 0.56 (10) 674 (10) 252 (13) 2449 (37) 3509 (17)
PC360 0.32 (1) 308 (24) 63 (25) 2776 (25) 2419 (22)
PE6O 0.28 (18) 514 (6) 106 (25) 4286 (27) 4738 (3)
PE120 0.70 (16) 499 (21) 259 (36) 5457 (17) 3069 (16)
PE180 0.47 (23) 502 (14) 191 (26) 4339 (3) 5828 (11)
PE240 0.34 (24) 470 (7) 103 (22) - 4809 (17)
PE300 0.45 (23) 329 (11) 91 (24) 3748 (26) 971 (18)
PE360 0.17 (25) 308 (10) 32 (15) 2574 (13) 3606 (18)

*CoV of the results is given in percentage inside parentheses; s-: slip corresponding to peak load; P-: peak load; E... debonding energy; E... pull-out energy;
K: initial stiffness.

5.9.2 Tensile behavior

Fig. 5-46a and Fig. 5-46b show the typical tensile stress-strain response and crack pattern of TRMs at O

cycles and their experimental average (of five samples) under the control and the FT conditions. The
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experimental load is divided by the cross-section area of the yarns (2.645 mm? to calculate the stress.
The strain equals the mean displacements from the two LVDTs divided by their base length (310 mm). A
set of parallel and horizontal cracks followed by rupturing yarns are the governing failure mode in all the
specimens under the control and the FT conditions, as shown in Fig. 5-46b. The linear, the crack
development, and the post-cracking stages of the tensile response are identified in the tensile-strain curves.
Fig. 5-46¢ shows no significant change in the stress-strain curves for specimens under the control
conditions, while Fig. 5-46d displays that freeze-thaw action slightly decreases the tensile performance of
glass-based TRM composite.

The tensile response parameters (elastic modulus and stress) of individual specimens are reported
together with a linear regression line showing the general trend of the experimental results in Fig. 5-47
(and see Table 5-24 for exact values). In general, the stress and elastic modulus corresponding to the
linear stage (o: and E.), as well as the stress of the crack development stage (o2), drops under the FT
conditions (Fig. 5-47). The decrease is 42%, 12%, and 22% for o1, E1, and o after 360 FT cycles (TE360
specimens) compared to the control samples at zero cycles (TCO). Nevertheless, the elastic modulus of
the crack development stage (E.) under the FT conditions shows an increasing trend (Fig. 5-47), so that
E. at the last FT cycle (TE360) increases by 50% compared to TCO specimens (Table 5-24). Control
specimens behave differently in terms of tensile parameters so that o: remains almost constant
throughout the test and E: increases by 81% for TC360 specimens compared with TCO specimens. At the
crack development stage, both o. and E. exhibit a decreasing trend under the control conditions.
Compared with TCO specimens, these parameters decrease by 14% and 62% at the end of the test.
Besides, the crack spacing for both control and exposed specimens shows a slightly increasing trend, as
shown in Fig. 5-48. These observations indicate that the proposed FT conditions degrade the tensile
behavior of the glass-based TRM composites, particularly at the linear stage. This conclusion differs from
the tensile behavior of mortar M1 (flexural and splitting results) under the FT conditions, which may be

due to differences in specimen thicknesses and test setups.
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Fig. 5-46. TRM composite tensile response: (a) typical tensile behavior; (b) saturated cracking stage at 90 days
(control specimens); (c) tensile response of control specimens; (d) tensile response of exposed specimens.
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Table 5-24. TRM tensile behavior under freeze-thaw conditions*.

Number Distance

Name E. E. E & & € (o o: (o] of between
[GPa] | [GPa] | [GPa] | [%] [%] [%] | [MPa] | [MPa] | [MPa] cracks c[rack]s

mm

TC0 2280 | 19.4 | 62,7 | 0.03 | 0.68 | 1.19 | 5675 | 695 | 995.6 3 101
(25) | (28) | (15) | (25) | (30) | (9) | (12) (5) 9) (13) (23)

TC180 1607.1 | 6.6 | 83.4 | 0.03|0.65| 1.09 | 5455 | 627.3 | 9405 2 124
(12) | (10) | (13) | (17) | (18) | (15) | (17) | (16) (8) (32) (21)

10360 41243 | 7.3 | 53.5 | 0.01 | 0.54 | 0.82 | 562.4 | 598.9 | 736.8 2 133
(16) (14) | (21) | (29) | (27) | (32) | (16) (16) (13) (28) (39)

TE6O 8639 | 27.3 | 59.1 | 0.05|0.84|1.66|419.2 | 637 | 1110.3 4 72
(16) | (17) | (12) | (18) | (15) | (10) | (10) | (14) (5) (23) (20)

TE120 1375.1 | 23.2 | 63.7 | 0.04 | 0.92 | 1.21 | 600.5 | 801.1 | 1004.4 2 112
(14) | (12) | (20) | (21) | (21) | (9) | (19) | (17) (10) (20) (11)

TE180 2463.8 | 27.4 | 69.6 | 0.03 | 098 | 1.2 | 684.3|948.8 | 1096.1 2 105
(17) | (13) | (12) | (18) | (15) | (10) | (8) (8) (5) (18) (15)

TE240 14858 | 19.2 | 70.0 | 0.04 | 0.45| 091 | 524 |633.4| 8336 2 101
(15) [ (19) [ (9) [ (A7) [ (19) | (24) | (17) | (7) 9) (19) (39)

TE300 13788 | 20.9 | 51.4 | 0.03 | 0.78 | 1.39 | 385.1 | 5639.3 | 846.4 3 99
(15) | (14) | (22) | (20) | (20) | (18) | (10) | (6) (11) () (25)

TE360 1999.9 | 29.1 | 476 | 0.02 | 0.75 | 1.51 | 334.3 | 544.2 | 907.1 2 140
(10) | (16) | (17) | (17) | (14) | (13) | (11) | (7) 9) (25) (22)

*CoV of the results is given in percentage inside parentheses.
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Fig. 5-48. Crack spacing of the tensile specimens.

5.9.3 TRM-to-substrate bond

Fig. 5-49 reports the typical load-slip curves of the individual TRM-to-substrate specimens at O cycles and
the average load-slip curves of the control and the exposed specimens at all cycles. The curves in the
figures are the average of five specimens. The load in these curves is divided into the number of yarns (3
yarns) to calibrate curves based on a yarn. Control samples fail because of yarns slippage, while exposed

samples fail due to either yarns slippage or yarns slipping followed by tensile rupture (see Table 5-25). It
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should be noted that no debonding has occurred at the TRM-to-substrate interface under both conditions

due to the brick surface sandblasting and the equal CTE of the brick and the mortar M1. In general, the

load-slip curves of the control specimens indicate that the single-lap shear response declines with age

(Fig. 5-49b). In parallel, the load-slip curves of the exposed samples rise with increasing FT cycles up to

180 cycles. After this point, the load-slip curves show a declining trend, as shown in Fig. 5-49c. This

observation is in agreement with the pull-out response.
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Fig. 5-49. TRM-to-substrate response: (a) typical load-slip curve; (b) control specimens; (c) exposed specimens;
(d) peak load changes; (e) average stress at the exposed bond level specimens.
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The changes in the single-lap shear peak load under both conditions are presented in Fig. 5-49d with a
linear regression trending line for better understanding. Also, Table 5-25 reports the experimental mean
values of the slip corresponding to peak load, the peak load, and initial stiffness (by computing the initial
slopes of load-slip curves) in each cycle. As shown in Fig. 5-49d, the change in peak load under the FT
conditions is generally decreasing. Therefore, the peak load of SE360 specimens (exposed to 360 FT
cycles) decreases by 56% compared to the SCO specimens. Meanwhile, the peak load of the control
specimens displays a decreasing trend as well, by 59% for the SC360 specimens compared to the SCO
specimens. Since the peak load decreases similarly under both conditions, it indicates that FT does not
affect the TRM-to-substrate bond behavior. In fact, bond deterioration may be due to ongoing hydration

of the mortar or shrinkage. The effects of these conditions need to be explored further in future research.

Table 5-25. Glass-based TRM-to-substrate bond properties under freeze-thaw conditions™.

Name Slip of the peak load | Peak load/per yarn | Initial stiffness/ per yarn Failure
[mm] [N] [N/mm]

SCO 1.25 (29) 559 (15) 342 (31) slip
SC180 1.55 (39) 480 (15) 811 (24) slip
SC360 0.58 (33) 227 (6) 729 (11) slip
SE60 1.08 (30) 558 (17) 743 (15) slip
SE120 1.21 (34) 555 (8) 775 (19) slip- rupture
SE180 1.36 (32) 623 (10) 793 (5) slip- rupture
SE240 1.15(2) 637 (5) 952 (4) rupture
SE300 1.07 (21) 507 (17) 531 (25) slip- rupture
SE360 0.81 (17) 246 (7) 443 (14) slip

*CoV of the results is given in percentage inside parentheses.

Fig. 5-49e also shows the average fabric stress of the pull-out (Gwu.s) and the single-lap (Owees) SpECimMens
compared to the average tensile stress of the TRM composite at the end of the linear (1) and the crack
development stages (o) under the FT conditions. As shown, Guweand oseeware close to the o, indicating
the bond strength of the whole system decreases before cracks appear in the mortar samples. However,
in some points (240 and 300 cycles), owwis close to the o. due to fiber rupturing in these samples.
Moreover, comparison of Gueand Osneew Shows that these two stresses are equal up to 120 cycles, but
after this point, owwxis less than oswew. This can be attributed to the fact that the bond degradation effect
on mesh fabric is less than that on single yarn. In addition, it is important to take into account that the
bond length of pull-out specimens varies from those of single-lap specimens (50 mm versus 100 mm,

respectively).
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5.9.4. Steel-based TRM with different bond lengths

Fig. 5-50 shows the average load-slip curves of steel-based TRM with different embedded lengths under
both the control and the FT conditions. Table 5-26 also presents the failure mode of these specimens. All
SS50 and SS150 specimens show a fiber slipping/pull-out failure mode with the typical load-slip curves,
including the linear, nonlinear, and dynamic stages. The linear stage exhibits a complete bond between
fiber and mortar, while the nonlinear stage indicates debonding occurring at the fiber-to-mortar interface
and continues until the peak load. Then, complete debonding occurs, and the fiber pulls out from the
mortar (the dynamic stage). The failure mode in SS200 is a combination of the fiber rupturing (for SS200-
E60, SS200-E180) and slipping (for SS200-E300/360 and SS200-C0/360), as listed in Table 5-26. The
load-slip curves of the specimens with the fiber rupture show a linear and a partially nonlinear part until
the peak load, followed by a sudden rupture of the fiber (Fig. 5-50). The failure of SS250 specimens is
the fiber rupture (for SS250-CO and SS250-E360) and fiber slipping (for SS250-E60/180/300 and
SS250-C360) (see Table 5-26). The fiber rupture occurs at the loaded end (inside the mortar or at the
mortar interface) due to reaching the applied load to the fiber tensile strength. Fiber rupturing shows that
the bond strength at the interface of the fiber-to-mortar was higher than the tensile strength of the steel
fibers and caused fiber failure. As listed in Table 5-26, the peak load of all steel-based TRM specimens
with fiber failure is close to the tensile strength of the steel fiber (2819 MPa or 1517 N, as listed in Table
4-10).

In general, in all embedded lengths, the control samples show a deterioration of bond performance with
time (comparing the load-slip curves of CO with C360 in Fig. 5-50). The FT exposure, however, has
different effects on specimens with different embedded lengths. For example, the load-slip curves of SS50-
E and SS200-E specimens get flattered by increasing the number of cycles. In contrast, SS150-E and
SS250-E show the opposite trend. Additionally, a few load-slip curves of steel-based TRM specimens
(SS50-C360, SS150-C360, and SS200-E360) show a load drop after reaching peak load, followed by a
slip-hardening (see Fig. 5-50). The fiber-to-mortar bond in a TRM composite with a high adhesion must
be broken before the dynamic stage can begin. The load drop occurs when the load required to debond
the fiber is higher than the frictional resistance after complete debonding, resulting in an unstable
debonding. In addition, slip hardening occurs due to increasing friction stress between the fiber and the

mortar at the dynamic stage.
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Fig. 5-50. Average of load-slip response of single steel fibers in different bond lengths: (a) SS50; (b) SS150; (c)
SS200; (d) SS250.

The changes of the peak load (P+), the debonding energy (E«), and the pull-out energy (E..) with exposure
are presented in Fig. 5-51(the average values are also reported in Table 5-26). Ew and E.. are defined as
the area under the load-slip curve until the peak load and from the peak load until the end, respectively.
It should be mentioned that E.. is not calculated for SS250-E360 and SS250-CO as the fibers failed at the
peak load (see Fig. 5-50d). All pull-out parameters show, in general, a gradual decrement from 0 to 360
cycles under both the control and the FT conditions, as shown in Fig. 5-51. To understand better the
effect of mortar age and FT conditions on the bond parameters, the difference (in percentage) between
the average results at 360 cycles (C360 and E360) and the control specimens at O cycles (CO) are
presented in Table 5-26. It can be inferred that the bond parameters are deteriorated equally under both
conditions, showing the proposed FT condition was not harsh enough. It seems other parameters cause
the bond degradation to occur in both conditions, such as the long-term shrinkage effect by forming micro
cracks at the bond interface. Continuing hydration (as mentioned in section 4.5.1) may lead to chemical
shrinkage due to a reduction in the hydration volume of anhydrous compounds. This output should be

further investigated in future studies.
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Table 5-26. Changes of bond properties in steel-based TRM with different embedded lengths and under FT

conditions*.
Em be?ier:]length Name [EP] Pp/[E;:]wl N Er;bm | Eoer/ [;Tb,co-l " .I-?npom] Er/ [;T,co-]. Failure
seoco | || 1 1219 o
SS50-E60 ?1133) - 1&2)7 2([112;3 slip
" SS50-E180 ?;S - 1&2)2 [gé;l slip
SS50-E£300 (3259? - (739(3 ‘Eé;) slip
SS50-E360 ?222? 29 1([118? 24 2(5132? -32 slip
SS50-C360 ?135? 9 (gg) 94 5(1121? 29 slip
ssisoco | 120[ [ 38101 o516 o
ssisoeso | 01 | 2 o7 s
50 SS150-E180 1(22)3 - 1(§3)5 8(22? slip
SS150-E300 1(?2)7 - 2(;;)9 8&2? slip
SS150-E360 1(378)9 9 3212)3 -1 1?2858)4 11 slip
SS150-C360 (8179‘? 32 (5553 -85 9(?8)8 -1 slip
sszooco | L] [ 4033 77é8 o
SS200-E60 1?22)3 - 2(?2)1 rupture
SS200-E180 1622 - 1995 rupture
200 (L) (16)
sszooe0 | 29| 9759 o540 s
SS200-E360 ?1811) -16 l(gg)l -75 8?61)6 11 slip
S$S200-C360 (91223) 21 3(;;';) -22 7(?2)4 -5 slip
SS250-CO 1?;;3 - 3(21)4 rupture
ssasoeeo | 1568 | 74 20 o
SS250-E180 1527 ) 2799 12797 slip
R AR
SS250-E300 (11) - 12) 3) slip
SS250-E360 1?29)0 3 Zéif 37 rupture
§S250-C360 1(?8)7 8 Agg')l 17 ! 1(%39 slip

*CoV of the results is given in percentage inside parentheses; P:: Peak load; E..: Debonding energy; E... Pull-out energy.
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Fig. 5-51. Pull-out parameters of single steel-based TRM in different bond lengths: (a) peak load; (b) debonding
energy; (c) pull-out energy.

5.9.5. Glass-based TRM with different bond lengths

The average of pull-out response curves obtained for the glass-based TRMs with different bond lengths is
presented in Fig. 5-52. Besides, Table 5-27 presents the failure of these specimens. The load-slip curves
of GS50 specimens include the linear and nonlinear part until reaching the first peak load, followed by
slip hardening and then decreasing load. These specimens generally fail under yarn slipping/pull-out
mode though tensile rupture of the yarns occurs in GS50-E60/180 and GS50-CO specimens at the
dynamic stage. The failure of GS75 specimens is yarn slipping followed by rupturing. This observation is

also supported by their load-slip curves, where the yarn slipped until reaching peak load and then ruptured
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at the dynamic stage. Meanwhile, GS100 samples are failed by fiber rupturing, so their load-slip curves
only include the linear and nonlinear parts until a peak load is reached.

Load-slip curves show a decrease in bond performance of GS50 specimens. So, as the FT cycle or mortar
age increases, the load-slip curve of GS50 specimens becomes flatter, and the slip hardening effect is
reduced due to the decrease in the friction stress at the bond interface. In contrast, other glass-based
TRMs (GS75 and GS100) appear to show better performance with an increase in mortar age, both under
the control and the FT conditions. This observation finds that both conditions have an adverse effect on
the glass-based TRM when the bond length is equal to or less than the effective bond length (50 mm
based on section 5.2.2), where the load slip curve is flattened by increasing the number of cycles.
However, the development length in tension does not decrease for longer embedded lengths (75 and

100 mm), as the load-slip curves increase after 360 FT cycles.
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Fig. 5-562. Load-slip response of single glass fibers in different bond lengths: (a) 50 mm:; (b) 75 mm; (c) 100 mm.

Fig. 5-53 shows the key parameters of the individual pull-out specimens with the regression line to show
the general behavior of the glass-based TRM under the FT conditions. Since tensile rupture occurs at the

peak load in GS75 and GS100 specimens, Epo is not presented for these specimens. In addition, Table
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5-27 presents the difference between the FT and the control samples after 360 cycles with respect to the

control conditions (CO) for a better analysis. The results show that the pull-out parameters of the GS50

specimens decrease under both conditions, compared to the GS75 and GS100 specimens showing an

increase in the bond parameters. Due to the same decrease in pull-out parameters of GS50 specimens

under both conditions, the proposed FT condition does not affect the bond behavior. Instead, it seems

that a sort of bond deterioration by forming micro-cracks at the bond interface has occurred. One possible

explanation is the negative impact of mortar hydration on the bond behavior of GS50 specimens, which

continues until the end of the tests at both conditions (see section 4.5.1). This negative effect can manifest

in the form of chemical shrinkage or notching of the yarn surface due to the formation of precipitates

[161]. Future studies need to explore this output more thoroughly. On the other hand, the mortar

hydration does not affect the pull-out parameters of GS75 and GS100 specimens, which can be due to

the longer embedded length of these specimens than GS50 specimens.
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Fig. 5-63. Pull-out parameters of single glass-based TRM in different bond lengths: (a) peak load; (b) debonding
energy; (c) pull-out energy.
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Table 5-27. Changes of bond properties in glass-based TRM with different embedded lengths and under FT

conditions*.
Embedded PP/ PP‘CO' Edeb/ Edeb,CO' Epo/ Epa,co-
P: Eoer Ew _
length Name N 1 IN.mm] 1 IN.mm] 1 Failure
[mm] [%] ' [%] ' [%]
502 208 4162 _
GS50-CO (14) - ©) - (34) - slip
514 106 4286 .
GS50-E60 6) - (25) - 27) - slip
(GS50- 502 ) 191 ) 4339 ) i
50 E180 | (14) (26) (3) P
GS50- 329 ) 91 ) 3748 ) i
E300 (11) (24) (26) P
GS50- 308 32 2574 .
60 |0 22 | (s 85 13 | 8 slip
GS50- 308 63 2776 .
c360 | oyl P | ey 70 5 | 38 slip
613 302 slip followed by
GS75-C0 (6) ) (17) ) ] ] rupture
569 258 slip followed by
GS75-£60 (18) ) (37) ) ] ] rupture
GS75- 545 ) 185 ) ) ) slip followed by
75 E180 (14) (27) rupture
GS75- 577 ) 171 ) ) ) slip followed by
E300 (10) (18) rupture
GS75- 724 1206 slip followed by
E360 (4) 18 (14) 300 ] ] rupture
GS75- 697 13 295 2 ) ) slip followed by
C360 (17) (32) rupture
723 593
GS100-CO ) - (32) - - - rupture
GS100- | 828 ) 926 ) ) ) rupture
60 | (9 36) i
GS100- | 702 ) 483 ) ) ) rupture
100 E180 | (4) (15) P
GS100- | 831 ] 700 ] ) ) rupture
E300 | (8) (16) P
GS100- | 871 786
F360 ) 21 (19) 32 - - rupture
GS100- | 841 605
360 6) 16 (17) 2 - - rupture

*CoV of the results is given in percentage inside parentheses; P:: Peak load; E..: Debonding energy; E... Pull-out energy.

To compare the behavior of steel and glass-based TRM under FT conditions, the results of SS50-E and
GSH0-E with equal bond lengths are selected. Generally, the steel-based TRMs (SS50-E) show a better
performance than the glass-based TRMs (GS50-E) under the considered FT conditions. Comparing the
load-slip curves of GS50 and SS50 specimens confirms this observation. In this way, glass-based TRMs

show wide curves at the beginning of exposure, and by increasing the number of FT cycles, they become
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narrow and flat. On the other hand, the steel-based TRMs show wide curves at all cycles and only decrease
at the end of the exposure. Besides, Fig. 5-54 compares the pull-out parameters of SS50-E and GS50-E
specimens, in which standard deviations are presented by the error bar. The results show that the peak
load (Pr) and the pull-out energy (E.) of both systems are approximately equal (by considering the error
bar). However, the debonding energy (E«) of SS50-E is higher than the GS50-E one due to the different

transitions between the nonlinear and dynamic stages at these specimens.
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Fig. 5-54. Load-slip response of single glass fibers in different bond lengths: (a) 50 mm:; (b) 75 mm; (c) 100 mm.

5.9.6. Steel-based TRM with different fiber configuration

The failure mode of SG150 specimens (with two cords) is generally fiber rupturing under the control and
the FT conditions; however, SG150-CO specimens show fiber slipping, as presented in Table 5-28.
Besides, SG'150 specimens (with four cords) fail due to fiber slipping/pull-out under both conditions. The
results also show that the failure modes of SG150 and SG’'150 do not change from the control to the
exposed specimens for the suggested period, like the single steel fiber specimens (SS150). The average
load-slip curves of both SG150 and SG'150 specimens are presented in Fig. 5-55. The pull-out response
of SG150 specimens includes the linear and nonlinear stages, and by reaching the peak load, the load
drops suddenly due to the fiber rupturing. On the other hand, the load-slip curves of SG’'150 specimens

show a typical pull-out curve.
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Fig. 5-55. Pull-out response of steel-based TRMs with different configurations and under FT condition: (a) two
cords; (b) four cords.

Compared to SS150 specimens, the pull-out response of SG'150 samples (with four cords) shows the
load decreasing with a steep slope after peak load under the control and the FT conditions. Increasing
the number of fibers results in a decrease in the load carried by each fiber, which is due to the effect of
the fiber volume fraction. In addition, the pull-out response of the SG'150-C and SG'150-E specimens
decreases by increasing the mortar age or increasing the number of the FT cycles, as shown in Fig. 11.
In contrast to SS150 and SG'150, there are no changes from the load-slip curve of the SG150-C to SG150-
E specimens.

The pull-out parameters of the individual specimens under the control and the FT conditions are reported
in Fig. 5-56, and their average values are presented in Table 5-28. Since tensile rupture occurs at the
peak load in SG150 specimens, E. is not presented for these specimens. The results display that the FT
condition causes the pull-out parameters to decrease slightly in SG150-E and SG'150-E specimens
(although the Pe of the SG150-E increases slightly). Under freeze-thaw conditions, bond parameters
decrease less in the group fibers (SG150 and SG’'150) than in single fibers (SS150). The difference of
the bond parameters between the freezing-thawing exposure (E360) and the control specimens (CO), as
well as between C360 and CO specimens, shows that the FT condition does not affect the bond
parameters of SG150 and SG'150 samples (see Table 5-28). Again, the effects of chemical shrinkage on
bond degradation can be emphasized further here due to continuing mortar hydration, as shown in section

45.1.
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Fig. 5-56. Pull-out parameters of group steel-based TRM composite under FT conditions: (a) peak load; (b)
debonding energy; (c) pull-out energy.

Table 5-28. Changes of bond properties in steel-based TRM with different fiber configurations and under FT

conditions™.
Fiber Configu ration P- PP/ Pecr-1 Eoes Edeb/ Eaenco-1 Es Epo/ Eroco-1 .
Name Failure
[mm] NG| % | [INeml| [ | Nmm] | [%]
1489 2253 .
SG150-CO (11) - (37) - - - slip
1494 1915
SG150-E60 - - - - rupture
(5) (38) P
SG150-E180 1(612)5 - 1(?2)2 - - - rupture
Two cords 1631 1919
SG150-E300 - - - - rupture
(5) (16) P
1627 1832
SG150-E360 9 -19 - - rupture
(5) (17) P
1536 1447
SG150-C360 3 -36 - - rupture
9) (15) P
1304 1700 6442
SG'150-CO - - - sli
(5) (19) (21) P
1225 2019 7176
SG'150-E60 - - - sli
(5) (18) (12) P
SG'150-E180 1427 ) 1721 ) 6280 ) slip
Four cords (6) (15) (6)
1364 1884 7683
SG'150-E300 - - - sli
7) (18) (4) P
1231 1918 6868
SG'150-E360 -6 13 7 sli
7) (23) (17) P
848 1435 5999
SG'150-C360 -35 -16 -7 sli
(14) (16) (8) P

*CoV of the results is given in percentage inside parentheses; P-: Peak load; E..: Debonding energy; E... Pull-out energy.
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5.9.7. Glass-based TRM with different fiber configuration

Fig. 5-57 shows the average load-slip curves of GT50 (with transverse yarns) and GG50 (2 group yarns)

specimens under both the control and the FT conditions. In addition, Table 5-29 reports their failure mode.

All GT50 specimens fail under yarn slipping/pull-out followed by rupturing. This observation is supported

by their load-slip curves, including the linear, nonlinear, and partially dynamic stages. A similar failure

mode also is observed for all GG50 specimens, except GG50-C360 failed by tensile rupture when the

peak load was reached. A comparison among the load-slip curves of GT50, GG50, and GS50 illustrates

the positive effect of transverse elements, so the pull-out curves of GT50 and GG50 do not show load

decreasing after peak load (dynamic stage). The load-slip curves of the control specimens (GT50-C and

GGH0-C) show that the pull-out response improves by increasing the mortar age, in contrast with the

GS50-C specimens. Like GS50-E, the FT condition slightly declines the load-slip curves of GT50-E and

GG50-E.

Load/per fiber [N]

Fig. 5-57. Pull-out response of glass-based TRMs with different configurations and under FT condition: (a)

900

--- GT50-C0

- - - GT50-E60
----- GT50-E180
—-—-=GT50-E300
—— GT50-E360
—— GT50-C360

Slip [mm]

(a)

10

Load/per fiber [N]

900

600

3004

- - - GG50-CO

- - - GG50-E60
----- GG50-E180
—-—--GG50-E300
— GG50-E360
— GG50-C360

Slip [mm]

(b)

single yarn+ transverse; (b) group yarns.
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Table 5-29. Changes of bond properties in glass-based TRM with different fiber configurations and under FT

conditions™.
Fiber Configu ration Ps PP/ PP‘CO‘]. Eeer Edeb/ Edeb,CO']. Epo Epo/ Epa,co-]. .
[mm] Name 1 o N | [ Nmp | g | PRV
273 28 4026 .
0 GT50-C0 - |
£ (17) (35) (42) Sip
£ 717 855 2795 .
§ GT50-E60 (10) - (56) (37) slip
§ GT50-E180 (51713; i 1(23)1 slip
[
IS 459 124 2353 .
Jé GT50-E300 17) - 27) (38) slip
S, 456 80 4734 .
° GTS0£360 | 1% | 67 2) 183 1 18 slip
& 449 82 1771 .
GT50C360 | 0| 65 59) 190 o) 56 slip
642 2252 .
GG50-CO ©) - (34) slip
——CIE >
ooy
s 383 71 2073 .
s GGS0E180 | )| - 51 m slip
o
e 368 44 5268 .
oo _| -
E GGS0E300 | o o (6) slip
401 90 5091 .
GGS0E360 | ;) | 38 50) 96 18) slip
GG50-C360 (71936) 24 1(25)5 -52 rupture

* CoV of the results is given in percentage inside parentheses; P-: Peak load; E... Debonding energy; E... Pull-out energy.

The key characteristics of the pull-out response of the individual GT50 and GG50 specimens are presented

in Fig. 5-58 (see Table 5-29 for the average of the pull-out parameters at each cycle). Since tensile rupture

occurs at the peak load in several GG50 specimens, Epo is not presented for these specimens in Fig.

5-58c. Under the control condition, P» of the GT50-C and GG50-C shows an incremental trend by

increasing the mortar age though other pull-out parameters decline. Besides, a comparison between the

GT50-C and GG50-C shows that the key characteristics of GG50-C specimens are higher than the pull-

out parameters of GT50-C specimens. This observation reveals that fabric mesh influences the yarn-to-

mortar bond behavior more than the single yarn with the transverse elements, even at different mortar

ages.
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Fig. 5-58. Pull-out parameters of single+ transverse and group glass-based TRM composite under FT conditions:
(a) peak load; (b) debonding energy; (c) pull-out energy.

Similar to the single glass-based TRM (GS50), the FT condition decreases the pull-out parameters in
GG50-E, as shown in Fig. 5-58. However, GT50 specimens show an increasing trend under the FT
conditions. Table 5-29 also presents the difference of the bond parameters between the freezing-thawing
exposure (E360) and the control (CO) specimens, as well as C360 and CO specimens. The outcomes
illustrate that under both conditions, the bond properties of GT50 specimens improve. Meanwhile, the
outcomes display that the FT conditions lead to a considerable decrement of all pull-out parameters in
GGH0-E360 specimens, in contrast to GG50-C360. As a result of this observation, it is apparent that glass
fabric configuration affects the pull-out response, resulting in different bond behavior under FT conditions.
Therefore, studying from single to mesh configurations of this type of fiber is crucial to understanding

their behavior better.

5.10. Main conclusions

In this chapter, a comprehensive experimental evaluation of steel and glass-based TRM composites was
presented. The pull-out response of TRM composites was investigated and discussed in terms of the test
setup, embedded length, fiber configuration, slip rate, and cyclic loading. In addition, the interaction
between the curing condition, mortar age effect, real environment effects, and freeze/thaw conditions to
mechanical properties of TRM composites was examined. The following conclusions can be drawn from

the analysis of the experimental results:
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The results showed that the pull-push test setup when the free length of the fiber was embedded
in an epoxy resin (pull-push Il setup) was the most reliable test setup and produced the lowest
variation of the results (CoVs). In addition, the resin block facilitated the attachment of the LVDTs
and prevented the premature failure of the fibers. It was also observed that the gripping of the
mortar from the bottom in this configuration could lead to mortar cracking/crushing before
performing the tests.

Steel-based and glass-based TRMs had significantly different effective bond lengths. This value
seemed to be in the range of 150 mm to 200 mm in steel-based TRM and in the range of 50 mm
to 75 mm in glass-based TRMs used in the current study.

Increasing the number of steel fibers changed the failure mode from pull-out to pull-out and
mortar cracking. Furthermore, transverse elements at the glass-based TRM composites also
improved the toughness at the nonlinear stage.

The slip rate significantly affected bond strengths at low rates, while there was no significant
difference in peak loads at faster rates. Similar trends were also observed for absorbed energy
and stiffness, confirming the sensitivity to the slip rate in slow tests.

Cyclic responses were narrow with few unloading-reloading cycles, indicating minimal hysteretic
energy dissipation. The strength and stiffness of the pull-out deteriorated upon cycling. There was
an effective interaction between fiber yarns in the bidirectional glass mesh, which was much less
obvious in the steel fiber cords.

Comparison of the pull-out and debonding (single-lap) shear tests indicated a significant
difference in the obtained load-slip curves and failure modes. This difference, being significant
even when the TRM-to-substrate bond was of high quality (when the surface was treated) due to
the differences in the boundary conditions and stress distribution in these two test methods.
While pull-out tests provided information for characterization of the fabric-to-mortar bond behavior,
debonding tests provided information on the reliability of the strengthening system used.

When the humidity was higher, the pull-out parameters showed an improving trend. The bond
properties between TRM and substrate were fundamentally influenced by the water content of
bricks. A dry brick could disrupt mortar chemical reactions, while the saturation brick could result
in a weak bond between TRM and substrate.

TRMs cracking behavior was found to be significantly influenced by the mortar type, both in the
short and long-term. Indoor TRMs typically demonstrated a lower bond performance than outdoor

TRMs. In addition, TRM composites exhibited different tensile behavior and cracking patterns
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under indoor and outdoor conditions, which depended on the TRM type. During outdoor
conditions, high humidity and rain increased the hydration rates of the hydraulic lime-based
mortars, which in turn resulted in a stronger specimen.

e The TRM tensile behavior, the bond behavior at the yarn-to-mortar, and the TRM-to-substrate
bond behavior also showed a decreasing trend in some parameters under the FT condition, in
contrast to the control specimens at zero cycles.

e The pull-out response of the steel-based TRM with different bond lengths generally declined under
both the control and the FT conditions. On the other hand, the glass-based TRM with different
embedded lengths showed varied behavior. So that the bond strength deteriorated for 50 mm
bond length while for 75 mm bond length, and enhancement of the bond strength was observed.

e Both the control and FT conditions resulted in improved bond performance for reinforced samples
with two cords; however, these conditions had a detrimental effect on the reinforced samples
with a single cord and four cords. Glass-based TRMs were also found to be influenced by yarn
configuration. Under FT conditions, transverse yarn specimens showed enhanced bond behavior,

but group yarn specimens exhibited deterioration similar to single yarn samples.
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Chapter 6: Mechanical performance of TRM-strengthened masonry panels

The experimental results on the mechanical behavior of TRM-strengthened masonry panels are presented
and discussed in this chapter. Accordingly, diagonal compression tests and flexural tests were performed
to determine the in-plane behavior of unreinforced and strengthened masonry panels, as discussed in
chapter 3. This chapter contains the following highlights:
e The effect of surface treatment on the in-plane and out-of-plane behavior of TRM-strengthened
masonry panels is presented and discussed.
e The efficiency of glass-based TRM composites, as a strengthening system, on the mechanical
performance of masonry panels is investigated.
e The mechanical behavior of unreinforced and strengthened masonry panels (with and without

strengthening systems) under freeze-thaw conditions is presented and discussed.
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6.1. Effect of surface treatment

The effect of masonry surface treatment (original surface vs. sandblasted surface) on the in-plane and
out-of-plane behavior of TRM-strengthened masonry panels is presented here. Panels are labeled as VXY,
where V represents whether the specimen is unreinforced (U) or strengthened (S); X is related to the type
of panels (D for Diagonal compression wallets, P for out-of-plane failure parallel to bed joint, and N for
out-of-plane failure normal to bed joint, respectively); Y represents the sample surface treatment (O:
original brick, S: sandblasted bricks). For example, SPO is a strengthened out-of-plane panel loaded to
fail parallel to the bed joints made with the original brick. Section 3.7.3 provides a detailed description of

the test methods and procedures.

6.1.1. In-plane behavior

The average load-displacement (vertical and horizontal LVDT measurements) response of the
unreinforced and strengthened panels is presented in Fig. 6-1a. The effect of strengthening on the
strength of the masonry wallets is considerable (see Table 6-1). The strengthened panels show increases
of 3.07 and 3.70 in the peak load in SDO (TRM-strengthened wallets built by original brick) and SDS
wallets (TRM-strengthened wallets built by sandblasted brick), respectively, compared to UD specimens
(unreinforced wallets). Also, sandblasting of the surface (in SDS) has led to a 19.8 % increment of the

shear strength (compared to SDO wallets).

160
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Fig. 6-1. Diagonal compression result: (a) load-displacement curves; (b) average shear stress-strain curves.

In the UD panels (unreinforced panels), the failure is brittle and composed of sliding along the mortar

joint and cracking in masonry units with no considerable crack development before failure (see cracking
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pattern at failure in Fig. 6-2a). While, in the SDO specimens, the TRM composite partially debonded from
the masonry substrate before reaching the maximum load (Fig. 6-2b). A slightly different observation was
made in the SDS wallets, in which two vertical cracks occur initially in the central region of the TRM
composite, followed by tensile rupture of the yarns and further development of axial cracks (Fig. 6-2c).
The distance between the cracks varied between 35 mm to 100 mm that is similar to the crack spacing

observed in tensile tests (see the result of TCO in section 5.9.2).

Table 6-1. Diagonal compression test results*.

. Prac . T Vi Y Y G
Specimen [kN] Failure (MPa] % 0 4 Wsiagona (MPa]
UD-1 51.64 A 0.78 0.03 0.02 0.03 1.65 3764
ubD-2 29.27 A 0.40 0.09 0.04 0.09 2.00 683
ub-3 42.21 B 0.61 0.11 0.05 0.11 2.25 998
average | 41.04 (22) - 0.60 (31) | 0.07 (47) | 0.04 (40) | 0.07 (47) | 1.97 (13) | 1815 (76)
SDO-1 134.87 D&A 1.92 0.09 0.06 0.15 2.36 2564
SDO-2 117.71 D&A 1.72 0.09 0.06 0.23 4.13 2493
SDO-3 125.53 D&A 1.69 0.09 0.06 0.1 1.73 2148
average | 126.04 (6) - 1.78 (6) | 0.09(2) | 0.06(4) | 0.16(35) | 2.74 (37) | 2402 (8)
SDS-1 150.62 E&C 2.19 0.12 0.07 0.25 3.54 2516
SDS-2 151.39 E&C 2.21 0.11 0.07 0.24 3.38 2461
average | 151.01 (0) - 2.20(1) | 0.11(3) | 0.07(2) | 0.24(1) | 3.46(2) | 2488 (1)

*CoV of the results is given in percentage inside parentheses. A: combined sliding along mortar joint and cracking in the masonry units; B: sliding along
mortar joint; C: cracking in the masonry units; D: TRM failure with debonding between TRM and the masonry; E: TRM failure.

(b)
Fig. 6-2. Diagonal compression failure mode: (a) UD; (b) SDO; (c) SDS.

=

(©)

In diagonal compression tests, the shear stress (t') and strain (y) in the center of the panels can be
calculated according to ASTM- E 519-02 [184]. The shear stress (t') can be expressed as:

, Pcos9
T =
A

n

Eq. 6-1
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P and O are the applied load and the angle between the bed joint and the main diagonal of the wallet,

respectively. A., which is equal to 5400 mm, is the net area of the specimen calculated as follows:
L'+H ,
A, :L 5 th.n Eq. 6-2

where L', H., and t are the length, the height, and the thickness of the panel, respectively, and are equal

to 540 mm, 540 mm, and 100 mm. n' is the percentage of the gross area of the unit that is solid,
expressed as a decimal. The shear strain (y) is calculated as follows:

A +A
= L Eqg. 6-3

g

Y

A, Ay, and g are the axial shortening, the transversal extension, and the axial gauge length, respectively.
The average shear stress-strain curves of each series, obtained from the above formulations, are plotted
in Fig. 6-1b. In addition, Table 6-1 reports the maximum shear stress (t'~) and its corresponding strain
(Yms), as well as the pseudo-ductility ratio (ps= Y./ y,) and the shear modulus (G) of each specimen,
which are the main parameters characterizing the shear behavior of the masonry wallets [220]. In this
study, y. is the ultimate shear strain corresponding to a 20 % strength drop on the post-peak softening
branch of the shear stress-strain curve [134,220-222]. v, is introduced as the shear strain at 75 % of the
maximum shear stress [23,133,220,223]. Since the IU specimens show a brittle response, y. is
considered equal to ym to calculate the pseudo-ductility ratio. Furthermore, G is defined as the secant
modulus between 5% and 30% of the maximum shear stress [20,224].

A comparison between the UD and the strengthened wallets (SDO and SDS) illustrates that strengthening
with TRM composites leads to a significant increment of all the parameters mentioned above, as shown
in Table 6-1, which is also in line with previous studies [25,133,134,144]. Sandblasting of the masonry
surface seems to have a significant effect on controlling the failure mode and, consequently, the
mechanical performance of the strengthened wallets. From Table 6-1, T'ra, Ym, and p of the SDS panels
are 1.24, 1.22, and 1.26 times higher than for SDO wallets, respectively; however, sandblasting does not
seem to have a significant influence on the shear modulus (G). This observation was expected as bond
delamination in SDO panels occurred at later stages of the tests in this case.

Casacci et al. [134] also investigated the in-plane behavior of unreinforced and strengthened masonry
panels using a similar TRM system as strengthening material. The panels were tested at 60 days' age,
and the curing condition of TRM composite was 30 days in the laboratory environmental condition. The
maximum shear strength of IU and reinforced wallets (strengthened at both sides) were 0.18 MPa and

0.87 MPa, respectively, while these values for UD and SDO panels tested in the present study are
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significantly high (0.6 MPa and 1.78 MPa, respectively). These differences seem to highlight the
significant and simultaneous effects of age and curing conditions on the in-plane behavior of panels

constructed and strengthened using lime-based mortars.

6.1.2. Out-ofplane behavior

Fig. 6-3 shows the load-displacement curves and Fig. 6-4 failure modes of the panels with failure parallel
(P) and normal (N) to the bed joint under out-of-plane loading. In both unreinforced wallet types (UP and
UN), a sudden and brittle failure of masonry after the peak load was observed. In UP, a single crack
across the panel and along the bed joint was formed (Fig. 6-4a), whereas, in UN wallets, the cracks
initiated in the head joint and progressed around the units in alternate courses (Fig. 6-4b).

The failure mode of strengthened wallets is also sudden and occurs once the load reaches the tensile
strength of the textile but at a much larger displacement and load capacity, as can be seen in Fig. 6-3a
and Fig. 6-3b. The number of cracks for SP and SN (strengthened wallets with failure parallel and normal
to bed joint, respectively) is two and one wide cracks, respectively, formed in the TRM composites at the
constant moment region. Like unreinforced wallets, the SP wallets failed at the masonry bed joint (Fig.
6-5a), while the SN wallets failed through the masonry units (Fig. 6-5b), meaning that the presence of
TRM composite influenced the failure mode of the NS wallets compared to the UN wallets. In contrast to
diagonal compression wallets, no TRM-to-masonry detachment was observed in any of these wallets (with
and without sandblasting). This behavior can be due to the differences in the stress states in the system
compared to the in-plane tests. The average distance between cracks is 125 mm and 113 mm for SPO
and SPS, respectively, slightly larger than the crack spacing observed in TRM tensile tests (see the result
of TCO in section 5.9.2). This difference can be due to the difference in the load application and boundary

conditions in these two test methods.
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Load [kN]
Load [kN]

Displacement [mm] Displacement [mm]

(a) (b)

Fig. 6-3. Load-displacement curves of the specimens tested under flexure tests: (a) failure parallel to bed joint; (b)
failure normal to bed joint.

(@) (b)

Fig. 6-4. Failure mode of unreinforced flexural panels: (a) UP; (b) UN.

() (b)
Fig. 6-5. Failure mode of TRM-strengthened flexural panels: (a) SP; (b) SN.

Table 6-2 reports the main results of the out-of-plane behavior of the wallets tested parallel to the bed

joint in terms of the cracking load (P.) and its corresponding deflection (A.), as well as the maximum load

154



Chapter 6: Mechanical performance of TRM-strengthened masonry panels

(Prs) and its corresponding deflection (A-). It can be observed that the application of the glass-based
TRM system leads to a significant enhancement of the flexural strength of the panels (37 and 41 times
for SPO and SPS, respectively). The deformation capacity of the system is also increased significantly.
This parameter can be quantified through the definition of a ductility parameter (s as follows

[144,225]:

1 Emax
Hbending = E E_ +1 Eq 6'4

where E.. is the area under the load-displacement curve until the maximum load (P-) and E.. is the area
until the cracking load (P.). It can be observed in Table 6-2 that the pw. 0f SPS wallets (sandblasted
wallets) is 1.3 times higher than the ductility of the SPO wallets (wallets with no surface treatment). The
role of TRM composite in improving the bending behavior of wallets is also significant in wallets tested
normal to the bed joints (see Table 6-2). The maximum load is 3.3 and 2.9 times increased in SNO and
SNS, respectively, compared with UN wallets. Sandblasting of the bricks does not show a considerable
effect on the out-of-plane behavior. The ductility parameter, however, is higher by 14% in SNS in contrast
to SNO.

The orthogonal strength ratio (OSR), a parameter about the anisotropy degree of masonry, is equal to the
ratio of the gross area modulus of rupture (R) parallel to bed joints (Rr) to that of normal to bed joints (Rw)
[138]. According to ASTM E518 [226], R is expressed as follows:

Re o_ (P, +0.75P )L,

OSR=-%,
R, b, t°

Eqg. 65

in which P. and L. are the specimen weight and outer span length (420 mm). b. and t correspond to the
width and thickness of the panel (b= 420 for SP panels and 330 mm for SN panels). Since wallets are
tested in the vertical position, the effect of self-weight on the flexural tensile strength is considered to be
zero (P=0). Table 6-2 shows that the OSR for URM wallets is equal to 9.5, which indicates the URM
wallets have a high anisotropy degree. Nevertheless, for the SPO and SPS wallets, it is found to be 1.24
and 0.97, respectively, showing that the TRM composite has a crucial role in significantly decreasing the

anisotropy degree.
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Table 6-2. Flexural test results*.

Failure mode | Specimen A Pa A P Mo E Ene [T— R OSR
mm] | kN] | mm] | kN | kNm] | kNomm] | KN.mm] [MPa]
UP-1 139] 2 | 014 - 1.56 - | o2
UP-2 050 | 1 | 0.06 ] 0.34 - | o010
UP-3 124 1 [ 008 ] 1.08 - | 013
- 105 | 1 | 0.09 0.9 0.15
s average | - T lenl ey | e ] (50) "~ | 3y |20
5 SPO-1 | 055 | 2437 | 2.14 | 2739 | 171 | 821 | 4653 | 333 | 2.74
° SPO-2 | 0.38 | 2497 | 329 | 3875 | 242 | 624 | 99.14 | 844 | 3.87
N SPO-3 | 052 | 21.47 | 365 | 4406 | 275 | 730 | 11004 | 8.04 | 4.41
5 werage | 048 [ 2360 302 [3673 | 230 | 725 | 8523 | 660 | 367 |,
o (15) (6) (21) | (19) (19) (11) (33) (35 | (19)
2 SPS1 | 0.36 | 24.87 | 2.91 | 4149 | 259 | 528 | 9243 | 926 | 4.15
. SPs2 | 036 | 19.46 | 2.83 | 4137 | 259 | 423 | 7726 | 964 | 4.14
SPS3 | 0.35 2185 270 [ 4092 | 256 | 427 | 7767 | 9.59 | 4.09
worage | 036 | 2206 281 [ 4126 | 258 | 459 | 8245 | 9.49 | 413 | o
(1) (10) (3) (1) (1) (11) (9) (2) (1)
UN-1 | 023 | 7.03 | 085 | 6.98 | 044 | 114 500 | 270 | 0.89
UN2 | 043 | 11.61 ] 3.25 | 1587 | 099 | 374 | 3937 | 576 | 2.02
UN-3 | 0.11 [ 11.50 | 1.76 | 10.63 | 0.66 | 0.71 16.34 | 12.06 | 1.35
= 026 | 1004 ] 195 | 11.16 | 070 | 186 | 2024 | 6.84 | 1.42
= average
3, 61 | @) | 61 | 33) | (33 (72) 71 | 57 | (33
5 SNO-1 | 0.19 | 25.86 | 1.86 [ 3135 196 | 331 | 4481 | 7.8 | 3.99
° SNO2 | 0.17 | 2529 | 167 [ 3370 211 | 303 | 4116 | 7.29 | 4.29
B SNO-3 | 0.25 | 29.60 | 1.77 [ 42.14 | 263 | 516 | 5453 | 578 | 5.36
5 020 | 2692 | 176 | 35.73 | 2.23 | 383 | 4683 | 678 | 455
average
e (18) (7) (4) (13) (13) (25) (12) (10) | (13)
3 SNS-1 | 020 | 32.56 | 1.88 | 36.95 | 2.31 | 436 | 5420 | 671 | 470
SNS2 | 0.19 | 2825 | 1.64 | 36.39 | 224 | 349 | 4591 | 7.08 | 463
SNS3 | 0.14 | 2333 | 198 | 2123 ] 1.33 | 204 | 3705 | 956 | 2.70
werage | 018 [ 2805|183 [3L52 [ 197 | 330 [ 4572 [ 7.78 | 401
(13) | (13) (8) (23) (23) (29) (15) (16) | (23)

*CoV of the results is given in percentage inside parentheses.

6.2. Effect of freeze-thaw conditions

The effect of freeze-thaw conditions on the structural behavior of unreinforced and TRM-strengthened
masonry panels is discussed here. Panels are labeled as VXYZ, where V represents whether the specimen
is unreinforced (U) or strengthened (S); X is related to the type of panels (D for Diagonal compression
wallets, P for out-of-plane failure parallel to bed joint, and N for out-of-plane failure normal to bed joint,
respectively); Y represents whether the sample is a control specimen (C) or it was exposed to freeze-thaw
conditions (E), and Z shows the number of cycles. For example, SPE360 is a strengthened out-of-plane

panel loaded to fail parallel to the bed joints and was exposed to 360 FT cycles.
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6.2.1. In-plane behavior

The most common failure mode for unreinforced panels (UD) under both the control and FT conditions
is the sliding along with the mortar joint, and in a small number of cases, the sliding along the mortar
joint is combined with cracking in the masonry units, as presented in Table 6-3 and Fig. 6-6a. As for the
strengthened panels (SD), the failure is as follows: forming two vertical cracks in the center of the TRM
composite, rupturing yarns under tensile, followed by developing the axial cracks (Fig. 6-6b). Besides,
there is no debonding between the TRM composite and the substrate under the control and the FT
conditions due to using sandblasted bricks and compatible materials (the brick and the mortar M1) with

equal CTE.

(a) (b)

Fig. 6-6. Diagonal compression failure mode under the control and FT conditions: (a) UD panels; (b) SD panels.

The average load-displacement (vertical and horizontal LVDT measurements) response of the
unreinforced and strengthened panels is presented in Fig. 6-7. Also, Fig. 6-8 shows the average shear
stress-strain curve of each series calculated according to ASTM- E 519-02 [184]. Reinforced masonry
panels exhibit identical load-displacement curves under the control and the FT conditions, including linear,
nonlinear until reaching a peak load, and then a decrease in load. Under both conditions, the curves of
unreinforced panels only include linear and nonlinear parts. Based on this observation, the control and
FT conditions do not affect the in-plane response (the shape of load-displacement curves) of reinforced
and unreinforced panels (see Fig. 6-7). However, the shear stress-strain curves show that the diagonal
tension strength of reinforced and unreinforced panels (SDE360, SDC360, UDE360, and UDC360)
decreases under the control and the FT conditions in contrast to the panels at zero cycles (SDCO and

UDCQO), as shown in Fig. 6-8.
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The main characteristics values of the in-plane response are summarized in Table 6-3. Compared with

unreinforced panels at zero cycles (UDCO), UDC360 and UDE360 panels show a significant decline in

T'wa by 70% and 62%, respectively. These values for G are 93% and 82%, respectively. Whereas Yo

increases considerably and p.s Stays almost constant, as presented in Table 6-3. These results contrast

with the changes in the mechanical properties of the brick and the mortar M3 under both conditions. It

would seem that the mortar-to-brick bond (at the bed and head joints) is the factor reducing the in-plane

behavior of the unreinforced masonry panels.

180
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Fig. 6-7. Load-displacement curves of the diagonal compression tests under the control and the FT conditions: (a)
UD panels; (b) SD panels.

Fig. 6-8. Average shear stress-strain curves of the diagonal compression tests under the control and the FT
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conditions.

In strengthened panels, the t'w decreases by 17% and 13% for SDC360 and SDE360 panels under

control and FT conditions compared to the strengthened panels at zero cycles (SDCO). However, other

in-plane parameters (e.g., Ym, G, and psea) do not change significantly, as listed in Table 6-3. The FT
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conditions do not affect the in-plane behavior of strengthened panels at the test end (SDE360 specimens)
and even slightly improve the panels' behavior compared to the SDC360 specimens. It can result from
promoting mortar hydration in high humidity conditions present at the proposed FT cycles (90% RH).
Accordingly, the obtained results agree with the mechanical behavior and the bond response of the glass-

based TRM composite.

Table 6-3. Diagonal compression test results*.

P . T e Yoo Y Y G
Name [kN] Failure (MPa] %] %] % oo (MPa]
UDCO-1 51.64 A 0.78 0.03 0.02 0.03 1.65 3764
uDCO-2 29.27 A 0.40 0.09 0.04 0.09 2.00 683
UDCO-3 42.21 B 0.61 0.11 0.05 0.11 2.25 998
Average 41.04 ) 0.60 0.07 0.04 0.07 1.97 1815
(22) (31) (47) (40) (47) (13) (76)
UDC360-1 | 13.73 B 0.1835 0.16 0.10 0.16 1.51 160

UDC360-2 | 10.13 B 0.1351 0.19 0.12 0.19 1.57 92
UDC360-3 | 13.63 B 0.1830 0.20 0.12 0.20 1.70 135
UDC360-4 | 15.27 B 0.2051 0.17 0.11 0.17 1.53 128
Average 13.01 i 0.18 0.18 0.11 0.18 1.58 129
(14) (14) (9) (6) (9) () (19)

UDE360-1 | 12.08 B 0.21 0.14 0.06 0.14 2.47 275
UDE360-2 | 18.01 B 0.24 0.10 0.05 0.10 1.99 340
UDE360-3 | 21.38 B 0.29 0.13 0.06 0.13 2.35 470
UDE360-4 | 13.54 B 0.18 0.16 0.09 0.16 1.69 195
Average 17.64 ) 0.23 0.13 0.06 0.13 2.12 320
(30) (17) (15) (26) (15) (14) (31)

SDCO-1 | 15062 | E&C 2.19 0.12 0.07 0.25 3.54 | 2516
SDC0-2 | 15139 | E&C 2.21 0.11 0.07 0.24 3.38 | 2461
mverage | 12101 ) 2.20 0.11 0.07 0.24 346 | 2488
(0) (1) (3) (2) (1) (2) (1)
SDC360-1 | 154.44 | E&C 1.84 0.13 0.06 0.24 3.80 | 2309
SDC360-2 | 151.09 | E&C 1.90 0.09 0.06 0.23 371 2303
SDC360-3 | 145.64 | E&C 1.77 0.11 0.06 0.27 4.30 1905
SDC360-4 | 148.88 | E&C 1.81 0.13 0.07 0.25 3.79 2226
pverage | 14894 ) 1.83 0.11 0.06 0.25 390 | 2186
(2) (3) (15) (3) (6) (6) (8)
SDE360-1 | 16299 | E&C 1.76 0.12 0.07 0.28 4.15 2098
SDE360-2 | 17628 | E&C 2.08 0.11 0.07 0.23 3.53 2582
SDE360-3 | 16122 | E&C 1.92 0.09 0.05 0.16 3.04 | 2453
SDE360-4 | 167.92 | E&C 1.91 0.11 0.06 0.16 246 | 2459
168.48 1.92 0.11 0.06 0.21 330 | 2398

Average @ - (6) (11) 9) (24) (19) (8)

*CoV of the results is given in percentage inside parentheses. A: combined sliding along mortar joint and cracking in the masonry units; B: sliding along
mortar joint; C: cracking in the masonry units; E: TRM failure.
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6.2.2. Out-of-plane behavior

Fig. 6-9 illustrates the failures of the out-of-plane panels. All unreinforced panels (UP and UN) show a
brittle behavior and fail suddenly by reaching the peak load. A single crack crossing the panel develops
in both the UP and UN specimens, except that in the UP panels, it occurs along the bed joint, but in the

UN panels, it occurs around the units in alternate courses, as presented in Fig. 6-9.

Single crack crossing !
the panel / Gratking
. around units
(a) (b)
Fig. 6-9. Out-of-plane failure mode: (a) UP panels; (b) UN panels.

Strengthened wallets (SP and SN) fail suddenly by reaching load to the tensile strength of the glass fibers
at the constant moment region (Fig. 6-10). Two wide cracks occur in the SP panels in the TRM composite,
and then panels fail at the masonry bed joint like the UP panels, as presented in Fig. 6-10a. One wide
crack causes SN panels to fail through the masonry units (Fig. 6-10b), which contrasts with the failure of
unreinforced panels (UN series). Additionally, no TRM-to-masonry detachment is observed in any of the
strengthened panels under the control and the FT conditions. 113 mm, 135 mm, and 125 mm are the
average crack spacing for SPCO, SPC360, and SPE360, respectively, which is slightly different from the
crack spacing observed in TRM tensile tests (see tensile results in section 5.9.2). This difference can be
due to the difference in the load application and boundary conditions in these two test methods.

Fig. 6-11 and Fig. 6-12 illustrate the load-displacement curves of the out-of-plane panels with failure
parallel and normal to bed joints, respectively. In addition, Table 6-4 and Table 6-5 present the cracking
load and maximum load (P, P~.), their corresponding deflection (A., Am), ductility (L), and orthogonal

strength ratio (OSR), as the main characteristics values of the out-of-plane response.
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Two wide cracks

>f 3

:
(b)
Fig. 6-10. Out-of-plane failure mode: (a) SP panels; (b) SN panels.
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Fig. 6-11. Out-of-plane response of panels under the control and FT conditions (failure parallel to bed joint): (a)
UP; (b) SP.
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Fig. 6-12. Out-of-plane response of panels under the control and FT conditions (failure normal to bed joint): (a)
UN; (b) SN.

According to Table 6-4 and Table 6-5, all out-of-plane parameters of unreinforced panels (for both failure
parallel and normal to bed joints) decline under the control and the FT conditions, compared to the panels
at zero cycles. This contrasts with the changes in the mechanical properties of the brick and the mortar
M3 under both conditions. An influential factor in reducing out-of-plane response can be weakening the
bond (at the bed and head joints) between the brick and mortar.

The out-of-plane response of strengthened panels (for both failure parallel and normal to bed joints)
decreases under the control and the FT conditions, as presented in Table 6-4 and Table 6-5. This
reduction in the out-of-plane response can result from a decline in the TRM composite tensile strength
(as discussed in section 5.9.2) and a reduction in the flexural strength of masonry (as discussed in the
previous paragraph) under both conditions. Furthermore, comparing the results of strengthened panels
in the last stage of the experiment shows that out-of-plane parameters of panels are reduced equally
under both conditions. Hence, the FT conditions do not affect reducing the flexural strength of the

reinforced panels.
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Table 6-4. Bending test results: failure parallel to bed joints™.

Name A P. Ansc | P Moa E. Eva e R OSR
[mm] | [KN] | [mm] | [KN] | [KN.m] | [KN.mm] | [KN.mm] [MPa]
UPCO-1 - - 1391 22 | 0.14 - 1.56 0.22
UPCO-2 - - 0.50 | 1.0 | 0.06 - 0.34 0.10
UPCO-3 - - 124 | 1.3 | 0.08 - 1.08 0.13
1.05 | 1.5 | 0.09 0.99 0.15

Average - - 37) | (34) (34) - (50) (34) 9.50
UPC360-1 - - 1.36 | 0.8 | 0.05 - 0.72 0.08
UPC360-2 - - 1.06 | 1.1 | 0.07 - 0.83 0.11
UPC360-3 - - 0.63 | 0.6 | 0.04 - 0.25 0.06
UPC360-4 - - 0.61 | 0.9 | 0.06 - 0.34 0.09

Average ) ) 091 | 09 | 0.05 ) 0.53 0.09 77
(34 | (21) | (21) (46) (21)
UPE360-1 - - 0.51 [ 1.21 | 0.08 - 0.42 0.12
UPE360-2 - - 0.76 | 1.03 | 0.06 - 0.49 0.10
UPE360-3 - - 1.00 | 1.48 | 0.09 - 1.02 0.15
0.76 | 1.24 | 0.08 0.64 0.12

Average - - 26 | 15 | 15 - (41) (15) 7.64
SPCO-1 0.36 | 24.87 | 291 | 41 2.59 5.28 92.43 9.26 | 4.15
SPC0-2 | 0.36 | 19.46 | 2.83 | 41 2.59 4.23 77.26 9.64 | 4.14
SPCO-3 | 0.35 | 21.85| 2.70 | 41 2.56 4.27 77.67 9.59 | 4.09

Average 0.36 22 2.81 | 41 2.58 4.59 82.45 9 4.13 0.97
1) | (10) | (3) | (1) (1) (11) (9) (2) (1)
SPC360-1 | 0.58 24 320 | 34 | 2.15 8.00 79.74 548 | 3.44
SPC360-2 | 0.47 20 3.20 | 28 1.76 5.10 57.33 6.12 | 2.82
SPC360-3 | 0.51 19 3.74 | 29 1.83 5.15 76.44 | 791 | 2.92

Average 0.52 21 3.38 | 31 1.91 6.09 71.17 6.50 | 3.06 106
@) | (10) | (8) | (9) (9) (22) (14) (16) | (9)
SPE360-1 | 0.32 24 2.98 | 33 2.06 4.34 75.05 9.15 | 3.30
SPE360-2 | 0.44 21 2.87 | 31 1.95 5.44 64.47 6.42 | 3.12
SPE360-3 | 0.20 20 344 | 34 | 2.14 2.26 86.41 |19.63 | 3.42
SPE360-4 | 0.44 19 4.00 | 30 1.88 4.06 88.99 |11.45] 3.01

Average 0.35 21 3.32 | 32 2.01 4.03 78.73 | 11.66 | 3.21 0.98
(29) | (9) [ (13) | (5) (5) (28) (12) (42) | (9)

*CoV of the results is given in percentage inside parentheses.
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Table 6-5. Bending test results: failure normal to bed joints™.

oydes | A | P | Aw | el M. E. B || R
[mm] | [kN] | [mm] | [kN] | [kN.m] | [kN.mm] | [kN.mm] [MPal]

UNCO-1 - - 1085 698 | 0.44 - - 0.89
UNCO-2 | - - 1325|1587 | 0.99 2.02
UNCO-3 | - - 1176|1063 ] 0.66 1.35
1.95 | 11.16 | 0.70 1.42

) ) (61) | (33) | (33) (33)

UNC360-1 | - - 051528 033 0.67
UNC3602 | - - 048] 499 | 031 0.63
UNC3603 | - - 1026|519 | 032 0.66
nerage | - 042515 | 032 0.66
(26) | (2) (2) (2)

UNE360-1 | - - 1020 698 | 0.44 0.89
UNE360-2 | - - 012|775 | 048 0.99
UNE360-3 | - - 017 ] 842 | 053 1.07
UNE360-4 0.24 | 658 | 0.41 0.84
nerage | - | o018 743 046 0.95
(25) | (10) | (10) (10)

SNCO-1 | 0.20 [ 32.56 | 1.88 | 36.95 | 231 | 436 | 5420 |6.71] 4.70
SNCO2 [ 0.19 | 28.25 | 164 | 36.39 | 224 | 3.49 | 4591 |7.08]| 4.63
SNCO-3 | 0.14 [ 23.33[1.98 | 21.23| 1.33 | 204 | 37.05 |9.56] 2.70
Mverage | 0-18 2805 | 1.83 | 3152 | 197 | 330 | 4572 | 778/ 401
(13) | (13) | (8) | (23) | (23) (29) (15) (16) | (23)

SNC360-1 | 0.28 | 22.57 [ 2.43 | 24.36 | 152 | 484 | 47.82 [5.44] 3.10
SNC360-2 | 0.26 | 24.41 | 2.20 | 26.16 | 1.63 | 454 | 46.88 |5.66 | 3.33
SNC360-3 | 0.19 | 25.57 [ 2.15 | 28.10 | 1.76 | 352 | 4949 |7.52] 3.58
SNC360-4 | 0.21 | 25.07 | 1.96 | 23.19 | 145 | 357 | 39.96 [6.10| 2.95
Merage | 024 [ 2441 218 [ 2545 | 159 | 412 | 4604 |6.18 | 324
(16) | (9 (8) (7) (7) (14) (8) (13) | (7)

SNE360-1 | 0.14 | 23.89 | 1.96 | 24.62 | 154 | 237 | 39.23 |8.79] 3.13
SNE360-2 | 0.17 | 28.78 | 1.82 | 26.41 | 165 | 350 | 42.87 |6.63] 3.36
SNE360-3 | 0.28 | 26.21 | 1.61 | 21.43 | 134 | 370 | 3137 |474] 273
SNE360-4 | 0.21 | 26.56 | 1.94 | 26.52 | 166 | 426 | 4492 [577] 3.38
nerage | 0-20 | 26:36 | 1.83 | 2475 | 155 | 346 | 3960 | 648/ 3.15
(27) | (7) (8) (8) (8) (20) (13) (23) | (8)

*CoV of the results is given in percentage inside parentheses.
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6.3. Main conclusions

The purpose of this chapter was to provide a comprehensive experimental evaluation of the behavior of

TRM-strengthened masonry. The effect of surface treatment and exposure to freeze-thaw conditions on

the in-plane and out-of-plane behavior of masonry panels strengthened with a glass-based TRM system

was investigated. Analyzing the experimental results lead to the following conclusions:

Sandblasting of the masonry surface resulted in a significantly better bond between the TRM and
the masonry substrate and hence better in-plane performance of the strengthened panels.
However, this surface treatment did not have a significant effect on the out-of-plane performance
of the strengthened panels.

The application of a glass-based TRM layer on masonry panels had a significant influence on the
out-of-plane and in-plane response. There was a significant increase in both load capacity and
deformation capacity.

The crack spacing of the strengthened panels under the diagonal compression tests at failure
was similar to the saturated crack spacing observed in the tensile tests. In contrast, the out-of-
plane test samples showed a larger crack spacing.

The in-plane and out-of-plane behavior of the URM panels decreases under the control and the
FT conditions. This can be caused by bond degradation at the interface of the bed joints and
bricks due to mortar shrinkage and forming micro cracks.

The strengthened panels showed a few degradations at the tensile stress. The durability of the
TRM-strengthened panels under the FT condition was suitable so that their shear and flexural

strength did not change.
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Chapter 7: Analytical modeling

This chapter proposes a new bond-slip law and analytical model, which can be used to predict the bond

behavior of TRM composites considering the slip hardening and softening effects observed in the

experimental tests. In addition, the shear and flexural behavior of masonry panels are analytically

investigated. In summary, the following outcomes are achieved in this chapter:

Two different analytical pull-out modeling approaches are used, and their results are compared.
With the aim of the analytical modeling approaches, bond-slip laws representing the textile-to-
mortar bond behavior are extracted. The bond-slip laws are then used to predict the pull-out
response of TRM composites.

The modifications proposed in the bond-slip law allow the prediction of the slip hardening and
softening effects in the pullout response of TRM composites.

The effects of mortar age and freeze-thaw conditions on the bond-slip law parameters are
investigated.

Analytical modeling allows the prediction of saturated crack spacing in TRM composites.

The shear and flexural strength of the TRM-strengthened masonry panels are analytically

computed and compared with the experimental results.
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7.1. Bond behavior

/.1.1. Bond-slip laws

In the literature, a variety of approaches have been proposed for simulating pull-out curves or determining
the bond-slip laws from experimental pull-out curves, as discussed in section 2.2.3. Various multi-linear
or nonlinear [65,66,85] and N-piecewise [84,86] bond-slip laws have been proposed, as shown in Fig.
7-1. In this study, both multi-linear (named method 1 in this study) and N-piecewise (named method 2 in

this study) bond-slip laws were used to extract the bond parameters and analytical pull-out load-slip curves.

T]]]{N Ty Tnmx. ...................................... .

Tr

Td_\'n D S LS ey —

Bond Shear Stress
Bond shear stress

Ty

Ser S Slip= s | Slip
(a) (b)
Fig. 7-1. Bond-slip law: (a) multi linear [65,66,85]; (b) N-piecewise [84,86].

/. 1.2. Mathematical formulation of Method 1

Analytical modeling of the pull-out response is usually performed following the shear-lag model. In this
model, it is assumed that the displacements and the tractions are continuous at the interface, and the
slip is obtained from the frictional and the adhesive bond. In addition, it is assumed that sliding along a
debonded interface is governed by a constant shear stress T [227-229] while other models utilize
Coulomb’s friction law to study this problem [230]. This model has been extensively used for the analysis
of pull-out problems in cementitious-based matrices [62,65,66,80,85,231] and is therefore also used in
this study.

In this section, the bond-slip law is assumed multi-linear (see Fig. 7-1a) and is obtained indirectly from
the experimental pull-out curves. Here, the formulation proposed by Naaman et al. [65,85] is used for
the pull-pull test configuration (see appendix Il for the details of the formulations). Nevertheless,

Namman's formulations are modified here for the pull-push configuration, and the observed differences
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are discussed in the next sections. The proposed model is based on the pull-out response observed in
experimental results, in which the load-slip curve consists of three linear, nonlinear, and dynamic stages,

as mentioned comprehensively in section 2.2.2.

/.1.2.1. Basic equations

The mathematical model of the pull-out behavior based on the stress criterion is expressed by two
boundary conditions and a second-order differential equation. The equations are derived from the
compatibility requirement and Hooke's law, assuming the mortar behaves as an elastic material
[62,65,84]. The free-body diagram of the embedded length of the textile in the matrix, as shown in Fig.
7-2, leads to:

F+dF—F—tdxw=0:>$=r\y:t Eq. 7-1
X

where F is the local force in the fiber at distance x from the free end of the fiber, s is the perimeter of
the fiber, T and t are the shear stress and shear flow at the fiber-matrix interface, respectively.
Furthermore, the static equilibrium in the pull-push tests requires that the sum of the local force in the
fiber, F, and in the matrix, M, to be equal to zero (Fig. 7-2):

F+M=0=F=-M Eq. 7-2

P2 1: P/2 F+df
A i
7‘ . —_— a 7 /_._
N ™. Mortar < | o
- .| Debonding i
1€Ilgth M/2 ‘M:Q
1 ~._Fiber F

- 1]

Fig. 7-2. Free-body diagram of a pull-push test, global force equilibrium, and infinitesimal segment of fiber.

According to Hook's law, the local force in the fiber and the matrix can be related to the local strain in the

fiber, &, and the mortar, &, as follows:

F
F=AEg =& = A_ Eq. 7-3

f=f

M
M=AE ¢ =g =—— -
m-—m®m mTAE Eq74

m-m
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where A is the cross-sectional area and E is Young's modulus. The subscripts f and m refer to the fiber
and the matrix, respectively. During the elastic stage, the local shear stress, T, follows a linear stress-slip
relationship (Fig. 7-3a) and is related to the local slip, S, as follows:

T=kS Eq. 7-5
where x is the bond shear modulus (slope of the shear strength diagram in the elastic stage in Fig. 7-3a),

and S is defined as:

$=(8,-8,) =] [&(x)~&.(x)]d, Eq. 7-6

orand &. are the elongations of the fiber and the matrix, respectively. Substituting Eq. 7-5 and Eq. 2-1
into Eqg. 7-1 and taking the differentiation from x leads to:

d’F

d7 Z\IJK(Sf _Sm) Eq 7_7

By considering Eq. 7-2 and replacing e:and . from Eq. 7-3 and Eq. 7-4 in Eq. 2-1, one has:

d’F
— =wkFQ Eq. 7-8
X
where
1 1
YTRE ThE, Fa.7:9

Eqg. 7-8 is a second-order differential equation and can be rewritten as:

d’F
— _2%F=0 Eq. 7-10
dx? q
and
A =+xyQ Eq. 7-11

The general and particular solution of this nonhomogeneous-second order differential equation is:
F=Ae™ +Be™ Eq. 7-12
According to the test mechanism, the force boundary condition is equal to zero at the free end and equal

to the applied pull-out load, P, at the loaded end:
Fgy =0 Eq. 7-13
@ =L Eq. 7-14

Imposing these boundary conditions to Eq. 7-12, the force distribution along the embedded length and

the interfacial shear flow, tw, are obtained:
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sinh(kx)
F=P——¢
sinh(XL)
. dF _p, c?sh(kx)
dx smh(kL)

The corresponding shear stress can then be derived from Eq. 7-1 and Eq. 2-1:

B % cosh(kx)

T X =
Y smh(XL)
P
i
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Fig. 7-3. Bond shear stress-slip and force distribution along with the fiber at the different stages: (a) linear; (b)

/.1.2.2. Flastic stage

nonlinear; (c) dynamic.

If the shear stress at the interface is less than the maximum bond (shear) strength, T, the applied load

will be less than the maximum bonded load, and the textile and mortar will be fully bonded (see Fig. 7-3a).
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By increasing the load, there will be a critical force, P.:, which causes the shear stress at x=L to be equal

to Tms. To find the P, the maximum shear stress at x=L is considered:

B % cosh(kL)

Toax = T(X:L) v X Slnh(?&l_) ECI 7'].8
P = —T”‘jfw tanh(2L) Eq. 7-19
The slip at the free end of the fiber can be evaluated by integrating Eq. 7-6 up to x=L:
QP
S, =—————(cosh(AL)-1
elastic 7\.S|nh(7\,|_)( ( ) ) Eq 7-20

The slip corresponding to this critical force is obtained by imposing the value of P.. from Eq. 7-19 in Eq.

2-1.

/.1.2.3. Nonlinear stage
When the applied load, P, exceeds P.., debonding initiates at the loaded end and grows progressively
towards the free end [65]. This means two different interfacial zones coexist along with the specimen at
this stage. The first one is the debonded zone, in which the interfacial shear stress is equal to the frictional
shear strength (or frictional stress, t). The forces resisted in this zone are identified as the debonded
force, Pa. The remaining zone is still perfectly bonded, as shown in Fig. 7-3b with the bond force equal to
P.. To satisfy the static equilibrium in the nonlinear stage, for any load larger than P.. and less than the
peak load one has:

P=F +F, Eq. 7-21
Along the debonded length, u, the normal force distribution in the fiber is linear owing to constant frictional
shear strength. This force decreases at the rate of t: (interfacial frictional shear flow) per unit length:

t =ty Eq. 7-22
Therefore, P: can be obtained as:

P =twyu=tu Eq. 7-23
Over the bonded length, L-u, the shear-stress distribution is as explained in the elastic stage, except that
the force is P'= P-t~ u and the length is L-u, as shown in Fig. 7-3b. For finding the P, firstly, the fiber

force in the nonlinear stage should be evaluated. In this stage, the force boundary condition is as follows:

Freo) =0 Eq. 7-24
Freioy =P~ tu Eq. 7-25
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Imposing these two boundary conditions on Eq. 7-12, the force distribution and the interfacial shear flow

are obtained as:

F=(P—tu) Sm:(”_;((i“i)u)) Eq. 7-26

=G e £q. 727
The maximum shear flow and the pull-out force in the nonlinear stage are equal to:

Lmar) = % Eq. 7-28

P :t(mTax)tanh(K(L—u))+tfu Eq. 7-29

Eqg. 2-1 includes two parts: bonded and debonded force. Therefore, the bonded force is:

P

b

t
=" tanh (L u)) Eq. 7-30

The slip can be obtained in the same way as in Eq. 7-20 considering the bonded and debonded regions

as follows:
S Q IU(P ¢ )d +J~L—UP’ Sinh()uX) q
= —1.X _— -
0 f X 0 s|nh(7\,(L—u)) X Eq 7 31
Qu cosh(k(L—u))—l
o SM(op oy Pt i
nonlinear 2 ( fu)+Q( fU)X ksmh(k(L—u)) Eq 7-32

/.1.2.4. Dynamic stage

Once the debonding has occurred along all the embedded length (u=L), the dynamic stage starts. In this
stage, with an increment of the rigid body displacement/slip of the fiber/yarn, v, the embedded length
decreases to L-v (Fig. 7-3c), which is under frictional stresses [62,65]. The slip of the fiber at the onset

of full debonding (S.) is expressed as:

2
o

SO 2 f

Eq. 7-33

As a criterion, the dynamic pull-out slip, Ss., should be larger than the end slip of the fiber at the onset of
full debonding, S., and less than the embedded length of the fiber [65]. Sa, Which is equal to the total
rigid body movement of the fiber plus the fiber elastic elongation, can be obtained as:

_ 9
S _2(

dyn

L—v)2 +v Eq. 7-34
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The pull-out force at the dynamic stage can, therefore, be calculated as [65]:

Py =T W(L-V) Eq. 7-35
The load obtained from Eq. 7-35 is reduced linearly by increasing the rigid body displacement of the
fiber/yarn (v). Namman's model at the dynamic stage was suitable for predicting the slip-softening effect
after the peak load. As reported in [65], the pull-out force in the dynamic stage depends on the friction
between the fiber and the matrix, the Poisson’s effect, and the effect of decay in Misfit (deteriorates and

decreases during the fiber pull-out):

—2V, UX OE, mr,

. r|:(1+om)+(l+of)} L, Eq. 7-36

fif E E

m f

P =|1—exp

dyn

where 6 is the coefficient of fiber-matrix misfit and x is the embedded length of the fiber. Also, v: and va
are the Poisson’s ratios for the fiber and the mortar, respectively. r: is fiber radius, and p is the friction
coefficient assumed as 0.06. The formula for obtaining & can be found in [65].

To determine an equivalent value for the dynamic shear strength, ta., for any given pull-out load in which

slip is more than S, the following relation is suggested by Naaman et al. [65]:

Ty = \ijL ,$> 8, Eq. 7-37

7.1.2.5. Pull-out simulation
Analytical modeling of the fiber pull-out response consists of a primary and a secondary problem [85]. In
the primary problem, the bond-slip relationship is extracted from the experimental pull-out load-slip curves.
Three main parameters, namely the peak load, P-, the corresponding end slip, s», and the slope of the
initial portion of the curve, P/S, have to be extracted from the pull-out curve for solving this problem.
These parameters are used to obtain the key parameters of the characteristic bond-slip curves: K, T, Trs,
and S.. In the secondary problem, the pull-out curve is predicted from the obtained bond-slip law.
Primary problem
Given an experimental pull-out load-slip curve, the local bond-slip law can be theoretically obtained for a
given fiber by calculating the K, Tw, and t.. The bond modulus, x, is determined as follows:

22

K=——0
vQ

Eq. 7-38

where, Q can be obtained from Eq. 7-9 using the physical and mechanical properties of the fiber, and A

can be solved following an iterative approach from Eq. 7-20:
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ksinh(kL)
(EJ: Q(cosh(kL)—l) Eq. 7-39

P/S is the slope of the linear ascending portion of the experimental pull-out curve.
For obtaining the T« and the T, the peak load and its corresponding end slip are extracted from the
experimental pull-out response curves. As the peak load occurs under partial debonding conditions, its

corresponding displacement, u,, can be calculated from Eq. 7-29 as:
dP _ ) _
(Ej@uu =0=t — (l—tanh (k(L—uP)))—O Eq. 7-40

If using Pr, s», and u, instead of P, S, and u, respectively, in Eq. 7-29 and Eq. 7-32, the following equations

will be obtained:

t
P, :%tanh(k(L—up))Hfup Eq. 7-41
cosh(A(L—u,)|—1
S :%(ZPP _tfuP)+Q(PP _tfuP)X ( ( P)) Eq. 7-42

ksinh(X(L —Up ))

This leads to a system of three nonlinear equations (Eq. 7-40, Eq. 7-41, and Eq. 7-42) and three
unknowns (t, tw, and u,) that can be solved to obtain the unknown parameters. Once t;, tw, and u, are

obtained, the t: and T« can be calculated as follow:

Eq. 7-43

T =70 Eq. 7-44

The accurate answer is obtained if the three following conditions are reached: i: solving three equations
Eq. 7-40, Eq. 7-41, and Eq. 7-42, ii: having u, less than embedded length (u,<L), iii; having slip
corresponding to T less than the relative slip of the fiber/yarn under conditions of full debonding (S.).
With the four basic parameters k, Tms, Ty, and So known, the whole bond-slip relationship can be
constructed.
Secondary problem
The procedure for modeling the pull-out behavior from a given bond-slip relationship can be summarized
as follows [65]:

a) In the elastic stage, assume P: and calculate the slip from Eq. 7-20. Keep increasing the P: until it

reaches P.: (Eq. 7-19).
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b) In the nonlinear stage, keep imposing the debonded length u, calculate the corresponding pull-out
force (Eq. 7-29) and end slip (Eq. 7-32). The value of u is taken between zero and the embedded
length of the fiber, L. As a snap back is not observed in a fiber pull-out experiment, this stage is
terminated when the slip decreases or becomes larger than the fully debonded slip (Eq. 7-41).

c) Inthe dynamic stage, v is assumed, and Sa» is calculated from Eq. 7-34. For each value of the end
slip Sun (Se< San< L), the load can be obtained from Eq. 7-36. v is increased, and the calculation is

repeated to obtain a full-range response.
7.1.3. Mathematica formulation of Method 2

In this section, the bond-slip law is assumed N-piecewise (see Fig. 7-1b) and is obtained indirectly from
the experimental pull-out curves following the model proposed by Banholzer et al. [84,86]. In this model,
which is a cohesive-based method, the experimental load-slip curve is divided into n steps. From the
experimental test, the pull-out load, P., and its corresponding fiber slip, w., are known for each load step.
The parameters y and g, defined as the relative compliance and the normalized pull-out force, respectively,

are obtained as follows:
Y=——+— Eq. 7-45

q=yP Eq. 7-46
where A is the cross-sectional area and E is Young’s modulus. The subscripts f and m refer to the fiber
and the matrix, respectively. The bond stress, 1., and its corresponding slip, S, are normalized for
simplicity in terms of T, which is calculated as:

T,=m(S=S_ )+ T =ndyr, Eq. 7-47
where Suis the slip at the lower bound of an interval i of the piecewise-defined normalized shear flow
versus slip relation. T and d are the normalized shear flow corresponding to the slip Sa and the fiber
diameter, respectively. mi is the slope of the N-piecewise linear normalized shear flow-slip relation in an

interval i and is equal to:

T-T
=gt T,=5,=0 Eq. 7-48

i i-1
The procedure is to find the shear stress distribution, T., or the normalized shear flow, T., along the
bonded length in each step. T. has to be found in an iterative procedure for a given slip w= S at x= L and

a given pull-out force P= yq. For each load step, n, the introduced slip, and its corresponding pull-out

175



Multi-scale investigation of the durability performance of TRM-strengthened masonry

load are known from the experimental tests. The procedure for finding the bond-slip laws can be
summarized as follows:
a) Atn=1, P:and S: are known from the experimental results; thereby, T: can be calculated from the

following equation:

L=—1i \/m_“qk”k L ‘/m71q1+T1
\/m7k v Tk2 - mkqi \/m71 \/le - mlql2

L and g are the embedded length of the fiber and normalized force in the fiber at location x (q:= yP1),

Eq. 7-49

respectively. Based on Eq. 7-48, m: depends on T: that is the only unknown parameter in Eq. 7-49. The
subscript k refers to the point at which the force in the fiber is zero [84].

b) To determine T, a value should be initially assumed. Then from Eq. 7-48, the value of m. is
calculated. By obtaining m., the following equation can be solved:

qi1 =qi2 —m (Si -3 )2 2T, (Si _Si—l): qlz =q§ —-m, (sz -3, )2 —2T, (Sz _Sl) Eq. 7-50

If the obtained value of Eq. 7-50 is negative, the assumed value is correct, and one can proceed to the
next step. Otherwise, the value of T. must be changed so that the amount of Eq. 7-50 becomes negative.
Therefore, this recursive determination of the fiber forces guarantees that there is a point at which the
fiber load is zero [84].

c) The accurate value for T: is obtained by solving the following equation:

R Eq. 751

i=k+1

where Ax and Ax can be determined as follows:

Ax = ! In \/m_qu+Tk ,
\/m7k \/Tkz_mkqi

Eq. 7-52
1 My (_quTkz _mkqi)

Ax = arcsin
—-m

2 2
K Tk —m, Gy

= ! In \/HqurTi ,
Jm o Jma, + T,
r T - Eq. 7-63
arcsin[ —m‘( REN ”q)], m <0

2 2
Ti—l —-mga.,

< |

|
I

—-m.

In fact, by solving Eq. 7-50, the precise point of the embedded length in which the fiber load is equal to
zero is obtained [84].

d) Having T, the shear stress is calculated by Eq. 7-47.
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e) This procedure is then repeated for the next steps (n= 3, 4,...).
The main input parameters required for this problem are the elastic modulus of the fiber and the mortar
that is usually known from the experimental tests and the mortar load carrying area. This latter has not
been determined explicitly in the literature [62,65,66,80,86,232]. The effect of this parameter on the

bond-slip laws is discussed in the next section.

7.1.4. Evaluation of proposed bonad-slip law methods

Here, the proposed models are compared with experimental results to determine their accuracy based
on different pull-out test setups. First, the multi-linear bond-slip law (method 1) will be performed, and
the bond parameters, load-slip curves, and the effect of the mortar area (A-) will be examined. Next, bond-
slip law and load-slip curve derived from method two will be extracted. Finally, a comparison will be made
between these two methods. In this section, the experimental results of test setup effects are used to

verify the analytical models, where the experimental results are presented in section 5.1.

7.1.4.1. Method 1

A comparison is made here between the obtained experimental results and analytical simulations for all
the considered test setups. The input parameters for these simulations are mechanical and geometrical
properties of the fiber and the mortar, as well as the experimental load-slip curves. The modulus of
elasticity of the steel fiber and the mortar M2 is equal to 174.87 GPa (obtained from experimental tests)
and 9.23 GPa (given in the technical datasheets), respectively. The Poisson’s ratio of the fiber and the
mortar is taken as 0.3 and 0.2, respectively. The parameters P:, s, and P/S, are obtained from the
experimental load-slip curves as explained in section 7.1.2. The effective area of the mortar, A, is usually
assumed as 100 times the fiber (A= aA, a= 100, and A= 0.538 mm?) [85]. However, a survey of the
literature indicated that the effective load carrying area of the matrix had not been determined explicitly
[84]. The effect of this parameter on the analytical results is therefore discussed in the next paragraphs.
Having the above-mentioned properties, the key parameters of the bond-slip curve (A, K, Tns, T, So) are
calculated by solving Eq. 7-40, Eq. 7-41, and Eq. 7-42. With the aim of the obtained bond-slip curves, the
secondary problem is then solved to predict the pull-out load-slip curves.

Fig. 7-4 shows the analytical load-slip curves and bond-slip laws obtained for all the test setups considering
different values for the effective mortar area (by changing the value of a). It should be mentioned that a
load of the dynamic stage in this section was calculated based on Naaman’s model (Eq. 2-1). It can be
instantly seen that a has a significant effect on the obtained results. As explained before, obtaining an

accurate answer for the differential equations presented in section 7.1.2.5 requires satisfaction of all
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three Eq. 7-40, Eq. 7-41, and Eq. 7-42, as well as having the obtained u, and S.« less than the embedded
length and the S,, respectively.

Here, in the pull-push, | tests, although almost all a values (from 50 to 3700) produce acceptable pull-
out curves with respect to the experimental envelope, Fig. 7-4a, and show small changes in the bond-slip
laws, Fig. 7-4b, the convergence criteria are fell-field only for a values larger than 500. On the other hand,
all the considered o values fulfill the convergence criteria in pull-push Il and pull-pull configurations, Fig.
7-4c, but only o values of 55 and 100 produce acceptable results (similar to the value proposed in [85])
in comparison to the experimental envelope (best results are for o= 55 in pull-push Il and a= 100 in pull-

pull configurations).
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Fig. 7-4. The results of analytical modeling based on changing mortar area, A.: (a) and (b) pull-push I; (c) and (d)
pull-push II; (e) and (f) pull-pull.

178



Chapter 7: Analytical modeling

The effect of a on the bond-slip laws seems significant in pull-push Il and pull-pull configurations. This is
clearer in Fig. 7-5, where the changes of bond-slip law parameters with a are presented. It can be
observed that by increasing a (and correspondingly A.), the T.. increases while the t: decreases in both
test configurations until 500<a<1900 where these values do not change anymore with the change of a.
The effect of a on the bond modulus is contrary in pull-push Il and pull-pull tests, i.e., its increase leads
to increment of bond modulus in pull-push Il and its decrement in pull-pull configuration. It should also
be noted that the T« and T: are in the same range in both pull-push Il and pull-pull tests for a<500, after

which these values converge significantly.
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Fig. 7-5. Effect of mortar area (A-) on the bond properties: (a) maximum stress; (b) friction stress; (c) bond
modulus.

Banholzer et al. [86] reported that if the ratio of the mortar stiffness (A-E.) to the fiber (AE) is larger than
10 (A-E./ AE:>10), the difference the pull-pull and pull-push tests are negligible, and the same
formulations can be used. In this study, if the mortar area is equal to 200 times the fiber area (assuming
a= 200), the stiffness ratio of mortar and fiber becomes larger than 10. Comparison between the

analytical results of both pull-push and pull-pull configurations, however, shows that the bond properties
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and their corresponding load-slip curves are not similar to each other, see Fig. 7-4 and Fig. 7-5. Although,
it should be noted that the input values (the ones that are taken from the experimental load-slip curves)
for the simulations are also different in these cases, and this may be the reason for the observed
differences in the pull-pull and pull-push configurations.
For this reason, a new analysis is performed considering the same input values, but different a, and the
bond-slip laws and pull-out curves are produced for both pull-push and pull-pull configurations, see Fig.
7-6. It can be observed that even when the input values are similar, in both cases of a= 55 (corresponding
to an A.E./ AE= 2.90) and a= 200 (corresponding to an A.E./ AE= 10.56), the results obtained from
pull-pull and pull-push configurations are different. On the other hand, if the simulations are performed
on experimental results produced by Naaman et al. [85] (specimen H2SL with mortar compressive
strength and elastic modulus of 60.2 MPa and 21 GPa, respectively), Fig. 7-7, it can be seen that the
results from pull-pull and pull-push simulations are similar when an a= 100 (corresponding to an
A.E./ AE= 10) is used while they are different when this value is changed to 50 (corresponding to an
A-E./ AE= b). These results show that the A.E./ AE: ratio is not a sufficient criterion for evaluating the
applicability of pull-pull formulations in the pull-push test configuration. Indeed, it seems that the ratio of

A./A and E./E: have to be evaluated separately with different criteria.
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Fig. 7-6. The effect of pull-pull and pull-push configuration when similar input values are used.
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Fig. 7-7. Analytical modeling of experimental tests performed by Naaman et al. [85]: (a) full scale of the load-slip
curve; (b) ascending branch of the load-slip curve; (c) full scale of the bond-slip curve; (d) enlarge the scale of the
bond-slip curve.

Having considered the above-mentioned issues, the effect of test setup on the extracted bond-slip laws
are summarized in Table 7-1 and Fig. 7-8, where a is equal to 200, 55, and 100 for pull-push I, pull-
push ll, and pull-pull test setups. A comparison between the experimental and analytical results of pull-
push | and Il illustrates that increment of the initial stiffness of the pull-out curves (as is the main
difference between these two tests) leads to increment of the bond modulus in pull-push Il tests.
Meanwhile, the T and T: are approximately equal in both pull-push | and Il tests. On the other hand, in
the pull-pull configuration, the bond modulus is lower than, the T is higher than, and the T is similar to

the pull-push configuration results.
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Fig. 7-8. Bond-slip law diagrams extracted with method 1: (a) full scale; (b) enlarge scale.
Table 7-1. Bond-slip parameters for each test setup based on method 1.
Specimen P/S Pe Se A K T Trmax So
P [N/mm] [N] [mm] [N/mm?] [MPa] [MPa] [mm]
pull-push | 1762 987 0.78 0'216 9.252 2.424 3.18 0.782
0.039
pull-push 1| 2772 992 1.08 A 41.777 2.499 3.27 1.045
0.013
pull-pull 2032 1245 1.33 3 5.408 3.192 3.2 0.804

For further verification of the observed response and drawn conclusions on the pull-out behavior in

different test setups, finite element (FE) simulations are performed next. For simulations, 8-node solid

elements and 2-node truss elements (with a 5 mm mesh size) are utilized to model the mortar and the

fiber, respectively. Interface elements are also used to simulate the bond behavior between the mortar

and the fiber, in which the bond-slip laws obtained from the analytical modeling are employed, see Fig.

7-9.

Fig. 7-9. Sketch of numerical modeling.
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The independence of the results to the mesh size is also investigated. The distributions of stresses in the
mortar at the peak load in pull-pull and pull-push configurations are presented in Fig. 7-10. It can be
observed that most of the mortar in the pull-push configuration is under compressive stresses, caused
due to the tensile load in the fiber, and only a small region near the loaded end is under tensile stresses,
Fig. 7-10a. On the other hand, the mortar is completely under tensile stresses in the pull-pull configuration
(Fig. 7-10b). These observations confirm the assumptions made for the development of the analytical
formulations. A comparison between the numerical and analytical results is presented in Fig. 7-11 and
Table 7-2 for all the considered test setups. The outcomes, besides a slight difference between numerical
and analytical results, illustrate a good agreement between these modeling strategies. In addition, the
pull-out properties of numerical modeling are shown in Table 7-2. It should be noted that the abrupt
changes after the peak load are owing to the sudden change of the nonlinear stage to the dynamic stage.

This observation has also been reported by other researchers [62,66,85].
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Fig. 7-10. Stress [MPa] distribution in the mortar along with the tensile applied load: (a) pull-push; (b) pull-pull.
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Fig. 7-11. Experimental pull-out curve versus analytical and numerical pull-out curve: (a) pull-push [; (b) pull-
push II; (c) pull-pull.
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Table 7-2. Comparison between analytical and numerical results.

Modeling | Specimen | s [mm] | Pe [N] | Es [N.mm] | K [N/mm]
pull-push | | 0.84 986 501 1758
analytical | pullpush |l | 1.08 992 694 2772
pull-pull 1.18 | 1245 1001 2032
pull-push | 1.0 969 611 1688
numerical | pull-push |l 1.0 961 677 2301
pull-pull 1.6 1228 1208 1103

s slip corresponding to peak load; P:: peak load; E«: debonding energy; K: initial stiffness.

7.1.4.2. Method 2

With the aim of the analytical modeling approach proposed by Banholzer et al. [84,86], method 2, the
fiber-to-mortar bond-slip laws are obtained from the experimental pull-out curves of different test setups.
Fig. 7-12 and Table 7-3 presents the bond-slip law curves and parameters for each test setup, extracted
from the average load-slip curves of pull-out experiments. In these results, the elastic modulus of the steel
fiber (E) and the M2 mortar (E.) is equal to 174.87 GPa and 9.23 GPa, respectively. In addition, the fiber
area (A) is 0.538 mm= and the effective mortar area (A.) is equal to a A.. Similar to method 1, a is 200,
55, and 100 for pull-push I, pull-push II, and pull-pull test setups, respectively. As expected, the bond-slip
laws show a higher initial stiffness, frictional stress, and bond strength in pull-pull tests compared to that
of pull-push tests. Interestingly, the bond-slip laws extracted from the pull-push | and |l test setups do not
show any significant difference.

There is a difference between bond parameters calculated by both methods. Bond strength (T
calculated with method 2 is greater than method 1, whereas frictional stress (1) and bond modulus (k)
are opposites. In addition, Fig. 7-13 compares the analytical load-slip curves extracted from methods 1
and 2 with experimental envelope curves. Experimental results verify the linear and nonlinear stages of
curves derived from method 1 as opposed to method 2. In the meantime, both methods could predict
and verify the dynamic stage based on the experimental results. Using the numerical procedure and
increasing the bond-slip law segments, it is possible to reduce discrepancies between experimental and
method 2 results for both linear and nonlinear stages [84,86]. Hence, the fitting or optimization process
for method 2 causes considerable difficulties due to the time-consuming process, in contrast with method

L.
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Table 7-3. Bond-slip parameters for each test setup based on method 2.

Specimen « v e
P [N/mm?] | [MPa] | [MPa]
pull-push | 3.01 1.69 3.65
pull-push I 3.64 1.48 4.44
pull-pull 4.36 1.71 5.85
1500 1500 1500
----- Method | - Method 1 Method 1
Method 2 Method 2 Method 2
Experimental envelope Experimental envelope Experimental envelope
1000 00 4 1000
z z z
500+ 500 500/
T i
) | *
0 T T 0 T T 0 T
0 5 10 15 0 5 10 15 0 5 10 15
Slip [mm] Slip [mm] Slip [mm]
(a) (b) (c)

Fig. 7-13. Experimental pull-out curve versus analytical and numerical pull-out curve: (a) pull-push [; (b) pull-
push II; (c) pull-pull.

/.1.5. Modified bond-slip law

Model 1 confirmed the linear and nonlinear stages of the experimental load-slip curves. However, the

dynamic stage shows discrepancies between the results owing to the slip-hardening effect that occurs in

the experiments. As mentioned in section 7.1.4.1, Naaman’s formulation is useful for modeling the slip-

softening effect. Thus, the method 1 model needs to be modified to produce better results. In addition, a

few supplementary analyses, such as the efficiency of the model on different TRM composites and the

embedded length effect, should be performed in this model to investigate its accuracy.
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7.1.5.1. Effect of Slip-hardening

Method 1 was not suitable for predicting the slip hardening effect observed after the peak load in the
tested TRM composites. To resolve that problem, a novel bond-slip law for lime-based TRMs is presented
(though the proposed model can also be used for cement-based mortars), which allows predicting the full
range of the pull-out response of those composites. This shape of bond-slip law, which is proposed based

on Lin and Li [77] for short fibers (at the range of 13 mm), is presented in Fig. 7-14.

max [T

Tp

Bond Shear Stress

Scril Slip

Fig. 7-14. Modified bond-slip law of method 1.

The linear and nonlinear stages of the modified model are similar to those described in section 7.1.2. To
model the slip hardening effect at the dynamic stage, a simple two-parameter phenomenological model
proposed by Lin and Li [77] is adopted. By considering suitable coefficients, it is possible to change the
output of Eq. 7-35 from the linear curve to the nonlinear curve and model the slip hardening effect as

follow:

, L—n'v
den :Tf (L_n V)(l—i_ﬁ dn J\V Eq 7'54
f

where 1’ reflects the changes in the slope of the pull-out curve, {3 is the slip hardening coefficient, and d
is the fiber or yarn diameter. Both " and 3 need to be determined by a curve fitting procedure to achieve
the best match with the experimental load-slip curves. In Eq. 7-54, the ' sign is the opposite of the
experimental load-slip curve slope, which means that if the slope in the load-slip curve is positive, the n
sign is negative, and vice versa. The local force in the fiber at a distance x (from zero and L-v), therefore,
can be calculated as:
F =Tf(L—n'v—x)£1+BL_TL$J\V Eq. 7-55
:

The total slip at the end of the fiber is defined as follow:

186



Chapter 7: Analytical modeling

L—v
S=Q[ F, dx Eq. 7-56
Replacing F. from Eq. 7-55 into Eq. 7-56 gives the slip corresponding to the dynamic stage, Ss-, as:

L- L-v)
den=QTf\y(L—v) L—T]'V—Tv+dE (L—n’v)z+%—(L—n'v)(L—v) Eq. 7-57

f
In a particular case, where no slip hardening is considered (= 0.0 and n'= 1.0), Eq. 7-57 will be reduced

to:

|_ _ 2
Sgn = Qrf\u( ZV) Eq. 7-58

Eq. 7-58 is the same as proposed in Naaman et al. [65], Sueki et al. [62], and Mobasher [66] for
calculating the slip corresponding to the dynamic stage. Thus, the total slip in the dynamic stage is
[62,66]:

S =S

measured

dyn + Snonlinear,last TV Eq 7-59

where S.near s 1S the last slip calculated in the nonlinear stage.

/.1.5.2. The efficiency of method 1 on different TRM composites

In order to investigate the efficiency of the proposed model, the bond-slip laws are extracted from the pull-
out response of two different TRM composites. The steel and glass-based fibers were embedded in the
mortar M2 and mortar M1 in 150 mm and 50 mm bond length. The modulus of elasticity of the mortars
M1 and M2 are 8 GPa and 9 GPa (taken from the technical datasheets), respectively. The modulus of
elasticity for the glass yarn and the steel fiber is equal to 65.94 GPa and 189.34 GPa (obtained from
experimental tests), respectively. The steel fiber and the glass yarn cross-section area (A) are equal to
0.538 mm2 and 0.882 mm, respectively. The fiber/yarn perimeter and diameter are calculated from the
cross-section area, assuming a circular cross-section.

The cross-section area of the mortar around fibers/yarns (A-), which becomes active and participates in
the debonding process, is a critical parameter in the analytical results. Since this parameter cannot be
measured using conventional experimental testing methods, it is usually obtained based on a parametric
study and considering the convergence of the numerical solution. As presented in section 7.1.4.1, it was
found that the effective mortar area can be considered as A= a A= 55A: for the steel-based TRM. For the
glass-based TRM, a is considered as 7.5. These a values are derived by performing a try and error
approach, where a primary value for a is considered, and the model is run. If an accurate answer is
obtained, the effective mortar area will be accepted; otherwise, a new value will be considered for o. The

exact answer can be obtained if the three conditions described in the primary problem are met. It should
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be mentioned that the considerable difference between o values (55 and 7.5 for the steel and the glass
fibers) results from both the fiber properties (Er and A) and the obtaining accurate answer process as
mentioned above.

Fig. 7-15 presents the experimental pull-out response envelope, obtained from four tested steel-based
TRM specimens, together with the analytical extracted bond-slip laws and analytical predicted load-slip
curves. The main parameters of the experimental pull-out curves and analytically extracted bond-slip laws

are also presented in Table 7-4 and sP: slip corresponding to peak load; PP: peak load; K: initial stiffness.

Table 7-5. For the development of the analytical pull-out curves, the experimental pull-out curves of
individual samples are initially used to extract the bond-slip laws using the analytical model adopted in

this study. These bond-slip laws are then used for modeling the presented analytical pull-out curves.

820 3.6
| Fiber: steel Fiber: Steel
p . Mortar: M2 Age= 90 days
| AT Age: 90 days 2
615+ 'L Bond length: 150 mm| = A 0538 mm
- & m
= I I z Eg= 189340 MPa
E 410_f é A= 55A¢
= | s E._=9000 MPa
| g m
i %w 2 121 L= 150 mm
s —=
1 [0 Experimental envelope curves Individual specimen
0 = — — Analytical model 0.0 Experimental average
0 5 10 15 "0 5 10 15
Slip [mm] Slip [mm]

(a) (b)

Fig. 7-15. Steel-based TRM with 150 mm embedded length (a) pull-out response; (b) analytical bond-slip law.

Table 7-4. Pull-out response parameters for steel-based TRMs (embedded length of 150 mm).

Specimen | s» [mm] | Ps [N] | K[N/mm] | Debonding slip [mm] | Debonding load [N]
1 0.80 |6348| 1210.8 0.80 634.8
2 0.80 | 8025 | 1339.9 0.80 802.5
3 0.85 | 766.0 | 1455.6 0.75 729.3
4 0.81 |759.0| 1103.3 0.81 759.0
Average 0.81 |7406 | 1277.4 0.79 731.4
CoV (%) (3) 9) (10) (3) (8)

s»: slip corresponding to peak load; P-: peak load; K: initial stiffness.

Table 7-5. Analytical bond-slip laws and predicted debonding load/slip for steel-based TRM (embedded length of
150 mm).
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Specimen T T K B Debonding slip Debonding Error in debonding
[MPa] | [MPa] | [MPa/mm] [mm] load [N] load prediction [%]
1 255 | 1.17 3.83 0.0003 0.74 626.5 1.3
2 351 | 151 6.05 0.0003 0.94 795.1 0.9
3 3.47 | 1.55 7.88 0.0003 0.87 761.4 4.4
4 2.67 | 1.44 1.97 0.0003 0.85 745.8 1.7
Average | 3.05 | 1.42 4.93 0.0003 0.85 732.2 0.1
CoV (%) | (15) | (10) (45) () (8) (9) '

The agreement between the experimental and analytical pull-out curves of the steel-based TRM is clear
(Fig. 7-15 and Fig. 7-16). The initial stiffness, post-peak slip hardening effect, and final deterioration of
the bond strength are all simulated with great accuracy. It can also be observed that the proposed
analytical model is suitably able to predict the slip at the free end of the samples (Fig. 7-16b). The
experimental results show that the dynamic stage initiates near the peak load, Fig. 7-16b. This observation
is also predicted with high accuracy (an error of less than 1%) with the proposed analytical model (see
Table 7-5). This observation also shows that the dynamic stage initiation could be assumed to occur at
the peak load with reasonable accuracy and previously considered in the literature [68,69,233]. The
predicted load and slip (representative of the end of the nonlinear stage and beginning of the dynamic
stage), as well as the difference among the results of analytical and experimental debonding loads, are
presented in the last three columns of Table 7-5. It can be observed that the analytical predictions of the
debonding load have a good agreement with the experimental results so that the average difference is
equal to 0.1% (see Table 7-).

The envelope of the experimental load-slip curves of the glass-based TRM specimens is shown in Fig.
7-17. The individual results obtained from each sample, together with the main extracted information
from the experimental results, are also presented in Table 7-6. A more considerable variation in the
experimental results is observed when compared to the steel-based TRM results, which may be attributed
to the telescopic behavior of the glass yarn [179,234,235] and the abrasion effect [76,77] by breaking
down layer by layer of filaments. The drop in the force after the peak load (corresponding to the lower
frictional resistance compared to the adhesive resistance in this system) followed by a slip hardening
behavior is also observed in this TRM system. Again, the analytical predictions have a perfect agreement
with the experimental results regarding both loaded and free-end slip predictions (Fig. 7-18). Here also,
complete debonding occurs near the peak load (Fig. 7-18, Table 7-6). The results show that the debonding

load is also predicted with acceptable accuracy (an error of 0.2%, see Table 7-7).
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Fig. 7-16. The pull-out response of a steel-based TRM specimen: (a) loaded end slip curves; (b) free end slip
curves (c) load-time vs. slip-time curves (A.M. stands for Analytical Modeling).
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Fig. 7-17. Glass-based TRM with 50 mm embedded length (a) pull-out response; (b) analytical bond-slip law.
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The pull-out response of a glass-based TRM specimen: (a) loaded end slip curves; (b) free end slip
curves (c) load-time vs. slip-time curves (A.M. stands for Analytical Modeling).

Table 7-6. Pull-out response parameters for glass-based TRMs (embedded length of 50 mm).

Specimen | s- [mm] | P»[N] | K[N/mm] | Debonding slip [mm] | Debonding load [N]
1 0.32 | 2740 | 40154 0.32 274.0
2 0.34 | 2183 | 29544 0.34 218.3
3 0.14 | 2022 | 1639.3 0.14 202.2
4 0.28 | 273.0| 2028.2 0.28 273.0
5 0.33 [ 2379 | 4166.3 0.33 237.9
Average 0.28 |241.1| 2659.3 0.28 241.1
CoV (%) (26) (12) (34) (26) (12)

s: slip corresponding to peak load; P-: peak load; K: initial stiffness.

Table 7-7. Analytical bond-slip laws and predicted debonding load/slip for glass-based TRM (embedded length of

50 mm).
. Trax T K Debonding slip Debonding Error in debonding
Specimen B -
[MPa] | [MPa] | [MPa/mm] [mm] load [N] load prediction [%]
1 6.61 | 1.03 17436 | 0.0017 0.32 273.6 0.1
2 3.94 | 0.87 92.86 0.0044 0.25 218.2 0.0
3 2.38 | 0.76 22.48 0.0032 0.23 202.2 0.0
4 4.19 | 0.78 41.66 0.0031 0.36 272.6 0.1
5 4.86 | 1.08 187.79 | 0.0053 0.26 236.7 0.5
Average 4.4 | 0.90 103.83 | 0.0035 0.28 240.7 0.
CoV (%) (31) | (14) (65) (34) (17) (12) '
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It is interesting to note that although the glass-based TRM specimens had a smaller embedded length,
they show a mean value of the slip hardening coefficient (3=0.0031) of about ten times that of the steel

fibers (Table 7-7 and Table 7-5).

/.1.5.3. Effect of embedded length

The proposed analytical model is used here to extract the bond-slip laws of the steel-based TRM samples
with different bond lengths presented in section 5.2.1. It should be noted that these samples were tested
at the 60-day curing ages and had embedded lengths of 50, 100, 150, and 200 mm. The pull-out
parameters of these specimens are reported in section 5.2.1. The bond-slip laws are extracted from the
individual samples and then averaged for each embedded length (see Fig. 7-19 and Table 7-8). These
bond-slip laws are then used for predicting the load-slip curves following two different approaches
(predicted load-slip curves are presented in Fig. 7-20, together with experimental envelopes), as follows:
(i) The average bond-slip law corresponding to each embedded length is used to predict the load-slip
curve of that embedded length; (i) The average bond-slip law obtained from 150 mm embedded length
samples (that is believed larger than the effective embedded length, as discussed in section 5.2) is used
for predicting the load-slip curves of all embedded lengths. This second approach is followed to evaluate
the accuracy of the hypothesis that the bond-slip laws obtained from pull-out tests performed on samples
with embedded lengths higher than the effective bond length are sufficient for predicting the bond

behavior in all other embedded lengths.
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Table 7-8 reports the bond-slip laws for different embedded lengths (approach (i)). Table 7-8 shows that
by increasing the embedded length, the frictional shear strength (t9) and the bond shear modulus (slope
of the linear part, k) decrease. Meanwhile, the slip hardening coefficient (8) and the bond strength (Tm)
increase. Specimens with 200 mm bond length show a decrement of bond strength owing to their
different pull-out responses at the debonding point. A comparison among the load-slip curves of
experimental results shows the intensity of the load drop in 200 mm bond length is the least, which
means that the debonding load is slightly higher than the frictional resistance after debonding [73]. This
hypothesis can be supported by investigating the strain distribution along the steel fibers, as shown in
Fig. 7-21. From Fig. 7-21, the maximum strain of fiber with 200 mm bond length at the end of the linear
and nonlinear stages is 0.206 % and 0.223 %, respectively, while for other bond lengths, it is between
0.255 and 0.300 %. Furthermore, Yamao et al. [236] reported that the bond stress-slip relationships in
the short and long bond lengths are significantly different [237]. It can be deduced that the bond in the
specimens with 200 mm embedded length is governed more by the friction stress rather than the bond
strength.

The predictions of the pull-out curves when using the bond-slip laws from 150 mm embedded length are
also in excellent agreement with the experimental results in most regions of the pull-out curves (the

predictions are only slightly higher in 200 mm embedded length).

Table 7-8. Bond-slip law parameters for the steel-based TRM with different embedded lengths*.

Bond length [mm] | Specimen | T« [MPa] | T [MPa] | k [MPa/mm] B
1 3.58 2.07 16.57 0.0001
50 2 4.55 3.10 21.11 0.0001
Average | 4.07 (12) | 2.59 (20) | 18.84 (12) 0.0001 (0)
1 6.10 2.08 57.46 0.0002
100 2 3.97 2.31 34.84 0.0002
3 4.55 2.56 33.90 0.0002
Average | 4.87 (18) | 2.32 (8) 42.07 (26) 0.0002 (0)
1 4.85 1.87 35.03 0.0003
2 6.26 2.29 31.42 0.0003
150 3 6.18 2.10 69.84 0.0003
4 6.85 2.29 53.35 0.0003
Average | 6.04 (12) | 2.14(8) 47.41 (32) 0.0003 (0)
1 3.76 1.69 25.17 0.0004
200 2 3.25 1.79 42.23 0.0008
3 3.53 1.79 25.45 0.0003
Average | 3.51(6) | 1.76 (3) 30.95 (26) | 0.0005 (43)

*CoV of the results is given in percentage inside parentheses
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Fig. 7-21. Fiber strain distributions along the embedded length of the steel-based TRM: (a) at the end of the linear
stage; (b) at the nonlinear stage (L.: bond length).

/.1.6. Effect of natural aging

The proposed analytical model 1 is also utilized to extract the bond-slip laws curves of the steel and the
glass-based TRM samples at different mortar ages. The experimental results are presented in sections
5.8.1 and 5.8.2. Here the effect of mortar age (indoor) and the real environmental (outdoor) conditions
on the bond-slip law parameters are discussed.

Fig. 7-22 and Fig. 7-23 show the bond-slip law curves of the steel-based TRM at different ages under
indoor and outdoor conditions. In addition, the changes in the bond-slip law parameters at different mortar
ages are presented in Fig. 7-24. Again, the bond strength, Tm, (Fig. 7-24a), and the frictional strength, T
(Fig. 7-24b) show an incremental trend in outdoor aged samples (bond strength decreases from 270
days to 920 days), while no significant changes can be observed in indoor aged samples. However, the
bond modulus (k) seems to increase significantly in outdoor aged samples but slightly decrease in the
early ages in indoor aged samples (a high variation is observed in the results for this parameter), Fig.
7-24c. At the same time, the slip hardening coefficient (8) shows an increasing trend for both indoor and
outdoor aged samples (Fig. 7-24d). Nevertheless, the indoor aged specimens show higher values in
contrast to the outdoor aged specimens. A comparison between t: and [3 shows that the higher frictional
stress, the lower the slip hardening coefficient. The mean values of the bond-slip laws for indoor and

outdoor specimens are also presented in Table 7-9.
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Fig. 7-22. Bond-slip law curves of the steel-based TRM at different mortar ages under indoor condition: (a) 15
days; (b) 30 days; (c) 90 days; (d) 180 days; (e) 270 days; (f) 920 days.
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Fig. 7-23. Bond-slip law curves of the steel-based TRM at different mortar ages under the outdoor condition: (a)
180 days; (b) 270 days; (c) 920 days.
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Fig. 7-24. Bond-slip law parameters of the steel-based TRM: (a) bond shear strength; (b) friction stress; (c) bond
modulus; (d) slip hardening coefficient.

Table 7-9. Bond-slip laws of the steel-based TRM aged under indoor and outdoor conditions*.

Condition | Age [days] | Tw= [MPa] | T [MPa] | x [MPa/mm] B
15 3.97 (18) | 1.34(6) 17.72 (45) | 0.0001 (0)
30 5.10 (28) | 1.69 (6) 22.06 (53) | 0.0004 (29)
Indoor 90 3.05 (15) | 1.42 (10) 4.93 (45) 0.0003 (0)
180 3.01(27) | 1.51 (16) 6.52 (55) | 0.0005 (33)
270 4,32 (38) | 1.39(14) | 17.56 (66) | 0.0003 (33)
920 4.73(30) | 1.94(8) 17.92 (62) | 0.0006 (14)
180 6.64(6) | 2.32(7) 41.36 (47) | 0.0005 (44)
Outdoor 270 10.01 (7) | 3.17(0) 45.34 (16) | 0.0004 (43)
920 4,92 (28) | 2.91 (11) | 22.00 (100) | 0.0003 (60)

*CoV of the results is given in percentage inside parentheses

Fig. 7-25 and Fig. 7-26 show the bond-slip law curves of the glass-based TRM at different ages under
indoor and outdoor conditions. The changes in the bond-slip law parameters are shown in Fig. 7-27, Table
7-10. The bond strength, T, is always higher in outdoor aged samples than indoor ones (almost twice

at 920 days), as shown in Fig. 7-27a. On the other hand, the frictional stress, T, shows an incremental
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trend (with higher initial rates) in samples under indoor conditions, in contrast to the outdoor aged

samples, in which a significant deterioration can be observed from 270 to 920 days. By contrast, the

bond modulus, k, and slip hardening coefficient, 3, do not show a significant change in indoor aged

samples but increase significantly with time in outdoor aged samples. These observations can show the

effect of higher hydration of the mortar M1 on the parameters of the bond-slip law.

Table 7-10. Bond-slip laws of the glass-based TRM aged under indoor and outdoor conditions*.

Condition | Age [days] | Tmx [MPa] | T [MPa] | x [MPa/mm] B
15 1.97 (16) | 1.03 (22) | 6.46 (35) 0.009 (34)
30 2.92 (28) | 0.65(34) | 14.04 (49) | 0.017 (51)
Indoor 90 5.38 (24) | 0.86 (28) | 18.57 (28) | 0.028 (29)
180 2.73(24) | 1.25(11) | 10.35(69) | 0.009 (76)
270 2.88(45) | 0.91(34) | 11.70(92) [0.014(111)
920 5.43(37) | 1.64(12) | 15.51 (63) | 0.013 (58)
180 6.62 (32) | 1.6 (12) | 26.20 (48) | 0.007 (38)
Outdoor 270 8.94(9) [ 1.37(14) | 51.17 (50) | 0.013(28)
920 8.81(6) | 0.49(14) ] 101.06(3) | 0.056 (21)

*CoV of the results is given in percentage inside parentheses
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Fig. 7-25. Bond-slip law curves of the glass-based TRM at different mortar ages under indoor condition: (a) 15
days; (b) 30 days; (c) 90 days; (d) 180 days; (e) 270 days; (f) 920 days.
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Fig. 7-26. Bond-slip law curves of the glass-based TRM at different mortar ages under the outdoor condition: (a)
180 days; (b) 270 days; (c) 920 days.
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Fig. 7-27. Bond-slip law parameters of the glass-based TRM: (a) bond shear strength; (b) friction stress; (c) bond

modulus; (d) slip hardening coefficient.

/.1.7. Effect of Freeze-thaw condiition

The bond-slip laws are also derived using stress-based analytical modeling method 1 from the

experimental load-slip curves of specimens under the FT conditions (section 5.9.1). Fig. 7-28a-d presents

the changes in the bond-slip law parameters under the control and the FT conditions. Also, Table 7-11

reports the average of these parameters for each test series. By increasing the number of exposed cycles,

the Tm, K, and B show an increasing trend, whereas the T decreases. Since the bond parameters also

show a decreasing trend (see section 5.9.1), it is possible to conclude that the glass-based TRM system

is more responsive to the frictional shear strength than to the bond shear strength.
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Fig. 7-28. The changes in bond-slip law parameters under the FT conditions (b) bond shear strength; (c) friction
stress; (d) bond modulus; (e) slip hardening coefficient.

Table 7-11. Bond-slip laws of the glass-based TRM aged under the control and the FT conditions*.

Name Lo s « B
[MPa] [MPa] [N/mm?] [

PCO | 4.6(16)|2.7(14) | 44.3(22) | 0.0006 (139)
PC180 | 7.4 (15) | 3.6(5) | 125.7 (13) | 0.0012 (14)
PC360 | 3.3(6) | 1.1(18) | 45.5(24) 0.001 (4)
PE60 | 4.4(18) | 2.7 (11) | 126 (16) | 0.0009 (10)
PE120 | 4.1(16) | 2.4(9) | 148.5(22) | 0.0013(19)
PE180 | 9.4(8) | 2.4(18) | 317.3(13) | 0.0012 (0Q)
PE240 | 8(17) | 2.2(9) | 177.1(19) | 0.0019 (8
PE300 | 2.5 (10) | 1.8 (10) 8 (20) 0.002 (19)
PE360 | 45 (14) | 1.3(8) 86.7 (5) 0.0006 (16)

*CoV of the results is given in percentage inside parentheses
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7.2. Crack spacing prediction of TRM composites

This section utilizes the results of the tensile and pull-out tests (TCO and PCO, respectively) performed
under freeze-thaw conditions. The tests were performed on the glass-based TRM composites constructed
with mortar M1. Sections 5.9.1 and 5.9.2 provide the experimental results.

The ACK (Aveston—Cooper—Kelly) theory is used here to calculate/predict the saturation crack spacing in
the tensile specimens. Based on this model, the saturation crack spacing (X) can be obtained by
expressing the force equilibrium along the loading axis of the yarns [238,239]:

L IC
X=1337 i -mu -
0,27, Eq. 7-60

Ur and . are the volumetric fractions of the yarns, and the mortar, respectively. vr is calculated as the
ratio between the yarn area mesh and the average cross-section of the specimens (v= 0.00335), while
Un is equal to 1-v.. 1 is the yarn/cord radius equal to 0.5298 mm for glass yarns (assuming a circular
section area). T is the frictional shear strength at the yarn interface and the mortar obtained from the
pull-out tests as 2.3 MPa. Finally, o~ is the direct tensile strength of the mortar. In the absence of
experimental results, this value can be obtained from the compressive, flexural, or splitting strength [240],
as calculated and presented in Table 7-12. It can be observed that the mortar tensile strength values
calculated from these formulations are very similar. Having calculated the t: and o, Eq. 2-1 is used to
calculate the saturation crack spacing, see Table 7-12. It can be observed that the crack spacing is

predicted to be around 86-92 mm, which represents a 10-15% error with respect to the experimental

results.
Table 7-12. Prediction of saturated crack spacing.
Calculating tensile strength by o~ [MPa] Koom. [MIM] | Xoom. /Koo, [%]
compressive strength (f-) 0.3(f, )2/3 =0.3(16.8)2/3 =197 91 90

0.06h,” 0.06x 40"’

b o o 2T 45=1.99
1+0.06h"7 “™  140.06x 40" 92 2

flexural strength (foma)

splitting strength (f) | 22(f,)" .., =2.2(168) " x1.4=185 | 86 85

cm ctm,sp
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7.3. Masonry panels

The nominal shear and flexural strength of masonry panels before and after strengthening with glass-
based TRM composites are calculated here. For this aim, the nominal strengths are verified with the
experimental results of panels used in section 6.1 (the effect of surface treatment). In the following

sections, the mathematic formulations are presented.
7.3.1. Prediction of panels shear strength

The shear strength of IU panels can be computed based on the failure mode [139,141,144,241]: the
shear sliding, the shear friction, the diagonal tension, and the toe crushing. Since sliding along the mortar
joint was the failure mode of U panels, their shear strength (V.) can be calculated as follows:

T
Vo= A i
S i Eq. 7-61

where To is the shear bond strength obtained from the shear strength of masonry prisms at 28 days
(to= 0.26 MPa, based on [242]), and W is the coefficient of internal shear friction in mortar joint equal to
0.3 reported in other studies [139,144]. Other parameters (6 and A.) are defined in section 6.1.1.
Therefore, Vs« is equal to 20.06 kN, showing a 51% error to the experimental results. This difference can
result from the wo value. Paulay and Priestly [243] proposed that p can be between 0.3 and 1.2. If pis
equal to 0.66, the V. will be 41.3 kN, equal to the experimental mean value of IU panels.

The nominal shear capacity (V.) of TRM-strengthened panels, based on ACI 549.4R-13 [244], consists of
the shear strength provided by the masonry (V-) and the TRM composites (Vi), as shown in Appendix lII:

Vo=V +V, Eq. 7-62
Since all strengthened-masonry panels failed under diagonal tension, the masonry shear strength can be

calculated as follows:

2 [
v _ tan®++/21.16 + tan ef'An(HL—]

m 10.58 !

Eq. 7-63

w

where f'iis the tensile strength of masonry and equal to 0.67./f’ , in which f'» is the compressive strength

of masonry (f'== 11.1) as reported by [139,141,144], and other parameters (0, A., L', and H.) are defined
in section 6.1.1. Therefore, the masonry shear strength (V.) is obtained as 65 kN, which is higher than
V., and the experimental result of U panels is due to considering different failure modes.

The shear capacity provided by the TRM composites (Vi) can be calculated as [244]:
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V. =2nA L' Eq. 7-64
where n and Ar are the number of fabric layers (n= 1) and area of fabric per unit width in both directions
(A= 0.07054mmz2/mm). f. is the tensile strength in the TRM reinforcement, which is equal to:

f =Ee, g, =g, <0.004 Eq. 7-65

€4
where Erand & are the tensile modulus of elasticity of cracked TRM and the design tensile strain of TRM
composites, respectively [244]. Based on ACI 549.4R-13 [244], &« should be equal to the ultimate tensile
strain of TRM composites (&.= €= 0.0119 from the first row of Table 5-24) and less than 0.004, as
presented in Eqg. 2-1. It seems this limitation is because of avoiding large cracks in the TRM composites
[140]. By examining the tensile behavior of TRM composite in this study (see Fig. 5-46a and Table 5-24),
it can be seen that &. equal to 0.004 occurs precisely at the crack development stage. Having
E= 62700 MPa from the average of the experimental tensile tests (see Table 5-24) and &~ 0.004, f. can
be obtained as 250.8 MPa. Replacing this value in Eq. 7-64 will lead to a V: value of 19 kN. Adding Eq.
7-63 to Eq. 7-64 will lead to a total shear capacity of the strengthened panels of 84 kN, which is 33% and
44% lower than the experimental results of ISa and ISb panels, respectively (Table 7-13). This observation
is also in agreement with the findings of other studies [139,140,144]. One possible reason for such a
difference between the analytical and experimental results is the erroneous estimation of & in Eq. 2-1
and the fact that it is limited to 0.004. If & is considered equal to 0.0119, Vi and V. will be equal to
56.8 kN and 121.8 kN, respectively, which shows a 3% and 19% error to the experimental results 1Sa and

ISb panels, respectively.

Table 7-13. Prediction of the nominal shear (V.) and flexural (M.) capacity.

fi Vi v, Vo/ Pow fi M,ss Moxs M./ Moo [%]

Model [%]
[MPa] | TkN] | [kNI = T o | [MPal | [kN.m] | TkN.m] oo T o T s

ACI [244] 25081 19.1 | 84.0 | 67 | 56 | 520.4 | 0.80 063 | 35 | 31| 28 | 32
Combination of
pull-out (50 mm)
and tensile
behavior
Combination of
single-lap (SL100-
b) and tensile
behavior
Combination of
pull-out (100 mm)
and tensile
behavior

4525 345| 995 | 79 | 66 | 4525 | 0.70 | 055 | 30 | 27 | 25 | 28

4868 | 37.1|102.1 | 81 | 68 | 4868 | 0.75 | 059 | 33 | 29 | 26 | 30

7933604125499 | 83 | 7933 | 1.21 095 | 53 | 47 | 43 | 48
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Another method to determine fi is combining the results of the TRM-to-substrate bond and direct tensile
tests performed on the yarn [245]. Such a combination, presented in Fig. 7-29, allows the calculation of
the effective tensile capacity of the textile under more realistic boundary conditions. Here, the average
pull-out load-slip curves obtained from samples with 50 mm and 100 mm bond length are also presented
and used to calculate this load (values are presented in Table 7-13). In Fig. 7-29, more details about the
single-lap (SL100-b), pull-out- 50 mm (GS50-C0), and pull-out- 100 mm (GS100-CO) are provided in
sections 5.6.1 and 5.9.5. These three values are then used for predicting the TRM shear contribution (V)
to obtain the total shear capacity, as presented in Table 7-13. In this method, the error in the prediction
of V. is less (1-21% for ISa panels and 17-34% for the ISb panels, in general). A comparison between the
Vi obtained from the single-lap, and pull-out test results shows that although SL100-b specimens have a
longer bond length than the pull-out specimens with 50 mm embedded length, they are similar tensile
capacity and, consequently, Vi can be obtained from them. Also, the pull-out specimens with 100 mm
embedded length show a higher utilization of tensile capacity than the single-lap samples with the same
embedded length because of the difference in the boundary conditions in these two test setups. Overall,
it appears that the single-lap test results are more suitable for calculating the tensile capacity of TRM
systems due to the more realistic boundary conditions imposed on the samples in this test setup. However,
it should also be noted that single-lap shear bond tests represent a specific case where the crack surface
is perpendicular to the fabric direction. In reality, the cracks occur at an angle to the fabrics, leading to
the involvement of transverse fabric in bidirectional grids. These, which can affect the utilized tensile

capacity of the fabrics, are not considered when single-lap shear bond tests are used to calculate fs.
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Fig. 7-29. Interaction between bond responses and tensile stress-strain of the yarn.
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7.3.2. Prediction of panels flexural strength

The nominal flexural strength of unreinforced masonry panels can be calculated as follows [224]:

Meg = Sroauus o Eq. 7-66
where Snaus is the section modulus of un-crack wallets (7x10° mm: and 5.5x10° mm: for PU and NU
panels, respectively). f« is the flexural strength of masonry and can be calculated based on the masonry
unit type and the joint mortar compressive strength [224]. Since the flexural strength of masonry did not
measure in this study, f« is used from what was proposed by EN 1996-1-1 [224]. Hence, f« is equal to
0.1 MPa and 0.4 MPa for PU and NU panels, respectively. Replacing S and f« in Eq. 2-1, Ms can be
obtained for PU and NU panels as 0.07 kN.m and 0.22 kN.m, respectively, showing a 22% and 69% error,
in contrast to the experimental results. This difference can be due to the estimated flexural strength of
masonty (fa).
As for the TRM-strengthened masonry, the nominal flexural strength (M.) can be calculated following

ACI 549.4R-13 [244] formulations:
M =Ab f t+t—°—&
" 2 2

f~m fe

Eq. 7-67
f =E.¢

. =E&.,€,=0.7¢, <0012

where A is the fabric area per unit width (A= 0.03572 mm?/mm), and f. is the effective tensile stress
level in the TRM composite. Also, t and t., equal to 100 mm and 10 mm, are masonry wallet and TRM
composite thicknesses. c is the depth of the effective compressive block (see Appendix IV), and f3: is a
stress block coefficient equal to 0.7. €« is the effective tensile strain level in the TRM, and & is the ultimate
tensile strain of TRM composites (Table 5-24, TCO). It should be mentioned that since the masonry
compressive strength (f'») only was measured perpendicular to the flatwise surface of the brick, f'» is
considered the same value for both PS and NS panels. In Eq. 2-1, it is assumed that plane sections
remain plane after loading, TRM has a linear behavior to failure neglecting its contribution before cracking,
and the masonry tensile strength is neglected. Appendix IV presents the analytical predictions under both
failure directions. M. is equal to 0.80 kN.m and 0.63 kN.m for PS and NS, respectively, lower than the
experimental results. Table 7-13 shows the proportion of M. to the maximum flexural strength of PS and
NS experiments representing a 65-72% error. This observation is also in agreement with the findings of
other studies [139,144,246].

Based on the approach presented in section 7.3.1 (the combination of the bond response and the yarn
tensile behavior), the effective tensile stress (fe) level in the TRM composite and the nominal flexural

strength (M.) of PS and NS are presented in Table 7-13. Combining the pull-out response with 50 mm
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embedded length and the yarn tensile behavior shows a 70-75% error to the experimental results (see
Table 7-13). The error resulted from the single-lap shear test (SL100-b), and the pull-out response in
100 mm bond length is 67-74% and 47-57%, respectively. It is obvious that all these methods produce a

significant error in the prediction of the flexural capacity of TRM-strengthened masonry.

7.4. Main conclusions

In this study, a bond-slip law has been developed to help predict pull-out test results more accurately. In
the proposed model, adhesives and friction bonds were taken into account. In addition, the nominal shear
and flexural strength of the masonry panels without and with glass-based TRM composite were calculated
and compared with experimental results. On the basis of the obtained results, it can be said that:

e In the analytical and numerical modeling, bond-slip laws were extracted from the experiments for
each test setup. The optimum mortar effective area (A-) was observed to have an important effect
on the convergence of the results and on the obtained bond-slip law.

e The results of different test setups led to different bond-slip laws due to the differences in load-
slip curves.

e By considering the slip hardening and softening effects observed in experimental results, the
proposed bond-slip law and analytical solution may predict the pull-out behavior of a range of
TRM composites.

e The analytical results showed that in both steel and glass-based TRMs, full debonding
(corresponding to the initiation of the dynamic stage in the bond behavior) occurs at the peak
load. This observation was verified with experimental results.

e |t was also observed that the bond-slip laws extracted from pull-out tests performed on steel-
based TRM samples with bond lengths higher than the effective embedded length (in this case,
150 mm embedded length) could be directly used for the prediction of the bond behavior in
samples with other embedded lengths.

e Bond-slip law parameters of TRM composites at the indoor condition showed generally lower
value compared to outdoor conditions. Meanwhile, the outdoor condition caused the bond-slip
law parameter to improve.

e The ACK theory provided satisfactory predictions of crack spacing in tensile test samples when

combined with pull-out results.
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e To predict the capacity of strengthened panels, it was necessary to calculate the textile
contribution to the load resistance of the whole system. Single-lap test results seem to be suitable

for calculating the effective tensile capacity of TRM systems.
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8.1. Experimental campaign

8.1.1. Material characterization

Regarding brick moisture content, the results indicated that completely dry brick showed higher
strength (compressive, flexural, and elastic modulus). The higher the moisture contents of the
brick, the lower its strength.

It was observed that extruded solid clay bricks show direction-dependent mechanical and
transport properties. The capillary absorption coefficient and moisture absorption rate of the
bricks in the widthwise direction was highest. This indicates that when fresh mortar is applied on
the flatwise of the brick's surface (as is done in single-lap shear tests on TRM-strengthened bricks),
the brick absorbs less water from the mortar compared to when it is applied on its widthwise (as
is the case in real practice). The final bond performance will therefore be different, hence,
questioning the suitability of single-lap shear tests when single bricks are used as the substrate.

The mechanical and physical characterization tests performed on constituent materials showed
the importance of curing conditions on the development of mechanical properties and pore
structure of lime-based mortars. Although this importance varied in two mortars studies here,
overall, the mechanical properties were improved when the samples were cured under higher
humidity conditions (either under plastic or in high humidity rooms). The drying shrinkage, again
dependent on the type of mortar, was also higher in specimens cured under plastic for seven

days compared to those cured for only one day.

It was examined the influence of indoor and outdoor aging on two lime-based mortars. The
mechanical properties of the mortar were studied comprehensively through experimental
investigation. The results indicated that in lime-based TRM composites, special attention needs
to be given to the hydration degree of the mortar and its effects on the short-term and long-term
performance of those composites. The 30 days curing testing age, as usually used for
cementitious matrices, does not seem to be particularly a good reference for hydraulic lime-based
TRMs. In addition, the large variety of the characteristics of the existing lime-based mortars makes
it difficult to propose a specific representative age for the long-term behavior of those composites.
The experimental results showed a good correlation between the changes in the textile-to-mortar
bond behavior and the flexural strength of the mortar. Flexural strength is, therefore, proposed
to be used as an indicator for evaluating the changes in the response of lime-based TRMs in the

lack of more detailed results.
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The mechanical properties of the mortar M1 improved slightly under the considered FT conditions.
Similar behavior was also observed for the control specimens. It can be deduced that the
hardening process continued in the mortar even after 360 cycles (337 days). The detrimental
effects of the FT conditions considered here were less than its effects on promoting the mortar
hydration. This can be due to the fact that although 90% RH was considered in the FT exposure
conditions, this might not have been sufficiently high for saturating the samples.

The mechanical properties of the glass fibers were not affected by the FT conditions, as expected.

However, the tensile strength of steel fibers decreased slightly.

8.1.2. Effect of the test setup

The obtained results from the effect of test setup on the bond behavior of textile-to-mortar showed the

following conclusions:

The results showed that the pull-push test setup when the free length of the fiber was embedded
in an epoxy resin (pull-push Il setup) was the most reliable test setup and produced the lowest
variation of the results (CoVs). The embedment of the fibers in the free length with a resin block
prevented the premature failure of the fibers. It also facilitated the attachment of the LVDTs for
slip measurements during the tests. The advantage of using the block resin became even clearer
when fibers with low axial stiffness or with a woven structure were under investigation. Installation
of the specimens on the test setup when the fibers were not embedded in the epoxy resin (case
of pull-push | in the current study) was also found very challenging and time-consuming.
Application of a pre-loading was also necessary for these specimens before performing the tests
to facilitate the LVDTs attachment.

As for the preparation of the specimens, ensuring the straight alignment of the fibers in the mortar
was also very complicated when cylindrical mortar specimens (case of pull-push | in the current
study) were used. This was resolved by designing disk-shaped molds that allowed the application
of the mortar in two layers parallel to the fiber embedment direction and the perfect alignment of
the fibers (case of pull-push Il and pull-pull configurations).

The contribution of the mortar in resisting tensile forces in the pull-pull configuration led to larger
experimental peak load and toughness in comparison to the pull-push configuration. It was also
observed that the gripping of the mortar from the bottom in this configuration could lead to mortar

cracking/crushing before performing the tests.
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8.1.3. Efffect of bond length

The effect of fiber embedded length on the fiber-to-mortar bond response in these composites was deeply

investigated. The main focus was on the pull-out response of steel-based and glass-based TRMs as two

common strengthening systems utilizing a pull-push test configuration. In general, the following was

observed:

The effect of embedded length was investigated by testing steel-based TRMs with 50, 100, 150,
and 200 mm embedded length and glass-based TRMs with 50, 75, and 100 mm embedded
length. In the steel-based TRMs, the failure mode was slippage in all embedded lengths. With an
increment of the embedded length, the initial stiffness of the pull-out curves and the slip
corresponding to the peak load increased independently from the embedded length. It was also
observed that the peak load reached its maximum value at a bonded length of 150 mm. These
results suggest that the effective bond length in this system is around 150 mm. In glass-based
TRMs, the failure mode changed from fiber slippage (in 50 mm) to mixed slippage and yarn
rupture (in 75 mm) and yarn rupture (in 100 mm). This suggests that the effective bond length

in this system is between 50 mm and 75 mm.

8.1.4. Effect of fiber configuration

A qualitative and quantitative investigation of fiber configuration effects on fiber-to-mortar bond

performance in TRM composites has been conducted. The obtained results can be summarized as

follows:

By increasing the number of steel fibers in pull-out tests, the failure mode changed from pull-out
(for single fiber) to pull-out and mortar cracking (for group fibers). This change of failure mode
could be avoided by increasing the mortar thickness.

The bond behavior of the unidirectional and bidirectional glass fiber mesh, especially in the
nonlinear region, was completely different. It means that transverse elements had a considerable
effect on the bond behavior. The toughness was also increased dramatically due to the presence

of transverse elements.

8.1.5. Effect of slip rate

Displacement controlled pull-out tests were carried out under monotonic loading to investigate the textile-

to-matrix load transfer mechanism in glass and steel TRM composites. The experimental setup was
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designed to control the rate of the relative displacement (slip) between yarn (or cord) and matrix at the

first bonded section. From the experimental analysis, the following conclusions can be drawn:

The bond strength was affected by the slip rate at low rates (it was lower below 1 mm/min than
beyond this threshold), whereas no significant variation of peak load was detected in faster tests
(up to 20 mm/min). Despite the scatter of test outcomes (due to the brittle nature of the mortar
matrices and of the adhesion phenomena investigated), similar trends were also observed for
absorbed energy and stiffness, confirming the sensitivity to the slip rate in slow tests. Clearly,
other TRM materials may exhibit different sensitivity, and the results obtained in this investigation
are hardly extendable to composites with different fabrics and mortars, as well as to different
manufacturing and curing conditions. It was also observed that in the glass TRMs, the intended

slip rate was reached only after the peak load in samples tested under high slip rates.

8.1.6. Effect of cyclic loading

The load transfer mechanism in steel and glass-based TRM composites was also studied under cyclic

loading. The main findings were obtained:

The cyclic response was characterized by narrow unloading-reloading cycles, indicating a small
amount of hysteretic energy. The cyclic curve was contained in the envelope of the monotonic
one. Cyclic loading led to a pull-out strength degradation, especially after the first cycle and in
the order of 25-35%. Its reduction with the increase of performed cycles indicated that a residual
strength could possibly be identified. The stiffness degradation, instead, varied in the 5-15% range
at small slips (less than 1 mm) and increased up to 50-75% at 15 mm slip for both the first and
the second load cycled performed in the tests. The bidirectional glass mesh exhibited an effective
interaction between fiber yarns, which was much less pronounced in the cords of the steel fibers

that are not provided with weft (transversal) elements.

8. 1.7. TRM-to-substrate bond behavior

The experimental campaign consisted of the role of surface treatment and bond length on the TRM-to-

substrate bond behavior. In addition, a comparison was made between the pull-out and single-lap shear

results. In light of the obtained results, it is possible to draw the following conclusions:

The effect of surface preparation on the TRM-to-substrate bond behavior was significant. The
sandblasted specimens showed a perfect bond at the TRM-masonry interface, while delamination

was observed in the samples prepared with no surface treatment.
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The results showed that the bond response obtained in pull-out tests could be different from the
results from single-lap shear tests. This was due to the different stress states and boundary
conditions in these two test setups.

The obtained bond behavior from the single-lap shear tests was the result of several concurrent
mechanisms, including the bond at the interface of TRM-to-masonry, textile-to-mortar bond,
mortar cracking, and splitting and unsymmetrical boundary conditions. The focus was on the
fiber-to-mortar bond response in the pull-put tests. The stress state in the TRM composite in
single-lap shear tests was more similar to reality, but the interpretation of the experimental results
should be performed with care. Meanwhile, the pull-out tests were more suitable for
characterization of the fiber-to-mortar bond behavior and presented an opportunity for extraction

of the bond-slip laws for use in numerical simulations.

8.1.8. Effect of curing conditions

An experimental investigation on the effect of preconditioning and curing on the bond performance of two

conventional TRM composites used to strengthen masonry substrates (fiber-to-mortar and TRM-to-

substrate bond performance) was presented. Three substrate moisture conditions (dry, semi-saturated,

and saturated) and three different curing conditions (PL-1, PL-7, RH-7) were considered for this purpose.

Following is a summary of key conclusions about the obtained data:

Curing conditions had a significant effect on the development of mechanical properties of mortar
and the fiber-to-mortar bond behavior. The pull-out response of both steel- and glass-based TRMs
was enhanced when the specimens were cured under high humidity conditions (RH-7) or under
plastic (PL-7) for seven days compared to when those were cured under the plastic only for one
day (PL-1). However, the curing conditions considered did not affect the overall shape of the load-
slip curves or the failure mode of the specimens.

It was observed that the initial water content of the substrate is the most critical parameter on
the TRM-to-substrate bond behavior. Dry substrates absorbed water from the mortar and
disrupted the chemical reactions of the mortar. Consequently, a poor bond between the mortar
and the brick was formed; hence, the single-lap shear test samples failed by debonding at the
TRM-to-substrate interface. Nevertheless, semi- or full saturation of the bricks led to the formation

of a strong bond.
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The results show that TRM composites show better performance if the masonry substrate is
properly conditioned before application. Covering the mortar surface with damp cloths and storing

it under plastic for seven days (PL-7 condition) is helpful for hydraulic lime-based TRM composites.

8.1.9. Effect of mortar age

The effect of indoor and outdoor aging on the micro- and macro-mechanical behavior of two lime-based

TRM composites was examined. A comprehensive experimental study was performed to investigate the

changes of the textile-to-mortar bond behavior and the TRM tensile response until 920 days of aging.

Taking into account the results obtained, it can be concluded the following:

As expected, the mortar type was found to have a significant influence on the short-term and
long-term bond performance and therefore cracking behavior of TRMs.

In both steel and glass-based TRMs, TRMs under indoor conditions typically exhibited a lower
performance when compared to outdoor ones. This was more noticeable in the steel-based TRM,
which showed a much lower bond strength when cured under indoor conditions than outdoor
conditions. Advanced curing conditions may be useful for accelerating hydration, such as
autoclave and steam. Outdoor conditions in both systems led to better mechanical performance
and led to the deterioration in the long term. The degree of this deterioration, which was
significant in some cases, was observed to be dependent on the TRM type (fiber-mortar
combination).

The difference between the tensile response and cracking behavior of the TRM composites under
indoor and outdoor conditions was also noticeable and was observed to be dependent on the
TRM type. In the steel-based TRM, aging led to the decrement of the crack spacing and no specific
change in the final tensile strength. Meanwhile, in the glass-based TRM, the effect of outdoor
exposure was significant in terms of crack spacing (increased) and tensile strength (decreased).
Due to the high humidity and rain observed under outdoor conditions, the hydration rate of the
hydraulic lime-based mortars was more significant, which increased the strength of the
specimens. In contrast, owing to the constant humidity inside the laboratory, the mortars showed

lower hydration rates.

8. 1.10. Effect of freeze-thaw conditions

The effect of freeze-thaw (FT) conditions on the micro-mechanical response of steel and glass-based TRM

composites was also examined. The research items included the bond performance as a function of
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embedded length, number of cords, presence of transverse fibers, and age. In general, the following

conclusions can be drawn:

The TRM tensile behavior, the bond behavior at the yarn-to-mortar, and the TRM-to-substrate
bond behavior also showed a decreasing trend in some parameters under the FT condition, in
contrast to the control specimens (at zero cycles).

The pull-out response of the steel-based TRM with different bond lengths generally declined under
both the control and the FT conditions. However, the impact of the FT conditions on the 50 mm
bonded length samples were the harshest, and its adverse effects decreased by increasing the
bond length.

The effect of FT conditions on the glass-based TRM varied with embedded lengths varied. While
50 mm embedded length samples showed deterioration of the bond strength, 75 mm samples
showed an enhancement of the bond strength. A similar observation was also found for the
specimens cured in the lab conditions.

The effect of FT conditions on the pull-out response of the group steel-based TRM was significantly
different from the single cord samples. Steel-based TRM composites with different numbers of
fiber showed different behavior under FT conditions. While both control and FT conditions led to
enhancement of the bond performance in the samples reinforced with two cords, those conditions
caused deterioration in single and four cord samples. While this requires further investigations, it
shows the importance of considering the group behavior in closely distanced fabrics.

The yarn configuration was also found to be important in glass-based TRMs. While the bond
behavior of the specimens with transverse yarns enhanced under the FT conditions, the samples
with group yarns showed a considerable deterioration similar to the one observed in single yarn
samples.

These observations show the importance of considering the actual architecture of the fabrics in
experimental specimens for evaluating the mechanical and durability performance of TRM
composites. Also, consideration of other FT exposure conditions is suggested to be considered in

future studies.
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8.2. Structural behavior

8.2.1. Mechanical performance of masonry panels

An understanding of the mechanical behavior of un-strengthened and reinforced masonry wallets was

obtained. The role of sandblasting on the masonry surface was also investigated. As general conclusions,

it can be stated that:

An important effect of surface preparation was observed on the mechanical performance of TRM-
strengthened masonry panels. The sandblasting had a significant influence on the in-plane
response of TRM-strengthened panels, in contrast to the samples prepared with no surface
treatment. However, this influence was less important in out-of-plane tests because of the tension-
compression stresses introduced in the TRM system under the test setup boundary conditions.
Application of one layer of glass-based TRM, used in this study, was observed to influence
significantly the in-plane and out-of-plane response of masonry panels. Both the load and
deformation capacity increased significantly. The failure mode of the wallets also changed from
brittle in URM walls to pseudo ductile (limited crack development stage followed by brittle failure)
in TRM-strengthened masonry.

Comparing the experimental results obtained in this study with the ones available in the literature
that were performed on similar materials showed the significant and simultaneous effect of age
and curing conditions on the structural response of strengthened panels. This significant
influence is expected to be dependent on the type of mortar used.

The crack spacing diagonal compression samples were similar to the saturated crack spacing
observed in tensile tests. However, the put-of-plane test samples showed a larger crack spacing
due to the differences in these samples' stress conditions, which affected the bond behavior as

the main controlling mechanism for mortar crack spacing.

8.2 2. Effect of freeze-thaw

The durability performance of TRM-strengthened masonry panels under freeze-thaw conditions was

investigated. A series of experimental tests were considered at the structural level included diagonal

compression tests and out-of-plane bending tests. The tests were performed on the un-strengthened and

strengthened panels. In light of the obtained results, it is possible to draw the following conclusions:

The FT conditions decreased the diagonal tensile and flexural strengths of the unreinforced panels

when compared to the control specimens (at zero cycles).
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The diagonal tensile strength of the URM panels decreases under both conditions. Also, the
strengthened panels showed a few degradations at the tensile stress. The durability of the TRM-
strengthened panels under the FT condition was suitable so that their diagonal tensile strength

and flexural strength basically did not change.

8.3. Analytical findings

8.3. 1. Textile-to-mortar bond behavior

A bond-slip law for better prediction of pull-out test results has been proposed in this study. The proposed

bond-slip law was implemented in a shear lag analytical model for simulation of the pull-out response.

The solution to the analytical model was also modified for better consideration of the pull-out response in

the dynamic stage. Some parameters such as the effect of the test setup, slip-hardening effect, efficiency

of the model on different TRM composites, the effect of bond length, mortar age, and freeze-thaw

conditions effects. The following conclusions can be made based on the obtained results:

The analytical modeling helped in the extraction of the bond-slip laws from the experimental
results corresponding to each test setup. It was observed that the selected effective area of mortar
(A-) had a fundamental role in the convergence of the results. This value also had a significant
effect on the obtained bond-slip law; so that by increasing A., the bond strength, in both pull-
push Il and pull-pull increased, while the frictional strength experienced an opposite trend. After
a systematic parametric study, an optimum value for this parameter was obtained and proposed.
It was observed that the differences in the load-slip curves obtained from different test setups led
to different bond-slip laws.

The proposed bond-slip law and analytical solution could predict the pull-out response of a range
of TRM composites considering the slip hardening and softening effects observed in the
experimental results.

The experimental results showed that in both steel and glass-based TRMs, full debonding
(corresponding to the initiation of the dynamic stage in the bond behavior) occurs near the peak
load. This information is vital for the solution of the differential equations used for the extraction
of the bond-slip laws when free-end measurements are not available. This observation proves the
hypothesis that the dynamic stage starts when the embedded length is completely debonded
(u=L).
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It was also observed that the bond-slip laws extracted from pull-out tests performed on samples
with bond lengths higher than the effective embedded length could be directly used for the
prediction of the bond behavior in samples with other embedded lengths. This observation is
essential as it provides a base for designing test programs to evaluate the bond-slip laws in TRM
composites.

TRMs under indoor conditions, whether steel or glass-based, had generally lower bond strength,
friction stress, and bond modulus than those in the outdoors. As a result of the outdoor conditions,
the bond-slip law parameter improved in both systems but deteriorated over time.

When combined with pull-out tests results, the ACK (Aveston—Cooper—Kelly) theory provided

satisfactory predictions of the crack spacing in tensile test samples.

8.3.2. Structural behavior

The analytical shear and flexural strengths of the masonry panels were calculated and compared to the

experimental results. In light of the obtained results, the following conclusions can be drawn:

Analytical prediction of the capacity of strengthened panels required calculation of the textile
contribution to the resistance of the whole system. The existing formulations use the tensile
capacity of the textile as an input. Single-lap test results seem to be suitable for calculating the
effective tensile capacity of TRM systems. However, it should also be noted that single-ap shear
bond tests represent a specific case where the crack surface is perpendicular to the fabric
direction. In reality, the cracks occur at a certain angle with respect to the fabrics, which can also
lead to the involvement of transverse fabric yarns in bidirectional grids. These, which can affect
the utilized tensile capacity of the fabrics, are not taken into account and require further

investigation.

8.4. Future work

Despite the large and comprehensive experimental campaign carried out, encompassing the study of

several variables, a number of critical gaps still need to be addressed due to the lack of information

available on the durability of TRM-strengthened masonry. The following are a few important steps to follow.

While this study served as a benchmark for hygrothermal exposure situations under new test
conditions, future works are suggested to consider the following parameter in terms of

hygrothermal effects, larger cooling, and heating range, and a larger number of cycles. It is
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important to determine these parameters for multilevel TRM systems in order to study their
effectiveness on TRM composites.

e A special emphasis is also placed on tests of durability regarding other exposure conditions. To
reach this goal, it is needed to consider alkaline, saline, and acid solutions as degradation agents.
It is also advisable to perform these tests in two different ways: by immersion and dry-wet
methods. It is important to carry out water immersion tests using different temperatures as well.

e For establishing a reliable link between accelerated and real exposure conditions, performing real
exposure tests in different environmental regions and conditions is also of great importance. In
addition, the effect of sustained load and fatigue loading should be considered as basically no
reliable information exists on this topic.

e All of the proposed durability tests should be applied to the micro and macro-scale of TRM
composite (from the bond to the structural level) in order to reach a comprehensive picture of
the durability of the TRM system. Obtaining these results will be crucial to the development of
durability-based design relationships.

e An in-depth numerical investigation of TRM composites, including modeling of the degradation
phenomena, is needed to develop design codes. By using numerical methods, it is also possible

to model and predict the long-term behavior of TRM composites.
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Appendix I: Technical datasheets of the materials

Mortar M1:

MAPE]

Two-component, pre-blended,
high-ductility hydraulic lime (NHL)
and Eco-Pozzolan based
light-coloured mortar, particularly
recommended for “reinforced”
structural strengthening of masonry
substrates in combination with
Mapegrid G 120, Mapegrid G 220 or
Mapegrid B 250 and for evening out,
stone, brickwork and tuff surfaces

WHERE TO USE

Smoothing and levelling layers on stone, brick and
tuff surfaces.

For laying Mapegrid G 120, Mapegrid G 220 and
Mapegrid B 250 basalt fibres glass fibre mesh in
“reinforced” structural strengthening systems on
facing walls, ceilings and masonry elements.

Some application examples

* Strengthening masonry facing walls, ceilings and
general masonry work.

* Levelling and strengthening of structural elements
in stone, brickwork and tuff.

* Laying and smoothing Mapegrid G120, a system
for “localised” structural strengthening in the case
of stresses induced by uneven substrates.

* Laying and smoothing Mapegrid G 220 or
Mapegrid B 250 a system for “reinforced”
structural strengthening against stresses induced
by seismic activity.

TECHNICAL CHARACTERISTICS

Planitop HDM Restauro is a two-component, pre-
blended, light-coloured mortar composed of hydraulic
lime (NHL), Eco-Pozzolan, natural sand, special
additives and synthetic polymers in water dispersion
according to a formula developed in MAPEI's research
laboratories. When the two components are mixed
together (component A powder and component B liquid)
they form a mix which is easy to spread, and which may
be applied manually on vertical surfaces at

a thickness of up to a maximum of 10 mm per coat.
Thanks to its content of synthetic resin in water
dispersion, Planitop HDM Restauro has high bonding

strength and, once hardened, forms a tough and
compact layer which is impermeable to water and
aggressive gases present in the atmosphere, but
permeable to vapour.

Planitop HDM Restauro is classified as an M15 type
masonry mortar according to EN 998-2 European
Standards and a category CS IV GP type render
according to EN 998-1, in that it reaches a compressive
strength of > 15 N/mm? (UNI EN 1015-11) even though
it is a mortar composed of lime and Eco-Pozzolan.

RECOMMENDATIONS

* Do not apply Planitop HDM Restauro if the
temperature is lower than +5°C.

* Do not add cement, aggregates or water to
Planitop HDM Restauro.

APPLICATION PROCEDURE

Preparation of the substrate

To guarantee good adhesion, special care must be
taken when preparing the substrate. It must be perfectly
clean, sound and free of crumbling parts, dust, oil and
old paintwork. Sandblasting, a vigorous cleaning cycle
with high-pressure water jets are particularly suitable
to eliminate efflorescence and soluble salts from the
surface of the masonry. Clean the structure, therefore,
with water.

If the product is applied on masonry, stone or tuff
surfaces, any defects present must be repaired using
Mape-Antique Strutturale NHL.

Preparation of the mortar
Planitop HDM Restauro must be prepared according
to the application selected using a mixer or drum mixer

g N SR TV A e LT TR |
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(for manual application) for large quantities
or in the mixing unit of a rendering machine
(for mechanical application).

For manual application, pour component B
(liquid) into a suitable clean container and
slowly add component A (powder) while
stirring with a mechanical mixer. Carefully mix
Planitop HDM R o for | minutes,
making sure no powder remains attached

to the sides or bottom of the container.

Keep mixing until the blend is completely
homogenous (with no lumps). A low-speed
mechanical mixer is recommended for

this operation, to avoid too much air being
entrapped in the mix.

If the mortar is applied by spray, on the other
hand, a rendering machine with a separate
mixing unit must be used.

Applying of the mortar when laying

Mapegrid G 120, Mapegrid G 220

or Mapegrid B 250

1. Apply a uniform, 4-5 mm-thick layer of
Planitop HDM Restauro using a flat, metal
trowel (or with rendering machine).

2. While the product is still “fresh”, insert
the Mapegrid G 120, Mapegrid G 220 or
Mapegrid B 250 by pressing it lightly with
a flat trowel so that it adheres perfectly to
the mortar.

3. Apply a second uniform layer of
Planitop HDM Restauro approximately
4 mm thick in order to completely cover
the mesh.

4. Smooth the surface while still “fresh” using
a flat trowel.

Adjacent longitudinal and transversal strips

of Mapegrid G 120, Mapegrid G 220 or

Mapegrid B 250 must overlap by at least

5 cm at the junction points.

Application of the first
layer of Planitop HDM
Restauro by trowel

on the outer face of a
vaulted ceiling

Finishing the mortar

After applying Planitop HDM Restauro, if a
smooth finish is required, use a MAPEI product
such as Mape-Antique FC Ultrafine or
Mape-Antique FC Civile or Mape-Antique FC
Grosso (cement-free mortars of different grain
size, made from lime and Eco-Pozzolan).
Further protective coatings may be applied
after complete hardening of the finishing
layer. Use Elastocolor Paint (protective
and decorative elastic paint based on acrylic
resins in water dispersion) after applying

a coat of Elastocolor Primer (solvent-
based fixing primer with high penetration
properties), or one of the silicate-based
products from the Silexcolor range or one
of the silicone resin-based products from
the Silancolor range.

All covering materials are available in a wide
range of colours, which may be created using
the ColorMap® automatic colouring system.

Positioning
Mapegrid G 220
alkali-resistant glass
fibre reinforcement
mesh

Precautions to be taken during

and after application

* No special precautions need to be taken
when the temperature is around +20°C.

¢ In particularly dry, hot or windy conditions,
Planitop HDM Restauro must be cured

Application of the
second layer of
Planitop HDM Restauro
by trowel on the outer
face of a vaulted
ceiling to cover the
Mapegrid G 220 with
an even coat

Appendix I: Technical datasheets of the materials

carefully; we recommend protecting the
surface against quick evaporation of water.

Cleaning

Due to the high bonding strength of
Planitop HDM Restauro, even on metals,
we recommend that work tools are washed
with water before the mortar sets. Once it
has set, cleaning may only be carried out
by mechanical means.

CONSUMPTION
1.9 kg/m? per mm of thickness.

PACKAGING

30 kg kits:

component A: 25 kg sacks;
component B: 5 kg cans.

STORAGE

Planitop HDM Restauro component A
may be stored for up to 12 months when
contained in its original packaging in a dry
place.

The product complies with the conditions of
Annex XVII to Regulation (EC) N° 1907/2006
(REACH), item 47.

Planitop HDM Restauro component B
may be stored for up to 24 months.

Both components must be stored at a
temperature of at least +5°C.

SAFETY INSTRUCTIONS FOR
PREPARATION AND APPLICATION
Planitop HDM Restauro component A
irritates eyes and skin. When handling the
product use protective gloves and googles.
For further and complete information about
a safety use of our product please refer to
our latest version of the Material Safety
Data Sheet.

PRODUCT FOR PROFESSIONAL USE.

WARNING

While the indications and guidelines
contained in this data sheet correspond

to the company’s knowledge and wide
experience, they must be considered, under
all circumstances, merely as an indication and
subject to confirmation only after long-term,
practical applications. Therefore, anybody
who undertakes to use this product, must
ensure beforehand that it is suitable for

the intended application and, in all cases,
the user is to be held responsible for any
consequences deriving from its use.

Please refer to the current version of the
Technical Data Sheet, available from our
website www.mapei.com

All relevant references
for the product are available
upon request and from
www.mapei.com
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Appearance: powder

Colour: light
Bulk density (kg/m’): 1,400
Max diameter of aggregate (mm): (UNI EN 1015-1): 15
Chioride content (EN 1015-17) (%): <0.05
Hazard classification according to EC 1999/45: mmm«wm'suwmmsmw
mmmds-my omsm
_
fluid liquid
Colour: white
Bulk density (kg/m?): 1.02
Dry solids content (%): 10
Chloride content (EN 1015-17) (%): <0.05

Hazard classification according to EC 1999/45:
mmmmm-suuy Wmsformon
and the

mhgms-myomsm

APPLICATION DATA

125kgmkammumm canister of

component B
Consistency of mix: fluid-trowable

Density of mix (UNI EN 1015-6) (kg/m’): 1,900

Thickness applied (mm): from 3 to 10 mm per coat
Application temperature range: from +5°C to +35°C

Pot life of mix: approx. 1 hour

‘Setting time (start / finish): 10 hours / 20 hours

FINAL PERFORMANCE

Performance characteristic

mclhod ncoordng to EN W8-1

CS 1 (from 0.4 10 2.5)
from Class M 1
CS Il (from 1.5 to 5.0) >15
Compressive strength after | £\ 415 14 (> 1 Nmm?) (Category CS
28 days (N/mm?): CS il (from 3.5 10 7.5) ggﬁmﬁg (omms)m
CSIV(6)

Bond to declared value and >08
W EN1018-12 | “toiire mode (FP) FereNed Failure mode (FF) = A
Initial shear strength
iy ety EN1052-3 not required chart value 015
W" UNIEN 13412 not required not required 8,000

action water v from Wo w2
oo h/meminasy: | ENT01S-18 | TTCECaON Soie e -
m"’.’:“.’ EN1015-19 declared value chartvaiue <60
Thermal conductivity (Asas) : o
it EN 1745 chart value 075 P-50°C
Reaction to fire Euroclass: | EN13501-1 | Value declared by Vi aeolirad by Class E

Freshly-mixed

Planitop HDM Restauro

Application of
Planitop HDM Restauro
by spray on a brick wall

Application of

Planitop HDM Restauro
system with

Mapegrid G220 on a
brick wall
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Mortar M2:

BUILDING RANGE / Natural geo-mortars for structural reinforcement of walls

GeoCalce®

Eco-friendly, certified natural breathable structural geo-mortar with pure
natural NHL 3.5 lime and mineral geo-binder base, compressive strength class
M15 under EN 998-2, for operations on highly breathable walls and concrete
structures, ideal for use in GreenBuilding and Historical Restoration. Contains
raw materials of only natural nrlgm and recycled mmerals Low CO, emissions
and very low volatile org; Provi natural
ventilation to improve indoor air qualltv, natural b i ic and fi

effect. Recyclable as an inert material at the end of its life.

GeoCalce® is an M15, CS IV and R1 resistance class geo-mortar, specifically for
reinforcing and structural alterationsin seismic zones in conjunction with the appropriate
structural reinforcements. Itis ideal for rendering, extrados reinforcement of vaults and
roofs, the arrangement and pointing of load-bearing masonry, and protective plastering
of brick, tufa, stone, and mixed masonry and concrete.

15 & C€ | “ % P cs1B
!E’ YR | tefuturen constuction
GREENBUILDING RATING® PRODUCT STRENGTHS

GeoCalce® * UNIVERSAL. GeoCalce* is the revolutionary formula that

- Category: Inorganic Natural Minerals cambin_as the hlaal_hahility qual_ilias of pure naturaI_N HL3.5 with
- Class: Natural geo-mortars for structural reinforcement of walls the resistance of mineral geo-binder to ensure a universally

- Rating: Bio 5 applicable product.

* NHL3.5 LIME AND MINERAL GEO-BINDER. The use of pure

- - B . - N natural NHL 3.5, mixed with the innovative mineral geo-polymer

= M"& ey, | g Bl Y2\ crystallization geo-binder makes it possible to achieve advanced

= 1AQ 1AQ 1AQ (o) levels of mechanical resistance. The GeoCalce® line respects

i‘k Ao OATVE S, voca | 2 and sallsﬁes the characlerlsncs of existing masonry in Historical
=z %‘ﬁu < R‘Ahcﬁ\‘ T R of and Archi Heritage

buildings and the requirements of the structural planner for
Q L} Q ! 0 ! o ‘ alterations involved in protecting against seismic events.

[r— I p— i * HEALTH AND SAFETY. The GeoCalce” line, used in conjunc-
[3) ofbaceriaor | emeskns ":';:“" c.arzz;m | tion with GeoSteel structural reinforcement systems, makes it
g y

possible to create a new system, using the existing walls, that
can increase the mechanical resistance of the walls (M15 -

CS 1V - R1 mortar compressive resistance class) to improve the
structural safety of the building to ensure greater protection for

its occupants. In interiors, it halps decrease concentrations of
NATURAL INGREDIENT: the leading indoor P ing the healthful

of the environments and increasing indoor liveability.

Purs NHL3S coriind Slicaous Washed Natual
@ umss e
0341 o)
Sulncted Dot Linasiose
‘ Miners! geo-bindr . ecipheds
Siicanus washed nstura Pora fnn whit Carrara

. v 3and g martie

0305mm 002l
Use

GeoCalce® is ideal for creating bre | fine-grain for internal and external use, in conjunction with structural
mesh or textiles, on perimeter masonry structures and infill to repair damaged masonry facing, to remfurce stnngcourses and flat or
domed roofs. GeoCalce® can be used as a rendering mortar to build new walls in li with the | per required
in seismic zones.

Itis suitable for building substrates for laying glued covering materials, both on facades and interiors.

GeoCalce® is particularly well suited to provide static reinforcement of masonry in Edilizia del B (Building for Well-
ness) in which the all-natural origin of its g li with the required levels of porosity, hygroscopicity and
breathability.

Do not use
On substrates which are dirty, non-cohesive, powdery or on previous paint coats and finishing coats: remove salt scaling from surfaces.
Where capillary moisture rising is present, complete the cycle with Biocalce® Rinzaffo® and Biocalce® Zoccolatura®.

INSTRUCTIONS FOR USE

Preparation of substrates

The substrate must be clean and solid, free from loose debris, dust and mould. Clean the surf; using hydre ing or sand-
blasting followed by a pressure washer to remove all remaining traces of prevmus processes (lime putty coverings, old finishing coats,
saline formations, etc.) that may impair adhesion. Remove i ing mortars from between the stones. Use GeoCalce®
and the fragment-filling and/or break-fill techniques to rebuild missing sections of the wall and restore an even surface. Always wet
substrates before applying the product.

00731GecCalce® Code: B851 2014/05 EN

* EMISSION DANS L'AIR INTERIEUR Information sur le niveau d'émission de substances volatiles dans |'air intérieur, présentant un risque de toxicité par inhalation,

surune échelle de classe allant de A+ {trés faibles émissions) a C (fortes émissions).

The GreenBuilding Company
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INSTRUCTIONS FOR USE

Application

Manual application: to prepare GeoCalce®, mix one 25-kg bag using clean water, in the amount shown on the package, in a standard
concrete mixer. Mix by pouring water into the clean cement mixer and then add the powder in one operation. Wait until the right con-
sistency forms while mixing. In the first 1-2 minutes the product will seem dry; do not add water at this stage. Keep mixing far 4-5 min-
utes until a smooth, spongy and lump-free consistency is achieved. Use all of prepared mixture; do not reuse it in subsequent mixings.
Use running water not subject to the influence of outside temperatures. Adding cement in any quantity would impair the quality of the
geo-mortar which is guaranteed by its all-natural origins.

Mechanized application: GeoCalce® has the same plasticity of the best natural limes, making it ideal for applications using a plaster
sprayer. Tests to prove the compliance of GeoCalce® were carried out using a plaster sprayer and the following accessories: Mixer,
Stator/Rotor DB-3, 25x37-mm flexible hoses, 10-20 m long and spray gun.

GeoCalce™ can be easily applied with a trowel or spray like a normal plaster/render. Prepare the substrate, filling in any fragments if
necessary ta create a flat, smooth surface. Create the levelling layers, and then wet the substrate until it is fully saturated yet dry, leaving
no excess water on the surface.

Use GeoCalce® as a rough coat and allow the mortar to dry fully. Lay the plaster/render, and then flatten and float as the product hard-
ens. GeoCalce™ should be applied with precision, each coat being no more than 2 cm thick even though the product lends itself easily
to form thicker coats. This traditional system of application prevents the formation of micro-cracks. Only apply patch layers on rough or
previous coats when the lower has hardened. Allow the hardened product to cure and keep it moistened during the first 24 hours during
warm periods.

For reinforced, structural patching, first apply an initial coat of GeaCalce® that is thick enough to ensure that the surfaces are corrected.
Then, over the GeoCalce® while it is still wet, apply the appropriate structural reinforcement mesh, making sure that it is completely en-
veloped in the GeoCalce® layer by pressing gently with a flat spreader. Next, create a second layer with GeoCalce®, making sure that the
entire reinfarcement system is fully covered; it should lay halfway through the overall thickness of the mortar. If na reinforced structural
reinforcements will be created, on new masonry structures with sections clad in different ials, near joins b b pillars
and infill, inclusion of a galvanised or synthetic anti-alkali plaster-reinforcing mesh should be placed at mid-thickness in the GeoCalce™
to rule out any chance of cracking.

Cleaning
GeoCalce™ is a natural product and tools can be cleaned with water before the product hardens.

SPECIAL NOTES

When plastering walls from different historical periods, always apply GeoCalce® in advance as a render to even out uneven sections and
substrate absorbencies. Later, check to make sure it has adhered properly.

Externally, provide for a separation between the floors, walkways or horizontal surfaces in general, to avoid possible capillary draw
phenomena.

ABSTRACT

Reinforcement of vauits or flat roofs, fagade substrates intended for glued coverings, arrangement, pointing, or structural rendering are
done with a geo-martar with very high hygroscopicity and breathability for internal and external walls, with a base of pure natural NHL
3.5 and mineral geo-binder, inert siliceous sand, and Dolomitic limestone an granulometric curve 0 - 2.5 mm, GreenBuilding Rating® Bio
5(such as GeoCalce™ by Kerakoll Spa). The natural geo-mortar must also meet the requirements of standard EN 998-2 - G/ M15, EN 998-
1-GF/ CS IV and EN 1504-3 - R1 PCC, A1 fire classification class. The geo-mortar covering must not exceed 20 mm per coat, levelling
layers, rustic finish coat done with flattener, squaring up of edges and carners, and excluding the cost of scaffolding hire. To be applied
by hand or using a plastering machine. GeoCalce® coverage: = 14.5 kg/m? per cm of thickness.

TECHNICAL DATA COMPLIANT WITH KERAKOLL QUALITY STANDARD

Appearance Powder

Aggregate mineral content silica — carbonate

Grading 0-25mm

Shelf life =12 months in the original packaging in dry environment

Pack 25 kg bags

Mixing water =5.10/1x25kgbag

Apparent density of wet mortar = 1,76 ko/dm?® EN 1015-6
Apparent density of dry, hardened mortar = 1,61 kg/dm? EN 1015-10
Temperature range for application from +5°C to +35°C

Maximum thickness obtainable by coat =2¢m

Coverage = 14.5 kg/m? per cm of thickness

Values taken af +23.+ 2 °C, 50+ 5% RH. and no ventilation. Gata may vary depanding on specific conditions at the butiding sita
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_VOC INDOOR AIR QUALITY (IAQ) - VOLATILE ORGANIC COMPOUND EMISSIONS
EC 1-R plus GEV-Emicode

Cun.iorrnitv

Toluene

Pinene

F

2
Humidity (Humid Air)

Flow Dilution
219 yg m¥h +128%

e
15 mg m¥/h

CMOpgmih 8%

BIOACTIVE INDOOR AIR QUALITY (IAQ) - BACTERIOSTATIC ACTION **
Class B+ no proliferation
BIOACTIVE INDDOR AIR QUALITY (IAQ) - FUNGISTATIC ACTION **

Enterocaccus faecalis

__Pepn_'il,‘ym bre_'vf_cufnpac!unj o

Aspe(g“”usmger

HIGH-TECH EN 998-1

Coeff. for resistance to vapour circulation (p)
Water absorption through capillary action

Reaction to fire

Compressive strength after 28 days
Adhesion to support (hollow clay block)

Thermal conductivity (X, dry)
Durability {freezefthaw)
HIGH-TECH EN 998-2

Compressive strength after 28 days

Permeahility to water vapour ()
Water capillary absorption
Shear strength

Adhesion to the substrate after 28 days

Thermal conductivity (A, dry)
Static modulus of elasticity
Conformity

R O BN 08

Performance characteristic

Compressive strength

Flexural tensile strength

Adhesive bond

Adhesion on clay brick ]
Modulus of elasticity under
compression

Thermal compatibility with
freeze/thaw cycles with de-
icing salts

Chloride ion content
(Determined on the product in
powder form)

Reaction to fire

Class F+no proliferation

=16
W1 categary

Class F+ no proliferation

class Al
CS IV category

= 1 Nfmm? - FP: B

0,67 W/mK (table value)

NPD

M15 category

from 15 to 35 {table value)
= 0,3 kg/(m? - min®%)

> 1 N/mm?

> 1 N/mm?-FP:B

0,67 W/mK (table value)
9,23GPa
M15 resistance class

Requirements foreseen by
Test Method EN 1504-3 class R1
EN 12190 =10 MPa (28 days)
EN 196/1 None
EN 1542 =0,8 MPa (28 days|
EN 1015-1 None
EN 13412 None
EN 13687-1 visual inspection
EN 1015-17 =0,05%
EN 13501-1

Valls raan at #2232 2 °C. 502 5% K. i
- aocaretig foRE methad- Joint
o & standend construction marear (1,5 o,

* Tests camiad out aoearding to CSTA mathod] bacterial ane g cantamination

s Verase, lalh- 10

Euraclass

 GEVcertfied 4092/110102

JRC method

JRC method

CSTB method

thod

C CeTamathad T

EN 1015-19
EN 998-1
EN 13501-1
EN 998-1
EN 1015-12
EN 1745
EN 998-1

EN 998-2
EN 1745
EN 1015-18
EN 1052-3
EN 1015-12
EN 1745
EN 998-2
EN 998-2

GeoCalce™
Performance in PCC conditions

> 15 MPa (28 days)

>5MPa (28 days)

»0,8 MPa (28 days)
> 1 MPa (28 days)
9,23 GPa (28 days)

exceeded

<0,05%

JRCmethed

et

Al
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Mortar M3:

Macroporous, salt-
resistant de-humidifying
render, based on lime
and Eco-Pozzolan, for
restoring old masonry,
including on buildings
of historical interest

WHERE TO USE

Repairs to old masonry deteriorated by the presence of
capillary rising damp, including on buildings of historical
and artistic interest.

Repairs to masonry deteriorated by the disintegrating
action of concentrated salts.

Rebuilding lime-based render deteriorated by the action
of atmospheric agents and environmental conditions or
by ageing.

Some application examples

* Internal and/or external macro-porous, de-humidifying
render on old walls with capillary rising damp.

* Internal and/or external macro-porous, de-humidifying
render on old stone, brick, tuff or mixed masonry with
saline efflorescence.

* De-humidifying render on masonry in lagoon areas or
close to the sea.

* New de-humidifying render or reconstructing old lime-
based render on stone, brick, tuff and mixed masonry,
including on buildings of historical and artistic interest
with a conservation order or under the protection of
the National Trust.

* Touching-up and plumbing facing walls with gaps and
uneven surfaces.

* Pointing between layers of stone, brick and tuff on
masonry with a “natural finish”.

TECHNICAL CHARACTERISTICS

Mape-Antique MC is a pre-blended, cement-free
mortar in powder form for de-humidifying render made
from lime, Eco-Pozzolan, natural sand, special additives
and micro-fibres with very low emission level of volatile
organic compounds (EMICODE EC1 R Plus), according

A N S NN aW T TETA

to a formulation developed in MAPEI’s research
laboratories. This product is classified as R according
to EN 998-1 Standards: “Renovation mortar. Mortar
designed for internal/external render applied on damp
masonry walls containing water-soluble salts”,

Category CS Il

When mixed with water in a cement mixer,
Mape-Antique MC forms a salt-resistant, macro-
porous, de-humidifying rendering mortar with a plastic-
thixotropic consistency which is easy to apply by trowel
on both vertical surfaces and on ceilings.

The properties of mortar made using Mape-Antique MC,
such as mechanical strength, modulus of elasticity and
porosity, are very similar to mortar made using lime,
lime-pozzolan or hydraulic lime originally used in the
construction of old buildings.

Compared with these types of mortar, however,
Mape-Antique MC also has properties which make
the product resistant to various chemical-physical
aggressive phenomena, such as the presence of
soluble salts, freeze-thaw cycles, the leaching action of
rainwater, alkali-aggregate reactions and the formation
of cracks caused by plastic shrinkage.

When working on particularly damp internal walls or

in cold weather, the setting and hardening times of
Mape-Antique MC are considerably longer and much
more time than usual must be allowed for the product
to cure. The product may give off a different odour for a
while when curing under such conditions and may turn
green in some areas. The odour and green colour will
gradually disappear as the product and wall dry out until
it takes on its characteristic light colour.

Typical values are shown in the Technical Data table
(see Application Data and Final Performance sections)



Applying
Mape-Antique MC over
Mape-Antique Rinzaffo

Levelling the surface
of Mape-Antique MC
with a straight edge

Levelling the surface
of Mape-Antique MC

which refer to the main characteristics
of Mape-Antique MC at both fresh and
hardened states.

RECOMMENDATIONS

* In the presence of capillary rising damp and
soluble salts, only apply Mape-Antique
MC after applying a layer of Mape-Antique
Rinzaffo approximately 5 mm thick.

* Mape-Antique MC must be applied in
layers at least 20 mm thick.

* Do not use Mape-Antique MC for casting
into formwork (Mape-Antique LC mixed
with aggregates with a suitable grain size).

* Do not use Mape-Antique MC to make
consolidating slurry for injection into
structures (use Mape-Antique | or
Mape-Antique F21).

* Do not use Mape-Antique MC for
“reinforced” render (use Mape-Antique
Strutturale NHL).

* Do not use Mape-Antique MC for
skimming (use Mape-Antique FC Ultrafine,
Mape-Antique FC Civile or Mape-Antique
FC Grosso).

* Never add additives, cement or other
binders (lime and gypsum) to
Mape-Antique MC.

* Do not apply thin coats of paint or coloured
coating which could have a significant
impact on the transpiration properties
and porosity of Mape-Antique MC and,
therefore, obstruct the evaporation of the
damp in the masonry. Use products from
the Silexcolor or Silancolor ranges, lime-
based paint and water-repelling products
such as Antipluviol S or Antipluviol W.

« If the structures to be restored suffer
from intense capillary rising damp and
high concentrations of soluble salts, we
recommend forming a horizontal chemical
barrier (such as with Mapestop) before
applying the de-humidifying render to
reduce the ingress of damp into the
masonry as much as possible.

* We recommend analysing the walls before
applying the product to determine the
concentration level of salts in the walls.

* Do not apply Mape-Antique MC if the
temperature is lower than +5°C.

APPLICATION PROCEDURE
Preparation of the substrate

On masonry with capillary rising damp

and soluble salts, completely remove

the deteriorated render either manually

or with mechanical means to a height of
approximately 50 centimetres above the
deteriorated area, and in all cases to a
height of at least twice the thickness of the
wall. Remove all traces of loose or crumbly
material, dust, mould and any other element
which could compromise the bond of the
de-humidifying cycle of Mape-Antique
Rinzaffo and Mape-Antique MC until the
substrate is clean, sound and compact. Then
clean the wall with low-pressure water jets
to remove any efflorescence or soluble salts
present on the surface. Repeat this operation
several times if necessary.

Gaps and uneven areas in the masonry
must be repaired by patching or tacking
with Mape-Antique MC, Mape-Anti
Allettamento or Mape-Antique

Appendix I: Technical datasheets of the materials

Strutturale NHL in combination with pieces
of stone, brick or tuff with characteristics as
similar as possible to the original material.
Saturate the substrate with water to prevent

it from absorbing water from the mortar

and compromising its final performance
characteristics. Excess water must be left to
evaporate off, so that the masonry is saturated
and the surface is dry. Compressed air may
be used to speed up this process. If the
substrate cannot be saturated with water, we
recommend that it is at least dampened to
allow the mortar to bond correctly.

If there is capillary rising damp, before
spreading on the Mape-Antique MC,

apply a layer of Mape-Antique Rinzaffo
approximately 5 mm thick to completely
cover the substrate to improve the bond,
even out the absorption of the substrate and
slow down the transfer of the salts.

On mixed walls or on walls out of plumb by
more than 4-5 cm, which would lead to the
layer of render having an irregular thickness,
we recommend inserting @ 2 mm zinc-plated
metallic mesh with a mesh size of 5 x 5 cm
before applying the Mape-Antique Rinzaffo.
The mesh must be fixed in place

to the wall with nails, chemical anchoring
(such as Mapefix PE SF) and plugs with

a small gap between the wall so that it
becomes embedded in the middle of the
layer of render.

Form levelling strips with Mape-Antique MC
or place vertical guides in position to define
the correct planarity and thickness of the
render.

Preparation of the product

Prepare Mape-Antique MC with a vertical
cement mixer. Small amounts of the product
may be prepared using a low-speed electric
drill with a mixing attachment. Mixing the
product by hand is not recommended.

After pouring the minimum amount of clean
water required into the mixer (3.5 litres per
25 kg bag of Mape-Antique MC), slowly add
the powdered mortar in a continuous flow.
Mix for approximately 3 minutes and check
that the blend is well mixed, even and free
of lumps and ensure that no material has
stuck to the sides and bottom of the mixer.
Add a further amount of water if required up
to a total of 4 litres per bag, including the
water added at the start of mixing. Then mix
the Mape-Antique MC again for a further
2-3 minutes to obtain an even, “plastic” and
thixotropic blend.

Application of the product

If a layer of Mape-Antique Rinzaffo has
been applied, for example on masonry with
capillary rising damp and soluble salts, wait
until this layer has “set” and then apply a
layer of Mape-Antique MC at least 20 mm
thick with a trowel, starting from the bottom
of the wall. If the thickness to be built up

is thicker than 30 mm, Mape-Antique MC
must be applied in several layers. Each
layer must be applied without tamping the
previous layer. After applying the mortar,
wait a few minutes and level off using an
aluminium H-type or blade-type straight edge
by passing over the surface horizontally and
vertically until it is flat. Remove the vertical

241



guides, if they have been used, and fill the
gaps with Mape-Antique MC.

Finish off the surface of the render with

a plastic, wooden or sponge float a few
hours after application, according to the
surrounding temperature and conditions.
Never press down on the surface of the
Mape-Antique MC otherwise the porosity
of the render would reduce and, as a result,
evaporation of the damp in the masonry
would be obstructed.

Even though Mape-Antique MC contains
products which constrict the formation of
micro-cracks, it is good practice to apply the
mortar when the wall is not exposed to direct
sunlight and/or wind. In such cases, such as
during hot and/or particularly windy weather,
take special care when curing the render,
especially during the first 36-48 hours. Spray
water on the surface or employ other systems
to prevent the mixing water evaporating off
too quickly.

FINISHING COAT

If a finer-grained surface finish than the
normal tamped finish of Mape-Antique MC
is required, apply a layer of Mape-Antique
FC Ultrafine, Mape-Antique FC Civile or
Mape-Antique FC Grosso skimming
compounds with different grain sizes. Even
though Mape-Antique FC Ultrafine and
Mape-Antique FC Civile may be applied
on any type of lime-based render, including
macro-porous de-humidifying render, the
fine grain structure of these skimming
compounds tends to slightly reduce the
vapour permeability of the render. In such
cases, it is better to use Mape-Antique FC
Grosso which has a thick finishing or silicate-
based Silexcolor Tonachino or siloxane-
based Silancolor Tonachino, coloured
coating products applied in thin coats

after applying their corresponding primers
(Silexcolor Primer and Silancolor Primer).
Always wait until the render and skimming
layer, if applied, are completely cured before
painting the surface or applying any other
type of finishing product. Paint the surface
with Silexcolor Paint or Silancolor Paint
after applying their corresponding primers.
For constructions particularly exposed to rain,
if the render does not require any coating, it
may be protected with a transparent water-
repellent product such as Antipluviol S
siloxane resin impregnator in solvent or
Antipluviol W siloxane resin impregnator in
water dispersion.

Cleaning

Mortar may be removed from tools with
water before it hardens. Once hardened,
cleaning is difficult and must be carried out
mechanically.

PACKAGING
25 kg bags.

Multi-scale investigation of the durability performance of TRM-strengthened masonry

COLOUR
White.

CONSUMPTION
15 kg/m? (per cm of thickness).

STORAGE

Store Mape-Antique MC up to 12 months
in a dry, covered environment in its original,
unopened packaging.

SAFETY INSTRUCTIONS FOR
PREPARATION AND APPLICATION
Mape-Antique MC contains special hydraulic
binders, that when in contact with sweat

or other body fluids cause corrosion and
damage to eyes. It is recommended to wear
protective gloves and goggles and to take the
usual precautions for handling of chemicals.
If the product comes in contact with the eyes
or the skin wash immediately with plenty of
water and seek medical attention.

For further and complete information about
the safe use of our product please refer

to the latest version of our Material Safety
Data Sheet.

PRODUCT FOR PROFESSIONAL USE.

WARNING

Although the technical details and !
recommendations contained in this product

data sheet correspond to the best of our
knowledge and experience, all the above
information must, in every case, be taken as
merely indicative and subject to confirmation
after long-term practical application; for

this reason, anyone who intends to use the
product must ensure beforehand that it is
suitable for the envisaged application. In g
every case, the user alone is fully responsible
for any consequences deriving from the use
of the product.

Please refer to the current version of the z
Technical Data Sheet, available from our
website www.mapei.com

TN Environment
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TECHNI A (typical values)

PRODUCT IDENTITY

Appendix I: Technical datasheets of the materials

Maximum size of aggregate (EN 1015-1) (mm):

Bulk density (kg/m°):

1,500

EC1 R Plus - very low emission level

Finishing mortared

L‘:?.’?Ts“;:' B o ek er 5 g g of ot Joits pointed with

Consistency of blend: plastic-thixotropic

Consistency of fresh mortar (EN 1015-3) (mm): 170

Bulk density of fresh mortar (EN 1015-6) (kg/m?): 1,700

Rt o whle sl fresh »20

Application temperature range: from +5°C to +35°C

‘Workability time of fresh mortar (EN 1015-9): approx. 60 minutes

Minimum applicable thickness (mm): 20

Maximum applicable thickness per layer (mm): 30

FINAL PERFORMANCE (15% ing water)

Performance charact

Requirements
according to EN 998-1

Performance
of product

CS | (from 0.4 to 2.5)
Compressive strength after 28 days CS I from 1.5 to 5.0)
EN 1015-11 csl
(N/mm?): CS il (from 3.5 t0 7.5) Camgory
CSIV(=6)

Bond strength to substrate (N/mm?): EN 1015-12 “f::r':""a‘"‘(:g;’ 20.4(?;;?;.”9
Capillary action water absorption (kg/m?): | EN 1015-18 ,“,jh) 35
Coefficient of permeability to water

® EN 1015-19 <15 <10
Thermal conductivity (Aos) (W/m-K): EN 1745 tabulated value 0.61
Reaction to fire: EN 13501-1 e decled by Class A1
Resistance to sulphates: Anetett not required high
Saline efflorescence
(after semi-immersion in water): not required absent
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BUILDING RANGE / Steel bars and sheets tor structural strengthening of reinforced concrets and masonry structures

GeoSteel G600

GeoSteel G600 Hardwire™ is a unidirectional sheet made of ultra-high strength
galvanized steel micro-cords, fixed to a fibreglass micromesh to facilitate
installation, which can be installed using a GeoCalce® Fino or Geolite® or
GeolLite® Gel matrix according to project and building site requirements.

The structural strengthening GeoSteel sheet is thus extremely easy to handle and
shape, and combines excellent mechanical and installation properties with high
durability thanks to galvanization of the individual wires. Galvanized steel fiber sheets
guarantee unigue structural and mechanical properties, much higher than traditional
carbon-glass-aramide fibre sheets, making them particularly effective in the various
structural strengthening and seismic upgrade or compliance retrofit solutions, as
well as the creation of suitable connection systems, when combined with GeoSteel
Injector&Connector.

PRODUCT STRENGTH:

» High durability thanks to the special steel wire « Can be tensioned to create structural reinforcements and

galvanization process, tested using strict durability tests
in a chloride, freeze-thaw and high humidity environment

+ Specifically intended for structural strengthening using:

- GeoCalce™ Fino, with pure natural hydraulic NHL 3.5

active devices using particular mechanical anchoring
systems, thanks to the unique characteristics of the
textile which do not require advance impregnation of
the sheet, and at the same time allow it to be anchored
and fastened with metal plates without having to take

particular precautions, as is necessary for all the other
types of fibre and textile on the market

lime and mineral geo-binder base, ideal for retrofitting
structural elements made of brick, natural stone, and
tuff masonry and substrates that require advanced
breathability alang with high mechanical adhesion

Can be shaped using GeoSteel Bender which allows
the sheet to be modelled easily without altering its
mechanical properties to create surround brackets for
beams and pillars and other bent elements required
during structural consolidation works

- Geolite®, with mineral geo-binder base, ideal for
retrofitting structural elements in reinforced concrete,
prestressed reinforced concrete or good consistency
masonry

- Geolite® Gel, epoxy-based mineral adhesive, ideal
for structural retrofitting sections made of reinforced
concrete, prestressed reinforced concrete, wood and
steel

AREAS OF USE

Use

- Static and seismic upgrade or compliance retrofit of structural elements in brick, natural stane, tuff, reinforced concrete, prestressed
reinforced concrete, wood, and steel walls

- Consolidation of brick masonry, natural stone and tuff arches, vaults and domes

- Confinement and wrapping of masaonry and reinforced concrete structural elements

- Flexural, shear, and confinement strengthening of brick, natural stone, tuff, and masonry panels and reinforced concrete sections

- Flexural, shear, and confinement strengthening for timber elements

- Flexural strengthening for steel girders

- Execution of top ring beams or in breach in reinforced masonry

- Execution of special single- or double-fibre thread connectors for anchoring sheets and grids and executing reinforced injections

INSTRUCTIONS FOR USE

Preparation

The ultra-high strength galvanized steel fibre sheet, GeoSteel G600 Hardwire™, is ready-to-use.

The sheet can be cut at right angles to the cords with manual or electric shears, or parallel with the cords using a normal box cutter. The
sheet, cut into strips even just a few cm wide and a number of metres long, ensures perfect stability without in any way compromising
the workability of the material and its application.

Preparation of substrates
The substrate must be properly prepared and cleaned, always in accordance with the instructions dictated by the construction super-
visor.
When the substrates are not damaged, simply clean and remove any dust or oils that could compromise the adhesion of the system,
using compressed air or pressure water.
When the substrate is clearly degraded, uneven, or damaged by significant events, proceed as follows, always in accordance with the
construction supervisor:
1. For masonry, tuff, and natural stone substrates:

* Completely remove residues from previous processes that could compromise adhesian, and any quantity of inconsistent ren-

dering mortars from between the stones;

KERA/COLL
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* Saturation, spray, or brush application, if required, of certified natural stabilizing cortical consolidant with base of pure stabi-
lised potassium silicate in aqueous solution such as Biocalce® Silicato Consolidante or water-based eco-friendly solvent-fre
stahilizing agent, such as Rasobuild™ Eco Consolidante;

* Reconstruction, if necessary, of material continuity according to design instructions and the construction supervisor.

* Levelling previously consolidated surfaces with geo-mortar with a base of pure natural hydraulic lime NHL 3.5 and mineral
geo-binder such as GeoCalce® or GeoCalce® Fino, depending on the thickness required;

2. For substrates in reinforced concrete or prestressed reinforced concrete:

* Thorough removal of weakened concrete if necessary, through mechanical scarification or hydro-demolition, making sure to
roughen the substrate to a depth of at least 5 mm;

* Removal of rust, if any, from reinforcing bars, which must be cleaned by brushing (manual or mechanical) or sandblasting;

* Monolithic reconstruction or smoothing of the section, if needed, using geo-mortar based on a mineral geo-binder such as
Geolite®.

* When applying the reinforcing system with an inorganic matrix, make sure that the substrate is appropriately dampened (follow
the directions on the GeoLite® or GeoCalce™ data sheets).

* When applying the reinforcing system with an organic matrix, the substrate must be dry and free of humidity (follow the instruc-
tions on the GeoLite® Gel data sheet).

Application
Execution of steel fibre structural reinforcement in Steel Reinforced Mortar [combination of steel fibre and GeoCalce® Fino or Geolite®),
or Steel Reinforced Polymer (combination of steel fibre and Geolite® Gel epoxy mineral adhesive) will be followed by application of a
first layer of geo-mortar, making sure there is sufficient material for the substrate (average thickness = 3 - 5 mm) to even it out and to
lay and incorporate the reinforcing sheet. When using an epoxy mineral adhesive matrix, the substrate can be levelled using Geolite™
or GeoCalce®, taking care to allow the geo-mortar to cure for long enough to ensure that the humidity of the substrate is appropriate for
application of GeoLite® Gel. The first layer of adhesive must be an average thickness of = 2 - 3 mm. Afterward, working over the matrix
while itis still wet, apply the ultra-high strength galvanized steel fibre sheet GeoSteel G600 Hardwire™, making sure that the sheet is
perfectly incorporated into the matrix by pressing with a spreader or steel roller, and also checking that it comes out between the cords
to ensure optimum adhesion between the first and second layers of matrix. Atlongitudinal overlapping points, overlay two layers of steel
fibre sheet by least 15 cm for epoxy matrix and 30 cm for inorganic matrices. For organic and inorganic matrix, working wet on wet,
perform the final protective smoothing (= 1 - 2mm thick for organic matrix, = 2 - 3 mm thick for inorganic), in order ta fully incorporate the
reinforcement and fill in any underlying voids. If there are additional layers after the first, proceed with laying of the second layer of steel
fibre over the matrix while it is still wet, repeating the steps described above. In the event that the system installed with epoxy matrix
must be plastered or concealed by smoothing, we recommend that, while the resin is still wet, you apply a spray of mineral quartz to
provide better adhesion for subsequent layers.
If the reinforcing system is installed in especially aggressive enviranments, or you otherwise wish to ensure additional protection he-
yond that already provided by the matrix, we recommend applying:

GeoLite® Micrasilicato on reinforcement systems with GeoLite® or GeoCalce® Fino matrix;
- Kerakover Eco Acrilex Flex on reinforcement systems with GeoLite® Gel matrix.
If the works are in permanent or occasional contact with water, the cycles described above must be replaced with a polyurethane epoxy
cycle or an osmotic cement depending on the needs of the worksite and the design specifications.
For technical specifications, application, and preparation of the matrix, as well as protective systems adequate far the matrix type,
consult the relevant data sheets.

Creating a GeoSteel Connector

A steel-fibre thread connectar system is created by including a band of fabric of apprapriate width from the GeoSteel Hardwire™
line to provide the minimum number of cords in the connector according to the design, in order to achieve the required tensile strength;
make sure to unravel the end of the fabric band by cutting the supportive mesh, making the cut parallel to the cords themselves to the
length of the edge you want to create on the masonry. In the event of a connector with threads on both sides, this operation must be
performed on both ends of the duly arranged fibre strip. Once the sheet is cut, roll the band onto itself, taking care to create a cylinder
of an appropriate diameter compared to the hole.

Install the connector that has been created into the hole, and then insert the Geosteel glass fibre-reinforced polypropylene GeoSteel
Injector&Connector, so that the end of the fibre bends 90°. Finally, using the special hole located on the head of the piece, inject the
pourable mortar, such as GeoCalce® Fluido, to grout the fibre-thread connector system. When this phase is complete, the GeoSteel
Injector&Connectar must be duly sealed with the cap provided.

Depending on the type of substrate (concrete or masonry) for grouting the connector, as an alternative to the use of pourable natural
hydraulic lime, the designer may choose to use pourable cement-based mortar Kerabuild™ Eco Binder, thixotropic epoxy resin Geolite®
Gel or superfluid Kerabuild® Epofill.

Provided below is a table listing the tensile strength of a connector as a function of the type of GeoSteel Hardwire™ sheet and the
corresponding widths of the band adopted:

Sheet Width of the Number of Cords*  Tensile breaking load
band (cm)
GeoSteel GB0O 10 16 >24kN
GeoSteel G600 15 23 >35kN

*n° cords/cm = 1,57;
tensile breaking load of a cord > 1500 N.

0075GeoSteel GE0O Code: EBGS 2014/07

In the event that a connector with another strength or a different number of cords from those listed is required, simply calculate the
appropriate width of the band by dividing the required strength by the strength of one cord and then by the number of cords present per
unit of width in the type of sheet selected.

Test reports are available upon request to determine the calculation parameters.
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ABSTRACT

SRM-GeoCalce” GeoSteel G600

Execution of structural reinforcement or repair, seismic upgrade of masonry, tuff, or natural stone elements and structures using a

composite system based on ultra- mgh strength galvamzed steel fibre sheet GeoSteel G600 Hardwire™ from Kerakoll Spa, with net fibre

weight of = 600 g/n¥, with the g istics: sheet tensile strength > 2800 MPa; sheet elastic modulus > 190 GPa;
sheet break deformation > 1.50%; nominal area of a cord 3x2 (5 wires) = 0.538 mm?; no. cords per cm = 1.57; sheet equivalent thickness =

0.084 mm, impregnated with certified inorganic matrix of natural, structural, breathable, eco-friendly geo-mortar based on pure natural

hydraulic lime NHL 3.5 and mineral geo-binder, such as GeoCalce® Fino by Kerakoll Spa, to be applied directly on the structure requiring

reinforcement.

The procedure is canductad as follows:

1. Any of ive, or pl: rfe with GeoCalce® by Kerakoll Spa, in the case
of masonry substrates, or GeolLite™ by Kerakoll Spa, in the case af reinforced concrete substrates, and in all cases as dictated and
approved by the construction supervisor;

2. Layafirstlayer, an average of = 3- 5mmthickofgeo-mortar with pure natural NHL 3.5 and mineral geo-binder base, such as GeoCalce®
Fino by Kerakoll Spa;

3. While the mortar is still wet, lay the ultra-high strength galvanized steel fibre sheet GeoSteel G600 Hardwire™ by Kerakoll Spa, and
by pressing firmly with a smooth spreader or metal roller, make sure that the sheet is completely impregnated and avoid allowing
any gaps or air bubbles to form, because these can compromise the adhesion of the sheet to the matrix or to the substrate;

4. Working wet on wet, apply the second layer of geo-mortar based on pure natural lime NHL 3.5 and mineral geo-binder, such as
GeoCalce® Fino by Kerakoll Spa, = 2—3 mm thick to fully mcarparate the reinforcing sheet and fill in any remaining underlying gaps;

5. Repeat steps (3 and (4if y for all sub. g layers called for by the design.

Delivery and i ion of all the i ibed above as wel! as everything else required to finish the job is included. The fol-

lowing are excluded: restoration of degraded areas and repair of the ) ing devices using or metal plates;

material acceptance tests; pre- and post-procedure testing, all aids required to perform the work.

The price is by unit of reinforcing surfaces actually laid, including overlaps and anchoring sections.

SRM-Geolite® GeoSteel GEM

(3 ion of. or repair, or seismic upgrade or compliance retrofit of reinforced cement, masonry, tuff, or natural

stone el and using a ite system based on ultra -hlgh strengm galvamzed steel fibre sheet GeoSteel G600 Hard-

wire™ from Kerakoll Spa, with net fibre weight of = 600 g/m?, with the fc istics: sheet tensile strength > 2800

MPa; sheet elastic modulus > 190 GPa; sheet break deformation > 1.50%; nominal area of a cord 3x2 (5 wires) = 0.538 mm¥; no. cords per

¢m = 1.57; sheet equi =0.084 mm, impreg with inorganic matrix of eco-friendly, thixotropic, normal-setting certified

mineral geo-mortar, based on crystallme reaction geo- -binder and zirconium, with VBIY low petmchemmal polymer content and free of
organic fibres, ifically for p and g d, long-lasting P ion of structures in
concrete, such as Geolite® by Karakull Spa, to be appl/sd directly on the structure requiring reinforcement.

The procedure i is conducted as follows:

Any of planar surfaces shall be performed with GeoCalce® by Kerakoll Spa,
in the case of masonry substrates, or GeoLite® by Keraka/l Spa, in the case of reinforced concrete substrates, and in all cases as
dictated and approved by the construction supervisor;

2. Spread a first layer of approxil average thick of =3-5mmof g with mineral geo-binder base, such as Geolite® by
Kerakoll Spa;

3. While the mortar is still wet, lay the ultra-high strength galvanized steel fibre sheet GeoSteel G600 Hardwire™ by Kerakoll Spa, and
by pressing firmly with a smooth spreader or metal roller, make sure that the sheet is completely impregnated and avoid allowing
any gaps or air bubbles to form, because these can compromise the adhesion of the sheet to the matrix or to the substrate;

4. Working wet on wet, apply the second layer of geo-mortar, such as Geolite™ by Kerakoll Spa, approximately = 2 -3 mm thick, until

the reinforcing sheet is fully incorporated and any underlymg valds are filled;

5. Repeat steps (3 and (4 if y for all sub: g layers called for by the design.
Delivery and i lation of all the ials described above as well as everything else required to finish the job is included. The fol-
lowing are excluded: restoration of degraded areas and repair of the ) horing devices using or metal plates;

material acceptance tests; pre- and post-procedure testing, all aids required to perform the work.
The price is by unit of reinforcing surfaces actually laid, including overlaps and anchoring sections.

SIIP GeoSteel G500
ion of or repair, or seismic upgrade or compliance retrofit of reinforced cement, masonry, wood and
steel using a composite system based on ultra-high strength galvamzsd steel fibre sheet GeoSteel G600 Hardwire™ from Kerakoll Spa,
with net fibre weight of = 600 g/m?, with the followi istics: sheet tensile strength > 2800 MPa; sheet elastic
modulus > 790 GPa; sheet break defo/mat/an >1.50%; nominal area of a cord 3x2 (5 wires) = 0.538 mm¥; no. cords per cm = 1.57; sheet
=0.084 mm, impreg d with epoxy mineral matrix such as GeoLite® Gel by Kerakoll Spa to be applied directly on

the structure requiring reinforcement without any need for primer.

The procedure i is conducted as follows:

1. Anyr of d, hesit -pl: surfaces shall be performed with GeoCalce® by Kerakoll Spa,
in the case of masonry substrates, or GeoLite® by Kerakoll Spa, in the case of reinforced concrete substrates, and in all cases as
dictated and approved by the construction supervisor;

2. Application of a first layer approximately average thickness of = 2 - 3 mm of epoxy mineral adhesive such as Geolite® Gel by Kerakoll
Spa;

3. While the epoxy mineral adhesive is still wet, lay the ultra-high strength galvanized steel fibre sheet GeoSteel G600 Hardwire™ by
Kerakoll Spa, and by pressing firmly with a smooth spreader or metal roller, make sure that the sheet is completely impregnated
and avoid allowing any gaps or air bubbles to form, because these can compromise the adhesion of the reinforcing system to the
substrate;

4. Working wet on wet, lay the second layer of matrix, such as GeolLite” Gel by Kerakoll Spa, at an average thickness of = 1 -2 mm,
until the reinforcing sheet is completely covered;

5. Repeat steps (3 and (4 if y for all i ing layers called for by the design.
Delivery and i ion of all the jal ibed above as well as everything else required to finish the job is included. The fol-
lowing are excluded: restoration of degraded areas and repair of the ; ing devices using or metal plates;

material acceptance tests; pre- and post-procedure testing, all aids required to perform the work.
The price is by unit of reinforcing surfaces actually laid, including overlaps and anchoring sections.
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Appendix I: Technical datasheets of the materials

TECHNICAL DATA COMPLIA| ITH KERAKOLL QUALITY
Wire
- - characteristic tensile stress ) Guee ~>2900 MPa
- elastic modulus ) Euis >205GPa
-area ) ) ) Asie 01076mm:
e e ... R
Cord 3x2 obtained by joining 5 filaments, of which 3 straight and 2 wrapped with a high torque angle
' ' " - actual area of a cord 3'x2'(5vwire's) S Ao ' ('1,533'mrnz '
" “n°cordsfem ' S o " 1,57 cords/cm
vvvvv " - mass (inclusive of thermal Waidihg) ~ E"Iﬂ'gl'm‘ B
- equivalent thickness of sheet tohoat = 0,084 mm
- tensile breaking load of a cord ) ‘ > 1500 N
- tensile strength of the sheet o st > 2800 MPa
- tensile strength by unit of width " Gt >2,35 kN/cm
- normal elastic modulus of sheet Esant >190 GPa
- break warp of the sheet Exost >1,50%

Pack
Weight of 1 roll

50 m rolls (h 30 cm)
=24 kg including packaging

- Product for professional use

- abide by any

and national

-when handling the sheet wear protective clothing and goggles, and follow the instructions regarding methods for applying the material
- contact with the skin: no special measures required
- storage on the work site: store under cover in a dry place, well away from substances that might damage it or its ability to adhere to

the chosen matrix

- if necessary, ask for the safety data sheet
- for any other issues, contact the Kerakoll Worldwide Global Service +39 0536 811516 - globalservice@kerakoll.com

Ths il KERAKOLL y.
¥ Dased on our Asit ty
 haraform, & y o ha pr
for your purposes.
Kerakoll Kerakoll KERAKOLL S.p.a.
Quolity | | Quelity KERA"OI_I. Via dellArtigianato, 9 - 41049 Sassuolo (MO) ltaly
| 150 14001 85 18001 Tel +39 0536 816 511 - Fax +39 0536 816 581
| miviraoox | missavaiok The dresnBuiiding Comparny info@kerakoll.com - www.kerakoll.com
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Glass fabric:

Primed alkali-resistant
A.R. glass fibre mesh for
structural “reinforced”
strengthening of stone,
brick, tuff and mixed
masonry structures

WHERE TO USE

Primed alkali-resistant A.R. glass fibre mesh used in
combination with Planitop HDM Maxi (two-component
ready-mixed high ductility pozzolan-reaction
fibre-reinforced cementitious mortar for structural
“reinforced” strengthening of masonry structures) or
Planitop HDM Restauro (two-component ready-mixed
high-ductility fibre reinforced natural hydraulic lime
(NHL) and Eco-pozzolan based mortar for structural
“reinforced” strengthening of masonry structures)

to strengthen stone, brick, tuff and mixed masonry
structures in order to improve the resistance and the
overall ductility.

Mapegrid G 220 mesh is part of the Mapei FRG System,
a complete range of composite materials that use

an inorganic matrix to guarantee excellent chemical-
physical and elastic-mechanical compatibility with
masonry substrates. This type of system offers several
important advantages when used on buildings of
historical or artistic interest. Rather than replace existing
structures, the system works in parallel with them
without altering the way the masses and rigidity within
the structures are distributed.

The latter is a very important aspect, particularly in the
field of seismic design, where stresses are proportional
to the masses involved.

The system follows the approach defined by

the guidelines for the approval of FRCM (Fibre
Reinforced Cementitious Matrix) systems which
stress the importance of obtaining approval for the
entire strengthening package.

NBLY B [TV aW T TRTA

Multi-scale investigation of the durability performance of TRM-strengthened masonry

Some application examples
* Shear/tensile strengthening of bay walls through
application to the internal and/or external face.

* Structural strengthening of masonry arches and
vaulted roofs through application to both the external
and internal faces.

* Strengthening reinforcement for more even
distribution of stresses induced by seismic activity.

TECHNICAL CHARACTERISTICS

Mapegrid G 220 is a special square mesh made

from primed, alkali-resistant A.R. glass fibres with a
zirconium dioxide content of 17% which, thanks to its
special weave, when applied on masonry structures
makes up for their lack of tensile strength and increases
their overall ductility so that stresses are distributed
more evenly. As a result, in the event of movements in
the structure, the strengthening package has the ability
to distribute stresses and strains over the entire surface
of the members and elements strengthened with the
mesh so that its failure mode is transformed from fragile
type to ductile type. The system adheres perfectly to
the substrate and its mechanical properties are such
that localised stresses always provoke a failure in the
substrate rather than at the substrate/strengthening
system interface. In the case of strengthening applied to
arched or vaulted elements, the masonry acquires the
ability to resist tensile loads and inhibit the formation of
plastic hinge points on the side opposite to where the
strengthening package is applied.
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Application of the
first layer of
Planitop HDM Maxi

Positioning of
Mapegrid G 220

TECHNICAL DATA (typical values)

PRODUCT IDENTITY

Appendix I: Technical datasheets of the materials

Type of fibre: A.R. glass fibre
Zirconia content (ZrO,) (%): 17

Weight (9/m?): 225

Mesh size (mm): 25 x 25

APPLICATION DATA

Tensile strength (kN/m): 45
Modulus of elasticity (GPa): 72
Load-resistant area per unit of width (mm?/m): 3527
Equivalent thickness of dry fabric (mm): 0.035
Elongation at failure (%): 18
ADVANTAGES substrate is sound, compact and strong so

* Excellent tensile strength.

« Stable and resistant to chemical aggression
by cement.

Resistant to atmospheric agents.

High dimensional stability.

High durability and stability within the
inorganic matrix.

Limited intrusiveness concerning the
aesthetical appearance of the existing
structure.

Does not rust.

Light and easy to handle.

.

Easy to cut and fold to suit the shape of the
substrate.

APPLICATION PROCEDURE

Preparation of the substrat

Surfaces on which Mapegrid G 220 is to

be applied must be prepared according to
specification. When used to strengthen bay
walls or the internal face of arched or vaulted
members and elements, the render must

be completely removed either manually or
with suitable power tools, along with any
deteriorated or detached areas until the

that the strengthening package itself does
not detach. This operation must be carried
out until the underlying masonry is exposed.
While the render is being removed, if new
stones, bricks and/or tuff are required to

fill large gaps in the wall, use material with
characteristics as similar as possible to the
material originally used to build the structure.
When used to strengthen the external face
of masonry vaulted members and elements,
remove all the flooring and spandrels and
any deteriorated or detached areas until the
substrate is sound, compact and strong so
that the strengthening package itself does
not detach.

We recommend hydro-cleaning surfaces
with low pressure water jets. Leave surface
water to evaporate off so that the masonry
is saturated and the surface is dry (s.s.d.
condition). Compressed air may be used to
speed up this process.

Application technique

Application of the first layer of mortar
Prepare Planitop HDM Maxi or Planitop
HDM Restauro (see the relative Technical
Data Sheet).

Apply an even layer of Planitop HDM Maxi
or Planitop HDM Restauro around 5-6 mm
thick with a flat metal trowel or by spray.
Level off the surface of the wall to form a
sufficiently flat layer.
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Application of Mapegrid G 220

After applying the first layer of mortar and
while it is still fresh, place Mapegrid G 220
mesh all over the surface and press down
lightly with a flat trowel so that it adheres
perfectly to the mortar. Overlap adjacent
pieces of Mapegrid G 220 by at least 15 cm
both lengthways and widthways.

Application of the d layer

of mortar

Apply a second even layer of Planitop
HDM Maxi or Planitop HDM Restauro
around 5-6 mm thick so that it completely
covers the mesh.

We recommend folding the strengthening
package over the imposts by at least 40 cm,
especially when working on the internal or
external face of arched and vaulted elements
and members.

Protecting the strengthening system
In order to improve the anchoring mechanism
of the strengthening system, strategically
placed connectors made from MapeWrap
FIOCCO may also be applied (see relative
Technical data Sheet) on the facing wall or
on the imposts, keystones and around the
springers of arched or vaulted members.
The connectors eliminate any “debonding”
phenomenon and increases the static
efficiency of the strengthening package
applied. The number and pitch of the
connectors is defined during the design
phase.

PACKAGING

Mapegrid G 220 is supplied in 0.90 m wide
by 45.70 m long rolls packed in cardboard
boxes.

STORAGE
Store in a covered dry area.

SAFETY INSTRUCTIONS FOR
PREPARATION AND APPLICATION
Mapegrid G 220 is an article and referring
to the current European regulations (Reg.

Multi-scale investigation of the durability performance of TRM-strengthened masonry

1906/2007/CE - REACH) does not require the
preparation of the Safety Data Sheet. During
use it is recommended to wear gloves and
goggles and follow the safety requirements
of the workplace.

PRODUCT FOR PROFESSIONAL USE.

WARNING

Although the technical details and
recommendations contained in this product
data sheet correspond to the best of our
knowledge and experience, all the above
information must, in every case, be taken as
merely indicative and subject to confirmation
after long-term practical application; for

this reason, anyone who intends to use the
product must ensure beforehand that it is
suitable for the envisaged application. In
every case, the user alone is fully responsible
for any consequences deriving from the use
of the product.

Please refer to the current version of the
Technical Data Sheet, available from our
website www.mapei.com

LEGAL NOTICE

The contents of this Technical Data
Sheet (“TDS”) may be copied into another
project-related document, but the
resulting document shall not supplement
or replace requirements per the TDS in
force at the time of the MAPEI product
installation.

The most up-to-date TDS can

be downloaded from our website
www.mapel.com.

ANY ALTERATION TO THE WORDING
OR REQUIREMENTS CONTAINED OR
DERIVED FROM THIS TDS EXCLUDES
THE RESPONSIBILITY OF MAPEI.

All relevant references
for the product are available
upon request and from
www.mapei.com
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Appendix II: Analytical modeling of pull-pull test configuration

Appendix II: Analytical modeling of pull-pull test configuration

The pull-out load versus fiber the end displacement relationship of pull-pull specimens can be summarized
in the following equations. These equations are rewritten based on Naaman et al. [65,85].

The critical force and fiber slip in the elastic stage are:

b _TnaV QA,E, sinh(AL) .

" & [cosh(AL)(QA,E, ~1)+1] .
P(cosh(2L) 1) 5

> J.sinh(AL) (Q - AmEmJ Eq.All 2

In addition, in the nonlinear stage, the pull-out load, the fiber slip, and the pull-out end slip at full
debonding are equals to:
tmae QA E, sinh(A(L—u))
+1u Eq.All 3
A [cosh(r(L—u))(QA,E, ~1)+1]

m-m

. _ h(%(L-u))-1
s:i+@(2P—tfu)+ P tfuxlcos( ( “)) (QAE,—2)+A(L-u) Eq.All 4

AE. ME, | sinh(A(L-u))

Q 1
S, =t =———
0 f [2 AmEm] Eq.AII5

The pull-out load of the dynamic stage and its slip are equal to:

-2V, UXx OE. mr
P =11- f £
dyn exp (1+Um) (1+Uf) o, Eq.All 6
E.r c + c
m f
-P(L-v) Ot
Sipn =%+j(L—V)Q +Vv Eq.All 7

where § is the coefficient of fiber-matrix misfit and x is the embedded length of the fiber. Also, vi and vn
are the Poisson’s ratios for the fiber and the mortar, respectively. r: is fiber radius, and p is the friction
coefficient assumed as 0.06. The formula for obtaining 6 can be found in [44].

In order to calculate tmax and tf, the following three equations should solve:
QA,E, sinh(1(L-u, ))

(cosh((L—u,))(QA,E, ~1)+ 1)2

t.—t

f (max)" 'm—m

=0 Eq.All 8
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t
tu ——") QA E

f-p 7\‘
—FL Qu,
AE. 2

—P —tu, cosh(?»(L —-u )) -1

QA E_ sinh(k(L —u ))
(cosh(x(L—u, ))(QA,E, ~1)+1]

p

(2Pp —tfup)+

M E.

sinh(k(L —u, ))

(QAE, -2)+A(L-u,)|-S, =0

A can be calculated from the following equation:

ksinh(kL)

@J-(

2
QAE

m-m

J(cosh(M)—l)

Q and x in above equations are expressed as:

1
AfEf
7\‘2
K=——
vQ

Eq.All 9

Eq.All 10

Fq.All 11

Eq.All 12

Fq.All 13
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Appendix lll: Analytical prediction of shear strength of reinforced panels

Appendix Ill: Analytical prediction of shear strength of reinforced panels

Masonry properties:

Height of the wall [mm]:

Length of the wall [mm]:

Net cross-sectional area [mm?]:

Compressive strength of masonry [MPal:

Tensile strength of masonry [MPa]:

TRM properties:

Ultimate tensile strain of TRM [mm/mm]:

Tensile modulus of elasticity of cracked TRM [MPal:

Number of fabric layers:
Masonry contribution (Vx):

2 [
Vo= tanB++/21.16 + tan ef.An(HL_]:

m 10.58 !

tan45++/21.16 + tan’ 4

52.23><54OOO 240 =65025N
10.58 540

w

TRM contribution (V)

g, =€, =0.0119 £ 0.004 = ¢, =0.004
f, =Eg, =62700x0.004 = 250.8MPa

V. =2nAL'f, =2x1x0.07054 x540x250.8=19106N

Nominal shear capacity (V»)

V. =V +V. =65025+19106 =84131N=84 kN

The inclined angle between the horizontal and main diagonal of the wall:

H.= 540 mm
L'= 540 mm
A= 54000
f =111

f'=0.67,/f =2.23

6= 45°

Area of fabric per unit width in both directions [mmz/mm]: A= 2x0.03527= 0.07054

&=0.0119
E= 62700

n=1

Eq.Alll' 1

Eq.Alll 2

Eq.Alll 3

Eq.Alll 4
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Appendix IV: Analytical prediction of flexural strength of reinforced panels

Masonry properties:
— The thickness of the masonry wallet [mm]: t= 100 mm
— Width of the masonry wallet considered in the flexural analysis [mm]: bw= 420 and 330 for
masonry PS and NS, respectively

— Compressive strength of masonry [MPa]: f =11.1

TRM properties:

— Area of fabric per unit width [mm?/mm]: A= 0.03527
g, =07¢g, =
Effective tensile strain level in the TRM : 0700119 =
— Effective tensile strain level in the [mm/mm]: 0.0083<0.012 =
g, =0.0083
— Tensile modulus of elasticity of cracked TRM [MPal]: E= 62700
— Thickness of TRM composite [mm]: t=10
Flexural strength:
ffe = Efgfe =
— Effective tensile stress level in the TRM composite [MPal: 62700x0.0083 =
520.41MPa
— Stress block coefficient related to c: B.=10.7
— Stress block coefficient related to f/ : y=0.7
_ Afffe _
B,
— Depth of effective compressive block [mm]: 0.03527x520.41 =
0.7x11.1x0.7
3.375mm
. t B
— Nominal flexural strength [N.mm]: M, :Afbmffe(ué—?]

For PS (failure parallel to bed joint):

M, =0.03527x 420 x 520.41[100 + % - O7X—5375j =800343Nmm

For NS (failure normal to bed joint):

M, =0.03527x 330 x 520.41(100 + % - %ﬂj =628840 Nmm
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