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ABSTRACT

The major structural ancient place situated in Ayuttaya was built with Ayuttaya masonry
bricks without any reinforcement. In this research, appropriate repairs using additional compressive
reinforcement of Glass Fiber Reinforced Polymer (GFRP) was originated.

Particular consideration has been given to research into six masonry brick walls with the
following dimension: 1.20 meter in height, 1.54 meter in width and 0.63 meter in depth. Two walls
were built without retrofitted with GFRP, two walls were retrofitted with GFRP, and the other walls
were repaired and subsequently retrofitted with GFRP prior loading. Only axial compressive loads
were applied at the top surface of the ancient masonry walls. Cracks, strain and displacements in
both height and width were observed. The maximum compressive load for each wall was
determined, compared and verified using finite element-analysis model.

Following the review of test results of the corresponding brick and mortar, it was
discovered that the mechanical properties are almost corresponding to the masonry bricks
substituted. The information given from six-wall tests was as follows: Wall without retrofitted with
GFRP was noted at the maximum compressive load of 84.27 tons, and the vertical displacement of
5.21mm. Wall retrofitted with GFRP was noted at the maximum compressive load of 148 tons, and
the vertical displacement of 8.03mm. Wall repaired and subsequently retrofitted with GFRP was
noted at the maximum compressive load of 148 tons, and the vertical displacement of 6.30mm.
These results demonstrated that the compressive strength of walls retrofitted with GFRP is higher
than that of walls without retrofitting. It was also noted that the axial compressive strengths of the

walls repaired after damaged were almost identical to wall retrofitted with GFRP before damaged.



To ensure the accuracy of the testing methodology, the mechanical properties for the corresponding
walls were analyzed by means of the finite element models. The results were almost identical to the
results from the full scale test. These results demonstrate an encouraging advantage for this
methodology and urge the adoption of the finite element-analysis model, which can be utilized in

model mode for achieving faster results at significant lower costs.

Keywords: ancient masonry wall, axial compressive loads, retrofit, Glass Fiber Reinforced Polymer,

finite element-analysis
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1) M31eveddguLieeniiu 6 uuw Ao
. WYY Stretcher
9. YUY Header
f.UUY Rowlock
3. 14UY Shiner
9. YV Soldier
%. LYY Sailor
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1911521989 TUs 1MUY Stretcher (MW 2.6) 1oz JUuVUMIFo985 U3 10D English Bond

U lﬂ'
ANNINN 2.7



STRETCHER m

SOLDIER SAILOR

SHINER

« g

HEADER ROWLOCK
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2) sevann lFlumsnenisdg lus1awiiald 6 Ysuinan Ao

f. 598901111 Flush Joint

. 598991111 Weather Joint

f. 598991111 Concave Tooled Joint

4. 59890111 Struck Joint

9. 08ABLUY Raked Joint

¥. 5980LUY “V” Tooled Joint
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2.6 upunaaAna3dulauna (Fiber glass Reinforced Plastic)
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FRP #1 l&vzuanannunmaniiAvesda Fibers 1ag Matrix to3og1uauda luanyuzaina1n
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Wminasitiotsuu iesnnazmatlayniain Creep wIn1991U Glass Fiber Tus282012073
ﬂ?ﬂﬂniﬁlﬁﬂ Stress MtAY 20 % V04 Ultimate Tensile Strength
=Y o % { 50' (-7
. Carbon Fiber dztvangaunumItasumaslnseadaninmsusinnimin
1 d‘ Y d‘w .
ABLIE1IUIY 1ATIa31995Y Cyclic Load
. . o U A 9 2’, o w A 1 = . .
fl. Aramid Fiber 1n 11U UNADINITNIAAY LAy ANVIANYU %9 Aramid Fiber
Y~ Y 1 @
AMNTONUUTINTZUNIA TAA LAz A 1115099 90 03a 14 Tae Tuuaniin
' Y 4 Y ' ] [ {
uatdulouna (Glass Fiber) azlianualsizuaniinladieuas liannsoaasenym 90

parn 14 iogninazsinuay luaunsaoieusala

M 2.9 anuazidulensueu (Carbon Fiber) tduloanats (Kevlar Fiber) idulonda
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M 2.10 Maearveadulelumsnaaurudou [6]
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NN 2.11 Stress — Strain 181 1e (Fiber Reinforcement) [6]

2.6.2 anvuznsogUunuia l)veudule (Fiber Reinforcement Form)

sunuvves FRP 1euldaued 3 dszinn Ao

1) vuvusuidule (Fiber Sheet)
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MNN 2.12 aNYAE Fiber Sheet

I < .
2) WUULHULLUN (Laminate, Plate)

MNAN 2.13 aNYAL Laminate

3) WUV (Rod, Bar)

MNN 2.14 aNYAL Rod & Grid
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Fiber Sheet vziigtuuumanediuanadu Tasv hlnueduidmeuninesld
JUHUDTAG89NANIUAYI (Unidirectional) ieanuazaInuazlizansamlumssmuadis
Manssuuse ualuuens@ienldyluuunsiadowuy 2 fiane (Bidirectional) 1o
3L WS BN VLT AR o MUANUIMIZEY ToyamanATinve iy GFRP LAAIAT

A
AT 1NN 2.4

M3197 2.4 Joyamunatinues GFRP [7]

Property Typical test value
Width (mm) 1,000
Thickness (mm) 0.5
Warp x Weft (each/inch) 6x6
Weight (g/mz) 150
Filament Diameter ( wm) 14
Nominal row length (m) 50 (+0.50-0)
Nominal row width (m) 1 (+0.05-0)*
Moisture content (%) <0.3
Loss on Lognition (L.O.I) 15
Mesh Density (%) 10 x 10 strands (warp & weft)
Nominal strand tensile  Per 10 cm

strength 1,700 MPa
Elastic Modulas 72 GPa

2.6.3 15%U (Resin)
Y d‘ [ a
1) MINNANaNYeUTTY
153U (Resin) UriAvan 3 Uszmsne Mminsalszanndule (Fiber) 140

9 (% 1

' Y 9 v 2 Y ) A A
Aeny, meusaszrnudule uazilesnuanudsnsveadulennaniizuiadon Tagiiswu
g [ I a { o (% 1 J '
WulA1enu 2 Y521 Ao Thermoplastics (HwsFunamnsninauinldivalddiulvaoe 14
a I a { [ o o a
luanugaamnssy uag 155uszian Thermosets 1Husdun hidwnsnihnauunlyldonssul

1391 a o Q/
wmwmzi%'“lumumsaJﬂwm
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2) ¥UAVDUTHU (Resin Types)
f. Unsaturated Polyesters
- Vinyl Esters (VE)
- Orthophthalic Polyesters
- Isophthalic Polyesters (Iso Polyesters)
9. Epoxies
f. Polyurethanes
4. Phenolics
Iﬂﬂﬁl’?hlﬂ Polyurethanes A1 Vinyl Esters (VE) %zzﬂuﬁ“ﬁ@wﬁﬂﬁﬁl%’ﬁmmﬂu Grass
Fiber (1a& Polyurethanes A1 Epoxies %Lﬂuﬁjﬁfﬂﬁﬁlﬂﬁi%ﬁmmﬂu Carbon Fiber (191¥ Aramid

] Y H
Fiber HU5FUY11A Polyesters 13111 11£aNAY Carbon Fiber 118¢ Aramid Fiber dnnatoyahn 14 lu

U

9 9
v A

NUIAI ual“f,fl‘fl}@uaﬂ']\‘imﬂﬁﬂﬁﬂLLﬁﬂx‘W]”lﬁNﬁ 20

U

H 9 a %,’ a
ﬂ151\1ﬁ 2.5 VOUANTUNAUAVDIUTYUT B [8]

Property Ly Unit
test value

Barcol hardness (935) 84 --
Density at 20 C 121 g/em’
Refractive index n”’ o 1.557 -~
Tensile strength 53 N/mm’
Elongation 2.0 %
Flexural strength 110 N/mm’
Modulus of elasticity 3200 N/mm’
Impact strength 7 KJ/m’
Impact strength with notch 1.0 KJ/m’
Compressive strength 160 N/mm’
Hardness after 10 sec 175 N/mm’

Water absorption 0.3 %
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2.6.4 M5AAAY Fiber-Reinforced Polymer (FRP)
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MNAN 2.15 MIAAAY Fiber Reinforced Polymer (FRP) [7]
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<3 A A 9 =Y ~ a o Y . 1 = I
AU ldnrsilSunaimnzaumszomnmulaziih i Fabric ou'la dsaziiluaung
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2.6.6 YA13352 3 1UNIT00NUIVAAA Fiber-Reinforced Polymer (FRP)
. 2 /4 A N e P )\Y - .
1) TUIUFY Layer AITHIUIUTUNT08NGAINONANIABIINATIAA Debonding
Y i 9
Tagna luad5inu 3 - 4 YuiioraTui&a9a98 Fiber Sheet 1A% 1 FUAMSUUVVIHY Laminate
v ] ] ] Y
2) A2TUMITNIZNUTIDENAIAUBLAZABILDY 1A8N Stress NNATUIINATFVUTA
v a o o 1 v Ao oA |
Tumvnunuidudaasogluszauidwnneziula
3) 5282 Development Length 91n@LHUINADINISIATUAET LAZNITADNILVYDILA
Y
a2 Layer A0UNOINOADNITONUN LAZNTZIOUTI D190 Flexural Strengthening 1@ Shear
Strengthening
1 9 Y
4) AIINIITU Strain 1a¢ Deflection edloaruns Debonding N9 Concrete
' < . . ' a 8 o 3 o
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5)  NAN1V0IMILETUAISA Unidirectional FRP azaunsasuusdladmuig lung
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MNA 2.17 uruwanaanesudule [7]
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7 14.8 14.8 14.7 29.4 29.2 29.4 4.6 4.7 4.8 2,899.7
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nAaOUN 90 U WITIN 1

Load Stress ITULNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)

0.00 0.00 0 0 0 0
5.000 0.556 0.100 0.000 -0.080 0.020
10.000 1.111 0.340 0.200 -0.100 0.040
15.000 1.667 0.570 0.340 -0.100 0.040
20.000 2.222 0.760 0.480 -0.100 0.040
25.000 2.778 0.870 0.620 -0.400 0.040
30.000 3.333 1.080 0.670 -0.400 0.040
35.000 3.889 1.340 0.740 -0.710 0.150
36.140 4.016 1.330 0.730 -0.720 0.170
40.000 4.444 1.520 0.700 -0.840 0.280
45.000 5.000 1.690 0.690 -1.010 0.280
Load Stress Strain Strain Strain Strain Strain Strain
(ton) (ksc) 1 V2 3 4 5 6
0.00 0.00 0 0 0 0 0 0
5.000 0.556 -14 2 -2 -2 -2 1

10.000 1.111 -29 6 -11 -3 -6 2
15.000 1.667 -45 12 -21 -5 -11 3
20.000 2222 -61 19 6% -4 -17 5
25.000 2.778 -79 27 -51 -5 -26 6
30.000 3.333 -103 44 -85 -4 -37 10
35.000 3.889 -137 66 -149 -1 -53 17
36.140 4.016 -141 69 -158 -3 -56 19
40.000 4.444 -168 92 -221 -5 -74 27
45.000 5.000 -188 116 -276 -11 -101 32
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naaoUN 90 U WA 2

Load Stress ITULNIAN) szazndeuiidguing
(ton) (ksc) (mm) (mm)

0 0.000 0 0 0 0
10.000 1.111 0.750 0.510 -0.370 0.120
15.460 1.718 1.170 0.750 -0.690 0.200
20.000 2222 1.260 0.960 -0.700 0.320
25.970 2.886 1.700 1.120 -1.080 0.400
30.000 3.333 1.710 1.360 -1.170 0.450
35.120 3.902 2.020 1.690 -1.360 0.600
40.000 4.444 2.350 2.030 -1.490 0.630
46.800 5.200 2.730 2.400 -1.550 0.630
48.960 5.440 2.870 2.570 -1.610 0.630
50.000 5.556 2.960 2.650 -1.680 0.630
55.000 6.111 3.250 2.890 1.800 0.630
60.000 6.667 3.480 3.080 -1.910 0.630
65.330 7.259 3.780 3.280 -2.050 0.610
67.000 7.444 3.880 3.350 -2.080 0.610
70.000 7.778 4.450 3.660 -2.340 0.360
75.770 8.419 4.650 3.700 2.470 0.360
81.820 9.091 4.940 3.870 -2.700 0.140
84.270 9.363 5.210 4.010 -2.890 0.090
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Load Stress Strain Strain Strain Strain Strain Strain
(ton) (ksc) 1 2 3 4 5 6
0 0.000 0 0 0 0 0 0

10.000 1.111 -11.000 -3.000 -2.000 2.000 - -2.000
15.460 1.718 -14.000 -4.000 -3.000 3.000 - -3.000
20.000 2222 -17.000 -4.000 -3.000 2.000 - -3.000
25.970 2.886 -22.000 -4.000 -6.000 1.000 - -4.000
30.000 3.333 -26.000 -4.000 -4.000 5.000 - -5.000
35.120 3.902 -31.000 -3.000 -6.000 9.000 - -7.000
40.000 4.444 -35.000 -5.000 -20.000 7.000 - -8.000
46.800 5.200 -40.000 -5.000 -36.000 3.000 - -10.000
48.960 5.440 -41.000 -5.000 -45.000 1.000 - -10.000
50.000 5.556 -41.000 -5.000 -46.000 2.000 - -11.000
55.000 6.111 -41.000 -5.000 -53.000 3.000 - -12.000
60.000 6.667 -41.000 -4.000 -62.000 3.000 - -12.000
65.330 7.259 -39.000 -2.000 -71.000 3.000 - -14.000
67.000 7.444 -39.000 -2.000 -75.000 3.000 - -14.000
70.000 7.778 -25.000 -1.000 -66.000 4.000 - -17.000
75.770 8.419 -23.000 0.000 -69.000 2.000 - -18.000
81.820 9.091 -20.000 0.000 -71.000 5.000 - -20.000
84.270 9.363 -11.000 -8.000 -67.000 5.000 - -22.000
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nAaoUN 90 U WITIN 3

Load Stress ITULNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)

0.00 0.000 0 0 0 0
10.000 1.111 0.390 0.060 -0.520 0.070
20.000 2222 1.340 0.070 -0.590 0.060
30.000 3.333 1.720 0.060 -0.730 -0.210
40.000 4.444 2.210 0.070 -0.720 -0.590
54.970 6.108 3.010 0.070 -0.540 -1.530
60.000 6.667 3.330 0.060 -0.540 -1.830
70.000 7.778 3.860 0.060 -0.550 -2.340
80.000 8.889 4.610 0.050 -0.550 -3.130
90.000 10.000 5.200 0.070 -0.550 -2.310
100.000 11.111 4.440 0.070 -0.550 -2.480
110.000 12.222 5.930 0.060 -0.540 -2.780
120.000 13.333 6.480 0.070 -0.550 -3.130
130.000 14.444 7.200 0.070 -0.450 -3.520
140.000 15.556 7.700 0.070 -0.550 -3.760
148.890 16.543 8.030 0.070 -0.550 -4.040
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Load Stress Strain Strain Strain Strain Strain Strain

(ton) (ksc) 1 2 3 4 5 6

0.00 0.000 0 0 0 0 0 0
10.000 1.111 -40.000 11.000 -40.000 0.000 -14.000 2.000
20.000 2222 -61.000 18.000 -76.000 0.000 -19.000 4.000
30.000 3.333 -86.000 22.000 -132.000 0.000 -37.000 7.000
40.000 4.444 -113.000 26.000 -171.000 0.000 -64.000 12.000
54.970 6.108 -208.000 64.000 -291.000 -3.000 -126.000 22.000
60.000 6.667 -238.000 74.000 -330.000 -5.000 -146.000 24.000
70.000 7.778 -290.000 46.000 -354.000 | -10.000 | -162.000 21.000
80.000 8.889 -351.000 51.000 -374.000 | -16.000 | -187.000 18.000
90.000 10.000 -408.000 63.000 -394.000 | .20.000 | -229.000 17.000
100.000 11.111 -437.000 73.000 -412.000 | -22.000 | -248.000 19.000
110.000 12.222 -487.000 91.000 -441.000 | -23.000 | -282.000 22.000
120.000 13.333 -549.000 | 100.000 | -481.000 | -26.000 | -321.000 28.000
130.000 14.444 -622.000 | 118.000 | -524.000 | -30.000 | -380.000 34.000
140.000 15.556 -677.000 | 140.000 | -540.000 | -34.000 | -415.000 34.000
148.890 16.543 -721.000 | 157.000 | -553.000 | -36.000 | -441.000 25.000
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naaouN 90 U NI 4

Load Stress ITULNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)

0.00 0.000 0.00 0.00 0.00 0.00
10 1.111 -1.490 0.510 0.670 -0.610
40 4.444 -1.920 2.030 0.500 -1.410
50 5.556 -1.930 2.630 0.430 -1.880
60 6.667 -1.770 3.290 0.280 -2.090
70 7.778 -1.520 3.910 0.080 -2.510
80 8.889 -1.270 4.490 -0.060 -2.830
90 10.000 -1.040 4.900 -0.270 -2.950
110 12.222 -0.540 5.870 -0.730 -2.860
119 13.222 -0.350 6.250 -1.010 -2.210
120 13.333 -0.350 6.290 -1.030 -2.210
121 13.444 -0.350 6.300 -1.040 -2.210
128 14.222 -0.260 6.610 -1.230 -2.200
130 14.444 -0.230 6.720 -1.270 -2.220
135 15.000 -0.130 6.870 -1.420 -2.260
138 15.333 -0.100 6.960 -1.490 -2.280
140 15.556 -0.010 7.090 -1.620 -2.310
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Load Stress Strain Strain Strain Strain Strain Strain
(ton) (ksc) 1 2 3 4 5 6
0.00 0.000 0.00 0.00 0.00 0.00 0.00 0.00
10 1.111 974 153 82 -2 4 6
40 4.444 973 204 249 3 28 19
50 5.556 875 191 270 11 72 24
60 6.667 712 134 213 12 101 13
70 7.778 657 131 199 23 125 15
80 8.889 601 125 186 27 164 6
90 10.000 594 136 185 64 228 3
110 12.222 768 169 141 393 589 29
119 13.222 817 193 141 427 484 44
120 13.333 819 192 139 428 480 43
121 13.444 821 194 138 428 478 43
128 14.222 867 228 164 414 484 66
130 14.444 870 227 164 406 480 54
135 15.000 912 263 199 423 512 69
138 15.333 933 282 219 430 525 74
140 15.556 975 303 259 418 514 73
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naaoUN 90 U W 5

Load Stress ITULNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)

0.00 0.000 0 0 0 0
10.000 1.111 0.260 0.280 -0.490 0.010
20.000 2222 0.680 2.600 -0.690 0.250
27.480 3.053 1.070 0.830 -1.220 0.350
30.000 3.333 1.290 0.990 -1.360 0.360
40.000 4.444 1.680 1.480 -1.750 0.630
48.890 5.432 2.210 1.890 -2.060 0.680
50.000 5.556 2.330 2.040 -2.170 0.720
54.480 6.053 2.600 2.220 -2.220 0.730
58.300 6.478 2.620 2.350 -2.290 0.730
59.390 6.599 2.670 2.390 -2.330 0.720
60.000 6.667 2.700 2.420 -2.350 0.720
60.800 6.756 2.700 2.420 -2.350 0.720
64.000 7.111 2.840 2.430 -2.410 0.730
68.660 7.629 2.980 2.410 -2.460 0.720
70.000 7.778 3.010 2.430 -2.530 0.720
72.500 8.056 3.070 2.430 -2.530 0.730
73.000 8.111 3.090 2.430 -2.530 0.730
80.000 8.889 3.190 2.430 -2.690 0.810
90.000 10.000 3.410 2.430 -2.940 0.870
92.000 10.222 3.470 2.430 -2.990 0.880
93.000 10.333 3.570 2.430 -3.010 0.890
94.940 10.549 3.570 2.430 -3.040 0.980
100.000 11.111 3.570 2.430 -3.160 1.000
100.910 11.212 3.260 2.430 -3.190 1.020
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2 Y o
NATIUN 90 IU WHIN S

Load Stress ITYLNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)
107.910 11.990 3.770 2.430 3.430 1.200
109.000 12.111 3.590 2.430 -3.510 1.210
110.000 12.222 3.570 2.430 -3.160 1.000
110.850 12.317 3.620 2.430 -3.190 1.020
113.840 12.649 3.870 2.430 -3.650 1.210
120.000 13.333 4.210 2.430 -4.280 0.910
122.000 13.556 4.210 2.430 -4.290 0.860
124.000 13.778 4.220 2.430 -4.400 0.690
130.000 14.444 4.270 2.430 -4.570 0.560
138.000 15.333 4.390 2.430 -4.710 0.380
140.000 15.556 4.440 2.430 -4.840 0.260
147.000 16.333 4.440 2.430 -4.980 0.150
148.000 16.444 4.450 2.440 -5.000 0.140
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Load Stress Strain Strain Strain Strain Strain Strain

(ton) (ksc) 1 2 3 4 5 6

0.00 0.000 0 0 0 0 0 0
10.000 1.111 -15.00 0.000 0.000 - -9.000 0.000
20.000 2222 -35.000 -3.000 -7.000 - -25.000 -6.000
27.480 3.053 -39.000 2.000 -1.000 - -33.000 0.000
30.000 3.333 -48.000 0.000 -3.000 - -42.000 -3.000
40.000 4.444 -62.000 2.000 -2.000 - -64.000 -2.000
48.890 5.432 -68.000 12.000 2.000 - -80.000 6.000
50.000 5.556 -71.000 14.000 3.000 - -88.000 8.000
54.480 6.053 -74.000 16.000 4.000 - -96.000 9.000
58.300 6.478 -81.000 17.000 3.000 - -107.000 11.000
59.390 6.599 -87.000 16.000 1.000 - -114.000 8.000
60.000 6.667 -89.000 17.000 1.000 - -119.000 9.000
60.800 6.756 -89.000 17.000 1.000 - -119.000 9.000
64.000 7.111 -94.000 17.000 0.000 3 -133.000 11.000
68.660 7.629 -108.000 14.000 -5.000 3 -157.000 5.000
70.000 7.778 -114.000 13.000 -7.000 - -161.000 4.000
72.500 8.056 -119.000 12.000 -9.000 £ -169.000 3.000
73.000 8.111 -122.000 12.000 -10.000 - -172.000 3.000
80.000 8.889 -134.000 18.000 -12.000 - -193.000 7.000
90.000 10.000 -149.000 35.000 -10.000 - -221.000 18.000
92.000 10.222 -157.000 34.000 -15.000 - -229.000 16.000
93.000 10.333 -163.000 35.000 -16.000 - -235.000 15.000
94.940 10.549 -166.000 36.000 -16.000 - -238.000 16.000
100.000 11.111 -177.000 43.000 -15.000 - -251.000 19.000
100.910 11.212 -178.000 45.000 -15.000 - -254.000 20.000
107.910 11.990 -206.000 62.000 -17.000 - -277.000 17.000
109.000 12.111 -209.000 68.000 -17.000 - -281.000 19.000
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Load Stress Strain Strain Strain Strain Strain Strain
(ton) (ksc) 1 2 3 4 5 6
110.000 12.222 -176.000 43.000 -15.000 - -250.000 19.000
110.850 12.317 -178.000 45.000 -15.000 - -254.000 20.000
113.840 12.649 -207.000 90.000 -13.000 - -286.000 18.000
120.000 13.333 -178.000 | 107.000 43.000 - -225.000 10.000
122.000 13.556 -179.000 | 150.000 48.000 - -222.000 8.000
124.000 13.778 -175.000 95.000 75.000 - -208.000 -4.000
130.000 14.444 -160.000 | 104.000 104.000 - -188.000 0.000
138.000 15.333 -170.000 | 102.000 125.000 - -197.000 | -20.000
140.000 15.556 -173.000 99.000 141.000 - -210.000 | -35.000
147.000 16.333 -181.000 98.000 150.000 - -224.000 | -42.000
148.000 16.444 -188.000 93.000 147.000 - -231.000 | -48.000
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naaouN 90 U W 6

Load Stress ITULNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)

0.00 0 0 0 0
10.000 1.111 0.390 0.840 0.100 -0.890
20.000 2.222 0.550 1.590 0.460 -1.410
30.000 3.333 0.910 2.220 0.710 -2.316
40.000 4.444 1.270 2.670 0.770 -2.190
50.000 5.556 1.710 3.160 0.770 -3.010
60.000 6.667 2.100 3.660 0.770 -3.250
70.000 7.778 2.570 4.220 0.840 -3.870
75.000 8.333 2.830 4.480 0.860 -3.860
77.000 8.556 2.970 4.620 0.880 -3.860
80.000 8.889 3.090 4.790 0.880 -4.010
84.310 9.368 3.200 4.980 0.870 -4.160
87.000 9.667 3.280 5.160 0.880 -4.310
90.000 10.000 3.350 5.250 0.880 -4.430
91.310 10.146 3.380 5.300 0.880 -4.480
100.000 11.111 3.700 5.710 0.870 -4.660
101.550 11.283 3.780 5.780 0.880 -4.660
104.500 11.611 3.920 5.970 0.880 -4.740
110.000 12.222 4.190 6.290 0.870 -4.990
117.090 13.010 4.520 6.650 0.800 -4.990
120.000 13.333 4.640 6.860 0.800 -5.120
122.000 13.556 4.770 6.960 0.720 -5.160
127.000 14.111 5.090 7.240 0.610 -5.320
130.000 14.444 5.280 7.390 0.480 -5.460
133.000 14.778 5.400 7.430 0.480 -5.620
136.000 15.111 5.660 7.440 0.350 -5.750
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naaUN 90 U WA 6

Load Stress ITYLNIAN) szazndeuiidguing

(ton) (ksc) (mm) (mm)
140.000 15.556 6.040 7.440 0.340 -5.830
148.000 16.459 6.370 7.440 0.150 -6.100
150.000 16.667 - - - -
160.000 17.778 - - - -
170.000 18.889 - - - -
180.000 20.000 - - - -
190.000 21.111 - - - -
200.000 22.222 - - - -
210.000 23.333 - - - -
220.000 24.444 - - - -
230.000 25.556 7 - - -
240.000 26.667 3 - - -
250.000 27.778 3 - - -
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Load Stress Strain Strain Strain Strain Strain Strain

(ton) (ksc) 1 2 3 4 5 6

0.00 0 0 0 0 0 0 0
10.000 1.111 13.000 -10.000 -8.000 5.000 -13.000 5.000
20.000 2222 40.000 3.000 8.000 59.000 -12.000 30.000
30.000 3.333 45.000 -1.000 6.000 142.000 -18.000 52.000
40.000 4.444 57.000 0.000 11.000 242.000 -31.000 90.000
50.000 5.556 71.000 2.000 13.000 349.000 -53.000 146.000
60.000 6.667 74.000 -5.000 1.000 2823.000 | -101.000 | 357.000
70.000 7.778 110.000 5.000 15.000 3984.000 | -94.000 514.000
75.000 8.333 115.000 1.000 10.000 3995.000 | -94.000 600.000
77.000 8.556 117.000 0.000 12.000 3605.000 | -58.000 622.000
80.000 8.889 110.000 -6.000 5.000 3421.000 | -51.000 620.000
84.310 9.368 126.000 -6.000 8.000 3330.000 | -47.000 628.000
87.000 9.667 140.000 1.000 13.000 3222.000 | -40.000 636.000
90.000 10.000 153.000 5.000 20.000 3199.000 | -35.000 650.000
91.310 10.146 153.000 2.000 18.000 3187.000 | -35.000 651.000
100.000 11.111 171.000 3.000 21.000 3115.000 | -29.000 676.000
101.550 11.283 178.000 8.000 27.000 3101.000 | -26.000 681.000
104.500 11.611 184.000 6.000 27.000 3081.000 | -27.000 | 3081.000
110.000 12.222 187.000 2.000 22.000 3041.000 | -30.000 674.000
117.090 13.010 209.000 10.000 33.000 | 2991.000 | -24.000 680.000
120.000 13.333 207.000 8.000 32.000 | 2970.000 | -28.000 686.000
122.000 13.556 203.000 4.000 30.000 | 2966.000 | -28.000 686.000
127.000 14.111 212.000 5.000 35.000 | 2947.000 | -27.000 694.000
130.000 14.444 215.000 2.000 34.000 | 2930.000 | -34.000 689.000
133.000 14.778 226.000 8.000 40.000 | 2928.000 | -31.000 688.000
136.000 15.111 234.000 5.000 42.000 | 2898.000 | -42.000 677.000
140.000 15.556 244.000 7.000 43.000 | 2725.000 | -39.000 635.000
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Load Stress Strain Strain Strain Strain Strain Strain

(ton) (ksc) 1 2 3 4 5 6
148.000 16.459 254.000 -2.000 30.000 | 2587.000 | -45.000 611.000
150.000 16.667 317.000 -1.000 53.000 198.000 -94.000 157.000
160.000 17.778 333.000 -4.000 52.000 74.000 -105.000 | 125.000
170.000 18.889 349.000 -5.000 52.000 -51.000 | -104.000 | 111.000
180.000 20.000 354.000 -12.000 52.000 -72.000 -76.000 150.000
190.000 21.111 327.000 -9.000 51.000 23.000 -66.000 31.000
200.000 22222 313.000 -12.000 52.000 -111.000 | -63.000 10.000
210.000 23.333 303.000 -13.000 52.000 -245.000 | -71.000 -13.000
220.000 24.444 317.000 -7.000 58.000 -319.000 | -80.000 -16.000
230.000 25.556 306.000 1.000 64.000 386.000 -90.000 -18.000
240.000 26.667 287.000 20.000 71.000 -353.000 | -102.000 -4.000
250.000 27.778 276.000 71.000 106.000 | -336.000 | -83.000 17.000
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STUDY ON THE BEHAVIOR OF ANCIENT MASONRY WALLS RETROFITTED
USING GLASS FIBER REINFORCED POLYMER UNDER AXIAL LOAD

(Ratchaneewan Kerdmongkon)!
(Meng Jing)’
(Werasak l‘t:tcn:lgj:mr]3

" Under Education of Master Degree of Civil Engineering, Rajomangala University of Technology Thamyaburi,
X mik_july@hotmail com
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ABSTRACT: The purpose of this research 15 to defermine the mechanical properties of ancient masonry walls (AMW)
retrofitted with Glass Fiber Reinforced Polymer (GFRP) under axial load through experimental method. 5ix full scale
ancient masonry wall specimens were tested under axial load acted at the fop surface. Two wall specimens were served
as reference without retrofitting. Other four walls were retrofitted with GFRP before or after the damage. The tested
results demonstrated that the bearing capacity of ancient masonry walls was distinctly improved after GFRP

strengthening.

KEYWORDS:

1. INTRODUCTION

There are many ancient places sifuated in Thatland Tt
was constructed at least one hundred vears ago. To date,
the mamtenance of those places 15 responsibility of the
Fine Art Department. Continuous repairs are required due
to damage to the ancient building. To maintain the
buildings to be simalar fo the original building. the repairs

Ancient Masonry Wall, Retrofit, Glass Fiber Reinforced Polymer, bearing capacity, axial load

compressive strength, Young Modulus, absorption test,
boiling test, and initial rate of absorption test. The mortar
ratio 1s: 1:2:9 (1 parts of white cement, 2 parts of white
ancient mortar, and 9 parts of coarse sand) [1]. Table 1
shows the properties of bricks and mortar.

Table 1 The source and tested result for bricks and
mortar.

must be performed. In the former time, the Fine At
Depart used Carbon Fiber Reinforced Polymer (CFRP) to / . .| Modulus
fix those building, but the cost was too high and the Source of Fllmt Compressive of
- . weight strength lasticity
surface 1s quite black. bricks i) o elasticiry
(g/cm’) (kg./em”) [kg..-fcmj}
In light of the mformation given in the preceding part, the
GFREP was submutted and utilized to repair those 1 Bantumoee N
buildings in Leu of CERP owing to the fact that the | soueee 1373 40.12 31033
GFRP material 1s lighter i color, and the cost 15 cheaper 7 Phukaotone
; - = 2
when compared to the CFRP. paglada 1.383 41.61 41,200
In this study, full-scale test was processed to study the 3_}\.1‘11111‘331’1 1403 57.10 26,633
behavior of ancient masonry wall retrofitted with GFRP. lemple
The materials of the specimens are presently made at Ban 4§§?th““ 1.350 3054 42,400
Lum Plee, Ayuftayva province, which have the same a hon
mechanical properties as that of the history masonry wall | - Phraram 1463 3758 32,400
at Ban Lum Plee. [1] :Sem]'gjlfiida '
- hudicao 1457 4401 32450
2. Full-Scale Test femple
2.1 Properties of materials :-r:-fﬂple on 1475 5012 37.033
Relevant materials must be fested in accordance with z -
r 074
American Society for Testing and Materials (ASTM) C67 (SOt New | LOM 8253 165,467
[8]. The dimension of brick is 15x30x5cm. The standard E‘_;Iﬂ e 1322 39.60 20876
follows:

testing 15 stipulated and determined as
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The properties of GFRP used in this study are shown in
Table 2 e B o T
— :

Table 2 Technical considerations (nominal value) of s e e I

GRFP L g :
Properties —— :: ::: :: = :

“?lldth (m) 1.000 8 Foating Reinforced Concrete Beam 3 RC Fasting

Thickness (mm) 05 ° %

Warp x Weft (sach/inch) | 6x6 0.2 1.54 o.23 0.63

. 1 T 7

Weight (g/m’) 130 . bon

Filament Diameter (pm) | 14 !

Nominal row length (m) |50 (+0.50-0) Fig. 1 The dimension of walls

Nominal row width (m) |1 (+0.05-0)*

Moisture content (%) <03

Loss on Lognition 15

(LOJ)

Mesh Density (%) 10 x 10 strands (warp &

Nominal strand tensile | weft)

strength 1,700 MPa Per 10 cm

Elastic Modulas 72 GPa

The resin to be used in this experiment is “Vianova
Resins”, VIAPAL UP 355E/66. The specification is
given in Table 3

Table 3 Data of cured VIAPAL UP 355 E/66

Properties Unit
Barcol hardness (935) 84 --
Density at 20°C 1.21 glem’
Refractive index an 1.557 =
Tensile strength 55 N/mm’
Elongation 2.0 %
Flexural strength 110 N/mm’
Modulus of elasticity 3200 N/mm?
Impact strength 7 KI/m?
Impact strength with notch 1.0 Kl/m?
Compressive strength 160 N/mm?
Hardness after 10 sec 175 N/mm’
Water absorption 0.3 Y%

2.2 Dimension and retrofitting mode of specimen
walls

Six specimen walls tested in this research are constructed
as one size. The dimension of walls is specified as
drawing in Fig.1.

Fig. 2 Photo of specimens

The bricks must be laid in the stretcher as per the English
bond as shown in Fig. 3. The joint must be constructed as
the flush joint, A string line and spirit level must be used
to ensure that bricks are laid on an even plane. The joint
between each brick layer is lem. Inspection must be
thoroughly carried out during the laying brick wall.

L
-
—JL__IL__

L 1
L

ENGLISH BOND

Fig. 3 English bond

Specimens No.l and No.l were tested as reference
without GFRP retrofitting. Specimens No.3 and No.§
were retrofitted with full GFRP sheets before and after
damage respectively, as shown in Fig.4. Specimens No.4
and No.6 were retrofitted with three GFRP strips before
and after damage respectively, as shown in Fig. 3.
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2.4 Test process and results

The loading was acted at the top surface of specimens
until failure. Crack modes of six specimens are shown in
Fig. 7 to Fig. 9.

The test results were concluded in Table 4.

97

Table 4 tested data
Specimen No. 1 2 3 4 5 6
before v Y
Damage . .
N after y 8
Ultimate Load | 45 |84 |[148 | 148 |148 | 148
(tons)
Retrofit effect | - - 56.7 | 56.7 |56.7 |56.7
ig’jo}

=
T
) 1
o LI
i
T
[
T
|
o ) 7 o
" Faating Remforced Cone ) RC Footing
& o
s .63

10.23)

Fig. § Retrofitted with GFRP strips

2.3 Test set-up

The steel structure frame was fabricated and fixed, and
the hydraulic jack and load cell and relevant accessories
shown in Fig. 6 were installed to determine the
compressive load.

Fig.6 Test set-up and relevant instruments

The axial load was acted to the six specimen walls. The
load has increased one ton in each step. Meanwhile,
damage to the walls, i.e. crack has been observed and
recorded. It was noted that the first erack was observed,
at the load approximately 36.14 tons. Afterwards, crack
numbers have been increased in compliance with the
axial load acted until the maximum load was acted at 45
tons, and eracks were recorded as shown in Fig. 7.

The specimen No. 1 was removed. The axial load was
acted to the specimen No. 2. The first crack was observed
at the load approximately 48.96 tons. The load was
continually acted to the specimen until crack numbers
have been increased at the maximum load of 84.27 tons.
The corresponding crack was recorded as shown in Fig.
8. This demonstrated that the compressive load of
specimen No. 1 was less than specimen No. 2.

Both specimens were carefully removed from the testing
location. Repair with mortar and retrofitting with GFRP
(in full sheet and three strips) was carried out for
specimen No. 5 and 6. Afterwards, both were tested and
compared with the axial load of before and after
retrofitting with GFRP.

gisisls

.20

. i - 1
:' o Reinforced Concrete Be i
4 4
173 5 191 06
D3 1 .54 'r""'J L Ue
2 | a
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i fosting Reinforced Cancrate Beam RG Footing

€1 I E—
[ouz3] 154 3| A
I 1

200

Fig. 7 Specimens No-1 and No-2 after cracking

Specimen No. 3 retrofitted with full sheet of GFRP was
tested. The first crack was noted at the load
approximately 54.97 tons. Continue load was acted to
wall until erack numbers have increased in line with the
load acted, at maximum load of 148.89 tons. Crack
modes were shown in Fig. 8. Specimen No. 3 was then
removed and specimen No. 4 (thres strips with GFRP)
was tested. The first crack was noted at 119 tons.
Continue test was carried out until the compressive load
was at 148 tons, as shown in Fig. 8.

gl
11
L
T
1
1 1
1
T
3 T
1
1
1
: 1
T
g ab |
g Fuating Reinforced Ce M 71 _RC Foating
5 ! 2 |
i
.23 154 l;, .lJ{ | | o
I |
2.00 'l’ ¥ .90
-
1
-
1
T
1 L
1 !
[=] ) -
s Q|
. E 7
- I
L
T
T
T
8 rerete Feam o
Bl | Feating Reifarsd Carorete Bt B | o
oz3] 1.5¢ 0.3 .
200 | 050

Fig. 8 Photo of specimens No-3 and No-4 after cracking

Specimen No. 5 was tested until the first crack was noted

at the load approximately 27.48 tons. The maximum load
acted to specimen was approximately 148 tons. The
specimen was then removed. The specimen No. 6 was
tested and the first crack was noted at the load
approximately 70.09 tons. Continue load was acted to the
specimen until the maximum load was 148 tons. These
results demonstrated that the compressive load of the
speeimens retrofitted with GFRP for before and after was
in excess of the specimens with no GFRP retrofitting.

4 3
I e ==
1
. 1
1 ]
¢ g T
P T
1
L
I
LY
| I
9 3| e
d| | h C Footing
:
[p2s) 154 2 063
pa)
; [
200 } k m
< —
'l
T 1
C T i L
i i g :
L Y IF‘. -
1
[

154 23 083

Fig. 9 Photo of Specimens No-5 and No-6 after
crack
Fig. 10 show the response curves of six axial loads —
vertical displacements.

150.00
140.00 .
12000 "3
100.00 ! ‘
£ 8000 ) - :‘;-;
2 o0 , - s
i wnuFn) wuas e e
3 om0 ——t No.d
==t No.5
2000 > g
000 1
0.00 100 200 300 400 500 600 700 800
Vertical displacement,mm.
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Fig.10 Show load — displacement response of s
specimens.

3. Conclusions

The six specimens of ancient masonry walls retrofitted
with GFRP before and after damage were tested in this
study. Some conclusions are derived as follows:

1. It is anticipated that the compressive load of the walls
retrofitted with GEFRP for before and after 15 in excess of
the walls with no retrofitting. The test results
demonstrated that the compressive load 15 higher than
56.7 %o of the walls with no GFRP retrofitting.

2. After the walls refrofitted with GFRP were tested, the
side of walls retrofitted with GFEP has no crack
observed. It was, however, noted that there were cracks
on the side of wall with no GERP.

3. In this research, the GFRP material was applied fo
increase the compressive axial load m comparison to the
walls with no GFRP. This will be executed for improving
and repairing relevant ancient deferioration places using
the masonry walls in various locations in Thailand.
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Behaviors of Historic Masonry Walls Retrofitted with GFRP under Axial
Load

RAONGJANT Werasak'?, JING Meng'* and
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'School of Civil Engineering, Rajamangala University of Technology Thanyaburi, Thailand
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Abstract The purpose of thus research 15 to determine the mechanical properties of historic masonry
walls retrofitted with Glass Fiber Reinforced Polymer (GERP) under axial load through experimental
method. Four ancient masonry wall specimens were tested under axial load acted at the top surface.
Two wall specimens were served as reference without retrofitting. The third wall was retrofitted with
GFEP on full surface before loading. The forth wall was strengthened with three GERP stnips before
loading. The behaviors of historic masonry walls in Thailand were particular because of their special
bond manner and dimension. The tested results demonstrated that the beaning capacity of historic
masonry walls was distinctly improved after GFRP strengthening.

Keywords: Historic masonry wall, retrofit, glass fiber reinforced polymer, GFRP, axial load

Introduction

In Thailand, there are many historic structures which were built around the eleventh and the twelfth
Buddhist centuries. Most of them were made of brnicks. Bemng frustful archeological information
about Thai heritage. restorations of such Thai historic structures are always an engineering
challenge and are now taken charged by Bureau of Archeology and Museums, Thailand. Most
restorations were executed in traditional engineening manners. There was report after report of
failure both prior to and after restorations. This research work conducted with aiming of finding a
new retrofitting method based on expenmental and theoretical investigations.

FRP (Fiber Reinforced Polymer) laminates or fabric sheets used as a feasible matenal for retrofit
remnforced concrete (RC) structures have been studied and applied i practice in the last few vears. It
1s proved that FRP retrofitting can distinctly improve RC member’s strength capacity and seismic
capacity. But only unfil recent years. some reported researches have focused on strengthening of
masonry walls. This 1s due to the well-known advantages of FRP composites including good
resistance, high strength and ease for site handhng due to their light weight. The contimuous
reduction in the material cost of FRP composites has also contributed to thetr popularity.

A large survey of research related to rehabilitation of masonry structures has been reported by
Musiker (Musiler 2002} . In Canada. Nigel G. et al (Nigel et al. 2001) performed the test that using
Glass FRP (GERP) sheets to increase the flexural capacity and energy absorption characteristics of
plain and remforced concrete block walls. In USA. Amir Fam et al. (Amur et al. 2002, Hernan et al.
2008) conducted m-plane test of damaged masonry wall repaired with FRP. In Europe, especially in
Italy and Greece, some research works were focus on repair and strengthenming of historic masonry
building i setsmuc area (Thanasis et al. 1997, Binda et al. 2004). In Thailand, the research about
retrofitting lustorical building using FRP has also been executed 1w analytical program (Suddcha:
2000). However expertmental research and more insight analysis are much needed.

In this study, test mvestigation was processed to study the behavior of lustoric masonry wall
retrofitted with GFRP.
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Experimental Program

Brick and Mortar A great number of fallen bricks of historic buildings in Avuithayva province,
which has been designated by UNESCO as a World Henitage Site, more than 400 vears as capital of
Thailand, were collected to test their material properties. Then new bricks were produced according
to these marerial properties to built specimen walls. The dimension of brick 15 15%30%5 em. The
ancient cement mortar was specially prepared according to original method which nvolved soaking
raw lune m water for at least 60 days before mixing 1t with white cement and coarse sand at 1:2:9
ratios. Table 1 shows the properties of bricks and mortar.

Table 1: Properties of bricks and mortar

Material Lm.‘ wr;J:gh: Comprg:\:rve strength :.Eq:‘nc modulus
[ glem [MPa [MPa]
Brick 1373 4.012 31033
Mortar 1.924 1.06 1460.3

GRFP sheets and epoxy resin were come from company in Thailand. GFRP sheet has weight of
50g/m” with 0.5 mm thickness and 1000 mm width. Nominal tensile strength of it is 1.700 MPa and
elastic modulus of 72 GPa. The epoxy testn has tensile strength of 55MPa and elastic modulus 3.3
GPa.

Dimension and Retrofitting Mode of Specimen Walls Four specimen walls were built as that
of the lustory masonry wall at Ban Lum Plee, Avotthava. The bricks must be laid 1n the stretcher as
per the English bond, as shown i Fig. 1. The jomnt must be constructed as the flush jount. A string
line and spinit level must be used to ensure that bricks are laid on an even plane. The jomnt between
each brick laver 1s lem.

\W\W w7 =
VAL
| FA\
=L
N == =
N72, ZX0 M

Figure 1: English bond

Bainforced Concram Footing

|0 | 154 | 0]
-I 00

Front View Side View

Figure 2: Dimension af walls (m)
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Four walls are i the same dimension, as shown i Fig 2. The thickness of the walls 15 600 mm,
as the ancient wall in Ayutthaya, Thailand. Specimen N-1 and N-2 are used as reference wall
without any retrofitting. Specimen N-3 was fully remnforced with GFRP sheets on only one face of
the wall. Specimen N-4 was reinforced with three GFRP stripes of 20cm width at spacing of 35cm
ot center on only one face of the wall Fig 3 shows the different retrofit scheme.

(a) Specimen N-3 (b) Specimen N-4
Figure 31 Different retrofit scheme

Test Set-up and Instruments Steel structure frame was fabricated and fixed. and hydraulic jack
were mstalled to apply vertical load on the top of the wall through distribution steel beam. Four
LDVT (Linear Vanable Differential Transformer) were erected at top surface and mid-height of the
wall to control m-plane vertical and out-plane lateral displacements. Six strain gauges were pasted
o1 the face of the brick and the GFRP sheets at mid-height to monitor the strain development, as
shown in Fig. 4

LDVT0T  LDVTOS

Y I N A A
| | | | |
[ | I| | | 2 || [ || [ |
0] [ [ M [ T ] LDVT09 LDVIIO
E | [ il | % A | _
MTvoa] I| | | Mol || [ l'-1u§' T
[ T T T T T T T 11
[ | |
[ T T T T T T T 11
[ [ [ [ [
Bvisbarcesd Conere Foting RCFraling

Figure 4: Test instruments

Test Process and Results The vertical loading was increased gradually with increment of
approximately 3 tons until specimen failure.

For Specimen N-1, when the load is applied to 77% of its ultimate load, 3614 ton, vertical cracks
began to appear at the top center posttion, run through the mortar joints and some laver of bricks. The
main crack 1542 5 cm long and 030 mm wide. With the load continued to increase, previous vertical
cracks gradually opened and developed downwards and new vertical cracks were initiated. At the load
of 45 tons, crack appeared throughout the first horizontal mortar joint, which has the distance of one
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laver from the top edge of the wall. It 1s about 120 cm long and 1.6 mm wide. At the same time, cracks
opened throughout the vertical mortar joints at the side face, 17cm long from the top edge and 0.1 mm
wide on one side face and 34 cm long and 0.7 mm wide on the other side face. At end the wall was fail
at the load of 47 ton.

For Specimen N-2, when the load 1s applied to 58% of its ultimate load, 48.96 ton, vertical cracks
began to appear at the top center posttion, run through the mortar joints and some layer of bricks. The
main crack 15 17 cm long and 0.20 mm wide. With the load continued to increase, previous vertical
cracks gradually opened and new cracks mitiated. At the load of 70 tons, crack appeared throughout
the first horizontal mortar joint, extend from center of the wall length to about 20 cm. At the ultimate
load of 84.27 ton, first appeared horizontal crack developed to both side faces. At the same timne,
cracks opened throughout the vertical mortar joints at the side face. 74cm long and 1.6 mm wide on
one side face and 37 cm long and 0. 3mm wide on the other side face.

For Specimen N-3. GFRP sheet was pasted on the full surface. When the load reached 71.42 ton,
48% of the ultimate load. vertical crack appeared on one side face with length of 48.5 cm. At the load
of 79.62 ton. vertical cracks also appeared on the other side face with 58 cm long from the top edge.
At the same time, some vertical cracks opened on the face of the wall without GFRP sheets. However,
no cracks appeared on the face with GFRP sheets until wall failure. Finally, the wall was fail at the
load of 148 ton due to cracks on the side face of more than 2mm wide. It 1s observed that the color of
some local parts n GRFP sheets changed. and pop cracking voice can be heard clearly. This can be
taken as the peeling-off of GFRP from wall surface. Thanks to the good quality of paste work. only
few local peeling-off happensd.

For specimen N-4. three strips were pasted on the surface. Its load-displacement response was
stmilar to wall N-3. When the load reached 113 ton. vertical crack appeared at the top center position
of the face of the wall without GFRP sheets. At the load of 120 ton. vertical cracks also appeared on
the side face with 32 cm long from the top edge. At this load level. 35cm long horizontal crack of
emerged through mortar at 18 cm distance from the top edge of the wall. However, no cracks appeared
on the face with GFRP sheets until wall failure. Fially, the wall was fail at the load of 125 ton due to
cracks on the side face of more than 2mm wide.

Discussion of Test Results

The load-deformation responses of four walls are shown i Fig 5 and Fig.6. All of four specimen
walls show linear behaviors in both vertical and lateral direction under axial m-plane vertical load.
Ignoring the unordinary behavior of wall N-1 due to weak mortar jomts at the first top layer, the

elastic properties of un-strengthened wall N-2 and strengthened wall N-3 and N-4 are almost the same.

Compared wall N-2. the ultimate compressive strength and peak deformation of specimen N-3 were
improved at about 50%. Simmlarly. the ultimate load of wall N-4 with three GFRP strips also 15 higher
than un-strengthened wall N-2, about 1.5 tumes.

Fig.7 shows the stram developments in vertical and transverse directions on the masonry surface. In
vertical direction, they are compressive strain due to the axial vertical load. In transverse direction,
they are tensile strain due to the horizontal tensile force 1n the perpendicular direction of loading. It
can be seen from the diagram that, load-strain developments of reference wall N-2 and strengthened
wall N-3 and N-4 are the same, which indicates that constraints effect of GFRP sheets didn’t play n
vertical direction. In transverse direction, the axial vertical compressive stress suffered by spectmen
wall was smaller m the initial loading stage, and the corresponding transverse statn was very small. So
it can be seen that transverse strain in un-strengthened wall N-2 and strengthened wall N-3 and N-4
are almost the same until load of 30 ton, which means that the constraints effect of GFRP stll didn't
played. With the mcrease of load. transverse strain began increased rapidly with the appearance of
initial cracks. However, Fig.7 shows clearly that increasing of transverse stram m GFRP strengthened
wall N-3 and N-4 are obviously slower than that m un-strengthened wall N-2. It demonstrates that
most of transverse tensile force was resisted by GFRP sheets. Tensile force subjected by masonry wall
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was reduced obviously. So the widths of cracks were reduced and even the emergences of cracks were
avolded.
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Figure 3: Load —vertical deformation responses  Figure 6: Load-lateral deformation responses

of specimens of specimens

iy | = L2

H-% Wik
T I
mnfl 2
e 1/ (1]
i 1 [
e [0

P/ L L T L
T SOATT L 7
A 0 4 A0 .8 BN 200 -l 0 ([ ]

Figure 7: Strain developments on the masonry surface of specimens

Conclusions

Historic masonry walls m Thailand are particular due to their special English bond and big thickness.
Through test it can be observed that the crack and fatlure modes of them under axial vertical loading
are different from that of some historic masonry walls m other districts described 1}11L11~s:|ed
research reports. More experimental tests and theorstical study are needed about their mechanical
behaviors.

The compressive strength of the lustoric masonry wall was obviously improved by 30 percent after
retrofitted with GFRP sheets. The constrain role of GERP sheets delay or even prevent the emergence
of cracks.
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Different retrofitting schemes have litile effect on the compressive strength of the historic masonry
wall. Considening the economucal and labor reasons, 1t 1s more practical to strengthened histonic
masonry walls with GFRP stnpes mstead of full face GFRP sheets.

Further research 1s needed about the relationship between material properties and the retrofitting
effects of lustoric masonry wall.
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Compressive Strengthening of Damaged Historic Masonry Walls
Repaired with GFRP
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Abstract The purpose of this research 1s to determine the mechanical properties of damaged historic
masonry walls retrofitted with Glass Fiber Remnforced Polymer (GFRF) under axial load through
experimental method. Five masonry wall specimens were tested under axial load acted at the top
surface. One wall specimen was served as reference without retrofitting. Two walls were retrofitted
with GFRP before damage. Other two walls were repaired using epoxy injection and GFRP sheets
after predefined damage. The results show that the bearing capacity of historic masonry walls was
completely restored and even exceeded the original capacity.

Keywords: Historic masonry wall, repair, retrofit, glass fiber reinforced polymer, axial load

Introduction

In Thailand. many historic butldings have been designated by UNESCO as a World Heritage Site due
to their cultural value m Buddhism. Most of them were made of bricks. Earthquakes, soil settlements,
strength degradation of matenials due to wind and weather are high risk factors for the architectural
heritage. Time shows that many listorical constructions have collapsed. In recent years, Bureau of
Archeology and Museums in Thailand has paid more attention on restoration of these historic
structures. Some traditional retrofit methods were ever used. such as repair with external layer of
remnforced concrete or cement paste, external un-bond steel wire. However, there was report after
report of failure after restorations (Suddchai 2000, Knangsak 1996). This research work conducted
with aiming of finding a new retrofitting method based on experimental and theoretical
investigations.

In recent years, many researches have shown that using fiber remnforced polymers (FRP) 1s a
feasible solution to increase strength and ductility of masonry walls (Hernan et al. 2006, Amir Fam
2002, L Binda 2004). This 1s due to the well-known advantages of FRP composites including good
resistance, high strength and ease for site handling due to their light weight. However, most of the
researches have focus on strengthening of undamaged masonry walls (Triantafillon 1998, Liu Jifu
2007, Miha.et al. 2009).

The objective of this study 15 to examine the performance of a severely damaged and repaired
historic masonry walls using GFRP sheets, applied on one side of the walls. This experiment 1s more
practical for repair of existing historic masonry walls which are normally damaged before repair.

Design of Test Specimens

Five wall specimens were constructed in the stretcher as English bond with a mortar joint of 10 mm
thickness. The nominal dimensions of these walls are 1200 mum height, 1500 mm length. and 630 mm
width (Fig.1)

Material’s Properties The test walls are representative of a typical un-reinforced historic masonry
wall built 300 to 400 vears ago at Ban Lum Plee. Avutthava, Thailand. At Ban Lum Plee. a great
number of fallen bricks of historic butldings were collected to test their material properties (Suddichai
2000). So the bricks were selected such that test specimens would reflect structural characterstics of
an ancient masonry wall. The brick umt is 300x130=50 mm, with compressive strength of 4 MPa and
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elastic modulus of 3.103 GPa. The ancient cement mortar was specially prepared according to
original method which involved soaking raw lime in water for at least 60 days before mixing it with
white cement and coarse sand at 1:2:9 ratio. The mortar has compressive strength of 1.06 MPa and
elastic modulus of 1.406 GPa.

GRFP sheets and epoxy resin were come from Thai company. Nominal tensile strength of it is
1,700 MPa and elastic modulus of 72 GPa. The epoxy resin has tensile strength of 55Mpa and elastic
modulus 3.3 Gpa.

Figure I: Sizes of five specimens

Repairing Method and Retrofitting schemes Specimen MD-1 was un-reinforced as reference
wall. Other four specimens were retrofitted in different modes before or after defined damaged
(shown in Fig.2). Specimen MD-2 was fully reinforced with GFRP sheets on only one face of the wall
before loading. Specimen MD-3 was reinforced with three GFRP stripes of 20cm width at spacing of
35cm on center on only one face of the wall before loading.
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Reinfored Concrete Focting
(a) Specimen MD-2 and MD-4 (b) Specimen MD-3 and MD-5

Figure 2: Retrofitting schemes of specimens

For specimen MD-4 and MD-5. at first step they were subjected to vertical axial load applied on the
top surface until its ultimate compressive strength of 85 ton and 45 ton. respectively. Then GFRP
repair scheme was applied as following. All loose particles were removed and the wall was readjusted
to vertical position. The missing parts of the bricks as well as the mortar joints were patched with new
mortar after being wetted and allowed to dry. All cracks were patched using epoxy. Quick-setting
hydro cement, dried with a heat gun, was used to stop epoxy leaks from the surface. Later, the cement
and epoxy patches were removed from the surface using hammers and grinder. After these processes.
the cracks were closed tightly by the epoxy grout. Then. specimen MD-4 and MD-5 were
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strengthened with GFRP sheets in the same modes as specimen MD-2 and MD-3, respectively. The
GFRP repair system was left to cure for at least one week.

Test Process and Performance of Test Specimens

The vertical axial load was transferred through steel distribution beam to the top of the wall vniformly
and imcreased gradually untl spectmen failure. Four LDVT (Linear Variable Differential
Transformer) were erected at top surface and mid-height of the wall to control m-plane vertical and
out-plane lateral displacements. Six strain gauges were pasted on the face of the brick and the GFRP
sheets at mid-height to monitor the strain development. as shown in Fig 3.

Figure 3: Test ser-up and msiruments

Un-retrofitted Wall MD-1. When the load of 48 96 ton was applied and the vertical deformation
2.72 mm, cracks began to appear at the vertical mortar joints at the top center of wall length, When the
wall was loaded to 60 ron, the main crack 15 extended to 17 em long and 0.20 mm wide. The vertical
displacement of 3.28 mm was measured. At vertical displacement 4.06 mm. the measured load was 70
ton. Crack appeared in the first horizontal mortar joint from the top. extend from center of the wall
length to left and right of about 20 em. At the ultimate load of 84 .27 ton. horizontal crack developed to
both side faces. At the same time, cracks up to 1.6 mm wide with 74 cm long and 0.3 mm with 37 cm
long respectively throughout the vertical mortar joints at the side face were observed. The vertical
displacement 1s 4.61 mm. The crack pattern of wall MD-1 1s shown in Fig. 4 (a).

Retrofitted by Full GFRP before Damaged. Wall MD-2. At the load of 71 42 ton, vertical cracks
appeared on one of the side face of the wall and extend about 48 5 cm long from the top. Vertical
deformation of 3.90 mm was measured. At the load of 79.62 ton, vertical cracks uutiated on the other
side face, extend 58 cm long from the top. Some vertical cracks throughout several laver of mortar
and bricks appeared only on the face of the wall without GFRP sheets. Vertical displacement was 4.7
mm. Due to the constraints effect of GFRP sheets. no cracks were observed on the face pasted with
GFRP until wall failure. With the load mcreasing, the constraint roles of GFRP sheets delay the
emergence of new cracks. Finally, compared with MD-1, the ultimate compressive strength of
specimen MD-2 was improved at about 50% to 125 ton. Crack on the side face up to 2 mm was
observed and vertical displacement 7.20 mm. The crack pattern 15 shown mn Fig 4 (b).

Retrofitted by Three Strips GFRP before Damaged, Wall MD-3. When the load reached 113
ton, transverse strain began increased rapidly with the appearance of inirial vertical and horizontal
cracks at top center of the wall. With the load increasing, vertical crack developed downward through
may lavers. about 80 cm long. At the load of 120 ton, vertical cracks opened on both side face and
more horizontal cracks initiated on the wall face. Finally, when compressive load reached its ultimate
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value of 125 ton. the width of cracks on both side faces reached 2.00 mm. which denoted the failure of
the wall. Nevertheless, on the wall face with GFERP strips, no crack appeared and no peel-off of GFRP
is observed ( Fig.4 (c)). Compared with MD-1, the ultimate compressive strength was improved 50%.

LT T T T 3-T T 11
I = I
LTT [T BT T 11
Tt 7t I
I I I I I I
I [ AT I I
[T T T T 1T 1T
I I I I [
[T T T T T T 111
I I I I I
LT T T T ITTTTI
AT T T T 1 |
(a) Specimen MD-1
T T T I 3T [T
I L | I
T TT T T EF AT
I LAITT 1 [
T T T ITT 4T [T
I | N N I
T TT T T LT T 17
I I I I
LT T T T T T TT1
I I I I I
[T T T T T T T 11
LT I I [ O] I
nion el Fooing Frobng
(k) Specimen MD-2
LT T T T [T T TT1
|| I I
L LT BT T TT 1
T T T 71 I
[ TTTOTTTTI
I L3 1 I I
[ TTTTH T T TI
| s I I
L T T T T T T 11
I I I I I
I T T T T TTTTI
[T T 1 I
anforced Cavzs: kg | B Poctny |
(i) Specimen MD-3
LTLT TIPLT TR T [
il P I L P I!F
LA T TTIIAT |
[ /T 771 [
[TTATTTTT] ]
L~ 1 | I T T
L TA AT TTTTT
Ll . I I I
T FTITTTTTI
&N I I
[T TT TTITTTI4
| T N i~
T o T Pocie Pk
(d) Specimen MD-4
TT T Ty 11 11T
I N, i - I
T T P IT T 11
P I
LET T TTI
T T T 1 I
P T TH T T TTT
1 1 | P I I
OT T T T T T 11
| I I I I
N N I I I O
[ I I I I I
Rakeced Coscrets Footng RE Feetng
J—I— () Specimen MD-3

Figure 4: Crack partern of five walls
Damaged, Repaired and Retrofitted with Full GFRP, MD-4. After repatred with epoxy and
pasted with GERP, specimen MD-4 was retested using the same test setup and the vertical loading

was increased gradually until specimen falure. At early loading stages, about 83 3% of 1ts original
ultimate strength before damage, some vertical cracks began to open at the top center on the wall face
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without GFRP sheets. At the load of 77.05 ton, horizontal crack appeared also on the face n the
mortar of top layer. At the load of 77 ton, vertical crack opened on one side face, 52.5 cm long and 0.7
mum wide. It was noticed that, all the cracks appeared at new positions which were different from the
damaged cracks before repair. It revealed that a new pattern of cracks developed and that the old
cracks did not open. The crack development is shown in Fig 4 (d). It was observed that at failure point,
the cracks densely covered almost the whole wall face. However, no crack was observed on the face
with GFRP sheets. It should also be noted that the compressive strength of the repaired wall even
exceeded the strength of MD-1 and MD-2 to 129 ton.

Damaged, Repaired and Retrofitted with Three GERP Strips, MD-5. Specimen MD-5 was
also retested after repaired under vertical loading until failure. When the load reached 60% of origmal
ultimate strength of wall MD-3. matial cracks appeared at top center on the wall face without GFRP
strips. Vertical crack on the side face was observed at load of 42 ton and 39 4 ton, respectively. It 1s
same to specimen MD-4 that, a new crack pattem developed. With the increasing of load, more new
cracks appeared and the mitial cracks opened downward continuously. At the load of 101 ton. cracks
emerged on the wall face between top and middle GFRP strips and opened to the bricks under top
GFRP strips. When the load reached 124 ton, these cracks developed downward through the middle
strips to the top edge of the bottom strips. Fmally. when peak load of 125 ton was reached. no crack 1s
observed under bottom GFRP strips and no GFRP sheets peel-off happened (Fig 4 (g)).

Test Data Analysis

The load-vertical displacement responses of five specimen walls are described 1n Fig 5. The vertical
displacements of all five test walls show linear direct proportion with axial loading mcreasing, which
means that GFRP retrofiting don’t change the elastic properiies of masonry walls. Ultimate
displacements of specimen MD-4 and MD-5 are obviously smaller than that of specimen MD-2 and
MD-3. which indicates that the stiffness or the elastic modulus of MD-4 and MD-3 were increased
due to repairing of epoxy resimn.
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Figure 5: Load —vertical displacement response Figure 6: Strain developments in GFRP sheets and
£=3 £ L3
wall surface

Fig. 6 describes the load-horizontal strain responses in wall surface of reference specimen MD-1
and 1n wall surface and GFRP sheets of repaired specimen MD-4. Due to constramts of GFRP sheets,
at the same load level horizontal stram in wall surface of MD-4 15 obviously smaller than that of
MD-1. Most of tensile force was resisted by GFRP sheets. After the load reached to about 25% of 1ts
ultimate load. tensile strain of GFRP sheets increases quickly and much bigger than that in wall at the
same position on the other surface.
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Conclusions

Five test walls were subjected to vertical axial until failure. Within the scope of this study, the
following preliminary conclusions can be made:

» This test confirms that the compressive strength of the historic masonry wall was obviously
improved by 50 percent after retrofitted with GFRP sheets. Due to the constraints of GFRP sheets, the
cracks densely covered the wall surface before failure.

+ After repaired with GFRP sheets, the bearing capacity of damaged historic masonry wall was
completely restored and even exceeded the original capacity. A new crack pattern developed and the
old cracks didn’t open after repair. Different retrofitting mode effect little on the compressive strength
of historic masonry walls.

+ This study also confirmed that retrofitted with GFRP after damage or before damage have the
similar function. The laboratory test investigation on masonry wall strengthened with GFRP before
damaged can present the practical results of repair with GFRP on damaged historic masomry walls on
site.

+ Further research should be focus on the repair technique at the joint on the side face and the
parameters to decide the suited retrofitting schemes for historic masonry walls in different damage
level.
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