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Abstract: This paper presents results of experimental tests on strengthened and 
unstrengthened masonry arches. They were made of clay bricks and lime mortar. As a 
strengthening a glass grid embedded in a cement-based matrix was used (TRM - textile 
reinforced mortar). Thickness, internal span and rise of the arches were 120 mm, 2000 mm 
and 730 mm respectively. At first specimens without strengthening were tested, then 
strengthening was applied and the same arches were tested again. Two strengthening 
arrangements were considered – strengthening at arch extrados or intrados. In all tests the 
load was applied at a quarter span. The main aims of presented research were to determine 
load-carrying capacity and examine failure modes of tested specimens. The results of the 
tests on the arches with and without strengthening are compared and discussed. 
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1 INTRODUCTION 

Masonry arches are structural elements which were commonly used in buildings and arch 
bridges in the past. Nowadays some of these historical structures are in bad condition and 
additionally must fulfill some modern requirements. Masonry arch bridges and vaults in 
buildings need to carry traffic or live loads for which they were not designed. 
In consequence they should be repaired and strengthened or replaced when they are in poor 
technical condition. Among available strengthening methods externally bonded composites 
became more common. Research performed in recent years indicated that fiber reinforced 
polymer (FRP) systems [3], [4], [5], [11], [12], [13] and textile reinforced mortar (TRM) 
systems [1], [2], [6], [7] are effective strengthening solutions for masonry vaults and arches. 
Systems which base on inorganic matrices have some advantages in comparison to FRP 
systems. TRM systems are applicable over irregular deteriorated and damp surfaces without 
the need of specialized labor. They can be applied in low temperature and are vapor 
permeable.  
Strengthening may be applied at arch intrados or extrados. Application at arch intrados is 
favorable when repaired bridge is operated and disruption of transport services are 
unacceptable. When bridge could be closed for renovation works for example during repair 
of road or railway track, application of strengthening at arch extrados can be considered. 
During this works backfill can be removed and precise inspection of arch extrados can be 
made. 
In this article results of laboratory tests performed on strengthened and unstrengthened 
masonry arches are presented. In the case of strengthened arches commercially available 
externally bonded strengthening system based on inorganic matrix reinforced with glass 
grid was used. Two strengthening locations were considered. Strengthening was applied at 
arch extrados or at arch intrados. The main aims of performed tests were to observe 
collapse mechanisms and experimentally determine load-carrying capacities of considered 
structures. Tests results were compared in order to check which strengthening location is 
more effective option. 

2 DESCRIPTION OF TESTED SPECIMENS 

This paper reports and discusses the results of experiments performed on three masonry 
arches: one reference arch without strengthening (AU) and two strengthened arches (ASE, 
ASI). Two strengthening arrangements were considered – continuous strengthening at the 
arch extrados (ASE) and continuous strengthening at the arch intrados (ASI). The arches 
were built of solid clay bricks and lime mortar. The experimental mean compressive 
strength of bricks was 24.4 N/mm2 and mean compressive strength of lime mortar was 
1.0 N/mm2. The geometry adopted for arches is illustrated in Figure 1. They were 
segmental arches characterized by 125-mm thickness, 2000-mm internal span and 730-mm 
rise. 
Two of tested arches – ASE and ASI – were externally strengthened with a composite 
material known as glass textile reinforced mortar (GTRM). The used TRM solution is 
commercial alkali-resistant coated glass fiber grid embedded in a polymer cement mortar. 
The total average thickness of composite strengthening was about 7 mm. Mesh size of the 
grid was about 25 mm x 25 mm (Figure 2a) and its tensile strength provided by 
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manufacturer was 45 kN/m. Experimental 14-day mean compressive strength of polymer 
cement mortar was 25.0 N/mm2. Other properties were presented in [8], [9]. 

 

Figure 1: Load and instrumentation arrangements, brick courses numbering 
(LVDT - displacement transducers) 

a) b) 

Figure 2: a) Glass grid used in the study – detail; b) Load strain diagrams for “type I” fiber 
glass strands 

The arches were loaded at a quarter span and tested up to failure of the structures. Tests 
were carried out two weeks after application of the TRM strengthening. During the tests 
load and radial displacements of arches were measured and recorded. The arrangement of 
the load cell and displacement transducers is given in Figure 1. 

3 TESTS RESULTS 

3.1 Unstrengthened arch – AU 

Arch AU was tested without strengthening. During the loading process no cracks were 
observed until the ultimate load was reached. At a load of 4.1 kN tested arch failed by the 
formation of four-hinged collapse mechanism. The failure occurred suddenly just after 
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reaching the maximum load. The observed collapse mechanism is presented in Figure 3,7a 
and the load-displacement curve is given in Figure 8a. 

a) 

b) c) d) e) 

 

Figure 3: Unstrengthened arch (AU):  a) failure mode, b) hinge P1, c) hinge P2, 
d) hinge P3, e) hinge P4 

a) 

b) c) d) e) 

 
 

Figure 4: Arch strengthened at the extrados (ASE): a) failure mechanism, b) hinge P1, 
c) hinge P2, d) hinge P3, e) fourth hinge of failure mode developed 
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3.2 Arch strengthened at the extrados - ASE 

The arch without strengthening (AU) was prevented from collapsing and the initial 
geometry of arch was restored. Then the strengthening – GTRM material – was applied at 
the arch extrados. The TRM strengthening was cured for 14 days and then the strengthened 
arch (ASE) was tested. During the test cracks in joints (mainly at the brick-mortar interface) 
and in strengthening layer (mainly above joints) were observed. The formation of new 
cracks in the matrix of composite strengthening caused significant reduction of the stiffness 
of the arch (see Figure 8a). 
Load was progressively applied until it reached the maximum value of 31.0 kN, glass fibers 
above joint 12A/13A ruptured (Figure 4e) and the arch collapsed. The fourth hinge 
occurred between 12A and 13A brick courses and the structure turned into mechanism 
(Figure 4,7b). 

3.3 Arch strengthened at the intrados - ASI 

The third discussed arch (ASI) was strengthened at its intrados. Prior to strengthening this 
specimen was tested with backfill until formation of four-hinged mechanism. Before 
strengthening the initial geometry of arch was restored.  
The specimen was tested 14 days after strengthening. In this experiment cracks 
development between brick courses 10A/11A, 12B/13B, 13B/14B and at the supports were 
observed. At a load of 22.8 kN glass fibers ruptured and tested specimen collapsed 
(Figure 5,6,7c). 

a) b) 

 
c) d) e) f) 

 

Figure 5: Arch strengthened at the intrados (ASI): a) view of cracks in strengthening, 
b) view of fourth hinge of collapse mode developed, c) hinge P1, d) hinge P2, e) hinge P3, 

f) fourth hinge of collapse mode developed 
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Figure 6: Failure mechanism of arch strengthened at the intrados (ASI)  

4 DISCUSSION AND CONCLUSIONS 

According to tests results presented above the load-carrying capacity of arches with 
strengthening were over five times greater than for unstrengthened one (Figure 8). It was 
precisely 4.1 kN, 31.0 kN and 22.8 kN for specimens AU, ASE and ASI respectively. 

a) b) 

 

c) d) 

 

Figure 7: Failure mechanisms: a) specimen AU, b) specimen ASE, c) specimen ASI, 
d) specimen with backfill, strengthened at the extrados [9] 

During the loading of unstrengthened arch no cracks were observed. Specimen AU failed 
due to formation of four-hinged mechanism. Its collapse took place suddenly, in a brittle 
manner (see Figure 8a). For the strengthened arches (ASE and ASI) cracks developing in 
masonry joints and in strengthening layer were observed. In comparison with specimen AU 
strengthened specimens collapsed in a more ductile manner (see Figure 8a) despite of 
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sudden rupture of strengthening reinforcement – glass fiber grid. Failure modes observed 
for tested specimens are illustrated in Figure 7a-c. It is worth mentioning that the most 
common failure modes that have been identified for FRP-strengthening arches in previous 
works were masonry sliding and detachment of the strengthening material – for arches 
strengthened at their extrados or at their intrados respectively [5], [11], [13]. Failure modes 
observed in presented research for TRM-strengthened arches (tensile rupture of the 
strengthening) occurred because of relatively small amount of composite reinforcement. 
In the case of masonry arch bridges application of strengthening at arch intrados could be 
preferred because during strengthening application no additional works connected with 
backfill removal are required. On the other hand in presented research strengthening located 
at arch extrados turned out to be more effective option in terms of collapse load than 
strengthening at arch intrados (Figure 8). Similar observations were made for FRP 
strengthening in [13]. However other researches [5], [11] reported that FRP strengthening 
located at arch intrados was more effective. In general the load carrying capacity of 
strengthened arch depends among other things on arch geometry, bond strength of 
strengthening layer and type and amount of composite. Thus each arch must be analyzed 
individually taking into consideration these features. 

a) b) 

 

Figure 8: a) Load-displacement curves for tested arches (mean values from LVDT’s 15 
and 16); b) Collapse loads of tested vaults – summary 

In this article tests on arches without backfill were discussed but it should be noted that in 
masonry arch bridges backfill is present. The presence of fill material above the arch could 
modify failure mechanisms obtained in studies performed on arches without backfill [9], 
[10]. The strengthening prevents joint opening at strengthened surface of the arch. Backfill 
additionally reduces horizontal displacements of buried arch and provides load dispersal. 
The presence of backfill may change completely observed failure mode – instead of tensile 
rupture of the strengthening shear sliding under the load point may occur. Such failure was 
observed in tests carried out on buried arch strengthened at its extrados and presented in [9] 
(Figure 7d). 
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Based on research results presented in this paper, glass grid embedded in polymer cement 
matrix could be used as an efficient strengthening solution for masonry arches. Decision 
about strengthening location (intrados, extrados or both) must be taken individually for 
each case taking into consideration not only mechanical properties of masonry arch and 
arch geometry but also especially in the case of arch bridges, accessibility of arch surfaces. 

ACKNOWLEDGEMENTS 

Materials of strengthening system were supplied free of charge by Mapei Polska Sp. z o.o. 
Laboratory tests were performed at Cracow University of Technology, Poland. The authors 
gratefully acknowledge Prof. Z. Janowski for his support throughout this  work. 

REFERENCES 

[1] Bednarz, Ł., Górski, A., Jasieńko, J. & Rusiński, E. 2011. Simulations and analyses of 
arched brick structures. Automation in Construction, 20: 741-754 

[2] Borri, A., Casadei, P., Castori, G. & Ebaugh, S. 2007. Experimental analysis of 
masonry arches strengthened by innovative composite laminates. 10th North 
American Masonry Conference 

[3] Briccoli Bati, S., Rovero, S. & Tonietti, U. 2007. Strengthening masonry arches with 
composite materials. Journal of Composites for Construction. 11(1): 33-41. 

[4] Cancelliere, I., Imbimbo, M. & Sacco, E. 2010. Experimental tests and numerical 
modeling of reinforced masonry arches. Engineering Structures. 32: 776-792. 

[5] Foraboschi, P. 2004. Strengthening of masonry arches with Fiber-Reinforced Polymer 
strips. Journal of Composites for Construction. 8(3): 191-202. 

[6] Garmendia, L., San-José, J.T., García, D. & Larrinaga, P. 2011. Rehabilitation of 
masonry arches with compatible advanced composite material. Construction and 
Building Materials. 25: 4374-4385. 

[7] Hojdys, Ł. 2010. The influence of strengthening with fiber reinforced composites on 
load bearing capacity of masonry vaults (in Polish). PhD thesis. Cracow University of 
Technology. 

[8] Hojdys, Ł. & Janowski, Z. 2011. Strengthening of masonry vaults with glass grids (in 
Polish). Czasopismo Techniczne. 3-B: 71-91. 

[9] Hojdys, Ł. & Krajewski, P. 2012. Experimental tests on strengthened and 
unstrengthened masonry vault with backfill. 8th International Conference on 
Structural Analysis of Historical Constructions SAHC: 668-674. Wrocław: DWE. 

[10] Krajewski, P. 2010. Analysis of the backfill material influence on load carrying 
capacity of masonry vaults (in Polish). PhD thesis. Cracow University of Technology. 

[11] Oliveira, D.V., Basilio, I. & Lourenco, P. 2010. Experimental behavior of FRP 
strengthened masonry arches. Journal of Composites for Construction. 14(3): 
312-322. 

[12] Tao, Y., Stratford, T.J. & Chen, J.F. 2011. Behaviour of a masonry arch bridge 
repaired using fibre-reinforced polymer composites. Engineering Structures, 33: 
1594-1606. 

[13] Valluzzi, M. R., Valdemarca, M. & Modena, C. 2001. Behavior of brick masonry 
vaults strengthened by FRP laminates. Journal of Composites for Construction. 5(3): 
163-169. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


