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Development of Seismic Retrofitting Techniques for Historical Masonry Structures with
im S H Application of High Performance Materials
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This study is motivated by strong needs for seismic rehabilitation of historical unreinforced
masonry (URM) structures. Three important aspects of this study are summarized as follows:
The first goal involves the development of finite element (FE) models for pinning retrofitted
masonry walls. The second goal is to perform an extensive study on the use of polymer cement
pastes (PCPs) as bonding agent in pinning retrofitted masonry walls in place of epoxy resin.
The third goal presents application of newly developed Cu-Al-Mn shape memory alloys (SMAS)
to retrofitting URM structures. The work is presented in 6 chapters, and the contents of each
chapter are summarized below.

Chapter 1 gives introduction on the thesis work with arguments defining motivation driving
this work with its subsequent objectives. This chapter highlights some major problems associated
with the present scenarios of masonry retrofitting which provided impetus for this research work.

Chapter 2 presents literature survey with summary on the previous works related to masonry
structures. The relevant works are reviewed under six different categories: 1) Behavior of URM
buildings, 2) Resistance mechanism of URM and reinforced masonry (RM) constructions, 3)
Existing retrofitting techniques for URM walls, 4) Pinning retrofit technique, 5) Numerical
modeling of URM and RM structures, and 6) Application of SMAs in retrofitting URM buildings.

Chapter 3 covers FE modeling of pinning retrofitted masonry walls to predict restoring force
characteristics observed during the experimentation under cyclic loading. Here a simplified
equivalent vertical bar model is proposed for two-dimensional representation of inclined bars
inserted into URM walls. In addition to numerical modeling, theoretical predictions are given to
verify the experimental and numerical observations. The first section of this chapter reports FE
modeling of in-plane loaded masonry walls with an opening. The second section is aimed at FE
modeling of out-of-plane loaded masonry walls. The developed FE models serve as an important
tool for verification as well as check for design specification to pinning retrofitted walls. To state
the effectiveness and robustness of the retrofitting technique and the adopted numerical models,
sensitivity analysis is performed with study of masonry wall’s response with respect to the
changes in masonry mechanical properties. The evaluation shows almost no sensitivity to
variations in masonry material constants in RM specimens, demonstrating the robustness of
pinning retrofitting technique under cyclic loading conditions and the stability of the proposed
simplified FE modeling.

Chapter 4 introduces application of PCPs as bonding agents to pinning retrofitted masonry
specimens. Epoxy resin, which was used in existing retrofitting projects, has its limitations being
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an organic adhesive, low fire resistance, high cost, and poor durability. On the other hand, the use
of ordinary mortar would result in workability problems that keep their usage out of context. For
these reasons, Chapter 4 reports an extensive study carried out to propose the best possible type of
PCP for masonry retrofitting among various commercially available PCPs. To limit the seepage of
water from PCP to masonry and subsequently increase the workability, PCP in combination with
water penetration barrier agents (impregnants) is proposed. The best possible combination of PCP
and impregnant is met through extensive experimental works. Chapter 4 reports on various
experimental works performed on masonry assemblages to check the applicability of particular
PCPs as bonding agents namely, workability test, pull-out test, compression test, shear test and
one-point bending test. FE simulation and theoretical prediction on three-point bending test is
also reported in this chapter. The best combination of PCP and impregnant, showing strong bond
with minimum strength variation at different open times and also better resistance when tested as
an masonry assemblage, was attained for SBR PCPs with BPA impregnant as pretreatment agent.

Chapter 5 deals with the experimental and numerical study on applicability of Cu-Al-Mn
SMAs in masonry retrofitting. Previous usage of steel reinforcing bars comes with its limitations
resulting in pinching, or degradation of stiffness and strength under cyclic loading caused by
inelastic elongation of reinforcing bars. With the recent development on cost effective and highly
machinable Cu-Al-Mn SMAs, Chapter 5 reports on the proposal of masonry retrofitting that
incorporates Cu-Al-Mn SMA bars as reinforcing elements, which can result in highly improved
performance. This chapter is divided into two sections with first one reporting on quasi-static
cyclic tests and the second one on dynamic loading tests. Half-scale bricks are used in both tests.
Experimental observations are verified using FE models. Additionally sensitivity studies are done
to check the robustness of the adopted numerical model with variation in masonry mechanical
properties and boundary conditions. From the quasi-static cyclic tests, the steel reinforced
masonry (ST-RM) specimen showed pinching while the SMA reinforced masonry (SMA-RM)
specimen did not. Dynamic test results show ST-RM specimens with substantial residual
deformation of the wall at the end of excitation confirming the instability caused by residual
elongation of steel reinforcing bars. This ultimately resulted in premature collapse at the
exceedance of instability limit due to the P-Delta effect. SMA-RM specimens, on the other hand,
exhibited stable rocking behavior without significant residual rotations even for base excitation
exceeding the gravity acceleration. The primary reason for this stable rocking response is
attributed by the superelastic property of SMA reinforcing bars, which ensured no residual strain
during and after the loading. The results demonstrats the applicability and superiority of the
Cu-Al-Mn bars to retrofitting URM walls as a partial replacement of steel bars.

Chapter 6 briefly summarizes the works reported in this thesis, highlighting the main
findings. This final chapter ends with recommendations for further studies.
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