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NOTATION

The following symbols are used in this Thesis

Aps=
A,=
a=

area of unbonded tendons;
net area of the concrete block section;
effective compression stress block depth;
width of beam section;
effective width of beam section;
neutral axis depth;
distance from extreme compression fiber
to centroid of prestressing tendon;
secant elasticity moduli of concrete block
as per MSJC proposal;
secant elasticity moduli of concrete at

fe

maximum resistance E_ .
c

initial tangent elasticity moduli
corresponding to € = 0.
elastic modulus of the beam cross section;
modulus of elasticity of prestressing
steel;
constant tendon eccentricity;
tendon eccentricity at mid-span beam;
maximum hollow concrete block
compressive strength;
compression stress of the concrete block;
maximum masonry compressive strength;
maximum mortar compressive strength;
compression stress of the concrete;
maximum compression stress of concrete;
effective initial prestressing stress;
initial tendon stress;
prestressing steel stress at ultimate state;
prestressing steel stress;
ultimate prestressing steel stress;
overall depth of the section beam section;

masonry

Sq= distance between deviators (restraints) ;

T. = cracking tendon load;

T;= effective initial tendon load;

T,= ultimate tendon load;

= width of vertical partitions of block unit;
terp=  effective width as the sum of the vertical
partitions;

W= weight of hollow concrete block;

Z= shear span or the distance between the
point of maximum moment and point of
contra flexure;

a= compression stress block magnitude
factor;

= compression stress block depth factor;

Aecps= maximum strain increase in concrete;

Aepgp= maximum strain increase in equivalent
amount of bonded prestressing steel
beyond &,;

Agps,= maximum strain increase in unbonded
prestress steel beyond ¢,,;

Afysy= ultimate tendon stress increment;

A fpS: tendon stress increment;

AL= tendon length increment;

AT= tendon tension force increment;

AT,= maximum tendon load increment at
ultimate;

Oc= deformation at compression zone;

Omia,cr= mid-span deflection at cracking state;

Omiauw= mid-span deflection at ultimate state;

Omiq= mid-span deflection;

Ece= effective strain in concrete;

Ecu= concrete strain in the top fiber at

Xiv

ultimate;



B

I= moment of inertia of the beam section;
K= load type coefficient;
L= tendon length;

L,= distance between the applied loads;

Ls=  tendon length after loading;

L;= effective span of the beam;

L,= tendon length before loading;

Lya= length of the neutral axis in the deformed
shape;

L,= plastic hinge length;

M (x)=bending moment along the span due to
exterior load;
M,,,.=bending moment at mid-span section;

M,= ultimate moment of resistance;

N=  New Zealand code parameter;

n,= number of plastic hinges;

n,= correlation between the initial tangent
elasticity modulus and the maximum secant
modulus in the concrete block

n=  correlation between the initial tangent
elasticity modulus and the maximum secant
modulus in concrete;

P=  applied beam load;

P..= cracking load;

P,= ultimate beam load;

P,= additional force;

+ Flexural behavior of ungrouted post-tensioned concrete
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Epsb=

Epsu=

Ep=

XV

masonry strain in the top fiber at
ultimate;

effective initial strain in unbonded
prestressing tendon;

ultimate strain in bonded prestressing
steel;

ultimate strain in unbonded prestressing
steel;

unitary deformation in the concrete
block corresponding to f,

unitary deformation in the concrete
block corresponding to f;

unitary deformation in hollow concrete
block.

beam rocking rotation at mid-span;
beam rotation at end;

diameter of prestressing steel;
curvature at the mid-span section at
ultimate load increment;

curvature along beam length;

bond reduction coefficient;
compression shortening factor;

beam angle of curvature;

deflection shape parameter;
slenderness ratio; and

beam radius of curvature.
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RESUMEN

Desde tiempos remotos, la mamposteria ha sido pieza clave para la civilizacién humana en
temas relacionados con la construccién de sus viviendas, como pilar fundamental de los
grandes imperios de la historia y que en la actualidad es empleada por la mayoria de culturas
a lo largo de todo el mundo. Sin embargo, su bajo desempefio para resistir esfuerzos de
traccion, comparado con materiales como el acero y el hormigén reforzado la ha marginado
en su uso a la construccion de pequefias edificaciones y en elementos no estructurales. Por
esta razon, se hace necesario la implementacién de nuevas técnicas que mejoren el
desempefio de la mamposteria convencional y aprovechar mejor sus numerosas bondades
para la construccién de grandes proyectos de ingenierfa. Una de las técnicas para
contrarrestar los esfuerzos de traccién en la mamposteria es el postensado, que mediante la
inclusion de un pre-esfuerzo de compresién permite mejorar notablemente el
comportamiento estructural de la mamposteria.

De esta manera, este trabajo doctoral ha planteado la necesidad de estudiar el desempefio
estructural a flexién de la albafiileria postensada sin relleno de grouting para aprovechar sus
ventajas significativas en ahorros de tiempo y materiales de construccién, asi como su
posible futura implementacién para la construccién de muros de contencién de tierras.

Para establecer el comportamiento a flexién de la mamposteria postensada sin relleno de
grouting, se realizaron una serie de ensayos en laboratorio a escala real sobre elementos
tipo vigas simplemente apoyadas, y muros en voladizo con carga fuera del plano del muro.
En el protocolo de los ensayos se establecid el estudio del efecto en la variacién de los
principales parametros que controlan en disefio a flexién de la mamposteria postensada,
entre ellos la magnitud del tensionamiento inicial de la barra, la resistencia de la
mamposteria, y la excentricidad del cable, entre otras. Los resultados obtenidos muestran el
adecuado comportamiento de este sistema estructural bajo cargas de flexiéon y su gran
viabilidad para ser empleado como sistema estructural en la construcciéon de muros de
contencion de tierras. Se observa en todos los ensayos ejecutados que la curva carga-
deflexion presenta un comportamiento aproximadamente bilineal, y adicionalmente existe
una relaciéon aproximadamente lineal entre el incremento de la tension del cable y la
deformaciéon maxima del elemento estructural, premisa que permiti6 definir una
metodologia simple de calculo para estimar la capacidad ultima a flexion en esta tipologia
estructural. I[gualmente se observa que algunas expresiones propuestas en los principales
cédigos de disefio de mamposteria postensada en el mundo predicen adecuadamente la
capacidad maxima de carga de este tipo de elementos. Estos resultados, al igual que las
experiencias constructivas adquiridas en el desarrollo de esta tesis de doctorado han
promovido nuevas tematicas de investigaciéon que se espera sean desarrolladas a corto y
mediano plazo, e igualmente permitan continuar con la dindmica de investigacion en esta
linea de conocimiento.
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ABSTRACT

Since ancient times, masonry has been the basis of human civilization in every aspect related
to the construction of houses, as a cornerstone of the great empires of the ancient world and
is used by diverse cultures all around the world. However, their poor structural performance
in supporting tensile stresses compared with other materials such as steel and reinforced
concrete, has marginalized the use of masonry to small buildings and nonstructural
elements. It is for this reason that it is necessary to implement new techniques that improve
the structural performance of conventional masonry and thus make the best use of their
multiple benefits in the construction of large engineering projects. One of the most often
used techniques to counteract tensile stresses effects is post-tensioning, that consists of the
inclusion of a pre-compression force which considerably enhances the structural behavior
of masonry. Thus, this dissertation raised the need to study the structural behavior of
ungrouted post-tensioned masonry in bending to use their comparative advantages in
aspects which include labor, time, and building costs, as well as their future implementation
in the construction of retaining walls.

For establishing the flexural behavior on ungrouted post-tensioned masonry, a series of full
scale laboratory tests were conducted on simple supported beams and cantilever walls
subject to out-of-plane lateral loading. The test protocol established the importance of
studying the effect in the variation of the main design parameters that control the bending
behavior of post-tensioned masonry, including the initial prestress, masonry strength, and
tendon eccentricity, among others. The results obtained show an adequate performance of
this structural system under bending loads and its great versatility for use in the
construction of retaining walls. One of the observations in the study was that the load-
deflection curve exhibits an approximately bilinear behavior in all conducted tests, and
additionally there was a linear relationship between the tendon stress increase and
maximum deflection, a premise that allowed a new methodology to estimate ultimate
flexural capacity in ungrouted post-tensioned masonry to be established. It was also
observed that some proposal expressions on main worldwide design codes in post-
tensioned masonry predict the ultimate load capacity of ungrouted masonry adequately.

These results combined with the observations obtained from wall and beam construction
during this doctoral thesis have allowed innovative ideas and new research areas to be
developed. These ideas are expected to be developed in the short and medium term to allow
applied research in this specific area to progress dynamically in the future.

XVii



=

—

e
TRODUCTION

AN

*x

“ 3 = ] :-q. o 1 ..’ . . = —- ! > .
ressed W ild not be seen as (}d@ crete but as a material that h
onsiderable benefits when used in apprm ms”. (Remo Pedreschi, 2004)

. —_e T e




Chapter 1. Introduction

1.1 Introduction

Through countless human civilizations masonry has
been recognized as a competent and widely used
building material. Precasting, ungrouted and
prestressing are techniques that increase productivity
in the construction of buildings and infrastructure
under strict material quality control, labor savings and
reducing costs. Thanks to all these advantages,
ungrouted post-tensioned masonry can be conceived
as a technique used in the construction of retaining
walls that makes it so attractive and more competitive
than conventional retaining wall structures such as
reinforced concrete and reinforced earth retaining
walls. These are of great use in countries such as
Colombia and Chile.

This study has been undertaken intended to help fill
the knowledge gap on the use of ungrouted elements
in several worldwide post-tensioned masonry codes,
to verify their equations and the accuracy of their
theories in order to calculate the ultimate state in
flexural behavior for ungrouted elements.
Simultaneously, new analytical expressions are
presented which may better explain the ultimate
flexural behavior for ungrouted elements in post-
tensioned masonry, and thus establish a better
correlation between the main design variables in its
structural behavior and the ultimate flexural capacity.
This enables effective implementation and regulation
of this structural system.

1.2 Objectives

To evaluate the structural behavior of ungrouted post-
tensioned masonry elements under bending loads,
and the possible use of this structural system for the
construction of retaining walls, guaranteeing the
minimum standards of quality.

As specific objectives, this thesis seeks to:

¢ Evaluate the most relevant mechanical properties of
structural elements that make up post-tensioned
masonry, in order to determine their constitutive
laws that enable the development of numerical
models.

e Development of a full-scale experimental testing
program in post-tensioned masonry elements
subjected to bending loads, and to identify the
mechanical behavior of this structural system.

1.3 Hypothesis

e Through conventional laboratory tests, it is possible
to establish the most relevant mechanical properties
of materials that make up post-tensioned ungrouted
masonry, such as hollow concrete blocks, high
strength threaded bars, and contact elements which
are input parameters to predict the structural
behavior in masonry assembly.

e Full scale laboratory tests can be used to determine
the structural behavior of ungrouted post-tensioned
masonry under bending loads.

1.4 Methodology

Due to limited information available concerning
ungrouted post-tensioned masonry, this research has
been especially developed to generate a new
experimental database that allows for understanding
the flexural behavior of this structural system, as well
as the influence of the main design parameters in their
mechanical behavior. The first part of this research
work was centered on the compilation of information
taken from published scientific literature,
postgraduate theses, technical proceedings, patents
and non-scientific literature stored in different
databases.

Subsequent to literature review, most of the research
takes place in the experimental evaluation of
mechanical properties of both constituent materials
and structural elements, and the proposed
experimental stage has been divided into three main
phases. In the first of these phases, a detailed study of
the mechanical properties of the constituent materials
of ungrouted post-tensioned concrete masonry is
conducted. Various tests were carried out, the uniaxial
compression test was done to determine the stress-
strain curve, and the other tests included the friction
coefficients test, the indirect tensile test, among
others.

The second experimental phase was focused on the
analysis of the structural behavior of simply
supported ungrouted post-tensioned masonry beams.
A set of monotonic and cyclic tests were developed
with the aim to establish the effects of the variation in
the main design variables that control the flexural
behavior in post-tensioned masonry. Among the
parameters considered in this study include masonry

Flexural behavior of ungrouted post-tensioned concrete masonry
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strength, tendon eccentricity, initial prestress and
beam length.

The third experimental phase was focused on the
structural behavior of cantilever ungrouted post-
tensioned masonry walls, with variations in the initial
prestress loading, cross section (single whyte and
diaphragm wall), masonry strength, and the height of
the wall. For this experimental phase, additional
instrumentation to measure the wall curvature and
determine plastic length was provided. The applied
lateral force simulated an approximately triangular
distributed load emulating an equivalent earth
pressure.

After each experimental phase, all the collected data
was carefully processed and analyzed independently
comparing their structural response with theories
proposed in the literature adapted by main worldwide
codes. Equally, based on the analysis of collected
information, a new methodology to predict tendon
stress increase in ungrouted post-tensioned concrete
masonry was proposed, this new methodology can be
used to determine the ultimate flexural capacity of
structural elements under bending loads.

1.5 Content

The focus in this thesis is on the flexural behavior of
post-tensioned concrete masonry elements with
unbounded tendons and ungrouted wall cavities,
particularly the response on simple support beams
and out-plane cantilever walls. Material properties of
post-tensioned concrete masonry were investigated
in relation to their strength and strain capacity. A
group of 40 beams and 12 cantilever walls has been
tested at the Structural Laboratory of the University of
Medellin, in order to observe the influence of the main
design parameters in the structural behavior of
ungrouted post-tensioned masonry.

The organization of this thesis has been developed in
the following eight (8) chapters, it is important to
specify that Chapters 2 through 6 were developed in a
paper format as individual articles. This way to
present the thesis means that each chapter is
independent of the others, and can be read separately.
In spite of the structure of this format, it is also
possible to find related information between the
chapters due to the connectivity across the entire
contents of the thesis.

Chapter 2- Literature Review: Presents a complete
summary of the historical development of post-
tensioned masonry in the world, from its origins up
until the present day discoveries. Particularly
mentioned are the main worldwide applications, code
provisions, advantages and limitations, patents, some
cases of prestressed masonry in Colombia and Chile,
and the principal historical progresses in
investigation. The conclusions identify the many
advantages offered by this structural system, and the
need for further research with the focus on some
related topics that require more scientific
development.

Chapter 3- Analytical model for compression
behavior of hollow concrete blocks: Reports a
summary of information collected from a careful study
of several uniaxial compression tests in standard
hollow concrete blocks to determine the stress-strain
curve for two different masonry strengths. The results
show a direct relationship between compression
behavior in simple concrete and masonry units, where
both the shape of the stress-strain curve and the
ultimate strain of the masonry unit are directly
dependent on the magnitude of masonry strength.

Chapter 4- Stresses at ultimate state of unbonded
tendons in ungrouted post-tensioned masonry beams:
Proposes a new methodology to calculate tendon
stress increase at ultimate state in unbonded tendons.
This new methodology is based on beam deflection
principles and founded on the basic theories of
mechanics of materials. The results of this new theory
show a better approximation to experimental results
than proposed expressions in the main worldwide
post-tensioned masonry codes, given that most of
these equations are based on adapted strain
compatibility theories, with the use of empirical
parameters for their effective implementation.

Chapter 5- Flexural behavior of ungrouted post-
tensioned concrete masonry beams with unbonded
eccentrically tendons: Contains a detailed analysis of
the structural behavior of an wungrouted post-
tensioned masonry beam group, with unbonded
tendon and flexural failure. A parametric analysis to
study the influence of the main design variables, and
accuracy of the prediction equations proposed by the
main worldwide prestressed masonry codes at
ultimate state was performed. All beams showed a
bilinear load-displacement behavior, and some code
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expressions predict properly the ultimate state of
ungrouted post-tensioned masonry beams.

Chapter 6- Structural Behavior of Ungrouted Post-
tensioned Cantilever Wall under Cyclic out of Plane
Load: Make known a summary of the experimental
results of seven cantilever post-tensioned ungrouted
walls in flexure subject to out of plane loads. The effect
of the initial prestress and masonry strength was
included in the design parameters analyzed in this
study. The results show a flexural failure in all walls by
the formation of one plastic hinge at the bottom of the
wall in the flexural compression zone. Damage is
limited to a small area, and the remaining portion of
the wall presented negligible destruction. Some
worldwide code expressions predicted the ultimate
state in ungrouted post-tensioned masonry cantilever
walls relatively well.

Chapter 7- Summary of Conclusions: This chapter
shows the main results and conclusions obtained from
both analytical and experimental development in the
doctoral thesis. Also, it provides a detailed description
of the main observations during the experimental and
analytical phases of the structural behavior of
ungrouted post-tensioned masonry in bending.
Furthermore, some recommendations for both design
and construction for these types of structures are
included.

Chapter 8- Suggestions for Future Research: As a
motivation for the future, this chapter lists some ideas
for upcoming research on applications of ungrouted
post-tensioned masonry - providing guideline
suggestions to follow in each of them. It is hoped that
this list will provide a dynamic increase in ungrouted
post-tensioned masonry research, as well as in the
inclusion of ungrouted post-tensioned masonry in all
worldwide design codes.

1.6 Scope

The general purpose of this experimental and
analytical thesis was to understand the structural
behavior of ungrouted post-tensioned concrete
masonry elements under bending loads, and the effect
on flexural response of the following design
parameters, including: geometry, material properties,
loading type, tendon profile, steel ratio, initial
prestress. To achieve this objective, a complete test
program was carried out to establish the mechanical

properties of the constituent materials, as well as the
structural behavior of full-size simple supported
beams and cantilever walls. The results and
conclusions were based on observed behavior, and
compared with some theories and code expressions.
All these activities will finally determine the feasibility
of use of this structural system in the construction of
retaining walls and a variety of other infrastructure
and building projects.

1.7 Declaration

This thesis is the result of research work undertaken
in the Faculty of Engineering at the University of
Medellin-Colombia for a post graduate in Engineering.
It is declared that all the work, ideas and the results of
this thesis have been carried out and achieved by the
author himself and by his own initiative, under the
supervision of Professor Ricardo Ledn Bonett Diaz.

1.8 Disclaimer

This thesis was prepared by the Faculty of
Engineering at the University of Medellin-Colombia,
and describes the development of ungrouted post-
tensioned concrete masonry in flexure. The opinions,
conclusions and recommendations presented herein
are those of the author and do not necessarily reflect
those of the University of Medellin-Colombia or any of
the sponsoring parties of this project.
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1.10 Author’s contribution

The mostimportant results obtained in the course of this doctoral research have contributed
significantly to the generation of new knowledge. These contributions are subdivided into
theoretical and practical contributions according to their particular focus.

Theoretical contribution:

An update to the state of the art post-tensioned masonry.

A new expression to estimate the stress-strain curve in hollow concrete block masonry
units.

A methodology to calculate the tendon stress increase in unbonded elements.

An upgraded conception and analysis design of ungrouted post-tensioned masonry in
bending.

The creation of a new test database of the structural flexural behavior of ungrouted post-
tensioned masonry.

Practical implications:

The creation of a new structural system for the construction of retaining walls in post-
tensioned masonry with vertical anchors in the foundation soil.

The drafting of a production manual for the construction of retaining walls in post-
tensioned masonry with vertical anchors.

The conception of a new design manual for retaining walls in ungrouted post-tensioned
masonry walls.
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Abstract

A general review, and a detailed literature review
analysis of the historical evolution, research
development, and practical application of post-
tensioned masonry spanning various periods in
structural engineering, was undertaken as part of this
thesis. This chapter provides a summary about the
historical development of prestressed masonry,
principal applications of post-tensioned masonry,
worldwide code provisions, advantages and
limitations of prestressed masonry as well as patents.
Also included are some cases of post-tensioned
masonry in Colombia and Chile, as well as a short
overview of the previous studies of the structural
performance of this construction system. The review
of the literature shows the structural and construction
benefits of post-tensioned masonry, such as:
enhancement of shear and flexural strength, decrease
of cracking to serviceability state, reduction of waste,
and optimization of construction costs. These
advantages, combined with the benefits of
prefabrication, make this construction system an
attractive solution and an excellent alternative to be
used in the construction of complementary structures
on road infrastructure.

Keywords: Masonry, post-tensioned, literature
review, advantages, limitations.

2.1 Introduction

Since ancient times, masonry has been the
predominant building material in different cultures
around the world, and qualifies as the oldest man
made construction material (Schultz and Scolforo,
1991). The first sunbaked clay bricks have been
attributed to the Sumerians as long ago as 3,500 B.C.
(Baker, 1981). Since then, masonry has been the
cornerstone material in famous worldwide heritage
constructions, including the Tower of Babel, the
Temples at Ur, the Pharos lighthouse in Alexandria,
Stonehenge in England, the Great Wall of China, and
the Pyramids of Egypt. Furthermore it has been
prominently featured in the housing and monuments
of the ancient Mayan and Aztec cultures, as well as the
earliest European explorers in North America, among
others (Ganz, 1990; Drysdale et al, 1999; Lissel,
2001).

Masonry offers a number of advantages as a building
material: It is easy to implement and economic in

construction, highly durable, has high thermal and
acoustic insulation, fire resistant, natural appeal and
low maintenance costs. However, due to its low tensile
strength and the emergence of reinforced concrete in
the steel industrialization, masonry currently takes
second place. Today, in most cases masonry is used in
nonstructural elements and in poor construction
practices as a secondary structural material (Schultz
and Scolforo, 1991). The Monadnock Building in
Chicago, built in the year 1891 (Fig. 2.1), is considered
the last great building to be constructed with
traditional masonry architecture in the United States
before the industrialization of steel. It is a 16 story
high structure, with 1.8m thick walls and very big
footings in its foundation (Ganz, 1990).

Figure 2. 1 Monadnock Masonry Building, Chicago (Ganz, 1990).

Despite the decline of masonry at the end of the 1800s,
the economic crisis in India in 1920 created the need
to use different materials as a substitute for steel and
reinforced concrete. Most research on reinforced
masonry for the construction of walls, slabs, beams
and columns had already been carried out but it took
until 1940 for European engineers and architects, led
by Haller in Switzerland, to begin experimental
studies on the design of masonry walls. This led to a
renaissance of masonry design and construction,
despite little formal research undertaken in structural
masonry during a number of decades in comparison
with reinforced concrete (Ganz, 1990).

The development of this research has focused
primarily on the characterization of ungrouted post-
tensioned masonry to be used as a structural
component in road infrastructure. Latin America is a
region with a significant deficit in its highway
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network, and Colombia is obviously no exception to
these conditions, because according to recent
statistics the lag in the development of road
infrastructure reach values close to 30 years has been
observed, minimizing its trade competitiveness
compared with other industrialized countries.

Ungrouted post-tensioned masonry proves to be an
excellent alternative to the construction of road
infrastructure in undeveloped regions. Its structural,
architectural and constructive advantages make this
new structural system a promising alternative to
overcome the deficit in terms of road infrastructure in
Latin America.

2.2 Historical development of Post-
tensioned Masonry

The structural properties of masonry can be enhanced
by different techniques such as reinforcement,
confinement and prestressing, all of which focus on
optimizing its low tensile strength. Post-tensioned
masonry combines one of the most recent techniques
with the oldest construction material (Ganz, 2003).
Conceptually post-tensioned masonry is a simple
technique used to increase tensile strength in masonry
using prestress. Prestressing reduces or eliminates
tension stress from the external load; reduces crack
formation; and increases flexural capacity, flexural
stiffness and shear strength (Schultz and Scolforo,
1991). (Lissel, 2001) defines post-tensioned masonry
as a new building process that provides a simple,
economical, durable, innovative and attractive
architectural design.

The first countries where post-tensioned masonry
was developed were England, Australia and New
Zealand (Bean, 2007). Although many structural
designers consider post-tensioned masonry a new
structural technique, historical records show that the
firstinnovative application of post-tensioned masonry
dates back to 1825, developed in England, for the
construction of a tunnel under the River Thames (Fig.
2.2). Post-tensioned masonry occurs by the heating of
steel bars inside walls through bonfires, which when
cooled produces pre-compression in the masonry.
This tunnel structure was 15m in diameter, had 21m
high caissons with 0.75m thick walls reinforced with
25 mm diameter rods (Biggs, 2003; Foti and Monaco,
2000; Wight, 2006; Ganz, 1990).
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Figure 2. 2. Tunnel under River Thames, England, 1825 (ABS
ZERO)

Some authors affirm that British engineers were the
first pioneers of post-tensioned masonry, when they
started to apply this system in the construction of
different types of structures by the end of the 1950s;
however, the first application of post-tensioned
masonry in the United States was reported by a patent
of P.H. Jackson in 1886, it was used to develop a
prefabricated roof and floor system, and followed by
Lee in 1893, Brinkman in 1902, Lund in 1912 and
Henderson in 1926 (Schultz and Scolforo, 1991;
Devalapura et al.,, 1997). According to the records,
England is the first country to document the
application of post-tensioned masonry since the
Victorian era. Engineer Haller was the first to
implement a post-tensioned floor with ceramic tiles,
followed by a variety of applications: water tanks,
storage silos, retaining walls, houses, buildings, tall
and slender walls, meeting halls, schools, churches,
pedestrian and vehicular bridges, abutments, heritage
preservations, and structural rehabilitation, among
others (Ganz, 2003; Dawe and Aridru, 1993). Another
pioneer of post-tensioned masonry in England was the
engineer ]. Felix Samuely, who reported in 1953 the
implementation of prestressing techniques on 10 m
high masonry brick piers in the construction of a high
school building in the United Kingdom (Shrive, 1988).
With this application, Samuely discovered an increase
in cracking moment under flexural loads. Likewise,
engineer Curtin, with his remarkable research and
developments in post-tensioned masonry between
1975 and 1986, can be considered another of the great
forerunners of worldwide post-tensioned masonry
(Devalapura et al., 1997).

The first prestressed masonry structures in the United
States of America were designed by the engineering
consulting firm Bryan and Dozier, which was
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extensive experience in the design of major works in
worldwide engineering. One of the first applications of
post-tensioned masonry in the United States was the
bleacher seating at Fayetteville High School football
stadium, Tennessee. It was constructed in the summer
of 1950 with a cost of about half the price of reinforced
concrete, following this, a small bridge of 21 m length
of prestressed masonry was built in Madison County,
Tennessee in October 1950; the total cost of the
structure was estimated to be 20% less than
conventional bridges. Actually, there are eleven
prestressed masonry bridges in Tennessee, all of them
constructed between 1950 and 1956. One of them
receives significant truck volume, and the state
inspection records show that all the bridges are in
good condition. However, leaching is a common
problem and there was also, some slight spalling and
breaking out in the corners of a few blocks, as well as
longitudinal cracks running through the bottom of the
blocks (Bennett, 2008).

In South America, an innovative architectural
technique used in post-tensioned masonry arose with
the work of Uruguayan engineer Eladio Dieste, who for
more than 50 years designed and constructed over
one hundred buildings with new forms of prestressed
masonry structures. (Pedreschi, 2004). Other
significant research and projects in post-tensioned
masonry in South America have been developed in
Brazil, by the engineer Guilherme Parsekian.

Post-tensioned masonry already shows great
potential for contemporary masonry buildings.
Nevertheless, there must be continual research
development on its mechanical properties, design
analysis, and behavior before engineers, architects,
and builders can incorporate it safely and
economically in construction (Drake, 2004). Post-
tensioned masonry should not be considered a direct
substitute for prestressed concrete, but seen as an
alternative solution that has considerable benefits
when used in appropriate structural forms (Pedreschi,
2004).

All these worldwide developments have shown not
only the great potential of the post-tensioned masonry
to be used in structural and architectonics
applications, but also leave the doors open to
imagination and innovation in regard to future
developments where this structural system is used, as
well as the new questions needing answers about their
mechanical behavior and the prediction of its

mechanical behavior. All these new questions, lead the
generation of new research areas, which includes the
research topic that will be discussed in this doctoral
thesis.

2.3 Worldwide applications of
Posttensioned Masonry

Before the appearance of the first post-tensioned
masonry design regulations, a large number of
practical applications were developed with excellent
results. Several projects have been built using post-
tensioned masonry with excellent structural results,
most of them were developed in countries such as
England, Australia and the United States.
Developments and applications of post-tensioned
masonry that which have been constructed to date,
have generally employed grouted clay elements with
bonded tendons. The developments in post-tensioned
masonry is reflected in a wider spectrum of
applications such as: bridges, houses, buildings,
retaining walls, tanks, grain silos, seismic retrofit,
unconventional structures, among others. Some of the
most important worldwide projects in post-tensioned
masonry are mentioned below:

e Grain silos, England, between 1952 y 1965 (Fig.
2.3a).

e Vehicular bridge, United States, 1951 and 1954 (Fig.
2.3aa) (Fig. 2.3b).

e Apartment complex, New Zealand, Christchurch,
1970 and Colombia, Bogota, 2001 (Fig. 2.3c).

e Emblematic building, Salvation army citadel,
England, 1980 (Fig. 2.3d), Oak Tree Lane community
center, England (Fig. 2.3w)

e Rushden Fire Station, England, Northamptonshire
County, 1985 (Fig. 2.3e).

¢ Columns, United Kingdom, Braintree (Fig. 2.3q).

¢ Post-tensioned stone blockwork, India.

¢ Retaining wall, England, Trent Valley, 1987, Canada,
University of Calgary, 2002 (Fig. 2.3f) and Brazil (Fig.
2.3v).

e NCMA Lifestyle 2000 house, United States, Maryland,
1990 (Fig. 2.3g).

e Retrofitting of existing buildings. Australia, General
post office, 1990 (Fig. 2.3h) and United States, Holy
cross Church, 1992 (Fig. 2.3i).

e Cylindrical water tank, United Kingdom, 1967 (Fig.
2.3w)

e Waste water treatment tanks, United States, Virginia,
1990.

e Pedestrian Bridge, England, Tring, 1991 (Fig. 2.3j).
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e Abutments at Glinton by Pasited States, Virginia,
1998 (Fig. 2.3k).

¢ Berlin Technical Museum, Germany, 1998 (Fig. 2.31).

¢ External re-strength old masonry wall (Fig. 2.3t).

e Sound walls, United States, Denver, 2000 (Fig. 2.3m).

e Free-standing barrel vault, Bus station, Salto,
Uruguay (Fig. 2.3ac).

eRepair of commercial buildings, England,
Peterborough, 1991 (Fig. 2.3s).

e Commercial shopping, Montevideo, Uruguay (Fig.
2.3ab).

e Industrial center building, Switzerland, Altendorf,
1993 (Fig. 2.3n).

a) Grain silos (Curtin et al.,, 1982) b)  Vehicular bridge (Wight, 2006)

e) Rushden Fire Station, (Allen, f) Retainig wall U. of Calgary
1986) (Lissel et al,, 2005)

i)  Retrofitting United States (Ganz, j)  Pedestrian Bridge, (Ganz, 2003)
2003)

i

e Roanoke Building School, United States, Michigan,
2000.

¢ Post-tensioned masonry building, USA (Fig. 2.3r).

e Post-tensioned masonry roof, Brazil and Uruguay
(Fig. 2.3u), (Fig. 2.3ae).

e Tallest Leadership in Energy and Environmental
Design (LEED) building, United States, Tucson
Arizona, 2013 (Fig. 2.30).

eTwo story house include bidirectional slab,
Colombia, University of Medellin, 2014 (Fig. 2.3p).

e Masonry water tower, Uruguay (Fig. 2.3af).

¢ Football stadium bleachers, United States, 1950.

¢ Bus shelter, Salto, Uruguay.

o - | Jd J..
Apartment complex Colombia d) Salvation army citadel (Wight,
(Torres, 2001) 2006)

||||

NCMA Lifestyle 2000 house
(Crigler, 1991) 2003)

Abutments (Halsall, 1991) 1)  Berlin Technical Museum,
(Wight, 2006)
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n) Industrial center building, (Ganz, o) Tallest LEED building (R-obertson p) Two story-bidirectional slab
2003) & Scott, 2014) house. (Bonett, 2012)

-

m ‘-‘i"u'.‘ |

o A—

: vl c .
q) Ambulance Garage Columns r) PM building, USA (Biggs, 2003) s)  Supermarket repaired with PM t)  External cables to re-strength old
(Shaw, 1988) (Biggs, 2003) masonry (Jansen and Tilly, 1999)

- J L] - |
E T e 4 » | 3 - I
u) PMroof at the Federal v) Cantilevered concrete masonry w) Oak Tree Lane community center  x) Prestressed circular water tank
University of Piaui - Brazil earth-retaining (Parsekian et al., (Curtin, 1990) (Sinha, 2002)
(Parsekian et al., 2007) 2007)

y)  Bus shelter The Seagflll petrol z)  Football stadium bleachers, aa) Vehicular bridge, Tennessee, USA  ab) Shopping, Montevideo, Oruguay
station, Salto, Uruguay (Sinha, Tennessee (Bennett, 2008) (Bennett, 2008) (Pedreschi, 2004).
2002)

a—c] Bus station, Salto; Uruguay . ad) lndustrlal building, Refresco del ae) Roof over offices, agro-industry af) Masonry water tower, Uruguay
(Pedreschi, 2004). Norte, Salto Uruguay (Pedreschi, Massaro, Uruguay (Pedreschi, 2004). (Sinha, 2002).
2004).

Figure 2. 3. Worldwide applications of post-tensioned masonry.
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2.4 Post-tensioned Masonry codes
provisions

After completing a large number of investigations into
enhanced masonry materials and design procedures,
the first masonry building code was developed in
Switzerland in 1943 (Ganz, 1990). Subsequent to this
great achievement in Europe, the first masonry code
in the United States was developed in 1966 (MS]C,
2005). Few countries in the world have a special code
to design post-tensioned masonry, this is due to a
pronounced lack of knowledge in their real structural
behavior and gaps in their design philosophy that limit
its use to areas of low seismic intensity (Biggs, 2003).
Apparently, codes expressions to estimate shear
strength of prestressed masonry are deficient to
predict the shear failure according to the different
results in several experimental test. Therefore, further
investigation about shear strength in post-tensioned
masonry is needed (Lissel, 2001).

Actually, prestressed masonry codes typically provide
design expressions to calculate masonry strength at
the ultimate limit state. Although code provisions in
prestressed masonry have been around since 1985,
with the inclusion of the British Standards BS 5628-85
relating to prestressed masonry walls, many of them
are overly conservative. Research has shown that
some post-tensioned masonry structures are resisting
greater loads than that permitted by the worldwide
design codes (Lissel, 2001). The use of post-tensioned
masonry was implemented much later in countries
such as Canada, USA, Australia, Switzerland and
Germany. Many of these countries made their first
code incursion during the 1990’s. Currently, some of
the main codes and provisions for designing post-
tensioned masonry in the world are: Great Britain (BS
5628-2, 2005), Australia (AS 3700, 2011), USA (MS]C,
2013), New Zealand (NZS 4230, 2004), Canada (CSA
S304, 2014), European Union: Eurocode 6 (CEN,
2005) and Brazil (ABNT 15812-1, 2010 and ABNT
15961-1, 2011). Unbonded post-tensioning masonry
has also been referred to as a viable seismic retrofit
solution and was also included in FEMA 547-06
(FEMA, 2006) and in ASCE/SEI 41-06 (ASCE, 2006)
(Ismail and Ingham, 2012). Most of these regulations
have been developed on the experience gained in
previous research and experimental processes.
However, unlike reinforced concrete, there is still a
great lack of information regarding the structural
behavior of prestressed masonry. This lack of

knowledge leads too much uncertainty in the design
methods, which is reflected in higher safety factors
and significant levels of uncertainty, because a large
percentage of design expressions have been
developed from empirical methods or using
correlations derived from experimentation.

The vast range of engineering and practical activities
surrounding the use of post-tensioned masonry in the
United Kingdom started arousing public interest in
construction during the early 1970s, leading to the
initiation of a code provision for prestressed masonry
structure in 1978 (Haseltine, 1982). Subsequently, the
first provisions for the design of post-tensioned
masonry were published by the British Standards
Institution in 1985 (Schulz and Scolforo, 1991). These
provisions were the culmination of the work of many
design and empirical engineers that began in the
1800s. During the late 1950s, many British engineers
working in prestressed masonry, laid the ground work
for building code provisions regarding this technique.
During the late 1970s, this work was reviewed for
inclusion in the general masonry code. In 1985
prestressed masonry was included in the general
masonry code BS 5628 part 2, entitled “'Code of
Practice for the use of Masonry, Structural use of
Reinforced and Prestressed Masonry”. This code has
been updated several times over the years and the
current version was released in 2005. Many British
Standard expressions were taken from masonry and
concrete codes used at that time and provisions
adopted based on design recommendations and
research by Curtin, Phipps, and their associates
(Lissel, 2001; Laursen, 2002; Wight, 2006).

The Swiss code (SIA VI77, 1995) also addresses
prestressed masonry. The European Code first
included prestressed masonry in EC 6-95 (CEN, 1995),
later updated in EC 6-05 (CEN, 2005). In the Australian
code, based primarily on the British code and
Australian research, the prestressed masonry design
standard appears for the first time in 1998, with the
title of AS 3700, and was updated last in 2011. This
code limited construction with post-tensioned
masonry in non-seismic regions, or a special design
with elastic response can be implemented for the
seismic forces in earthquakes zones. In The United
States, the Standard for prestressed masonry was
included for the first time in a draft amendment in
1999, and the provisions were based primarily on
prestressed concrete theory. This standard was
recognized in the edition of the MSJC 'Building Code
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Requirements for Masonry Structures' in TMS 402-02
(MSJC, 2002), and as several already have done, this
typically followed the provisions outlined in BS 5628
in terms of prestressed masonry. MS]C recognizes the
use of prestressed masonry for ductile seismic design.
It is conceptually parallel with the design of
prestressed concrete, prestressed masonry was
included for the first time in the New Zealand Masonry
Standard, NZS 4230 “Design of Reinforced Concrete
Masonry Structures” in the 2004 edition, in the form
of a normative appendix. The Canadian code CSA
S304.1 “Design of Masonry Structures” prestressed
masonry is superseded in 2002, including the version
in 2004 (Laursen, 2002; Wight, 2006; Lissel, 2001).

For countries such as Colombia and Chile, prestressed
masonry is not mentioned in official design codes,
therefore special permission is required to use post-
tensioned masonry on any type of structure.
Hopefully, this thesis will mark the start of prestressed
masonry in standards and design codes in these
countries, as well as the beginning of a line of
investigation to promote new practical and theoretical
approaches within this structural system.

2.5 Advantages and limitations of the Post-
tensioned Masonry

This structural technique provides efficient masonry
structural optimization that improves many of the
inherent properties of traditional masonry, in addition
to reducing the adverse effects of its low tensile
strength. Several investigations have been conducted
to support the structural behavior of this construction
system to establish its benefits and restrictions. The
following are some of the most important results and
conclusions about post-tensioned masonry:

o The use of precast materials make for a more flexible
construction in this structural system, and allow it to
be dismantled just as quickly as it was assembled,
moved and rebuilt in another place.

e Lighten buildings, through the reduction of steel and
concrete in structures. This represents a more
efficient use of materials and a reduction in project
costs (Schultz and Scolforo, 1991). Spacing of the
bars is optimized, expediting the laying of the
masonry units (Laursen and Ingham, 1999; Drake
2004).

e Reduced water infiltration, due to post-tensioning
producing a densification in the materials and crack

closure by compression stress imposed on the
system. (Biggs, 2001).

e Increased out of plane strength in walls, especially in
low-rise buildings supporting low dead loads.
(Schultz and Scolforo, 1991).

e Reduced construction time and waste, in addition to
its aesthetic properties. (Wight, 2006). Provides
many economic advantages in the construction
process: economy, material availability, simplicity of
construction, and low construction costs (Ganz,
1990b; Schultz and Scolforo, 1991; Ganz, 2003;
Drake, 2004)

e Increased ultimate flexural strength by significantly
reducing tensile stresses (Foti and Monaco, 2000).

e Unlike pre-tensioned masonry, post-tensioned
masonry does not have prestressing losses due to
elastic deformation of the masonry, and its
construction is much more efficient as it does not
require the use of grout (Schultz and Scolforo, 1991).

¢ The structural system provides corrosion protection
for bars inside hollow blocks, by reducing cracks
through which water infiltrates, thus avoiding its
contact with prestressed steel (Biggs, 2001).

o Shrinkage deformations are generally compensated
by the block strain expansion due to block moisture
and creep deformations produced by the
serviceability load (Ganz, 1990).

e Reduction in maintenance due to the durability of
the system (Bean, 2003; Ganz, 2003; Drake, 2004).

¢ Post-tensioning system with threaded rods does not
require skilled labor (Torres, 2001).

¢ A large percentage of the energy introduced into the
system is stored as potential energy or strain energy
of elastic deformation, this energy is recovered
almost completely during the unloading of the
structural element (Ganz, 1990). Apparent ductile
response over large displacements and a tendency to
return to its initial state after unloading (self-
centering behavior), is of great value in earthquake
areas (Laursen and Ingham, 1999; Korany et al,
2001; Rosenboom and Kowalsky, 2003).

e Precast materials ensure effective quality control
before the construction process, allowing materials
testing prior use.

e The system has a high capacity for thermal and
acoustic insulation, and leads to a reduction in
energy costs due to the superior insulating
properties (Schultz and Scolforo, 1991; Bean, 2003;
Drake, 2004).

e Zero cracks under service loads, with a more efficient
use in thinner elements, and taller walls (Schultz and
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Scolforo, 1991; Drysdale et al.,, 1999; Laursen and
Ingham, 1999; Subasic, 2001).

e Due to the shear strength increment by applied
prestress, shear reinforcement may be removed in
some cases (Laursen and Ingham, 1999).

o The pre-compression works as an active force to
prevent or reduce the tension force that occurs in the
masonry (Hassanli et al.,, 2015).

e The system maintains its integrity even in large
displacements, without considerable damage
(Hassanli et al., 2015).

e Localized damage and cost effective. In severe events
such as large earthquakes, the damage is limited to a
small portion in the toe of the wall, which can be
repaired easily and with minimal cost (Hassanli,
2015).

o The construction of post-tensioned masonry is easy,
cheap and fast (Hassanli, 2015).

¢ Post-tensioned masonry has very similar behavior to
prestressed concrete (Pedreschi, 2004)

¢ Full grouting is not necessary; cost savings present
in material and labor compared to reinforced
masonry (Drysdale et al, 1999; Woodham and
Hamilton, 2003).

e Shorter  construction schedule dependence,
operation is scheduled relative to other construction
tasks (Laursen and Ingham, 1999; Drake, 2004)

Despite the multiple benefits of the post-tensioned
masonry, there are some shortcomings in the
structural behavior of the system which may limit its
utility for some specific types of buildings:

o There is no adequate numerical model to simulate
the structural response of post-tensioned masonry.
o Prestress losses in time, make the long-term
structural behavior prediction in post-tensioned

masonry difficult.

e Few countries in the world have codes or standards
that govern the design and regulations of post-
tensioned masonry (Foti and Monaco, 2000).

¢ Construction method and bonding patterns in post-
tensioned masonry make it more difficult to
incorporate shear and flexural reinforcement
(Pedreschi, 2004).

o Little is known about the ductility capacity and
energy dissipation of the post-tensioned masonry
(Laursen, 2002).

e There are no efficient parameters to determine the
characteristics of energy dissipation in post-
tensioned masonry.

e Grouting of the masonry cavity after the post-
tensioning process can be difficult (Pedreschi, 2004).

e For structures with high levels of compression loads,
post-tensioned masonry is not recommended for
use, due to the fact that a large fraction of
compression capacity is absorbed by the
prestressing force (Foti and Monaco, 2000).

2.6 Prestressed masonry patents

Development of some new construction methods in
post-tensioned masonry have led to innovative
patents based on this modern building methodology.
Some of these patents are listed below:

2.6.1 Proto-II'™

The Proto-1I™ wall system (Fig. 2.4a) is one of the
most frequently used systems in the United States for
concrete masonry. It is mainly used on fences,
retaining walls and noise barriers. This patent is
backed up by many experimental laboratory tests and
has been used for more than two decades. At least 28
million square meters installed in more than 16000
kilometers of walls have been built with this
methodology. After an earthquake in Northridge,
California on January 17th 1994, this system
demonstrated excellent structural behavior with less
than 1% of wall failures when compared to the total
number of failures in masonry walls caused by
earthquakes. The top anchorage system consists of a
rectangular support plate, a nut of %2 inch in outer
diameter, and a post-tension rod which is tightened
using a wrench with a specific torque, until a Proto- [I™
Direct Tension Indicator (DTI) washer collapse with a
tolerance of + 3% of the design force. Twelve years
after implementing a Proto-II™ wall system, no
corrosion problem in the prestressing bar has been
reported and the prestress loss incurred over time can
be compensated for, by over-tensioning the tendons
(Wight, 2006)

2.6.2 Integra™ walls system.

The Integra™ post-tensioned system (Fig. 2.4b) has
been used to build more than 10,000 housing units
since its invention in 1984. This patent system
consists of a specially designed specific masonry unit
which has open ends and a core web. The system
usually is partially grouted with 5/8 in prestressing
bars which pass through a specially moulded bearing
block used on the last course. Each bar is anchored in
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the reinforced concrete foundation and passes
through a slot up into the wall. Tendon restraint can
be used to ensure a fixed position, inside the wall
during all loading processes. Ungrouted cells can be
filled with a special polyurethane to provide optimum
thermal and acoustic insulation. The post-tensioning
system consists of high tensile steel rods connected to
a % in. bearing plate, standard washers, a nut and a
special 7400 Ib DTI washer for the applied post-
tensioned load control. This prestress load provides
an assumed design force of approximately 5000 Ib
after losses. This building system offers benefits such
as cost savings by reduced labor and material costs, as
the amount of grout is reduced by up to 95% (Wight,
2006).

2.6.3 Dur-0-Wal Sure-Stress™ wall
system.

The Dur-o-Wal Sure-Stress™ system can be used with
a wide variety of masonry units currently available for
commercial use. The system is composed of a
foundation anchor, a tendon, a restraint plate, a
coupler, a bearing plate, a load indicating washer, a
nut, and a lateral top restraint anchor to attach the top
of the wall to the bottom. Usually reinforced cells are
grouted. If additional corrosion protection is
necessary for exterior walls in areas of high humidity
levels, the bars can be protected with a hot dipped
galvanized coating (Wight, 2006).

2.6.4 VSL System

The VSL system (Fig. 2.4c) from Switzerland uses 15
mm high tensile mono-strands with a plastic coating
and plastic duct or galvanized steel to provide a
complete corrosion protection in unbonded tendons.
The VSL system consists of a self-activating dead-end
anchorage at the bottom of the wall and a
prefabricated concrete element attached to the
anchorages at both the top and bottom of the wall. The
post-tensioned high tensile cable is strengthened
generally up to 75% its maximum strength (Wight,
2006).
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Figure 2. 4 Post-tensioned masonry walls patents (Wight, 2006).

2.7 Applications of Post-tensioned
Masonry in Colombia and Chile

Post-tensioned masonry is gradually gaining
recognition as a profitable and safe masonry system
worldwide. It is currently widely used in Europe and
is becoming more common in the United States, but
has had little reception in South America particularly
in countries such as Colombia and Chile. Structural
design codes in these countries lack specific
regulations to govern this structural methodology.

Alow-cost housing apartment complex in Bogota built
in the early 2000’s, was the first case of applied post-
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tensioned masonry in Colombia. It is called
“Urbanizacion Mazuren” located in Ciudad Bolivar
town. This kind of structural building is made for the
purpose of testing the economic viability of a new,
simple construction technology applicable to brick
and hollow concrete block masonry, a very common
and economic material used in Colombia. As a result of
the final construction process, it has been determined
that the method is not economically viable in relation
to construction of houses up to three floors and that
have a large number of walls, that are proven
components of both structural and architectural
design (Torres, 2001).

Colombian engineer Hector Urrego who works for the
consulting, engineering and Design Company “Area
Ingenieros Consultores”, is considered one of the most
important precursors of post-tensioned masonry in
Colombia. Urrego designed and constructed one of the
first bi-directional slab used in post-tensioned
concrete masonry producing excellent results in their
structural strength performance.

d) Shake table test e) Two story house (50m2)

Its first application was used in the construction of a
model house in Medellin-Colombia, and this structural
system has been successfully employed as a principal
structural system in the construction of two story
apartment buildings. This designs should be
recognized as the first cases of Post-tensioned
Masonry in Colombia. Developed with technical and
financial support by the alliance between University of
Medellin and the building companies: Porticos S.A.S,
Area Ingenieros Consultores S.A.S and Prefabricados
Adoquin-Ar.

There are only a few examples of the use of post-
tensioned masonry in Colombia, most of them are
taking place at the University of Medellin - Colombia
under the coordination of Professor Ricardo Bonett-
Diaz. Here several full-scale prototypes of
conventional structural elements such as beams, slabs,
in plane shear walls, out of plane cantilever walls, two
stories houses and retaining walls have been
developed (Fig. 2.5).

¢) Shear walls

f) Two story house (98m?2)

Figure 2. 5. Applications of Post-tensioned Masonry in Colombia

Flexural behavior of ungrouted post-tensioned concrete masonry



Chapter 2. Literature review

24

The introduction of a new construction process or a
new material within Latin-American culture often
requires long periods of development, investigation
and education. Post-tensioned masonry has good
structural behavior, and researchers and designers
worldwide, particularly in the United Kingdom, the
United States and Australia, have experimented with
some structural applications which produced good
results. Post-tensioned masonry has been proved to
be an excellent alternative to be used in those
countries in which it has not already been
implemented. In order to accomplish this, close
communication is required between designers,
builders, material suppliers, and researchers
surrounding masonry (Schultz and Scolforo, 1991).

2.8 Previous research conducted on Post-
tensioned Masonry

Much of the recent research in post-tensioned
masonry worldwide has been conducted in the last
four decades, most of them conducted on prestressed
clay masonry walls and topics related to design codes
and procedures. The studies focused on the influence
of the main variables that govern the behavior of post-
tensioned masonry, specifically the effect of masonry
strength, magnitude of initial prestress, tendon
restraint, tendon bonding, reinforced ratio, load
typology, bond pattern, and geometric shape, among
others. Previous research shows The United States has
concentrated its efforts on concrete block masonry
due to the advantage of larger cores for
posttensioning, unlike the United Kingdom, where
brick masonry is more popular. (Devalapura et al,,
1997). At present, both types of masonry units are
investigated around the world.

Below are some results of the different investigations
carried out in in the different types of structural
element of prestressed masonry.

2.8.1 Beams

After a series of research interested in prestressed
masonry floor systems was carried out, the need to
study the behavior of post-tensioned masonry beams
is evident (Schultz and Scolforo, 1991). Several
investigations into prestressed masonry beams have
been widely developed in the last four decades
focused on the flexural behavior of these structural
elements and the incidence of their main design
parameters. Most of them focused on grouted

masonry beams and bricks as masonry units, the
majority were carried out at the University of
Edinburgh under the direction of Professor Sinha.
(Pedreschi, 2004).

Some of the results obtained by different projects and
research developed are:

e Increase in cracking load and flexural stiffness (Ng
and Cerny, 1985 and Neis et al., 1989).

e Presented small deflections and a significant
decrease in cracks and there was no advantage to
providing only 1/3 ultimate prestress force,
additionally, initial prestress affect failure mode
(Garwood, 1988).

e Beams with larger steel ratio failed through shear
influence and low levels of steel experienced ductile
behavior (Sinha, 1994).

e Tendon guide or tendon restrained, increased the
ultimate moment capacity of the beams between 1.5
and 3.0 times (Williams and Phipps, 1982; Roumani
and Phipps (1983, 1985, 1986 and 1988); Montague
and Phipps, 1984; Al-Gahtani and Fairbairn, 1995;
Urrego and Bonett, 2011; Phipps and Montague,
1987). The tendon guide shows an increase of 21%
and 534% over the ultimate load and midspan
deflection respectively. Similarly, ductility and the
safety factor increased by 1500% and 163%,
respectively (Urrego and Bonett, 2011).

¢ Flexural behavior of prestressed masonry, showing
that post-tensioning has a reasonable ductility and
overloading capacity before failure since first
cracking. When shear span/depth ratio decreases,
shear strength increases (Bagqi et al., 1999).

2.8.2 Out-of-plane loading

Walls construction have been one of the most classic
application of prestressed masonry. Development and
application of prestressed masonry walls began in
Australia during mid-1960s (Schultz and Scolforo,
1991). The first scientific research and tests in post-
tensioned masonry has been primarily developed in
out-of-plane walls, in United Kingdom from the early
1970s (Lissel, 2001).

Some of the results obtained by different projects and
research developed are:

e Diaphragm walls have a good increase in lateral load
due to prestressing force, post-tensioning serves to
increase cracking load, flexural stiffness, ultimate
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capacity, and reduce serviceability deflections
(Curtin, (1987, 1968 and 1970); Curtin and Howard,
1991).

o Results on out of plane concrete block tests showed
the good performance in walls with guided or
restrained tendons, the improvement in ultimate
load and displacement capacity, and after unloading,
displacement was almost completely restored like a
“self-centering” behavior (Al-Manaseer and Neis,
1987; Ungstad et al., 1990; Geschwinder and Ostag,
1990).

e The moment at ultimate capacity was controlled by
the initial prestress force and the slenderness,
magnitude of prestress was more effective at
greater slenderness, and less effective with
increasing axial load. (Lacika and Drysdale, 1995).

o Initial wall response was linear up to initial cracking,
but cracking was observed over a broad range of
loading. A large drift of 3 to 5%, before losing their
load capacity, was observed. (Bean et al., 2004 and
2007).

e Post-tensioning increased flexural resistance and
cracking loads, with a better crack distribution
(Mojsilovic and Marti, 2000).

e Prestressing increases bending strength, with
apparent ductility, and improves shear resistance.
Post-tensioned masonry would attract most
innovative designers, adventurous builders and
first-class researchers in the new, non-traditional
applications of such cost-effective, buildable and
durable engineering materials (Curtin, 1990).

2.8.3 In-plane loading

Several studies have been reported on masonry walls
subjected to in-plane lateral loads and some of the
results obtained by different projects and research
developed are:

e Shear strength increases because pre-compression
induced by post-tensioned force increases frictional
resistance in the bed joints.

e Residual displacements were minimal, but
providing that the residual prestressing force is
sufficiently large. Results validated the ability of
post-tensioned masonry walls to self-center near to
the original vertical alignment. (Wight et al., 2007a
and 2007b).

¢ Ductile response was measured, with reliable drift
capacity up to 1.5%, with relatively little energy
dissipation. Only localized damage occurred in the
flexural compression zone, simple to repair. An
adequate shear friction between the wall and

foundation was provided. (Laursen and Ingham,
2004).

e Prestressing strands return the walls to their initial

position, and the lateral force-displacement
response may be described by a nearly non-linear
elastic relationship. The integrity of the walls is
maintained as no plastic hinges form. Consequently
minimal structural and non-structural wall damage
can be expected. (Laursen and Ingham, 2001).

e Adding shear reinforcement for walls with tendon

spacing smaller than 2 m does not improve the shear
strength of the walls, however, for spacing between
tendons greater than 2 m, even with a small amount
of shear reinforcement, the shear strength increases
significantly (Ryu et al,, 2013).

2.8.4 Slabs

Post-tensioned masonry slabs show reasonable
ductility and overloading capacity before failure
since first cracking. (Baqi et al., 1999).

Restrained blocks observed an increase in strength
and midspan deflection of 113% and 304%,
respectively by unrestrained blocks. (Bonett y
Urrego, 2008 and 2011).

Slabs show a higher ultimate capacity than
traditional masonry systems with an isotropic
behavior despite the geometrical differences
(Bonett y Urrego, 2008).

Restrained blocks cause a change in the failure
mode, with a brittle failure for unrestrained tendons
and a ductile failure for restrained tendons (Bonett
y Urrego, 2008).

2.8.5 Columns

Shaw (1988) discusses the flexural behavior of the
free standing masonry columns under self-dead
weight gravity loads, and the effect of lateral loads,
such as wind forces and accidental impact forces of
a vehicle accident.

Prestress does not significantly alter the load
carrying capacity of the column but failure mode and
the lateral deflection at failure can be substantially
changed for the better. When the post-tensioning
tendon is restrained, sideways deflection is reduced
significantly and a potential buckling mode of failure
can be changed to one of crushing. Applied eccentric
load in the opposite direction to the column load,
improved load -carrying capacity and column
deflection and proposed theoretical models show
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good agreement with the experimental results.
(Phipps and Al-Safi, 2001).

2.9 Summary of conclusions

After conducting an extensive literature review it was
possible to compile information about the historical
worldwide evolution and principal applications of
post-tensioned masonry, which is the subject of the
present study. Masonry has been considered as an
admirable material throughout history, with a
substantial number of building advantages. Post-
tensioning counteract the low tensile strength in the
masonry reducing tension stress, crack formation; and
increases stiffness, flexural capacity and shear
strength.

British engineers were the first pioneers of post-
tensioned masonry since the Victorian era. In the
United States, the bleacher seating at Fayetteville High
School football stadium, Tennessee was one of the first
applications of post-tensioned masonry. In South
America, Uruguayan engineer Eladio Dieste, Brazilian
engineer Guilherme Parsekian, and Colombian
engineer Hector Urrego, were the precursors of this
structural system in this part of the American
continent.

Many different post-tensioned masonry projects and
applications are in use worldwide. Some of the main
applications are: bridges, houses, buildings, retaining
walls, tanks, grain silos, seismic retrofit, and
unconventional structures, among others.

Almost five (5) worldwide codes currently cover the
design of post-tensioned masonry, among them are
British (BS 5628-2, 2005), Australian (AS 3700, 2011),
American (MS]C, 2013), New Zealand (NZS 4230,
2004), and Canadian (CSA, 2014). For South America,
there is not a specific prestressed masonry code and
special permission is required to use post-tensioned
masonry.

Some of the main advantages of post-tensioned
masonry are: To lighten buildings, increased out of the
plane strength, reduced construction time and waste,
increased ultimate flexural strength, apparent ductile
response with self-centering behavior, thermal and
acoustic insulation, shear strength increment, and can
be repaired easily.

Some of the main limitations of post-tensioned
masonry are: there is not an adequate numerical
model to simulate the structural response, prestress
losses, lack of knowledge about ductility and energy
dissipation, and also a lack of worldwide standards.

There are currently more than four patents for post-
tensioned masonry, which include Proto-II™ wall
system, the Integra™ post-tensioned system, the Dur-
0-Wal Sure-Stress™ system, and the VSL system, all
related to post-tensioned masonry walls.

In Colombia, engineer Hector Urrego and Professor
Ricardo Bonett designed and constructed the first bi-
directional slab used in post-tensioned masonry that
was used for the construction of a two story
apartment building, as well as a series of full-scale
prototypes such as beams, slabs, in plane shear walls,
and out of plane cantilever walls.

In the last four decades, previous research has been
conducted on post-tensioned masonry in different
types of structural elements, contributing to having
detailed records about the structural behavior of post-
tensioned masonry. The main findings in the
structural benefits of post-tensioned masonry include:
increase in cracking and ultimate load, reduced costs,
tendon guide increased the ultimate capacity, it has
reasonable  ductility, reduced  serviceability
deflections, after unloading, displacement is almost
completely restored, improved shear strength, simple
to repair, and changed the failure mode for the better.
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Abstract

The structural behavior of concrete masonry is
directly related to the mechanical properties of its
component materials. The compressive strength of
masonry is probably the most important parameter in
the design of masonry structures, and it depends
mainly on the compressive strength of the individual
blocks. However, the design code for masonry
structures assumes simplified linear-elastic model
behavior for the numerical models, which cannot
provide an accurate prediction for the real structural
behavior of this material, thereby generating a high
degree of uncertainty of its displacements. Currently,
displacement-based design approaches have been
developed taking into account the displacement
control, this is one of the most important variables
which determines their structural behavior. In this
study, a constitutive model has been developed to
estimate the behavior of concrete blocks under
uniaxial compression stress. This was measured using
the correlation between constitutive models and the
experimental results of 90 samples of hollow concrete
blocks, each classified into one of two groups
according to their compression strength levels
(10MPay 30MPa). The results show that models that
consider the strength of the blocks within their
parameters, are the ones which best correlate to the
experimental results.

Keywords: Stress-strain  curve; Compression
strength; Modulus of Elasticity; Hollow Concrete
block; Masonry.

3.1 Introduction

Masonry is a material with non-lineal behavior mainly
due to the mechanical anisotropy of its components
(Haach, Vasconcelos, Lourenco, & Mohamad, 2010).
Therefore, with the exception of very small
deformations, it is inaccurate to use elasticity
formulations to establish the structural behavior of
masonry. Neither exclusive values for the elasticity
model when determining the deformations of the
system through applying a given amount of load can
be assumed. On the contrary, the non-linear behavior
of masonry requires structural designs which
incorporate the plasticity of its components, this
updates the approach of elastic design and eventually
reduces the uncertainty of the design, delivering
adequate safety factors for these types of structures.

3.2 Problem description

Both, concrete and masonry share certain
characteristics, among them include: good
compression strength, low tensile strength, as well as
fragility. Therefore, it is valid to assume that the
accumulated knowledge from the different
investigations developed regarding concrete can be
extrapolated with appropriate modifications to that of
masonry. For example, within the use of similar
analytic and empirical expressions.

A fundamental step in the investigation of the
mechanical performance of structural concrete
masonry, is the adequate knowledge of strength
variables of the masonry unit (Jaafar, Thanoon, Najm,
Abdulkadir, & Abang, 2006). Unfortunately, there are
very few studies on this subject, and most of them
have focused on the behavior of the masonry
(masonry unit + mortar) without much concern for
the behavior of each of the parts independently
(Haach et al, 2010). Although the behavior of the
masonry unit differs in the case of a masonry prism,
low walls or regular walls, the strength parameters of
the unit are directly related to the performance of the
different geometric configurations of the masonry
system (Jaafar et al., 2006). The compression strength
is possibly the most important parameter to be
determined in masonry units. In addition, the stress-
strain curve determines the most important design
parameters in masonry, those which serve as a basis
to predict the structural behavior of the structural
system and to identify the different limits of its
mechanical performance.

3.3 State of the art of empirical models for
concrete

There are few investigations focusing on establishing
the mechanical behavior of the masonry unit; however
Jaafar et al. (2006) observed that masonry strength is
limited principally by the strength of the masonry
unit. The above implies that one of the most efficient
ways to improve the mechanical behavior of masonry
is to optimize the strength of its components.

Given the similarity which exists between the raw
materials for conventional concrete and mortar for
prefabricated blocks, there is a relative gap of
knowledge on the subject regarding mechanical
behavior curves pertaining to hollow concrete blocks,
a complete revision has been carried out of the
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different expressions for concrete blocks.

A thorough revision of the literature regarding the
different stress-strain equations proposed in the
concrete literature has been carried out, and their
possible application to the experimental values
obtained in laboratory testing for hollow concrete
blocks (Table 3.1).

3.4 Experimental aspects

The tested blocks were prefabricated pieces made by
the vibro-compactation method. The standard which
establishes the minimum dimension and mechanical
resistance requirements of these elements is the
standard ASTM C90 of the American Society of Testing
Materials. “Standard Specification for Loadbearing
Concrete Masonry Units” (ASTM C90, 2011).

Table 3. 1 Stress-strain laws for concrete.

Autor Equations N° Parameters
(Hognesta f. 2¢ £\ 2 ,
e (_) fe &
d, 1951) e, e, 3.1)
(Smith & LC,: (i) el_(sic) |
Young, i \e (3.2) £l e,
1955)
. &£ £ 2
(argin, | g _ ™ )-E)
osh, - = = ,
Handa, | 1Y D(E) | B3| feen
1971) where n = %
n £
fc n—1 (a)

(Popovics, - - 1 £\n—1 /
= < \n- 3.4 ,E0,M
1973) n—17" (sc) B4 | Jeoe

3.4.1 Geometry

The hollow concrete block under study has the shape
of a straight prism with two (2) vertical holes, with
symmetry in its two main dimensions. Its dimensions
are of (390+1)*(140£1)*(190+2) mm, of length, width
and height respectively.

The cross section of the block has a gross nominal area

of 54600 mm?2 and an average net area of 32800 mm?2
(60% of the total area of the section). The slenderness
ratio (height/width) of the samples was 1.36, meaning
that correction factors would have to be applied if
these results were to be extrapolated to other
slenderness ratios (Drysdale, Hamid, & Baker, 1994).

3.4.2 Constitutive materials

Blocks with two levels of compression strength were
evaluated: low strength [f,=10 MPa in average] and
high strength [f;=30 MPa in average]. The
constitutive materials for both type of blocks are the
same, and the only variation is the dosage of the
materials mixture. The constitutive materials of the
tested blocks and their respective dosage by weight
are: low strength blocks [f,=10 MPa]: fine sand
(5.5%), medium sand (30.1%), thick gravel (46.5%),
cement (6.9%), fly ash (5.5%) and water (5.5%). High
strength blocks [fy=30 MPa]: fine sand (2.7%),
medium sand (50.1%), thick gravel (28.2%), cement
(12.0%), fly ash (3.9%) and water (3.1%).

3.4.3 Methodology of the experimental
program

The concrete blocks were tested under a uniaxial
compression force following the parameters
established in the Standard ASTM C140 “Standard
Test Methods for Sampling and Testing Concrete
Masonry Units and Related Units” (ASTM C140, 2011).
From these tests, it was possible to obtain the stress-
strain curves for all tested masonry units until block
failure, after which correlations were then established
using some load deformation parameters for this type
of material.

3.4.4 Test setup

Each hollow concrete block was loaded monotonically
with a controlled speed of 1 kN/s until material
failure, and its axial deformation was then monitored.
The purpose of this was to obtain its complete history
of axial load-deformation, and in this way garner the
main parameters which define its mechanical
behavior.

For this investigation 90 samples were tested until
failure, 60 of these correspond to low strength blocks
(f,=10 MPa), a conventionally masonry element
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widely-used on the construction sector in Colombia,
and the remaining 30 samples correspond to high
strength blocks (f,=30 MPa), whose application is
ideal for medium to tall buildings or in structures with
high levels of compression stress.

The samples were tested in a servo-hydraulic
compression machine with a capacity of 2500 kN and
a tolerance of +1 kN, controlled by a system of digital
data acquisition (Figure 3.1).

Figure 3. 1. Experimental Setup of the tested samples.

3.4.5 Instrumentation

In order to monitor the displacement in the direction
of the application of the axial load, two (2) linear
variable differential transformer (LVDT’s) were
placed on each side of the block with a tolerance of
+#0.001 mm (Figure 3.2). The fastening frame was
secured in order to measure the vertical displacement
in adjacent positions to the hollow areas of the
concrete block, where it was expected that the most
significant strain would occur in accordance to that
reported by Barbosa y Hanai (C.S Barbosa & Hanai,
2009).

3.5 Test results

For each tested block were obtained: the load versus
axial deformation, stress-strain deformation curves
and the main parameters of its elasticity properties,
among them: modulus of elasticity (secant and
tangent at origin), maximum strain, ultimate stress
and its respective strain.

45 | '
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Figure 3. 2. Displacement frame.

3.5.1 Stress-strain curves

Figure 3.3 shows that most of the blocks showed a
relatively elastic linear stress-strain behavior up to
about 30%-45% of its maximum strength. At this
point, the first cracks begin to appear in the interior of
the block and gradually increases its inelastic
behavior. For aload level close to 90% of its maximum
load, a greater level of cracking and ultimate failure
with the detachment of a diagonal shear crack wedge
was observed in tested specimens.
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Figure 3.3. Stress-strain curves of all tested blocks
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3.5.2 Types of failure

The failure of the compression blocks is characterized
by a diagonal crack (Figure 3.4) produced by a
combination of different parameters: shear strength,
low slenderness of the block, and lateral confinement
due to the frictional force generated by the contact
between the hollow concrete block and the steel load
plates.

-

A
'AR‘:‘IOR -

Figure 3. 4. Diagonal crack, typical in low strength blocks.

None of the test samples with low strength (fy= 10
MPa) showed an explosive rupture. However, the
failures occurred together with the prolongation of
the diagonal cracks, which appeared generally on the
ends of the blocks; similar to that observed by Barbosa
and Hanai (2009) in their experimental tests. In the
case of the high strength blocks (f,= 30MPa), these
showed an explosive rupture which makes the
detection of a crack pattern before the actual rupture
much more difficult. However, initial fissures show a
crack pattern similar to low strength blocks.

3.5.3 Modulus of elasticity

The experimental results showed that the stress-
strain curves of the masonry units had an approximate
linear behavior in the first third of the curve, and
afterwards showed a significant nonlinear behavior.
The results obtained were analyzed by the
methodology of the Masonry Standards Joint
Committee (MSJC, 2005), and the American Concrete
Institute methodology (American Concrete Institute -
ACI-, 2005), in order to establish the modulus of
elasticity of the masonry unit. Calculations show that
both methodologies obtained similar results, and their
differences were less than 10%. Given the similarity in
the results, the decision was made to work with the
methodology proposed by the MSJC (2005), which is
also supported by the Colombian Standards NSR-10
(2010) in their section D.5.2.1.2. This standard
establishes the modulus of elasticity secant as the

slope of the secant line between 5% and 33% of the
maximum compression strength on the stress-strain
curve.

Figure 3.5 shows the results obtained by evaluating
the correlation between the elasticity module (E})
calculated in accordance with the parameters
established by MSJC (2005), and the maximum
compressive strength obtained experimentally in the
concrete blocks. Figure 3.5 also reports the
experimental values obtained by Kaushik and others
(Kaushik, Rai, & Jain, 2007), Haach and others (Haach
et al.,, 2010), Barbosa and Hanai (C.S Barbosa & Hanai,
2009) and by Nwofor (Nwofor, 2012).
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Figure 3.5. Modulus of elasticity versus compression strength, of
tested concrete blocks

In the analytical models found in the literature review
(Popovics, 1973; Sargin et al., 1971), a characteristic
behavior parameter was identified relating to the
behavior of the stress-strain curve. This is the
relationship between the initial modulus of elasticity
tangent (E;) with respect to the origin of the
coordinates on the stress-strain curve, and the
modulus of elasticity secant from the origin of the
coordinates to the corresponding point of the
maximum stress (E.). The results show that the
relationship between the tangent and secant modulus
of elasticity versus the compression strength of tested
blocks, was similar to that observed in concrete, and
the experimental results can be satisfactorily
approximated to that expressed in Equation 3.5.

E; 2017 (MP
i _ (MPa) (3.5)

E. fo
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The correlation between the modulus of elasticity and
compression strength on tested blocks is better
reflected in an expression such as E, = 450f,. Even
so, the tendency observed in the experimental results
is not perfectly linear but rather slightly curved.

3.6 Correlation between strain at the
maximum stress and the compression
strength

Similar to conventional concrete, low strength
concrete blocks present values of strain in accordance
with its levels of compression strength. As the
maximum stress of the block increases, its modulus of
elasticity also increases. Additionally, failure point is
reached with less deformation in high strength block
than low strength blocks (Figure 3.3).

Although there are few researchers who specify a
correlation between strain relating to the maximum
stress in the concrete (Mohamad, Farid, & A.I.M, 1990;
Wee, Chin, & Mansur, 1996), the experimental values
obtained in the aforementioned tests show a certain
approximate relation between these two variables, as
shown in Figure 3.6.

The relationship proposed by Mohamad et al. for
conventional concrete (1990) (Eq. 3.6) has a poor
correlation with the obtained experimental values, as
its calibration was done based on test data as a result
of concrete test specimens. In the absence of a greater
amount of results, the proposal is to adopt a linear
relationship between the low and high strength values
(Figure 3.6)

1
g, = 0.0078[f;(MPa)] # (3.6)
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Figure 3.6. Correlation between strain at maximum stress (&p)

and the compression strength of the block (f},).

3.7 Experimental results versus existing
analytical models

Figure 3.7 shows normalized curves obtained for the
tested concrete blocks. These curves indicate that
blocks of different resistances have curvature and
concavity parameters which differentiate between
them, even in spite being of the same material
typology and having the same block geometry in both
cases.
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Figure 3. 7. Normalized stress-strain curves for a) f,=10MPa
and  b) f,=30MPa.

The first researchers that established a mathematical
correlation between the stress-strain curves for
concrete, Hognestad (1951) and Smith and Young
(1955), defined the parameters of the curve
independently of the magnitude of unit strength. Over
time, authors such as Sargin et al. (1971) and Popovics
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(1973), noted the variations in the values and shape of
the curves under different levels of concrete strength,
and due to this observation, they proposed an
additional parameters in their formulations in order
to incorporate the aforementioned effects.

Figure 3.8 shows a very similar normalized behavior
between the test results in hollow concrete blocks and
the proposed models for conventional concrete. This
figure shows how the experimental results obtained
for low strength blocks (fy=10MPa) are well
correlated with the different analytical models
developed in the corresponding literature. The only
model which departs slightly from the experimental
results is the exponential curve proposed by Smith
and Young (1955).

1

o
o

o
(&2}

o
o

Smith & Young (1955)
o Popovics {1973)

Stress / Maximum stress [fn!fb)]

02 * Paulay & Priestley (1992)
v Van Gysel & Taerwe (1996)
| = Experimental
0 02 0.4 086 08 1
Strain / Maximum strain [e/e, ]
a)
1
)
<2 08 :
W
§ .
& 08 .
<
= .
£
x 04
o
g Smith & Young (1955)
3 02 o Popovics {(1973)
@ * Paulay & Priestley (1992)
P v Van Gysel & Taerwe (1996)
| = Experimental
0 02 0.4 086 08 1
Strain / Maximun strain [elcb]
b)

Figure 3. 8. Experimental data versus analytical models in
concrete blocks a) low strength (f;,=10MPa) and b) high strength
(f.=30MPa).

Likewise, a comparison was made between the
proposed normalized curves for conventional
concrete and the experimental results for high
strength blocks (Figure 3.8b). Figure 3.8 shows that
analytical models which consider behavior
parameters in their expression, related to the
maximum compression strength and maximum strain,
are the ones best adjusted to the experimental values.
On the other hand, models such as those proposed by
Paulay and Priestley (1992) and Smith and Young
(1955) don’t show a satisfactory correlation with the
experimental results for the different masonry
strength.

3.8 Proposed analytical model

The experimental results obtained show that the
expressions which best match with laboratory results,
are those which involve the maximum compression
strength and maximum strain within its parameters,
this determines the shape of the stress-strain curve. In
this manner it was determined to adapt the expression
proposed by Popovics (1973), as it correlated best
with the experimental results, in addition to its
mathematical simplicity. From the extensive testing
over 90 concrete blocks, the parameters used by
Popovics have been adjusted and thus have been
recalibrated using the test results as a starting point
(Eq. 3.7).

ny &
& _ ny — 1 (g) (3 7)
T n
o
where,

E; 20.17 (MPa)
ny = IR =—)0+1
c fo

The comparison between the experimental results
obtained and the proposed curve (Eq. 3.7) can be seen
in Figure 3.9, in which a high correlation between the
experimental results and the proposed analytical
model can be seen, both for concrete blocks of low
strength, as well as, for high strength blocks.
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Figure 3. 9. Analytical model versus experimental results for a)
Low strength (f,=10MPa), b) High strength (f,=30MPa).

3.9 Discussion and conclusions

The mechanical behavior of prefabricated hollow
concrete blocks has been evaluated experimentally
with uniaxial compression loads, in order to obtain the
complete stress-strain history and the main design
parameters which control the behavior of masonry
units. With these results, and considering the
similarity between the experimental results and the
expression proposed by Popovics (1973), this
equation has been adapted to evaluate the normalized
stress-strain curve for prefabricated hollow concrete
blocks. New empirical correlations were established
in order to obtain the parameters related to the
structural behavior observed in concrete blocks. The

above constitutes a useful tool for the design of
masonry structures centered on the displacement
based design method.

The two levels of compression strength which were
evaluated enabled the identification of the need to
employ analytical models which consider the
variation in compression strength. The formula
proposed by Popovics (1973) complies with this
requirement. The results obtained show that for both,
conventional concrete, as well as prefabricated hollow
concrete blocks, the shape of the stress-strain curve
depends on the magnitude of uniaxial compression
strength. Although the constructive process of both
materials may be different, its structural behavior
under uniaxial compression loads is similar.

The expressions used by the design codes in order to
obtain the main parameters that affect the behavior of
masonry should be revised and validated
experimentally. In general, the experimental results
show that the values of the modulus of elasticity in the
masonry units are below the proposed correlations of
worldwide codes for masonry structures. This implies
that the deformations of these elements are presently
being underestimated. The experimental values
obtained in this investigation show that the best
correlation between the modulus of elasticity and its
compression strength for masonry units is a curve,
contrary to the proposal of a linear correlation
presented in the majority of the worldwide standards.
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Chapter 4. Stresses at ultimate state of unbonded tendons in ungrouted post-tensioned masonry beams 36

Abstract

An accurate estimation of tendon stress is crucial for
calculating the flexural capacity of post-tensioned
masonry. Tendon stresses in bonded elements may be
calculated based on the concept of strain-
compatibility. In unbonded tendons, stresses depend
on the relative displacement between the element’s
anchor points, and strain-compatibility is not totally
applicable in calculating stress variations. Post-
tensioned masonry codes provide several equations
based on modified strain-compatibility approaches,
which are used for calculating ultimate-state stress
increments in unbonded tendons; many of these
equations were obtained through the statistical
evaluation of experimental results and finite-element
models. Given the uncertainty on several hypotheses
of strain-compatibility between the tendon and the
adjacent masonry for unbonded elements, which are
used by most worldwide masonry codes, a new
approach to calculate tendon stress increment has
been developed. It is based exclusively on the theory
of solid mechanics of beam deflections for the elastic
behavior, which includes a plastic hinge with a
geometric curvature distribution in the inelastic
region. To compare the accuracy of code equations
and the proposed methodology, a large database of
experimental test results of post-tensioned masonry
beams was used. This comparison shows that the
proposed equation provides an accurate prediction of
tendon stress at ultimate for post-tensioned masonry
beams.

Keywords: Unbonded tendon; Stress; Post-
tensioning; Masonry; Beams.

4.1 Introduction

The tendon force in a prestressed masonry beam with
unbonded tendons balances the external forces and
reduces the beam deflection. An exact calculation of
the flexural capacity of post-tensioned masonry
elements has generated a great challenge over the
years, it requires an accurate estimation of the tendon
stress at the ultimate state, and it should be validated
for realistic designs of post-tensioned masonry
structures. This is relatively straightforward for post-
tensioned members with bonded tendons due to the
strain compatibility, where tendons and the adjacent
masonry are “glued” together, which prevents the
relative longitudinal displacement from occurring
between them. The use of unbonded tendons in post-
tensioned masonry is becoming more widespread in

the masonry industry, and strain-compatibility is not
applicable in determining tendon force increment in
ungrouted, unbonded elements. Stress increment in
unbonded tendons cannot be estimated through the
analysis of a single section, and it depends strongly on
the global kinematic compatibility between masonry
and tendons, as well as the deformation of the whole
assembly (Ozkul et al., 2008). Since the early 1950s,
research for post-tensioned concrete beams has been
conducted to determinate the stress at the ultimate
state in unbonded tendons. The results of these
investigations have been adopted by several design
provisions such as those in Great Britain (BS 5628-2,
2005), Australia (AS 3700, 2011), USA (MSJ]C, 2013),
New Zealand (NZS 4230, 2004) and Canada (CSA,
2014).

The equations used to calculate tendon stress of
unbonded elements at failure state are usually based
on a modified strain-compatibility, an approach where
equivalent plastic lengths or strain reduction (or bond
reduction) factors are used; however, these
methodologies are still controversial due to the
empirical parameters used in those equations (Yang
and Kang, 2011). In this work, a rational expression,
based on beam deflection methodology (He and Liu,
2010), is adapted to calculate the tendon stress at
ultimate state, this methodology is based exclusively
on the theory of solid mechanics of beam deflections
to calculate stress increment within the linear elastic
range. In the nonlinear range, the methodology is
based on the concept of an equivalent plastic hinge
that occurs at the section of maximum moment, near
to the midspan beam, and use of the principle of
curvature distribution on the beam. For simplicity, the
geometric curvature in the plastic hinge length of the
beam is idealized as an equivalent rectangle for
calculating the area under the curvature diagram. This
proposed expression involves the Kkey design
parameters for this structural system: loading type,
initial prestress force, masonry compressive strength,
beam length, tendon eccentricity, and prestressed
tendons’ cross section. This new approach is
supported by data acquired through full-scale
structural testing of ungrouted post-tensioned
masonry beams, as well as by data collected from the
literature.
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4.2 Review of analytical expressions and
code equations to estimate tendon stress
at ultimate state

In this section, a summary of studies related to the
estimation of tendon stress increment at ultimate
state is presented. Over the past four decades, several
experimental and theoretical investigations have
studied the influence of the principal factors that affect
tendon stress increment in unbonded concrete
members, and numerous design equations have been
proposed with significant scatter in their predictions
regarding the experimental results. From both,
theoretical and experimental research, the following
basic parameters have been found to be the most
influential in the tendon stress increment at ultimate:
concrete strength, reinforcement cross section, span-
depth ratio, and loading type (Guiglia et al., 2012).

The usual expression used to predict the tendon stress
in the unbonded tendon for any external load (f,s),
results from adding the effective prestress after losses
(fpe) and the subsequent stress increment (Af,) due
to the applied additional bending load (Eqg. 4.1):

fps = fpe + Afps (4.1)

To estimate Af,,, two types of methods have been
proposed: one based on strain reduction, and one
based on an equivalent plastic hinge. Baker (1949)
introduced the strain or bond reduction method,
which includes a bond reduction factor (), defined as
the ratio between the strain change adjacent to the
unbonded tendons (Aégy,), and the strain change in
the equivalent bonded tendons (Agysp) (Q = Agyg,/
Ag,gp). Here Q=1 corresponds to tendons perfectly
bonded to the concrete. Actual values of Q are
influenced by the loading type, the cable profile, and
the relationship between ends and mid-span
eccentricities (Naaman and Alkhairi, 1991).

Alternatively, an equivalent plastic hinge method has
been proposed to calculate the tendon stress
increment at failure (Wight et al.,, 2006). This method
considers the development of both elastic and
inelastic zones along the beam, and its formulation can
be derived from rigid-body mechanics. The
mechanism of two equal non-deflected rigid bodies

connected at the mid-span by a plastic hinge is used to
represent the deformed shape of a simply supported
beam at failure. A plastic hinge is produced at the
maximum moment section, which redistributes any
extra load to adjacent regions. The increment of
tendon length between the anchorage blocks is due to
the deformation in the plastic region.

Several equations have been proposed to calculate
stress increment at ultimate (4f,s,) using the
previous approaches, and some of them have been
adopted by post-tensioned masonry codes (Phipps,
1992; Pannell, 1969). A short summary of some of
these expressions is presented in Table 4.1, where
some symbols have been modified from the original
expressions to provide a standard notation and avoid
confusion.

The first design provisions for post-tensioned
masonry were published by the British Standards
Institution in 1985 (Schulz and Scolforo, 1991), and
many of those expressions were taken from masonry
and concrete codes used at that time. The use of strain
compatibility between the tendon and the adjacent
masonry makes the accuracy of code equations
questionable, as prior researchers have shown (Bean,
2003; Wight et al,, 2006; Bean and Schultz, 2010).

The equations given in five post-tensioned masonry
codes allow a direct comparison between estimates of
tendon stress at ultimate stage, and experimental
results (see Table 4.2). In most codes, the expression
to estimate the tendon force at failure comes from the
equivalent plastic hinge methodology (Eq. 4.2) using
Whitney’s rectangular stress distribution (Eq. 4.3).
The difference among codes is the assumption
regarding the behavior at ultimate stage, and the
different empirical parameters obtained from test
data and statistical correlations.

Eps
fos = fpe + —— (d =)0 (4.2)

. a _ fosAps + B, (4.3)

Bi BiBaofmb
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Table 4. 1 Summary of equations for tendon stress increment at failure in post-tensioned concrete beams

Reference | Equation | Observations
a) Expressions based on strain or bond reduction method
Naaman 15 . . .
and Q= 1/d for single — point loading
Alkhairi’s d Q =22 for two-point or spread loading
(1991) Afps,u = Epsﬂgcu <Z - 1) L/a
Sivaleepunth et al. Q=03 LL—“ + 0.01 %d + 0.1
(2006) for single, two-point or spread loading
b) Expressions based on equivalent plastic hinge length
Pannell
L, =105
(1969) P ¢
Harajli d—c/L, _
(1990) A (T) Ly=L,+d+01Z
Au and Du
L, = 10.
(2004) p = 10-5¢

Some code assumptions have been investigated by
Wight et al. (2006), who observed that code
expressions leads to substantial errors for low aspect
and axial force ratios (h,/l,<10, and f,,/fn<0.1,
respectively). Similarly, after reviewing the results of
54 laboratory tests on out-of-plane loaded post-
tensioned masonry walls, Bean and Schultz (2003),
showed that the MSJC-2002 provided over-
conservative estimates of tendon force increment, and
proposed a modification to the tendon stress
equations which establishes differences between
restrained and unrestrained tendons that were
included in the MS]C-2005 code. The formula found in

MSJC-2013 to calculate the tendon stress increment, is
based on the research by Bean and Schultz (2010),
who indicated that the MSJC-2008 expression was
typically conservative with a large variance
(COV=>0.75).

A summary of code equations is shown in Table 4.2,
where some symbols have been modified from the
original expressions to provide a standard notation
and avoid confusion.

Table 4. 2. Summary of expressions to estimate the tendon stress increment in prestressed concrete masonry codes.

Code Equations a B Emu Observations
British _ g _ fouAps _ 6(: _ EmuC _
(BS 5628-2, 2005) e =700 (5) [1 - 1.4 s | MPa) 050 100 00035 9= S,
Australian _ d o foudps 6, Emuc
SN Af s = 700 (lp> [1-07%2]  (MPa) 110 085 00035 o= 2=
USA _ Epsd) fps,uAps 50 'PEmuC
(MS]C, 2013) Afysy = 0.03 < T 1-1.56 Fhd 0.80 0.80 0.0025 0= —=— = 0.03
New Zealand _ finbd N=100forA <35
(NZS 4230, 2004) Apsu =70 +5, (MPa) 0.85 085 0.0030 N=300for A > 35
Canadian Afpsn = %Z(d —0) 085 080 00030 0 = %, and more than one
(CSA, 2014) - gap may open

4.3 Proposed methodology to estimate the
tendon stress increase based on beam
deflection

A new methodology to calculate tendon stress

increment, adapted from beam deflection expressions,
is proposed. It is based on linear-elastic mechanics of
solids theory, where a linear correlation between
tendon stress increments and beam deflection exists
during the entire loading stage. The total tendon
elongation can be calculated under the following
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assumptions: shear deformation is negligible, force
along the tendon is constant, a plastic hinge is
developed at the ultimate state, and friction between
the deviator block, surrounding masonry, and the
tendon is negligible.

Stress increment comes from the relative deformation
between the tendon anchorages which, in turn, relates
to the beam deflection. In the initial condition for the
beam, it has been assumed that the cable is deflected,
and the beam is deformed by its own weight. The
initial cable length, before the additional vertical load
is applied, is obtained as L.=pw =[] where p is the
distance from the center of curvature to the neutral

axis, and o is the angle subtended by the arc between
the ends of the beam due to beam deflection [Fig. 4.1],
assuming that length of neutral axis fiber remains
constant during the loading process.

Mid-depth
Tendon
Neutral axis

Neutral axis

Tendon

Figure 4.1 Deflection beam shape

Deviator blocks located at midspan and beam ends
make the post-tensioned bar acquire a deformed
shape close to that of the deflected beam. The final
length, Lg; in the masonry adjacent to the tendon after
load is applied is:

sz[p—c+(g+e)]w (4.4)

The total length change in the masonry adjacent to the
tendon, AL, is:

AL=Lf—LO=(p—c+§+e)w—pw=(e+g—c)w (4’-5)

Noting that the beam is assumed to deflect
symmetrically due to the symmetry of both structure

and load, the total angle change, o, is equal to 24, and
the length change can be expressed as follows:

h
DL = qund (e + E - C] (4. 6)

The tendon length change can be computed in the
elastic regime as:
AT x L L
AL = (4.7)

=Af,.—
ApsEps fos Eps

By equating Eq. (4.6) and Eq. (4.7), the tendon stress
increment can be written as:

2E (4.8)
Dfps = psqend [e + ﬁ - C]
L 2

For a continuous beam in the elastic stage, 8,,4 can be
expressed as:
9 — 5mid
end 2L (4.9)

Thus, the tendon stress increment in the elastic stage
can be written as follows:

h

E d.
Df =h—2"le+——c (4.10)
ps L2 2

From the theory of solid mechanics a relationship
between midspan deflection (8,,,;4) and peak bending
moment (M,;) can be found for a simply supported
beam under a specific load type, giving the following

expression:

2
u

Smia = K
mid El

&
— 2 — 2 “mu
= KL?¢, = KLI> = (4.11)

Replacing Eq. (4.11) into Eq. (4.10), an adapted
expression for the tendon stress increment can be

found:
4.12
O, =KE, e, [e 2 -1j e
' ' c
or, equivalently:
_ e+h/2
DT, = hKApsEpsemu[ y '1} (4.13)

In this way, the tendon stress at the ultimate state can
be written as:
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e+ h/2 _
Fosae = foe + MK Epsemu /2 _ 1) (4.14)

which is equivalent to:

e+h/2

T, =T; + NKApsEpsemy (— - 1) (4.15)
Total tendon elongation can be calculated under the
following assumptions: the post-tensioned masonry
beam is dominated by bending and shear deformation
is negligible, stress along the tendon is uniform, and
friction between the tendon and the surrounding
masonry is negligible.

4.3.1 Derivation of parameters 7 and K

4.3.1.1 Parameter 7

From Eq. (4.8) and Eq. (4.10), the parameter 7 is
obtained:

 20,,4L

Smia (4.16)
Where &g is the slope at the end of the beam with
length, L, and the maximum deflection, dwig, occurs at
mid-span. The beam is assumed to deflect in a
symmetric manner, such that € = /2.

The end-slope @n¢ and the deflection Omia can be
obtained using the Moment-Area method to integrate
the curvature relation as shown in Eq. (4.17).

1 1 (EMX) 1
Oena =50 = EJ;, 51 X =5 Am/m (4.17)

where Awe is the area under the curvature (M/EI)
diagram along beam length, L. Similarly, the mid-span
deflection, dmig, is obtained using the tangential
deflection, at end of the beam with respect to the mid-

span, Zamid-

L/2 L/2
4.1
M) 4 = %, f ME(f) dx =X, (A—MZ/ E’) (4.18)

Omia = Tajmia = f Xa g7
0

where the area under the curvature diagram for one-
half of the beam is equal to one-half of the total area
due to symmetry. The position variable x, originates at

one of the ends of the beam, and )_(u is the distance

from that point to the centroid of one-half of the total
area of the curvature diagram. Substituting Eq. (4.17)
and Eq. (4.18) into Eq. (4.16), the parameter 7 is obtained

for the case of symmetric beams.

:M:MZZ_L (4.19)
(X, 4,,/2) X,

4.3.1.2 Parameter K

The parameter K can be defined on the basis of
Eq. (4.11) and Eq. (4.18):

K M2 O™ = 2, (g |
" (FBr=) L

4.3.1.3 Parameter nK

From Eq. (4.19) and Eq. (4.20), the product of 77 and

Kis
K = (E) & Awer | Awmymr
\X 2L (Mimax B Mo ax 4.21
¢ ( El )L ( El )L (+.21)

These formulas for 7 and K provide values for these
coefficients that largely agree with values suggested in
previous research on post-tensioned concrete beams
(MacGregor, 1989; Du and Liu, 2003; Roberts-
Wollman and Kreger, 2005; Wang, 2005).

4.3.2 Effect of inelastic behavior on 77and
K tendon stress parameters

Equation (4.21) can be generalized to include inelastic
behavior, by including the consideration of the plastic
hinge region. The elastic curvatures, M/EI, are
replaced with the geometric curvatures, ¢, that can be
defined for both elastic and inelastic beams. Thus, the
resulting expression is:

hK =2
7L (4.22)

where Ayis the area under the curvature diagram, and
¢m is the maximum curvature. For a simply supported,
post-tensioned masonry beam, the curvature diagram
can be assumed as in Figure 4.2, in which a portion of
the curvature diagram is magnified beyond the elastic
values, because the cross-section stiffness decreases
rapidly when the masonry units separate due to beam
bending.
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A
dn -y inelastic
i i‘/ simplification
. elastic
« g
0 > X
/2 > /2

Figure 4. 2. Idealized curvature diagram

This amplification is assumed to occur over an
equivalent plastic hinge length at ultimate ad centered
about the location of maximum moment when failure
state is achieved, were d is the distance from extreme
compression fiber to centroid of prestressing tendon,
and d = h/2 + e. If this region of amplified curvatures is
simplified using a rectangular element, then the area
under the curvature diagram can be computed as
follows:

ho=2004 @000 =0, (%) G- ) rad]  (4.23)

where ¢ is the maximum idealized elastic curvature
and ¢n is the maximum inelastic curvature. To
determine precisely the equivalent plastic hinge
length is a difficult task (Harajli, 2006), the parameter
o can be obtained from diverse assumptions, and
various review investigations classified it
proportional to: beam length (Harajli, 1990; Lee et al,,
1999; Harajli et al., 2002), neutral axis depth (Tam and
Pannell, 1976; Au and Du, 2004; Harajli, 2006), or
tendon depth (Naaman and Alkhairi, 1991).
Considering that the methodology proposed by
Naaman and Alkahari (1991) is best adapted to the
laboratory test results conducted in this investigation,
a value of 0=0.75 was adopted.

Defining the ratio of inelastic to elastic curvature ¢n/¢e
as the curvature ductility, 77,, and substituting Eq.

(4.23) into Eq. (4.22), the product of 7 and K can be
expressed as a function of the aspect ratio, L/d and the

curvature ductility /7, as follows:

nK:%ﬁ@—a%)+a(%) (4.24)

4.3.3 Define the curvature ductility

4.3.3.1 Elastic state

The elastic curvature, f is an idealized quantity

because it represents the curvature under maximum
moment, Mnax, but for a section that remains elastic.
Under these assumed conditions, the masonry strain
in the extreme compressive fiber is approximated
using (as) the strain, & in the masonry stress-strain
response (relation) at the maximum value of stress. In
addition, the neutral axis is assumed to be equal to d.

80
P~ (4. 25)

4.3.3.2 Inelastic state
For the inelastic state, fm can be evaluated from the
tendon strain at ultimate:

— emll
7, = (4. 26)

C

Using Eq. (4.25) and Eq. (4.26) to define /77, gives the

following.
_5mu/C_ Em (dj— [dj (4.27)
Ho &, /d e, Nc el ¢

Substituting Eq. (4.27) into Eq. (4.24) and simplifying
gives the following:

1,2 dy d (4.28)
k= (@) (G-e) teg

Substituting Eq. (4.28) into the revised formula for
tendon stress increase gives the following expression:

Af,, = Epsgm{z[cj(zadjmd}[eﬂwlj (4.29)
u, \d A3 L L c

Eq. (4.29) can be further rewritten as follows:

Df = £yl HE](E - aﬂ} +am (iﬂ[ﬁ _ 1] (4.30)
m T N N3 L) e T
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Recognizing that u, = &,,/&, then further
simplification gives:

- cl2_,4 dild_
Df"”_E”Se”KZJ(E aLJJramé’[Lﬂ[c J (4.31)

To evaluate y, the value for masonry strain at peak
compressive stress, &, is needed. This parameter has
been evaluated in many masonry prism compressive
tests to be approximately equal to 0.0014 for most
masonry. The other parameter needed to evaluate .
is the maximum usable compressive strain for the
masonry, &m. In the US (MSJC 2013), the code-
specified values for &, are equal to 0.0025 and
0.0035 respectively for concrete masonry and fired
clay masonry. However, experimental evidence from
prisms tests (Kaushik et al., Soto et al.) does not
suggest a significant difference between concrete
masonry and fired clay masonry.

£ 00025
m _ 00025, op 4.32
He = T 00014 (4.32)

0

Equation (4.31) can be implemented with greater
accuracy because g,, the strain at peak stress in the
masonry compressive stress-strain relation, is known
more precisely than the compressive strain capacity,
€mu » and the former exhibits less variability than the
latter. Moreover, Nazir and Hart (2001) have
suggested that ¢, and is related linearly to the
compressive strength of masonry, f,,. In the present
study, Nazir and Hart’s representation is modified
assuming directly proportionality because the strain
at peak stress, €,, should vanish when f,, is equal to
zero. The strain at peak compressive strain, g, is
given by:

(4.33)

where E,, is the secant modulus for the strain-strain
relation for masonry in uniaxial compression which
connects the origin to the point of peak stress. Nazir
and Hart’s (2001) uniaxial compression test data for
concrete masonry is shown below left along with Eq.
(4.33), for which E,;,, = 11,000 MPa.

The compressive stress-strain data reported by Bagqi
et al. (1999) is used here to establish a similar
relationship for clay masonry in compression. This
data is shown in the figure above right along with Eq.

(4.33), for which E,,;, = 5,000 MPa.

Introducing Eq. (4.33) into Eq. (4.31) and rearranging
terms gives

_E f1l2(L d-c (4. 34)
A EOESS

mo

)/=a(ug§—1> (4.35)

Of the variables in Eq. (4.33) and Eq. (4.35) for
computing Afgs, Eps, f 'm, L, h and e are known at the
time of design, En, can be estimated knowing the type
of masonry, and ¢ can be computed once the total
amount of tendon stress is determined. However, to
evaluate y requires knowledge of parameters that
define the inelastic behavior of the beam, namely the
normalized plastic hinge length, a, and the strain
ductility factor, pu.. Given that these parameters are
difficult, if not impossible to determine without
conducting tests or numerical simulations, an
approximate constant value for y is suggested here.
The normalized plastic hinge length, a, is assumed to
be equal to 0.75 and the neutral axis depth is
approximated as d/4. The latter value was selected
based on the notion that for most post-tensioned
beams, the d/c ratio would vary from 2 to 6, with a
median value of approximately 4. The strain ductility

factor U, =1.75 is consistent with a compressive

strain capacity, &y, equal to 0.0035, and the strain at
peak stress, &, of 0.002 (or &, = 0.0025 and & =
0.0014). Thus, y =(0.75)1.75(4)—1]=4.5, and tendon

stress increase is given by:

_ E],xf,,; 2| L d-c
Dfmu— £ {5(2}-45}( 7 J (4.36)

In summary, the Eq. (4.34) and Eq. (4.35) can (should)
be used when sufficient information is available
regarding beam response to loading (i.e. a1, and d/c),
otherwise Eq. (4.36) with an approximate constant
value for y = 4.5 is suggested and used in the paper.
Additionally, for cases in which Eme cannot be
determined nor estimated, values of 11,000 and 5,000
MPa are suggested here for concrete and clay
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masonry, respectively.

4.3.4 Eliminating neutral axis depth - total
tendon stress

A final measure can be used to further enhance the
accuracy of the tendon stress estimates at ultimate.
The measure concerns the neutral axis depth, ¢, and
rather than using an iterative approach for its
evaluation, c is obtained directly. Equilibrium of

internal forces requires that 7;+Nu :Cm, and the
external axial load on the beam, N, is assumed to be
equal to zero. Thus, T =4 fp” S(fxe+Dfp”) and

:( 1f’£)(bzc)b, where f1 = 08 and g, = 08

according to the TMS 402-2013. Substituting Eq.
(4.36) for Afys and solving for neutral axis depth, c,
gives:

( éJ iJresp (4.35)
(O o bj E L@*“‘S}

Substituting Eq. (4.37) into the expression for Cp,
noting that C, = Ty = Apsfps,u, and simplifying gives

E
fo+f/| =2 (ij E(£J+4.5
T, C. E.. AL/ 3\d

fogu=—""=—"-= (4.36)
vt e A
E. \bL ) 3ld

And, the tendon stress increase is calculated as the
difference of Eq. (4.38) and fs

[ SE ] wm
s g | o 35 )

Eq. (4.3) provides a rational expression to

Af

estimate Afy,¢ based on fundamental concepts of solid
mechanics, where equilibrium, stress-strain relations,
and deformation compatibility are satisfied. It is
pertinent to both elastic and plastic states, and it
contains several of the influential factors in the
behavior of post-tensioned beams. The proposed
expression is an easy and reasonable expression,
where the adequacy of the analytical model was
verified by comparison against experimental results in
the following section. Finally, note from Eq. (4.38) that
there is a practical limit beyond which the post-
tensioning reinforcement does not produce an
increase in tendon stress at ultimate. This occurs
when f < 156f (Ap/bd) OF fiAps > 0.64fbd.

4.3.5 Selection of effective width for
hollow sections

The use of hollow sections in the construction of post-
tensioned masonry beams, reduces material
consumption, lightens the weight and optimizes
structural design of the structure. For sections that are
grouted solid with unbonded tendons, Eq. (4.37) and
Eq. (4.38) are calculated using the actual width, b, of
the section. For hollow sections, they have been tried
with a different effective width, b.; in order to
simplify the design procedures and work with an
equivalent rectangular cross section. A first proposal
of effective width is calculated as the ratio of the net
area of the section, 4,, to the overall depth, h, of the
section (beg= An/h), obtaining thus a direct equivalence
in the cross-sectional area of the beam.

The second approach of effective width is calculated as
the sum of the vertical partitions, t,; of a hollow
concrete block (bes= Z2ty), assuming the effect of
horizontal partitions is negligible. Table 4.3, shows the
results obtained to tendon force at ultimate with each
approach of effective width and their comparison
when all calculations are made using a full hollow
block section.
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Table 4. 3. Comparisons of calculations of tendon force at ultimate between complete and simplified cross section.

It can be observed from the results obtained that the
proposal simplified section with an effective width of
beg= An/h, provides a good approximation with
complete section values, compared with a simplified
section of bey= 2ty This approach accurately
represents the mechanical behavior of a hollow block
section beam used in this research.

The result of this simplification substantially reduces
the design calculations, and will be used for the
subsequent calculations in this study.

4.4 Experimental program

An experimental program was carried out to evaluate

Complete Simplified Section | Simplified Section Sz;n(lf) / Simp. Sec.(2)/
Beam H_ollow (1) (bef=An/h) (2) (beg=2tep) Complete Comp_lete
Section (kN) (kN) (kN) Section Section
B-01 116,460 118,570 101,340 1.02 0.87
B-02 97,860 98,550 84,210 1.01 0.86
B-03 108,590 111,100 94,990 1.02 0.87
B-04 100,080 101,090 87,030 1.01 0.87
B-05 107,500 105,830 94,600 0.98 0.88
B-06 109,810 108,840 100,550 0.99 0.92
B-07 114,600 114,030 105,340 1.00 0.92
B-08 129,800 126,920 117,260 0.98 0.90
B-09 201,200 204,730 174,950 1.02 0.87
B-10 182,500 185,520 158,420 1.02 0.87
B-11 182,710 185,740 158,810 1.02 0.87
B-12 169,250 170,000 145,260 1.00 0.86
B-13 186,110 189,570 163,090 1.02 0.88
B-14 173,590 175,010 150,580 1.01 0.87
B-15 172,760 174,040 149,830 1.01 0.87
B-16 114,960 116,760 101,460 1.02 0.88
B-17 114,440 116,320 100,290 1.02 0.88
B-18 111,040 112,760 97,240 1.02 0.88
B-19 102,730 104,080 90,460 1.01 0.88
B-20 127,810 128,740 111,940 1.01 0.88
B-21 179,620 181,980 156,910 1.01 0.87
B-22 164,630 164,600 141,940 1.00 0.86
B-23 162,520 162,180 141,000 1.00 0.87
Mean 1.01 0.88
Standard

Deviation 0.01 0.02
cov 0.01 0.02

44

the behavior of unbonded tendon stress increase by
external loading on ungrouted prestressed concrete
masonry beams under monotonic loading until failure.
The test series comprised of twenty-three full-scale
beams, tensioned previous to testing using three
different magnitudes of tendon prestress induced on
the cross section (0.45f,, 0.33f, and 0.22f;), three
masonry strengths (12 MPa, 18 MPa and 32 MPa),
three prestressing tendon areas (177 mm?, 284 mm?
and 507 mm?), two beam lengths (2.4 m and 3.2 m),
two loading types (2 points and 4 points) [Fig. 4.4],
and two tendon eccentricities (80 mm and 125 mm).
Test beams were termed B-n, where n denotes the test
number. In these tests, masonry compressive strength
(f,m) was determined by the MSJC-13 unit-strength
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method using the tested compressive strengths of the
concrete block (f3).

Additionally, test data from an experimental
investigation carried out by Bagqi et al. (1999), were
used to verify the accuracy of the code provisions and
proposed expressions to estimate tendon stress
increase at flexural strength. The experimental
program addressed a variety of post-tensioned
masonry rectangular beams and one-way slabs, both
with a central plain concrete core. Test series
comprised twelve full-scale beams and four one-way
slabs varying different parameters such as: cross-
sectional area, masonry strength, prestressing tendon
area, beam length, and tendon eccentricity. Test
beams and slabs were termed Bunm and Sim
respectively, where n denotes the beam or slab
number, and m denotes the specimen number.
Specimens were prestressed by means of 7 mm
diameter wires of high strength steel, with average
values of initial modulus of elasticity, yield point (at
1% of strain), and maximum strength of 210 GPa,
1401 MPa, and 1489 MPa, respectively. The beams and
slabs dimensions, properties, and posttensioning data
are listed in Table 4.4.

4.4.1 Test specimens

The beams were built on the structural laboratory of
the Civil Engineering Department at the University of
Medellin (Colombia). The specimens were built using
one single course bond pattern of hollow concrete
blocks, with three (3) restraining blocks, two at the
ends of the beams to support the anchorage forces to
avoid unwanted local failures, and one at midspan
which is used as a deviator block to restrain the
tendon movement and keep the lever arm constant
between the compression resultant force in the
masonry and the traction force in prestressed steel
[Fig. 4.3(a)], using a mortar bed typically 10mm thick.
One straight threaded bar was placed horizontally
along the beam with constant eccentricity guided by
restraints in the form of deviator blocks. The average
weight of the beams was approximately 756 N/m.

Table 4. 4. Test beams details

L L . fm T; €mid DAps Aps

Beam (m) (m) Point load (MPa) (kN (mm) (mm) (mm?) L/d

Garcia  B-01 241  2.62 4 12.00 () 7520 80 25 507 953
etal.  B-02 240  2.60 4 12.00 (x)  40.37 80 25 507 9.45
beams  B-03 244 261 4 12.00 ()  62.50 80 25 507 9.49
B-04 244 261 4 12.00(x) 3010 125 25 507 8.16

B-05 230 250 2 1554 (+)  53.65 80 19 284 9.09

B-06 237 255 2 1554 (x)  77.50 80 15 177 9.27

B-07 236 256 2 1554 (+)  84.00 80 15 177 9.31

B-08 238 256 2 21.09 (x)  79.17 80 15 177 9.31

B-09 240 257 4 21.09 (+) 14550 80 25 507 9.35

B-10 236 259 4 21.09 (x)  91.60 80 25 507 9.42

B-11 244 263 4 21.09 (+)  93.40 80 25 507 9.56

B-12 240  2.60 4 21.09 (+)  65.40 80 25 507 9.45

B-13 240 258 4 21.09 () 7180 125 25 507 8.06

B-14 240 261 4 21.09 (x) 4750 125 25 507 8.16

B-15 243 262 4 21.09 (x) 4670 125 25 507 8.19

B-16  3.15  3.37 4 1200 (+) 6270 125 25 507 10.53

B-17 313  3.34 4 12.00 (x)  75.80 80 25 507 12.15

B-18  3.15  3.34 4 12.00 ()  70.00 80 25 507 12.15

B-19 318  3.35 4 12.00 (+)  42.60 125 25 507 10.47

B-20 321  3.40 4 15.54 (+) 4570 125 25 507 10.63

B-21 314  3.35 4 21.09 (+)  96.00 80 25 507 12.18

B-22 315  3.34 4 21.09 (+)  67.30 80 25 507 12.15

B-23 320  3.36 4 21.09 () 4210 125 25 507 10.50

L L Point fnll T; €mid ®APS Aps
Beam 5 (m) load (MPa) (kN) (mm) (mm) (mm?) L/d
Bagiet  Bii 354  3.64 2 10.00  55.06 75 7 77 14.16
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L L ; fr;L T; €mid PA s Aps

Beam (m) (m) Point load (MPa) (kN) (mm) (m;l) (mernZ) L/d

al. B12 3.54 3.64 2 10.00 56.00 75 7 77 14.16
beams B21 3.54 3.64 2 13.20 56.70 75 7 77 14.16
B2z 3.54 3.64 2 13.20 56.50 75 7 77 14.16

B31 3.54 3.64 2 10.00 64.00 120 7 77 9.97

B3z 3.54 3.64 2 10.00 64.50 120 7 77 9.97

Bu1 3.54 3.64 2 13.20 63.80 120 7 77 10.11

B4z 3.54 3.64 2 13.20 62.40 120 7 77 10.11

Bsi1 1.95 2.15 2 13.20 26.00 72 7 38.5 7.89

Bs2 1.95 2.15 2 13.20 26.50 72 7 38.5 7.89

Be1 1.95 2.15 2 13.20 27.00 82 7 38.5 7.59

Be2 1.95 2.15 2 13.20 26.20 82 7 38.5 7.59

S11 2.44 2.5 4 10.00 127.20 30 7 154 28.71

S12 2.44 2.5 4 10.00 128.00 30 7 154 28.71

S21 2.44 2.5 4 13.20 140.00 28 7 154 29.40

S22 2.44 2.5 4 13.20 140.50 28 7 154 29.40

Note: (*) determined using the MSJC-13 unit-strength method;

The shape of the concrete block was prismatic, with
external sizes of length, width and height, equal to
390+1 mm, 140+1 mm, and 190+2 mm respectively,
with a gross area, and net area of 54600 mm?2 and
32800 mma?, respectively [Fig. 4.3(b)].

Despite the curved form in the section of the hollow
concrete block, for simplicity’s sake the mathematical
models in the calculations for the complete section
assume a hollow rectangular cross section [Fig.
4.3(c)].

| \37 40

(b)
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Figure 4. 3. Block geometry (a) Restraining block section (b)

Block section (c) Cross section assumed (Dimensions: mm)

The beams were cured for a minimum of 28 days
before prestressing. To prevent premature failure,
prestressing was carried out on the floor the day of the
test, and the stressing head is fitted with a load cell at
the end of the stressing.

4.4.2 Material properties

4.4.2.1 Hollow concrete blocks

A sample of 115 hollow concrete blocks were tested to
generate the complete stress-strain curves under
uniaxial compression [Fig. 4.4], detailed information
can be found at Garcia et al. (2013).
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% 2 4 6
Strain [e] (mm/mm) , 497

Figure 4. 4. Stress-strain curve in tested hollow concrete blocks
(Garcia etal,, 2013).
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For this research, the strength correlation between
individual blocks and masonry proposed by the TMS-
2013 unit-strength method was adopted, where the
mortar was classified according to their tested
compressive strengths. The nominal strength
obtained using this approach was used to predict
tendon stress increase in the tested beams.

4.4.2.2 Mortar and concrete

Mortar mixed in a 1:2 cement to fine sand proportion
by weight was used in the experimental program.
Water content was adjusted by the bricklayer to give a
workable mix. After 28 days of curing, the average
compression strength was 32.4 MPa. The restraining
blocks were made out of concrete in a 1:2:2 (cement:
sand: coarse aggregate) proportion, giving an average
compression strength of 35.6 MPa.

4.4.2.3 Prestressing steel

High-strength steel threaded bars of 15 mm, 19 mm
and 25 mm diameter were used for prestressing in all
test beams. Threaded bars of 19 mm and 25 mm
diameter were made by using high-strength steel G75,
with average value of initial modulus of elasticity,
yield point (at 1% of strain), and maximum strength of
200 GPa, 517 MPa, and 690 MPa, respectively.
Threaded bars of 15 mm diameter were made by using
high-strength steel Y1050H, with average values of
initial modulus of elasticity, yield point (at 1% of
strain) and maximum strength of 205 GPa, 835 MPa,
and 1030 MPa, respectively.

Load cell 2
Jack

LVDT 1 I R . &4

: e
Load cell 1 ‘ : ' | S L B

(a) Two point loading

4.4.3 Test setup and instrumentation

Two simple supports were placed at the ends of tested
beams, giving effective spans of 2400 mm or 3200 mm,
approximately. A hydraulic jack was used to apply the
monotonic load distributed at two [Fig. 4.5(a)], or four
[Fig. 4.5(b)] loading points by a steel girder, supported
on rollers to create an approximate uniformly
distributed load. The variation in the method of
applying the external load was principally due to the
appearance of local failures under two loading points
in the first tested beams. Subsequently, to avoid these
local failures, four loading points were used for the
following tested beams with very good results.

A load cell positioned above the jacking point in the
testing rig has been employed to measure the applied
load. The distance between loading points remained
constant throughout the tests. For measuring beam
deformations at midspan and quarterspan, linear
variable differential transformers (LVDTs) were used.
Also, other additional LVDTs were located next to the
ends of specimens to measure the maximum rotation
of the beams. Tendon stress increase was measured
constantly through a load cell, located at the end of the
beam. All specimens were tested under monotonically
slowly increasing loads until beam failure. The
ultimate load or failure was reached when the beam
became incapable of taking any further load. Once
peak load was reached, the test was terminated even
though maximum deformation had not been achieved.
A digital data acquisition was used to record in
discrete intervals all measurement information in
each tested beam.

Load coll 2
Jack
us
"7 ILVDT 3
LVOT 1 ol LVOT 2 : . LVDT 4
( W—C © N— g
Load csll 1 " I l
() e 3 e Le

- - - - - -

(b) Four point loading.

Figure 4. 5. Test setup.

4.5 Experimental results

The force-deflection relationship was linear up to the
point at which decompression occurred (i.e. first block
separation load), after which inelastic behavior began.

At this state, tensile cracks in the mortar beds
increased, and the blocks began to separate, reducing
the stiffness of the beam. All beams failed primarily by
compression of the block, in the region where concrete
crushing took place, close to the maximum constant
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bending moment zone. A large percentage of the
deformation was recovered upon unloading the
beams. In all cases, the masonry reached its strain
limit at ultimate state before the threaded bar yield.

a) BeamB-10

4.5.1 Failure mode

All beams failed primarily in bending, after crushing of
the mortar joints followed by chipping of the adjoining
concrete block in the compression zone, near to the
top of the beam within the maximum moment region
[Fig. 4.6].

b) Beam B-21

Figure 4. 6. Typical failure mode.

4.5.2 Load-deflection response

Two limit states in hollow concrete block beams were
observed, at decompression block and failure, an
approximately bilinear performance load-deflection
and load-tendon force curves was observed in all
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a) Load-deflection

beams [Fig. 4.7]. The boundary between the elastic
and inelastic areas was influenced by decompression
of the prestress as block separation occurs under
tensile stress at the bottom beam. This mechanism
initiates cracking and reduces the stiffness of the
beam.
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Figure 4. 7. Beam behavior curves for different masonry strength, a) Load-deflection b) Load-Tendon Force

Table 4.5 summarizes the results obtained for mid-span deflections (8mid), critical loads (P.) and tension close to

failure for all specimens (T.).
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Table 4. 5. Summary of test results

Tested Py Omid Tu My ATy Tested Py Omid Tu My ATy
Beam (kN) (mm) (kN) (kN) (kN) Beam (kN) (mm) (kN) (kN) (kN)
B-01 76.1 11.81 112.9 22.93 37.85 Bu1 32.5 68 100.1 - 45.04
B-02 76.21 14.7 99.98 22.86 59.59 Bi12 31.5 64 96.25 - 40.25
B-03  75.95 11.88 104.2 23.16 41.97 B21 37.5 59.3 106.26 - 49.56
B-04 68 13.83 81.56 20.74 51.6 B22 33.5 75.9 103.95 - 47.45
B-05 62.42 22.42 115 23.93 60.95 Bs1 58.5 59.8 103.95 - 39.95
B-06  64.47 16.54 113.5 2541 35.97 Bs2 61 56.8 106.26 - 41.76
B-07 52.89 17.66 115.8 20.8 32.1 Bu1 63 59.8 107.03 - 43.23
B-08  95.69 29.5 164 37.88 85.22 B4z 61.5 71.6 106.26 - 43.86
B-09 196.1 15.19 221.3 58.83 75.7 Bs: 37.5 20.1 51.21 - 25.21
B-10 148.4 20.62 176.8 43.72 85.26 Bs2 35.5 30 50.05 - 23.55
B-11 1479 18.19 172.8 45.11 79.41 Bs1 40 34 51.98 - 24.98
B-12 131.6 15.85 147.5 39.48 82.07 Be2 41 30 50.82 - 24.62
B-13  190.1 23.51 196.7 56.91 125 Su1 28 60.5 196.35 - 69.15
B-14  188.8 28.37 191.5 56.64 144.2 S12 29 60 196.35 - 68.35
B-15 199 29.43 206.4 60.52 159.75 Sa1 33.5 63 198.66 - 58.66
B-16  68.87 24.02 126.1 27.12 63.62 S22 32.5 60 203.28 - 62.78
B-17  50.66 22.55 117.4 19.82 41.69

B-18  48.49 17.97 104.5 19.12 34.51

B-19  59.01 20.98 93.19 23.42 50.56

B-20  64.63 23.79 115.7 25.89 69.97

B-21 1322 35.8 224.6 51.81 128.68

B-22  119.8 35.47 201.4 47.17 134.08

B-23 1285 33.7 182.9 51.4 140.51

4.5.3 Post-tensioned masonry codes
accuracy

The British Standards Institution published the first
code requirements for the design of post-tensioned
masonry in 1985 (Schulz and Scolforo, 1991), and
many of those expressions were taken from masonry
and concrete codes used at that time. Currently,
different countries have developed their own masonry
codes for the design of post-tensioned masonry
structures, which provide different expressions to
calculate the unbounded tendon stress increase. The

majority of these formulations come from an adapted
methodology based on the concrete strain distribution
method. Subsequently, these expressions have been
modified in accordance to the tests results, but
without having been checked in post-tensioned
concrete masonry beams. A database of beam tests
was compared against these code equations, as well as
against the proposed methodology, to verify their
precision. Tables 4.6a) and 4.6b) summarizes the
results obtained in the calculation of ultimate tendon
stress in accordance with the proposed methodology
and the different proposals suggested by the main
worldwide post-tensioned masonry codes.
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Table 4. 6a) Summary of tendon force at ultimate for proposed methodology and code results (units: kN)
Proposed MSJC 2013 BS 5628 AS 3700 CSA NZS
Beam | Tu (Exp) Tu (Theo) Tu (Theo) Tu (Theo) Tu (Theo) Tu (Theo) Tu (Theo)
B-01 112,900 118,570 142,940 89,550 100,070 162,620 113,440
B-02 99,980 98,550 131,270 62,660 70,040 152,230 78,610
B-03 104,200 111,100 138,320 79,560 88,800 158,420 100,740
B-04 81,560 101,090 146,400 59,480 66,390 171,340 68,800
B-05 115,000 105,830 136,410 68,350 72,270 158,950 77,090
B-06 113,500 108,840 130,720 85,070 88,110 148,160 93,470
B-07 115,800 114,030 135,020 91,110 94,370 152,230 99,970
B-08 164,000 126,920 144,930 88,310 90,650 165,820 96,420
B-09 221,300 204,730 224,040 142,580 152,730 254,590 166,050
B-10 176,800 185,520 208,920 113,690 121,920 241,040 131,950
B-11 172,800 185,740 207,870 114,590 122,630 239,610 133,750
B-12 147,500 170,000 195,540 90,890 97,360 228,580 105,750
B-13 196,700 189,570 225,660 102,130 109,420 264,300 112,940
B-14 191,500 175,010 214,020 81,250 87,040 253,640 88,640
B-15 206,400 174,040 212,570 80,170 85,810 252,080 87,840
B-16 126,100 116,760 148,960 80,720 88,210 171,610 101,400
B-17 117,400 116,320 136,950 87,350 95,490 155,590 114,040
B-18 104,500 112,760 134,440 82,530 90,180 153,270 108,240
B-19 93,190 104,080 140,590 64,150 70,050 164,000 81,300
B-20 115,700 128,740 163,650 69,370 74,380 192,620 85,350
B-21 224,600 181,980 195,590 112,730 119,000 224,770 136,350
B-22 201,400 164,600 179,820 87,190 92,020 210,140 107,650
B-23 182,900 162,180 188,420 68,950 72,710 225,010 83,240
B11 94,348 88,170 82,010 58,260 58,540 91,110 67,820
B12 91,834 89,030 82,890 59,190 59,480 91,980 68,760
B21 105,662 98,650 84,470 59,990 60,230 93,830 70,950
B22 100,633 98,470 84,280 59,790 60,030 93,640 70,750
B31 103,985 113,800 104,530 68,830 69,100 118,040 82,430
B32 105,662 114,270 105,000 69,330 69,600 118,500 82,930
B41 106,919 112,980 103,520 68,540 68,810 116,770 81,600
B42 105,662 111,670 102,200 67,150 67,420 115,460 80,200
B51 50,107 51,730 49,810 28,940 29,160 57,580 32,880
B52 49,688 52,180 50,260 29,430 29,650 58,020 33,380
B61 51,783 53,270 51,780 30,060 30,290 59,860 34,050
B62 48,012 52,560 51,060 29,270 29,490 59,150 33,250
S11 194,562 179,110 152,850 130,120 130,510 161,940 149,740
S12 194,562 179,850 153,620 130,920 131,310 162,700 150,540
S21 196,238 205,590 165,750 142,930 143,270 174,830 165,100
S22 201,267 206,050 166,230 143,430 143,770 175,310 165,600

Table 4. 7b) Summary of relation between Theoretical and Experimental results for tendon force at ultimate (units: kN)

Proposed | MSJC2013 BS 5628 AS 3700 CSA NZS
Beam Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp
B-01 1.05 1.27 0.79 0.89 1.44 1.00
B-02 0.99 1.31 0.63 0.70 1.52 0.79
B-03 1.07 1.33 0.76 0.85 1.52 0.97
B-04 1.24 1.79 0.73 0.81 2.10 0.84
B-05 0.92 1.19 0.59 0.63 1.38 0.67
B-06 0.96 1.15 0.75 0.78 1.31 0.82
B-07 0.98 1.17 0.79 0.81 1.31 0.86
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Proposed | MSJC2013 BS 5628 AS 3700 CSA NZS

Beam Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp | Theo/Exp
B-08 0.77 0.88 0.54 0.55 1.01 0.59
B-09 0.93 1.01 0.64 0.69 1.15 0.75
B-10 1.05 1.18 0.64 0.69 1.36 0.75
B-11 1.07 1.20 0.66 0.71 1.39 0.77
B-12 1.15 1.33 0.62 0.66 1.55 0.72
B-13 0.96 1.15 0.52 0.56 1.34 0.57
B-14 0.91 1.12 0.42 0.45 1.32 0.46
B-15 0.84 1.03 0.39 0.42 1.22 0.43
B-16 0.93 1.18 0.64 0.70 1.36 0.80
B-17 0.99 1.17 0.74 0.81 1.33 0.97
B-18 1.08 1.29 0.79 0.86 1.47 1.04
B-19 1.12 1.51 0.69 0.75 1.76 0.87
B-20 1.11 1.41 0.60 0.64 1.66 0.74
B-21 0.81 0.87 0.50 0.53 1.00 0.61
B-22 0.82 0.89 0.43 0.46 1.04 0.53
B-23 0.89 1.03 0.38 0.40 1.23 0.46
B11 0.93 0.87 0.62 0.62 0.97 0.72
B12 0.97 0.90 0.64 0.65 1.00 0.75
B21 0.93 0.80 0.57 0.57 0.89 0.67
B22 0.98 0.84 0.59 0.60 0.93 0.70
B31 1.09 1.01 0.66 0.66 1.14 0.79
B32 1.08 0.99 0.66 0.66 1.12 0.78
B41 1.06 0.97 0.64 0.64 1.09 0.76
B42 1.06 0.97 0.64 0.64 1.09 0.76
B51 1.03 0.99 0.58 0.58 1.15 0.66
B52 1.05 1.01 0.59 0.60 1.17 0.67
B61 1.03 1.00 0.58 0.58 1.16 0.66
B62 1.09 1.06 0.61 0.61 1.23 0.69
S11 0.92 0.79 0.67 0.67 0.83 0.77
S12 0.92 0.79 0.67 0.67 0.84 0.77
S21 1.05 0.84 0.73 0.73 0.89 0.84
S22 1.02 0.83 0.71 0.71 0.87 0.82
Mean 1.00 1.08 0.63 0.66 1.23 0.74
SD 0.10 0.22 0.10 0.12 0.27 0.14
cv 0.10 0.20 0.17 0.18 0.22 0.19

Additionally, for a better understanding and Bean and Schultz, 2010).

interpretation of the results presented in the Table
4.5, results are reported in Fig. 4.8, where the solid line
represents a perfect (i.e. 1:1) correlation.

As Fig. 4.8 shows, the code expressions predict tendon
stress at the ultimate state with variable accuracy. The
proposed equation was evaluated using the MS]C-
2013 parameters for the equivalent stress block (a=
0.80, f= 0.80) and maximum useable compression
strain in the masonry (&,,= 0.0025). Among the
existing code equations, MSJC-2013 provided better
results. The accuracy of most code equations is
questionable, as prior research has shown (Bean,
2003; Wightetal., 2006; Wight and Ingham, 2008; and

On the other hand, the new equations proposed in this
study provide good results. Figure 4.5 shows that the
CSA-2004 expression overestimates the tendon stress
in most cases, while BS5628-2005 and NZS4230-2004
equations underestimate the tendon force in all cases.
Both the MSJC-2013 and the proposed adapted
equation, have not a clear tendency to overestimate or
underestimate the tension values of tendon at
ultimate.

The proposed equation provides good correlation,
which shows that the methodology based on the
deformed beam can be successfully used to determine
the tendon stress increment in post-tensioned
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masonry beams. The proposed expression (Eq. 4.31)
offers better versatility due to the larger number of

design parameters that use, and improved precision
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Figure 4. 8. Ultimate tension and tendon force increase expressions versus experimental results
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4.6 Discussion and conclusions

Several experimental and analytical studies have been
developed over the past four decades to predict
tendon stress increase at ultimate in post-tensioned
concrete flexural members. The estimation of tendon
stress increase at failure is a prerequisite to compute
the flexural loading capacity of an unbonded
structural element. A number of expressions with
different degrees of complexity, based on different
approaches, physical models and experimental tests,
have been suggested. Physical models based on strain
distribution, strain reduction and beam deflection
were analyzed in this paper as a rational formula for
post-tensioned masonry beams with unbonded
tendons was sought. A rational formula was derived
and validated with experimental results of full-scale
tests of post-tensioned concrete and clay masonry
beams.

Various design formulas available in post-tensioned
masonry codes worldwide (United States, Australia,
Great Britain, Canada and New Zealand) were
checked. The accuracy of these formulas to predict
stress at ultimate was evaluated using data from the
experimental tests conducted as part of this
investigation, as well as with data collected from the
literature on post-tensioned masonry beams with
unbonded tendons. The majority of available code
equations are empirical and their use may be limited
to a certain set of beam characteristics.

The proposed analytical expression is based on
fundamental solid mechanics that meets equilibrium,
deformation compatibility and realistic stress-strain
behavior. It can be applied to both elastic and inelastic
states, and provides a simple and excellent resource to
predict the behavior of prestressed masonry in simply
supported beams. Thus, this formula enables the
design of the structural system due to a broad range of
parameters that govern structural behavior without
having to resort to any empirical approximations. The
analytical model demonstrates close correlation
between predicted and experimentally measured
ultimate tendon stress. Moreover, the proposed
equation generally exhibited more accuracy than
other currently used formulas in post-tensioned
masonry codes throughout the world. Among code
equations, MSJC-2013 gave close results as well
(R=0.87019 and R=0.72904 for T, and AT,
respectively) followed by CSA-2014 (R=0.83562 and
R=0.67669 for T, and AT,, respectively). The

remaining code equations offered poor predictions of
the unbonded tendon stresses in post-tensioned
masonry beams at ultimate.

The proposed rational expression offers better
flexibility due to its simplicity and better accuracy
than studied code equations with the experimental
data. Moreover the analytical procedure by which the
proposed formula was derived can be applied to a
large number of structural typologies, in general,
including post-tensioned masonry elements in flexure.
However, further research and analysis with
experimental and theoretical studies is required to
verify its applicability and extend it to other structural
elements.

Flexural behavior of ungrouted post-tensioned concrete masonry
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“Proponents say prestressing improves masonry performance, with potentially lower cost
and easier construction than rebar and grout”. (Kenneth A. Hooker, 1993)
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Abstract

Construction techniques such as post-tensioning and
precast, generate better efficiency for the building
industry in various aspects including labor, time, and
building costs. This study focuses on evaluating the
flexural behavior of ungrouted post-tensioned
concrete masonry beams that have been subjected to
monotonic and cyclic loading until failure, and the
influence of the main design parameters in the
structural performance of ungrouted prestressed
beams, including: masonry strength, tendon
eccentricity, initial prestress and beam length. The test
results reveal: nonlinear load-deflection behavior that
can be estimated using a nearly bi-linear correlation,
an approximately linear relationship between tendon
stress increase and midspan deflection, and masonry
strength as the most important parameter affecting
flexural behavior. Monotonic and cyclic tests under
similar beams exhibit equivalent envelope load-
deflection behavior, and the deviator block in
ungrouted beams allows levels of strength and
deflection similar to grouted post-tensioned beams.

Keywords: Post-tensioning; Masonry; Beams;
Ungrouted; Unbonded; Eccentric bar, Flexural
behavior.

5.1 Introduction

Masonry has been recognized through countless
human civilizations as a low maintenance material
that offers excellent aesthetic, thermal and acoustic
properties for building construction. Although it has
low tensile strength, techniques such as post-
tensioning can improve their tensile strength, thus it
provides a good alternative to be used in flexural
elements. The construction industry faces increasing
demands to industrialize the fabrication and erection
processes, reduce material consumption and improve
efficiency (Pedreschi, 2013). Prefabrication and post-
tensioning are techniques that increase productivity
in the construction of buildings and infrastructure,
allowing further cost reduction and optimized
construction time.

Investigation of the flexural behavior of post-
tensioned masonry beams has been undertaken
during the last five decades focusing on grouted brick
masonry members. Thomas (1963) investigated the
feasibility of construction of suspended floors
featuring prestressed brickwork beams. Other
researchers continued with investigation of the

flexural behavior and principal design parameters for
prestressed solid bricks beams (Pedreschi, 2004).
Common observations across these studies include:
increased cracking load with prestressing [Ng and
Cerny (1985), Garwood (1988), and Neis etal. (1989)],
increased shear strength with prestressing [Sinha
(1994), Walker (1987) and Bagqi et al. (1999)] and
benefits offered by restrained tendons regarding
increased moment and deflection capacities at
ultimate state [Roumani and Phipps (1983 1985 and
1986), Phipps and Montague (1987), Williams and
Phipps (1982), Roumani and Phipps (1985 and 1988),
Montague and Phipps (1984) and Al-Gahtani and
Fairbairn (1995) and Urrego and Bonett (2011)].

Ungrouted and unbonded post-tensioned masonry
has been widely questioned in terms of its deflection
and strength capacity by several independent
researchers and masonry codes. However, with the
inclusion of a deviator block, which serves as a tendon
guide at strategic points in the beam, ungrouted and
unbonded masonry elements can develop similar or
higher deflection and strength capacity than grouted
and bonded masonry post-tensioned beams.

This study reports on the main findings obtained from
a significant number of full-scale tests on ungrouted
post-tensioned masonry beams with eccentrically
prestressed bars. During these tests, parameters such
as beam deflection, force in the prestressed bar, and
applied load were monitored continuously, making it
possible to correlate the incidence of the principal
variables related to masonry design. From the
obtained results, evidence shows that the use of the
deviator block in ungrouted masonry beams allows
levels of deflection similar to those achieved in
previous investigations for grouted masonry beams
[Sinha (1994), Walker (1987) and Baqi et al. (1999)],
which provides a good starting point to consider the
use of this structural element on structures that
require a certain level of ductility.

5.2 Research significance

The aim of this study was to present the results
obtained in a series of laboratory tests for members
made using ungrouted hollow concrete masonry units
with eccentric bars, and to report their flexural
behavior and the effect of the main design parameters
in both elastic and inelastic states. Likewise, the
results show all the benefits when the deviator block
is used, increasing levels of deflection and strength
capacity at ultimate flexural state. These results will
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also be used to evaluate the accuracy of worldwide
code expressions to determine ultimate flexural
capacity, and to provide a database of experimental
findings that can be used to support the development
of new theories for the prediction of the ultimate limit
state of this structural system.

5.3 Experimental program

This study summarizes the test results of 14 full-scale
ungrouted prestressed concrete masonry beams with
unbonded eccentric bars guided by a deviator block at
midspan beam, subjected to vertical loading until
failure. The main design parameters were varied to
investigate their effect on flexural behavior. The
research involves the following variables: 1) tendon
eccentricity (80 mm and 125 mm), 2) initial tendon
stress (0.22f,, 0.33f, and 0.44f,), 3) masonry
strength (12 MPa and 21.09 MPa), 4) loading type
(monotonic and cyclic), and 5) beam length (2.4 m and
3.2 m).

5.3.1 Beam construction

Full-scale ungrouted concrete masonry beam
specimens were built in the structural laboratory of
the University of Medellin (Colombia) using a single

course, with the units placed in a soldier configuration.
All tested beams were built with a deviator block at
midspan, as well as placing two anchor blocks similar
to the deviator block at the ends of the beam (Fig. 5.1).

The concrete blocks were joined together by means of
10+3 mm thick mortar joints and were laid on the
floor. Mortar was placed initially while the masonry
units were held in horizontal orientation and
subsequently rotated carefully to a vertical
orientation then joined with the other unit. For this
reason mortar consistency was a little drier than
conventional mixtures in order to avoid mortar slip. At
one end of the beam a reinforced concrete element
was placed, and later had specific perforations at the
desired bar location. These elements served as
anchoring blocks to distribute stress to the masonry
during prestressing. This same type of concrete
element was placed at the beam mid-span to serve as
a deviator block and ensure a constant tendon
eccentricity during the loading process. One day after
construction, the beams were post-tensioned with a
small prestress force to prevent premature damage,
and they were allowed to cure with periodic water
spraying for at least 28 days before testing.

Figure 5. 1. Beams construction

The prestressing bars were placed below the neutral
axis of the beam during the construction process.
Given the increase in shear strength enabled by the
prestress force, and in order to simplify the
constructive process, no shear reinforcement was
used in the beams. Furthermore, no grouting was used
to fill the cavities of the concrete block, thus the beam
construction method was an "ungrouted".

5.3.2 Material properties

A detailed experimental program was conducted to
determine the properties of the constituent materials

used in the construction of post-tensioned masonry
beams. All materials used in the investigation were
tested according to the relevant American Society for
Testing and Materials -ASTM Standards- (ASTM C140,
ASTM (C90, ASTM (C1314, ASTM C780 and ASTM
C1157). All of the equipment employed to test the
materials and post-tensioned beams were certified for
accuracy using suitable laboratory procedures.

5.3.2.1 Concrete block and masonry

Two-cell, extruded hollow concrete blocks, with two
different strengths, and manufactured by a vibro-
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compacted process were used throughout this study
and are denoted as either high-strength or low-
strength blocks, with average strength of 21.09 MPa
and 12 MPa respectively. The units have average
length, width and height, equal to 390+1 mm, 1401
mm, and 190+2 mm, respectively [Fig. 5.2(a)], and the
corresponding gross and average net areas are 54600
and 32800 mm? respectively. The perforations
formed a greater proportion of the cross-section that
did the solid elements, and the former represents
nearly equal to 60% of the gross area of the section. By
reason of the non-rectangular shape of some elements
in the block cross section, a rectangular cross section
was assumed to calculate cross-section properties
[Fig. 5.2(b)].

Prisms comprising of two stacked units and one
mortar joint, and with thickness, height and length
equal to 140mm, 390mm and 590mm, respectively, as
well as a height-to-thickness slenderness ratio of 4.21
were used to determine the compressive strength of
the masonry. The mortar used in the construction of

the prisms and beams was Portland cement to fine
sand mix with weight proportions equal to 1:2 by
weight, and the water content was adjusted by the
bricklayer to give a workable mix (the typical
water/cement ratio as approximately equal to 0.7).
Standards ASTM C1314, ASTM C90 and ASTM C780
were used to determine the compressive strength of
the masonry prism, masonry unit and mortar
cylinders, respectively.

Table 5.1 summarizes the average value and the
covariance of compressive strengths of hollow
concrete blocks (f5) and mortar (f) obtained from 90
tested hollow blocks and 24 cylinders specimens
respectively, carried out under monotonically uniaxial
compression to failure (Garcia et al, 2013). The
proposed correlation by the MSJC-2013 between unit
strength and masonry strength method was adopted
according to the compressive strength results
obtained in the laboratory for concrete blocks and
mortar.

Table 5. 1. Compressive strength of masonry materials

Property f1, (MPa) fj (MPa) fom (MPa)
Average
value 28.09 12.00
TMS
Low Number test 68 12 Correlation
Strength | COV 8.7% 13.8% -
Average
value 32.00 29.41 21.09
MSJC-2013
High Number test 12 12 Correlation
Strength | COV 8.9% 14.4% -

5.3.2.2 Anchorage and deviator blocks

The concrete used to cast the deviator and anchorage
blocks [Fig. 5.2(c)] was made using a 1:2:2 (cement:
sand: coarse aggregate) concrete mix with a

water/cement ratio of 0.6 and with an average
compressive strength of 35.6MPa (COV= 2.08%),
according to ASTM C1157. To avoid a local failure in
the anchorage zone, the deviator blocks were
reinforced with 1% mild steel and two 10 mm
diameter confinement stirrups.
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Figure 5. 2. Concrete Blocks. a) Hollow block b) Simplified cross section c) Deviator and anchorage blocks (units: mm)

5.3.2.3 Prestressing steel

A threaded bar made of steel ASTM A615 Grade 75,
with 25 mm diameter, and a nominal cross-sectional
area of 506.7 mmz2, was used for post-tensioned all test
beams. The average value of the initial modulus of
elasticity, yield stress and the ultimate strength, were
determined as 200 GPa, 517 MPa, and 690 MPa,
respectively. Despite this, prestressed steel was not
the most appropriate material to be wused in
prestressed masonry, it was the only one
commercially available. Long-term losses due to
creep, shrinkage and steel relaxation were negligible,
because tests were conducted just after prestressing
the beam. Losses were recorded before the beam was
tested.

5.3.4 Specimen details

Fourteen full-scale beams under unidirectional
monotonic (9 beams) and cyclic (5 beams) four-point
loading were tested in a self-restraining test rig with
the specimens on simple supports at their ends, and an
effective span length of approximately 2.4 m or 3.2 m.
(span-to-depth ratio between 7.5 and 11.5
respectively). The hollow concrete beams were post-
tensioned with one 25 mm diameter threaded bar
placed in a straight line through the hollow blocks and
the deviator block perforations, which ensured a

constant eccentricity along the beam, because the
deviator blocks limited bar movement. The beams
were post-tensioned the day of the test using a hollow
plunger jack, and a manually operated hydraulic
pump. Three different levels of post-tensioning were
studied (approximately 0.22f,,, 0.33f,, and 0.44f,,)
corresponding to 35%, 48% and 60% of the threaded
bar yield stress respectively. Post-tensioning levels
were calculated based on the maximum compression
strength at the bottom fiber using the material
properties of the concrete block. Long term
measurement of prestress losses (i.e due to creep,
shrinkage, and steel relaxation) were not needed in
this study because the prestressing was done
immediately before testing. Mild steel anchor plates
with 150 mm side dimensions and 10 mm thickness
were bedded above the deviator block to prevent
stress concentrations. The average dead load on the
beam from self-weight was approximately 0.84 kN/m
for the high strength block and 0.74 kN/m for the low
strength block. Beams dimensions, properties and
posttensioning data are listed in Table 5.2. The
number of tested beams is not consecutive, because
the entire experimental program included 24 beams,
of which 14 were selected for this study, that
correspond to those beams which have a flexural
failure mechanism which were the object of analysis in
this paper, the other 10 beams had a shear failure.
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Table 5.2. Test beam details

fm T; L L €mid
Beam | (MPa) (kN (m) | (m) | (mm) | L/d | Load type
B-1 9.36 | 75.05 4% | 2.41 | 2.62 80 8.76 | Monotonic
B-2 9.36 | 40.39 22%) | 2.40 | 2.60 80 8.73 | Monotonic
B-3 9.36 | 62.2333% | 2.44 | 2.61 80 8.87 | Monotonic
B-10 | 26.61 | 91.54 “4%) | 2.36 | 2.59 80 8.57 | Monotonic
B-11 | 26.61 | 93.39 (44%) | 2.44 | 2.63 80 8.87 Cyclic
B-13 | 26.61 | 71.7063% | 2.40 | 258 | 125 7.48 | Monotonic
B-14 | 26.61 | 47.30 @2%) | 2,40 | 2.61 | 125 7.50 | Monotonic
B-15 | 26.61 | 46.65 @2%) | 243 | 2.62 | 125 7.60 Cyclic
B-17 9.36 | 75.71 4% | 3.13 | 3.34 80 11.38 | Monotonic
B-18 936 | 69.99 (“44%) | 3.15 | 3.34 80 11.47 Cyclic
B-21 | 26.61 | 9592 “4%) | 3.14 | 3.35 80 11.40 | Monotonic
B-22 | 26.61 | 67.3233%) | 3,15 | 3.34 80 11.45 | Monotonic
B-23 | 26.61 | 42.39@% | 320 | 3.36 | 125 | 10.00 Cyclic
B-24 | 26.61 | 72.0333% | 2.38 | 258 | 125 7.44 Cyclic

(x%) indicates the percentage of initial prestress respect to the degree of masonry strength

the jack in the test rig (load cell 2). Tendon stresses,

5.3.5 Test configuration and including the effective prestress after losses due to
instrumentation anchorage seating, were monitored using an
electronic load cell located at the end of the threaded
The beams were tested under a symmetric four-point prestressing bar (load cell 2). Vertical deflections were
loading arrangement over the span to create a nearly measured using four Linear Voltage Differential
uniform distributed load (Fig. 5.3). The single Transformers (LVDTs) at midspan(LVDT 2) and
hydraulic jack which was connected to the hydraulic quarterspan (LVDT 3), as well as both ends of the
pump transferred the load to the beam using a system beams (LVDT ‘s 1 and 4), with a least count of 0.001
of steel distribution beams, of which the spacing mm (Fig. 5.3). At each load increment, load cell,
remained constant. The average weight for the steel deflection and tendon stress measurements were
beams and loading system was approximately 1.0 kN. taken and recorded using a digital data acquisition
Nine (9) beam specimens were tested under slowly system. At three different load stages (30%, 50% and
increasing monotonic loads in equal increments until 70% of ultimate load based on theoretical predictions)
the ultimate load was reached at failure. For the the load was held constant and the crack patterns
remaining five (5) beams, loading cycles with were marked on the face of the beams, especially in the
increasing displacement amplitude Imm, 2mm, 4mm, constant moment zone, to monitor flexural cracking
6mm, 8mm, 10mm and 12mm were executed, and and to observe the possible variation in neutral axis
each cycle was repeated three times. depth along the beam. The ultimate load was reached
when the beam became incapable of taking any

Total applied load was measured using a 250 kN load further load.

cell with an accuracy of at least 2kN, positioned above
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Figure 5. 3. Test setup and instrumentation

5.4 Experimental results

All beams failed in flexure associated with crushing of
the compression zone, and after the load was
removed, the tested beams showed a considerable
recovery in both deflection and cracking. In all cases,
the masonry reached the nominal strain limit at
ultimate before the prestressing bars reached their
yield strength or shear failure occurred. Thus, the
prestressing steel in all of the tested beams remained
in the linear elastic range. Table 5.3 summarizes the
principal results obtained from the test specimens.

Table 5.3. Summary of test results

'Fu: E‘nﬂn’._u ﬂ‘f.u ]—u ﬁﬂun’._u/[‘ Kelastic

Beam

(kN) (mm) | (kN*m) | (kN) | (mm/m) | (KN/mm)

B-1 76.1 | 11.81 | 23.63 | 1129 4.90 12.97

B-2 76.21 | 14.7 | 23.56 | 99.98 6.13 11.91

B-3 75.95 | 11.88 | 23.86 | 104.2 4.87 14.96

B-10 | 148.4 | 20.62 | 4492 | 176.8 8.75 16.70

B-11 | 1479 | 18.19 | 46.31 | 172.8 7.45 17.02

B-13 | 190.1 | 23.51 | 58.11 | 196.7 9.82 14.64

B-14 | 188.8 | 2837 | 57.84 | 191.5 | 11.82 10.34

B-15 199 | 2943 | 61.72 | 2064 | 12.10 9.56

B-17 | 50.66 | 22.55 | 20.52 | 117.4 7.20 4.06

B-18 | 48.49 | 1797 | 19.82 | 104.5 5.70 3.42

B-21 |132.2| 358 | 53.01 | 2246 | 1142 9.02

B-22 | 119.8 | 3547 | 48.37 | 2014 | 11.26 9.59

B-23 | 1285 | 33.7 52.6 | 1829 | 10.53 6.61

B-24 | 211.1 | 2591 64 206.4 | 10.89 12.11

5.4.1 Load deflection response

Load-deflection behavior in ungrouted beams is very
similar to that of typical grouted masonry beams as
reported in previous research (Fincher 1969;
Pedreschi, 1983 and Uduehi, 1989). An initial, almost

linear stage was followed by a nonlinear stage with a
gradual reduction in stiffness until reaching values at
ultimate, that were close to 45% of the initial stiffness
in all of the specimens. Similarly, all tested beams
show significant displacement capacity with
deflection-span ratios at failure of 1/130 to 1/205 for
high strength masonry and 1/85 to 1/115 for low
strength masonry. Generally, a typical load-deflection
response of post-tensioned masonry beams presented
four-stages behavior, which could be characterized by
a linear elastic stage (I), cracked stage (II), tendon
yield stage (I1I), and post-peak load stage (IV) [Fig 5.4].

e Linear elastic stage (I): The first linear zone
concerns the elastic behavior observed upon initial
loading and continuing to first cracking occurring in
all tested beams, with an almost linear elastic
relationship between applied load and mid-span
deflection (see Fig. 5.4). For this stage, tendon stress
increase is negligible.

e Cracked stage (II): This stage starts from when
block separation begins to take place, and more
space opens up between blocks as load increases.
The cracking load depends to a large extent on the
magnitude of initial prestress, and for tested beams
this took place between 12% and 34% of the
maximum load. Although in literature, the boundary
between stage (I) and stage (II) commonly is called
the cracking state, for ungrouted masonry beams
cracking means that block separation takes place
through decompression. A nonlinear stage that
reduces the stiffness of the beam, tendon stress
increase and hence a sudden increase in midspan
deflection is observed. The cracking load is found
assuming a linear elastic behavior in the section and
the magnitude of the bottom fiber strain due to
prestress and applied load is equal to zero. It is
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assumed that tensile strength between the mortar
and concrete block is insignificant.

e Tendon yield stage (III): This stage is achieved
when tendon stress exceeds yield strength in
prestressing steel, stiffness is reduced significantly
and there is a large displacement with moderate load
increase. This stage is complete when beam reaches
peak load and is unable to support any further load.
None of the tested prototypes presented yield stress
in tendon bars, and thus stage (III) is not observed in
the studied beams.

¢ Post-peak load stage (IV): Once maximum load in
the beam is reached, the load decreases gradually
simultaneously at deflection increments until beam
failure. This stage corresponds to the downward part
of the curve. Upon unloading the beam, a large
percentage of deformation was recovered, and some
cracks closed completely. In the tested beams, the
recovery of beam deflection was higher than 65%
with an average of 72.9%.

60

50} PRRY-T L

5 10 15 20 25
Midspan deflection (mm)
Figure 5.4. Typical load-deflection response (B-17)

Given the significant quantity of the wvariables
analyzed in this study, a normalization of the load-
deflection curve was necessary in order to interpret
the results better. The normalization related to the
load axis was made using an equivalence between the
main variables involved in the external moment
applied to the beam (PL/8) and the approximated
internal moment capacity of the section (aff,,bd?).
Similarly, the normalization related to midspan
deflection axis was made using an equivalence
between midspan deflection (§) and the
approximation of the deflection calculated by the
moment-curvature method (1/9 9L? =~
4e,,,,/9 L?/d). Figure 5.5 shows the normalization of
the load-deflection of all the tested beams, in this

normalization the influence of bar eccentricity in the
normalized load-deflection curve can be immediately
identified.

e= 80mm
—e= 125mm
0.5 1 1.5
5d /L2

Figure 5. 5. Normalized load-deflection beams

The effect of the tendon eccentricity varies the flexural
behavior significantly in post-tensioned masonry
elements. In all conducted tests, an increase of tendon
eccentricity enhanced the flexural capacity of the
tested beams. This increase in the flexural behavior
may be explained by the largest moment capacity in
the cross-section provided by the greater lever arm
that produces a larger eccentricity.

5.4.2 Cracking patterns

The distribution of the cracks in each beam was
monitored periodically for different load levels up to
75% of the estimated ultimate load. Experimental
results show a similar crack pattern in all tested
beams. Before the laboratory test started, beams
showed a low precamber that caused some slight
negative curvature in all the specimens due to the
tendon eccentricity [(Fig 5.6(a)]. With further
increasing in the load, precamber decreases rapidly
and the beam section turns horizontally with no
cracks. When the cracking load is reached, a first
vertical crack appears in the vertical bed joint
between the blocks at the bottom beam over constant
moment zones, most frequently near to midspan [(Fig
5.6(b)]. Block separation continued to rise gradually
and cracks propagated vertically as the global load
demand increased, and new cracks started to initiate,
but without apparent damage on the concrete block
structure [(Fig 5.6(c)]. Although load reaches levels
close to 75% of ultimate load, vertical cracks
continued to increase proportional to the load
increment and the structural integrity of blocks
remained, without apparent damage or cracks that
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affect the integrity of the hollow concrete blocks [(Fig
5.6(d)]. After 75% of the ultimate load, a group of
diagonal cracks started to develop diagonally cracks
that affected the structural integrity of the concrete
block appearing on top of the ungrouted masonry
beam. This pattern of cracks raise significantly with
moderate load increase, and propagated toward the
adjacent load point until the ultimate load is reached

[(Fig 5.6(e)]. In post-peak load, flexural capacity of
masonry beams decrease with additional deflection.
Finally, the load is removed, and a notable recovery in
deflection and closing cracks was observed [(Fig
5.6(f)]. In shear span of the beam (shear different from
zero), the damage level was minimal without cracking
patterns observed.

Figure 5.6. Cracking patterns B-13 a) 0Py, b) 0.25Py, ) 0.5Py, d) 0.75Py, €) Py, and f) Unload

For ungrouted masonry beams with a higher level of
initial prestress the number of vertical cracks were
reduced, as a result of increased cracking load.
Similarly, block separation in beams with low strength
masonry was higher than beams with high strength
masonry, due to the largest load capacity of the beam
cross-section.

a)

5.4.3 Failure mode

All beams failed primarily in bending after crushing of
the mortar joints followed by chipping of the adjoining
concrete block in the compression zone near to the top
of the beam within the maximum moment region
(Figure 5.7).

b)

Figure 5.7. Typical failure mode a) Beam B-10, b) Beam B-21

Subsequent to first cracking appearing, an increment
in external load caused the vertical crack propagate
upward rapidly, producing a change in the neutral axis
of the section. With the progressive cracking increase,
a rapid rise of compressive strains in the top masonry
fibers produced crushing in the concrete masonry. The
concrete block and mortar joints reached the

compressive ultimate strain and crushed in flexural
failure prior to yielding of the post-tensioned threaded
bar or shear failure. Damage is concentrated only over
a small portion of the constant moment zone in the
beam. In the remaining beam length, the damage was
minimal and the integrity of blocks located in this area
remained almost intact, only slightly vertical cracks
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between mortar joints caused by the block separation
were presented. In most cases, failure occurred in
blocks adjacent to the deviator block at the midspan of
the beam.

5.4.4 Effect of design variable factors

Although the overall incidence of the main design
factor are included in the worldwide code expressions,
many of them come from empirical studies in grouted
post-tensioned elements. The results obtained in this
research can be used to analyze the effect of main
design parameters in flexural behavior of ungrouted
post-tensioned masonry.

5.4.5 Masonry strength effect

Compressive strength is one of the most important
parameters in the design of masonry structures, a
variation in masonry strength is sufficient to modify
the ultimate moment, ultimate midspan deflection and
failure type. Experimental results show that masonry
strength had a significant effect on the structural
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behavior of post-tensioned masonry members in
flexure (Fig. 5.8). The use of high-strength masonry
provides an additional flexural capacity at ultimate
state, complemented by an additional displacement
capability and a higher cracking load than low-
strength masonry.

As might be expected, an increase in masonry strength
leads to better performance of ungrouted post-
tensioned masonry beams. An increase of 167% in
masonry strength on beams B17 and B21 with other
similar design parameters provides an increase of
158% (20.52 kN*m to 53.01 kN*m) in ultimate
flexural capacity, and 59% (22.55 mm to 35.8 mm) in
midspan deflection at maximum load. For beams B1
and B11 the increase is 96% (23.63 kN*m to 43.61
kN*m), and 54% (11.81 mm to 18.19 mm) for the
ultimate moment capacity and midspan deflection,
respectively. According to these results, it is possible
to conclude that the ultimate flexural capacity and
ultimate midspan deflection are not a linear function
of the masonry strength.
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Figure 5.8. Effect of masonry strength a) B-17 vs B-21 b) B-1 vs B-11

Throughout the whole load-deflection curve, beams
with higher masonry strength show a higher level of
flexural capacity than lower masonry strength beams,
with an average 140 % more elastic stiffness.

5.4.6 Initial tendon prestress effect

Tests results show that a wvariation in initial
prestressing force presented a slight change in the
initial stiffness on the load-deflection curve, but there
is no significant variation in the ultimate flexural
capacity. In spite of initial tendon prestress tested
beams had variations between 22% and 44% of
masonry strength, the biggest increment in ultimate
flexural capacity was always lower than 3%. Equally,

an increase of tendon stress reduces up to 24% of the
ultimate midspan deflection. Another important effect
that could have been observed in tested beams, was
the incidence of the initial prestress in the magnitude
of the decompression limit, higher decompression
limits values are obtained with greater levels of initial
prestress. Beams with significant difference in their
initial tendon prestress, may share their initial linear
elastic stage, and the nonlinear behavior in the load-
deflection curve shows a parallel trend, being the
nonlinear stiffness for both beams very similar (Fig.
5.9). Increasing the post-tensioning force results in a
large cracking moment, delaying the development of
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nonlinear behavior, higher post-tension reduces
displacement capacity.
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Figure 5. 9. Effect of initial tendon prestress a) B-13 vs B-14 b) B-21 vs B-22

5.5 Cyclic behavior

One of the fundamental aims of the performance-
based design is the control of structural damage
during a powerful earthquake. Structural damage can
be expressed as a combination of different dynamic
parameters obtained through a cyclic load test. Recent
research on prestressing masonry has shown their
good structural performance to be useful in seismic
areas (Rosenboom and Kowalsky 2004, Wight et al.
2007).

Figure 5.10 shows that after each cyclic load the
residual deflection is very small, which proves the self-
centering mechanism in post-tensioned masonry
elements is a useful feature for service loads. This
behavior is also linked to low energy dissipation. For

60
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a)

each cycle corresponding to the same load level,
degradation of the strength was not observed. Due to
block separation, the secant stiffness of tested beams
decreases when increasing displacement amplitudes,
the values of secant stiffness reduced to almost 83% of
the initial values when beams reached a midspan
displacement of 12 mm, and 47% at ultimate state.

5.5.1 Cyclic versus monotonic behavior

In order to enable a comparison between monotonic
and cyclic behavior, six pair of beams were tested
using the same design parameters, but differentiated
by type of applied load. Fig. 5.10 shows the correlation
between two similar beams when a different load
procedure is applied.
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Figure 5. 10. Cyclic versus monotonic a) Low strength masonry b) High strength masonry

Results show that, both in monotonic and cyclic beams
tests, exhibit a similar load-deflection behavior. The
difference observed between ultimate load and

maximum displacement, between monotonic and
cyclic tests, was insignificant, this may be due to the
inherent scatter of mechanical properties of the

Flexural behavior of ungrouted post-tensioned concrete masonry



Chapter 5. Flexural behavior of ungrouted post-tensioned concrete masonry beams, with unbonded eccentric tendons 65

materials and small modifications in the execution of
the beams tested (Fig. 5.10). In general, the monotonic
beam curve behaves like an envelope curve of the
cyclic beam curve.

5.5.2 Tendon stress increase

In the linear elastic range of beams, it is clear that the
relationship between the main design variables
should be almost linear. Once the elastic stage has
been completed, load-midspan deflection curve starts
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to become nonlinear.

Moreover, experimental observations in the tested
beams show a linear relationship in tendon stress
increase versus midspan deflection curve valid
throughout the entire loading phase, even inelastic
stage. Fig. 5.11 shows that the linear correlation
between both elastic and inelastic range is highly
tenable, independent of load type.
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Figure 5.11. Tendon stress increase a) Cyclic load B-11 b) Monotonic load B-13 and B14

The load-deflection curve shows a bilinear behavior,
the first linear stage corresponds to the linear elastic
behavior of the beam until the block separation
occurs, next, a second linear behavior is observed in all
the tested beams, related to inelastic behavior even in
loads levels close to ultimate load taking place. In the
cyclic test curve can be observed a significant
difference between the slope in load and unload
conditions, due to the accumulation of local plastic
deformations in the beam for each load cycle. For
monotonic beams B-13 and B-14, which differed only
in their initial prestress force, they show a similar
trend in the tendon force increment curve [(Fig
5.11(b)], however the tendon force at ultimate state is
very similar for both beams. It can be noted that the
beam with a lower initial prestress tends to generate
a greater increase in tendon force until failure.

This linear relationship between midspan deflection
and tendon stress increases, even for the inelastic
stage, allows a simplification of expression in the
design process to predict flexural behavior of
ungrouted post-tensioned masonry beams.

5.5.3 Stiffness degradation

Despite the low levels of cracking and damage in the
integrity of hollow concrete blocks for all the tested
beams, it was noted that secant stiffness in cyclic
tested beams decreases rapidly with the subsequent
midspan deflection increase in each cycle (Figure
5.12). For midspan displacement of 10 mm a secant
stiffness between 35% and 60% of initial stiffness is
expected. The stiffness degradation is primarily
attributed to the deterioration and permanent
deformation of the masonry elements, which follows
each lo?d cycle.
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Figure 5. 12. Normalized stiffness reduction

Flexural behavior of ungrouted post-tensioned concrete masonry



Chapter 5. Flexural behavior of ungrouted post-tensioned concrete masonry beams, with unbonded eccentric tendons 66

5.6 Codes predictions

Worldwide prestressed masonry codes typically
provide design expressions to calculate flexural
capacity at ultimate state, and most of them apply
strain compatibility between the tendon and the
surrounding masonry to estimate flexural behavior in
post-tensioned masonry with empirical correlations
for ungrouted elements. The accuracy of the code
equations is questionable, as prior researchers have
shown (Bean, 2003; Wight et al, 2006; Bean and
Schultz, 2010). Table 5.4 provides several design
formulas to estimate the ultimate flexural capacity

available in worldwide post-tensioned masonry codes
that were checked in this investigation to verify their
accuracy. It is important to note that all of these
expressions have been developed for grouted
prestressed members loaded out-of-plane, even some
of them are not allowed to use ungrouted prestressed
masonry beams. However, it is intended to observe
the potential application of these equations for the
prediction of the ultimate capacity of ungrouted
prestressed masonry beams. For consistency, some
symbols in the following equations have been changed
from the original formula to provide standard
notation and avoid confusion.

Table 5.4. Worldwide code expressions

Code Equations b1 B2 Emu
(3556]32:31?25,}12005) fou=fre +700 (%) [1- 1. 4f’;j“:55] (MPa) 0.50 | 1.00 | 0.0035
(ASA;;:;“;S’M) fou = fe + 700 (%) [1 —0. 7’3’3“;‘?] (MPa) 1.10 | 0.85 | 0.0035
USA (MSJC, 2013) fou = foe +0.03 (Epsd) (1 1. 56fp;“b;5> 0.80 |0.80 | 0.0025
'
(Nl;xzz;(il;g(ézr) fou = fpe + 70 + 222 fmbd (MPa) 0.85 | 0.85 | 0.0030
(gsza;éii) fou = foe + 527 Z(d =) 0.85 | 0.80 | 0.0030

To estimate the moment at ultimate state, an
equivalent rectangular Withney stress distribution
was adopted. For hollow sections, the mathematical
operations to calculate ultimate moment of the section
can be difficult and time consuming, for this reason the
computation has been tried with different effective
widths, ber, in order to simplify the design procedures
and work with an equivalent rectangular cross
section. For the proposed effective width, two
different alternatives were proposed, the first option
consists of an effective width calculated as the ratio of
the net area of the section, 4,, to the overall depth, h,
of the section (bes= As/ h), the second option consists
of the effective width calculated as the sum of the
vertical partitions, t.; of the hollow concrete blocks
(befr=2 tef). These options were then analyzed and
compared with the calculation of a complete hollow
section, were can be observed that the approximation
corresponding to bei= A,/h was very close to results
for the complete section. That is why it was decided to

use this approximation to calculate the theoretical
ultimate moment capacity of the section for the
different masonry code expressions.

For internal force equilibrium at ultimate state,
Equation (5.1) must be satisfied:

Apsfps = ﬁlfT;’Labeff = ,Bl.Bzfr;LbeffC (5.1)

Once equilibrium of forces is achieved, the ultimate
design moment of the section is given by Equation
(5.2):

My = Baofiberse (d=3) = Apsfys(d-3) :2)

Table 5.5 summarizes a comparison between the
predictions using the equations given in the main
worldwide code expressions versus the results from
the conducted experimental tests.
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Table 5.5. Summary of code calculations versus experimental results for ultimate moment.

The results show that the United States and Canadian
codes provide a better prediction with respect to the
experimental results, but without a clear trend
between conservative and non-conservative in the
prediction. The remaining codes provide results that
differ significantly from experimental results, but
their predictions show a clear conservative tendency.

5.7 Conclusions

After a detailed experimental study of flexural
behavior conducted on full-scale beams, the results
obtained indicate that ungrouted post-tensioned
masonry beams with unbonded elements are able to
develop an appropriate flexural capacity in terms of
strength and deflection, due to the use of the deviator
block or restrained block in the midspan beam. During
cyclic testing, a low energy dissipation capacity was
observed, however, this structural system shows a
high degree of recovery in deflection after unloading,
associated with a “self-centering” mechanism.
Likewise, damage is concentrated at midspan over a
small portion of the beam lower than 25% of the beam
length.

This building technique is a promising construction
option with great potential to be used on structures
that require a certain level of ductility. Based on

. . M, r Theoretical
Experimental M, r Theoretical (kN * m) M, , Experimental

Test M MSJC | BS5628 | AS3700 | CSA | NZS MSJC | BS5628 | AS3700 CSA NZS
Beam wr 2013 | 2005 2011 | 2014 | 2004 | 2013 2005 2011 2014 2004
B-1 23.62 26.07 | 16.78 23.79 | 29.32 | 2440 1.10 0.71 1.01 1.24 1.03
B-2 23.55 24.65 | 13.55 17.51 | 28.04 | 18.74 1.05 0.58 0.74 1.19 0.80
B-3 23.85 25.58 | 15.77 21.67 | 28.84 | 22.55 1.07 0.66 0.91 1.21 0.95
B-10 44.93 40.76 | 2442 30.33 | 46.68 | 31.74 0.91 0.54 0.67 1.04 0.71
B-11 46.30 40.81 | 24.61 30.64 | 46.69 | 32.09 0.88 0.53 0.66 1.01 0.69
B-13 58.11 51.55 | 27.23 32.27 |60.31 | 33.14 0.89 0.47 0.56 1.04 0.57
B-14 57.84 49.26 | 22.70 25.66 | 58.67 | 26.70 0.85 0.39 0.44 1.01 0.46
B-15 61.71 49.10 | 22.50 25.38 | 58.54 | 26.48 0.80 0.36 0.41 0.95 0.43
B-17 20.50 25.53 | 16.60 2298 | 28.54 | 24.49 1.25 0.81 1.12 1.39 1.19
B-18 19.83 25.25| 16.13 2196 | 28.27 | 23.67 1.27 0.81 1.11 1.43 1.19
B-21 53.02 39.34 | 2441 29.80 | 45.13 | 32.59 0.74 0.46 0.56 0.85 0.61
B-22 48.35 37.09 | 20.36 23.34 | 43.32 | 26.84 0.77 0.42 0.48 0.90 0.56
B-23 52.60 45.38 | 19.99 21.80 | 54.84 | 25.19 0.86 0.38 0.41 1.04 0.48
B-24 63.99 51.69 | 27.50 32.69 | 60.41 | 33.53 0.81 0.43 0.51 0.94 0.52
Mean | 1.01 0.57 0.72 1.17 0.76

cov 0.21 0.26 0.33 0.21 0.33

R2 0.9121 | 0.7804 | 0.4938 | 0.8981 | 0.5453

experimental results and analytical models in this
study, the following is concluded:

e Before cracking, the stress in the unbonded tendons
increased only slightly with the applied load, while
block separation occurred, subsequent, tendon
stress increased significantly.

e The load-midspan deflection curve can be simplified
approximately to a bi-linear relation, with a first
linear elastic region until the first cracking appears,
followed by an approximately linear inelastic region
with an important stiffness degradation, exhibited
by a high deformation capacity and an overload
capacity prior to failure.

e Masonry strength is the most relevant variable in
the structural behavior of the ungrouted post-
tensioned masonry beams, where an increase in
masonry strength provides an additional ultimate
flexural and displacement capacity.

e Changes in tendon eccentricity and initial tendon
stress developing in this study, showed a slight
incidence on the structural behavior of ungrouted
post-tensioned masonry beams in flexure.

e Based on the observations made in this study, MSJC-
2013 and CSA-2014 codes provided better
correlation with the experimental data.
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Abstract

Post-tensioning techniques substantially improve the
structural behavior in masonry under tensile strength
making post-tensioning masonry a construction
technique with similar or better mechanical
properties than reinforced concrete. Cantilever walls
are very useful in a variety of structural applications,
one of the most common is the construction of
retaining walls, and although investigations have been
made into post-tensioned masonry cantilever walls,
most of them focused on grouted elements and in-
plane loads. Grout increases the cost of prestress
masonry, increased labor and time construction, and
it is for this reason that this research studies the
mechanical behavior of prestressed ungrouted
cantilever masonry walls. This study investigated the
influence of initial prestress and masonry strength in
the out of plane mechanical behavior of ungrouted
cantilever prestressed masonry walls, as well as the
accuracy of different worldwide prestressed masonry
codes expressions to calculate the ultimate flexural
load capacity. The results show the ability of this
structural system to withstand large lateral
displacements with a limited and concentrated
damage zone. The impact of initial prestress at
ultimate state is less evident than the effect of
masonry strength, likewise, the results of code
expressions to predict flexural capacity show
differences with the experimental data.

Keywords: Post-tensioning; Masonry; Cantilever
wall; Ungrouted; Unbonded, Out of Plane.

6.1 Introduction

The developed research in post-tensioned masonry
over the past three decades has shown the structural
advantages of this building practice. Post-tensioning
provides a significant strength increase of the
masonry wall. Ungrouted prestressed masonry has
great potential to be used in different types of
structural elements. Since ancient times, wall
construction has been one of the most natural
applications of masonry. One of the first development
and application of prestressed masonry walls began in
Australia during the mid-1960s (Schultz and Scolforo,
1991), but it was not until the early 1970s that the first
scientific research and testing on full-scale specimens
were carried out and reported in the United Kingdom
(Lissel, 2001), in order to understand the out-of-plane

behavior in post-tensioned masonry walls. Most of
them were low aspect ratios walls (i.e., less than 10),
with efficient geometric cross sections, the most
common geometric section in tested and constructed
walls was the diaphragm wall or cavity wall (wall with
a hollow cross section formed from different masonry
unit arrangements), followed by the T-shaped wall,
where the initial prestress, primarily influenced the
elastic behavior (Schultz and Scolforo, 1991). English
Engineer Curtin, has been considered as a pioneer of
the study of out-of-plane behavior in post-tensioned
masonry walls, with his remarkable research and
developments on this issue.

Few studies in cantilever post-tensioned masonry
walls have been conducted, most of them in
diaphragm brickwork grouted walls, but each of them
revealed all the benefits of the post-tensioned
masonry for these boundary conditions (Curtin and
Phipps, 1982; Hobbs and Daou, 1988; Fisher et al.
1989; Garrity and Garwood, 1990; Curtin and Howard,
1991; Shafii, 1994; and Shafii and Hobbs, 1996).
Among the main research findings include: increased
cracking load, flexural stiffness, ultimate capacity,
reduced serviceability deflections, and after unload
cracks closed completely. To further understand the
behavior in ungrouted post-tensioned concrete
masonry cantilever walls, an experimental program
was conducted at the University of Medellin to
observe the cyclic response of six 2.0 m height
ungrouted  post-tensioned concrete  masonry
cantilever walls subject to out-of-plane lateral loading.
The purpose of the research was to check the viability
of this structural system for further implementation as
an earth retaining wall. It was also studied the effects
of initial tendon stress and masonry strength on the
lateral load behavior of the cantilever masonry wall,
and the accuracy of the main worldwide codes to
predict flexural behavior of post-tensioned cantilever
masonry walls at ultimate.

6.2 Experimental setup

A set of full-scale specimens was tested in order to
study the structural behavior of ungrouted and
unbonded post-tensioned masonry cantilever walls.
Despite the large amount of parameters that govern
the mechanical behavior of post-tensioned masonry,
the decision to study only the effect of initial tendon
stress, and masonry strength was taken by a limited
number of tested samples and the importance of these
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variables in the mechanical behavior of this structural
system.

6.2.1 Materials properties

Standard hollow concrete block units with nominal
dimensions 190 mm high, 140 mm wide, and 390 mm
long were used to construct all the walls, with
approximately 10 mm thick mortar. A hydraulic
cement mortar with a mix weight ratio of 1:2
(cement:sand) was employed. After the construction,
all the walls were cured with water sprayed on them
for at least 28 days prior to testing. A solid threaded
bar of 25 mm diameter of steel Grade 75 was used,
with a cross-sectional area of 506.7 mm? and a
modulus of elasticity of 200GPa, yield stress of
517MPa (at 1% of strain) and ultimate strength of 690
MPa in accordance with ASTM A615.

The walls were built on a stiff and strong reinforced
concrete base of dimensions 1200 x 700 x 200 mm
(length, width and height respectively), reinforced
with 8 #8 (25.4 mm diameter) longitudinal corrugate
mild steel bars, and 15 #3 (9.5 mm diameter) closed
shear stirrups along the length of the beam. This
foundation contains a 200 mm holes grid for the post-
tensioning bars to pass through. For concrete base
construction, a hydraulic concrete with a mix weight
ratio of 1:2:2 (cement:sand:gravel) and water/cement
ratio of 0.6 was employed. The reinforced concrete
base was fixed to the testing rig with high strength
bolts and nuts around its perimeter. Test rig consisted
of a strong steel plate supported by a rigid steel
reaction frame. Table 6.1 provides a summary of
masonry, concrete and mortar properties. Concrete,
mortar and masonry compressive strength was
determined in accordance with ASTM C109/C109M
(ASTM 2002), ASTM C270 (ASTM 2003) and ASTM
C62 (ASTM 2004), respectively.

Table 6.1. Masonry, specimen properties.

Low Strength Masonry
Unit Mortar Masonry | Height(h) | Width (t) | Length(b) | Area(A) | Weight(W)
Property f's (MPa) fy (MPa) | f'm (MPa)* (mm) (mm) (mm) (cm?) (kg)
Value 12.6 28.09 12 189.5 141 389 316.23 12.58
Number of test 64 16 - 64 64 64 64 64
cov 8.7% 13.8% - 1.0% 1.1% 0.5% 4.2% 1.9%
High Strength Masonry
Value 30 29.41 21.06 188.5 139.67 388.5 310.12 14.14
Number of test 16 16 - 16 16 16 16 16
cov 8.9% 14.4% - 1.0% 1.0% 0.4% 2.6% 1.0%

* MSJC-2013 Correlation

6.2.2 Details of specimens

An experimental program was developed to evaluate
the structural behavior of post-tensioned concrete
masonry cantilever walls under out-of-plane load, this
was done using different levels of post-tensioning and
two masonry strengths. The experimental program
covered the test of six 2.0 m tall large scale ungrouted
and unbounded cantilever walls, with standard
commercially available single-wythe hollow concrete
block units 190x1200 mm of cross section. Running
bond with mortar was placed for the construction of
all walls using a common bond pattern. The walls were
built at the Laboratory of Structural Engineering at the
University of Medellin-Colombia.

Three different magnitudes of initial tendon prestress
(15%fm, 25%f,y, and 35%f,,) (maximum compression
stres at the wall section by tendon prestress) and two
masonry strengths (12.00 MPa and 21.06 MPa, low
and high strength respectively) were used. Precast
reinforced concrete solid blocks developed in the
University of Medellin were placed at the top of the
wall on the last course of blocks. Both vertical and
horizontal holes were incorporated through these
solid blocks to allow the post-tensioned bars to pass
through. In this last course of precast solid blocks, a
horizontal prestress force was applied to obtain a
similar effect to a capping reinforced concrete beam
that serves to uniformly transfer the post-tensioning
force to the masonry.
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The horizontal post-tensioning in the upper solid
course of the wall, played a fundamental role in
successfully transferring vertical post-tensioning in
the wall, a low or zero horizontal post-tensioning in
the upper solid blocks would have caused local
failures at the upper anchorage regions.

Two eccentrically unbonded and unrestrained (free to
move within wall) threaded steel bars, with a constant
eccentricity of 200 mm from the wall center, were
used as internal prestressing bars without lateral
restrain. They were inserted after construction of the
wall, symmetrically positioned through the wall
cavities on both sides of wall. Square steel bearing
plates (150 mm in size) were placed on the upper end
of each bar to avoid any localized failure. The lower
end of the bar was positioned to the strong reaction

plate in the steel frame by means of a high strength
nut. There was no bond between tendon and masonry
over its whole length. The tendons were post-
tensioned using a 300 kN hydraulic jack with a similar
load, sequentially with load increases of 25% in
alternation until the initial prestress has been reached
on each bar. The jack was removed after post-
tensioning and tightening the nuts. The walls were
able to withstand prestress force without apparent
damage. Some adjustments in post-tensioning force
were made to compensate for the elastic shortening in
the wall.

No other reinforcement was used in the wall. Test
walls were given the notation W-N, where N denotes
the test number. Table 6.2 shows the test matrix that
provides properties and details of all tested walls.

Table 6.2. Tested walls properties

Initial force Initial force Initial tendon .
Wall Block Height
Number Load Type strength south tendon | north tendon prestress (m)
(kN) (kN) (kN)
W-1 Cyclic Low 43.07 41.56 84.63 (15%) 1.8
W-2 Cyclic Low 64.18 65.97 130.15 (25%) 2.0
W-3 Monotonic Low 67.99 63.92 131.91 (25%) 2.0
W-4 Cyclic Low 42.89 46.92 89.81 (15%) 2.0
W-5 Cyclic Low 104.72 107.08 211.8 (35%) 2.0
W-6 Cyclic High 102.49 104.15 206.64 (15%) 2.0
W-7 Monotonic High 200.42 194.93 395.35 (25%) 2.0

6.2.3 Load history and instrumentation

All the walls were tested against a rigid steel reaction
frame in the upright cantilever position, with free
upper edge and fixed bottom supports. Lateral cyclic
or monotonic loading in the out-of-plane direction
was provided by a singular horizontal actuator on one
side of the wall, about one third up from the top of the
reinforced concrete base. This apportioned single
force through a vertical whiffle tree consisting of a set
of simply-supported steel girder beams. That force
simulated an approximate triangular uniformly
distributed pseudo-static earth pressure load by
applying eight equidistant point loads, emulating an
equivalent earth pressure load. Additionally, in each

point load a square steel plate (250mm) with
neoprene pads was placed to distribute the
concentrated load. A displacement controlled one-
directional cyclic out of plane stepped load/unload
history was applied in the laboratory by gradually
increasing and decreasing monotonic displacement.
Each cycle was repeated twice consecutively with
sequential increments double in displacement up to a
maximum of 124 mm (6.2% drift), subsequently the
wall lost their lateral capacity and failed. The applied
load history is shown in Fig. 6.1. Even though, the
applied load system differs from a triangular
uniformly distributed load, the shape of their moment
diagram is very similar (Fig. 6.2), and the load patterns
share the same strength values in the critical section
of the wall than triangular distributed load.
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Figure 6. 1. Applied load history.

The global wall response was measured using three
load cells, seventeen linear potentiometric
displacement transducers and four linear variable
differential transformers (LVDTSs), thus allowing a
complete record of the principal deformations and
forces during the entire loading process [Figure
6.3(a)]. Two load cells installed at the top of each wall
at end bar to measure and record the force variation
in tendon stress, and an extra one used to monitor the
load applied on the actuator [Figure 6.3(b)]. Likewise
horizontal displacement transducers to monitor wall
displacement (F20 to F21), lateral movement and wall
rotation in the bottom wall (F12 and F9), as well as to
determine whether any wall twisting has occurred.
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Figure 6. 2 Applied moment diagram

Vertical displacement (F2 to F6, F11, and F13 to F19)
was used to determine the strain profile and neutral
axis for different cross-sectional areas at the bottom of
the wall.

The tendon eccentricity advantages in this kind of wall
(retaining wall), which are only loaded in one
direction, can be seen in an optimal section design.
When the cracking load is reached at the bottom of the
wall, tension stress begins to appear at the tension
face, and the compression face still has a great load
capacity compared to a similar concentric tendon wall.

Lateral view
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6.3 Test results

b) Frontal view

c) Top view

LC34
F20l 012

Figure 6. 3 Test specimen and instrumentation

In the carried out tests, cantilever post-tensioned
masonry walls proved their good structural behavior
in out-of-plane strength, they showed their ability to
withstand large lateral displacements without major
damage. The summarized results of the wall behavior

*LC2

F21

F17

L IF11
F3

is shown in Table 6.3, where P, corresponds to the
ultimate wall load, T, is the ultimate tendon load, the
maximum displacement at the top of the wall at failure
Omaxy and AT, maximum tendon load increment at

ultimate state.

Table 6.3. Test results

Ultimate Tendon Force Increase
. . . Force Force Final
Maximum Final Force | Final Force . . .
wall Load Displacement North South Final Tendon increase increase Tendon
Number Py 5 Tendon Tendon Force South North Force
(kN) (marXﬁ ; (kN) (kN) Tu (kN) Tendon Tendon Increase ATy

(kN) (kN) (kN)
W-1 35.89 107.6 153.92 150.84 304.77 107.77 112.36 220.14
W-2 30.93 128.8 140.51 158.86 299.37 94.68 74.54 169.22
W-3 29.49 100.6 137.34 139.81 277.15 71.82 73.42 145.24
W-4 31.97 148.6 143.39 152.70 296.09 109.81 96.47 206.28
W-5 37.33 125.6 205.85 192.85 398.70 88.13 98.77 186.90
W-6 37.64 122.6 210.5 207.93 418.43 105.44 106.35 211.79
W-7 49.67 1219 295.24 315.56 610.80 115.14 100.31 215.45
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6.3.1 Load-displacement curves

In Figure 6.4 for tested walls 4 and 5, a nearly bi-linear
approximation to load-deflection behavior with a
small energy dissipation was observed. The initial wall
response was linearly elastic up until the initial
cracking load was reached, without accumulation of
damage, and after unloading, displacement was
almost completely restored. A nonlinear behavior,
with important stiffness reduction until peak load was
reached was observed, subsequently the applied load
decreased up to failure. The limit between elastic and
inelastic regions is not a true yield limit, because in all
tested walls for this load capacity the threaded bar
remains in elastic state. This limit corresponds to a
geometric nonlinear region product of the
decompression of the hollow concrete block by the
“rocking” response, shown by the appearance of
tensile forces at the bottom of the wall. Post-tensioned
masonry cantilever walls show a reasonable ductility
and overloading capacity before failure when first
cracking appears. A stable cyclic behavior until
rupture was observed in all the walls. Before the walls
lose their load capacity, a large drift ratio of 5% to 7%
was observed, without it compromising the structural
integrity of the wall. It was considered a failure of the
wall when the load dropped by 25% and deflection
increased significantly.

The amount of initial prestress controlled the cracking
load in all the tested walls. The flexural capacity
increase depends mainly on the masonry strength and
in second instance on the initial prestressing load.

35

w
o

o
L

[,
-

Load(KN)
N

4 3
Drift ratio(%)
Wall 4

N+

Based on the observed cyclic load-displacement loops,
a clear pinched loops trend in all cyclic testing can be
seen, this structural behavior implying a limited
energy dissipation. Sliding displacement between the
wall and concrete base was insignificant in
comparison with the lateral deflection for all the
tested walls, measurements indicate that wall sliding
did not exceed 1mm during test. An adequate friction
between the wall and foundation was created by the
initial prestress force.

Maximum drift measurements in tested walls were
between 6% and 7.5%, generated by flexural
deflection and the rotation of the rocking behavior.
Similar range was reported by Ismail et al. (2011) and
Ismail and Ingham (2012) in previous experimental
studies for posttensioned masonry walls (4.4% and
11.9%).

During a large part of the test, walls did not present
any crack or evidence of failure, even at higher levels
of displacement (drift ratio higher than 5%) and loads
exceeding 85% of ultimate flexural capacity. Damage
is concentrated at the bottom of the wall (extended
along a 200 mm section approximately from
foundation).

In low strength masonry wall, tendons did not reach
yielding, in contrast to high strength masonry wall
where tendons reached their elastic limit and yielded,
but the effect of this yielding was not visible in the
load-deflection curve. A complete record of walls 4
and 5 over all load-displacement cycles are plotted in
Figure 6.4.
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Figure 6.4. Load-Displacement curve.
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The envelope load-displacement response of all tested
walls is shown in Figure 6.5; the effect of masonry
strength on load capacity is clearly evident, even
though displacement capacity is very similar for the
different masonry strengths. Although there are
differences between the tested walls, the average
initial wall secant stiffness was very similar despite
the differences that exist in wall and masonry
properties.
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Figure 6.5. Envelope Load-Displacement curves

6.3.2 Failure modes

Bending was the dominant failure mode in all tested
walls under flexural loads, characterized by the
formation of one plastic hinge at the bottom of the wall
in the flexural compression zone with a general
crushing of the compression zone, and a focused
masonry and mortar crushing in the toe regions. This
was the typical failure mode observed in all the tested
walls. The opening at the bottom of the wall changed
the cantilever wall into a hinged mechanism. Block
separation due to decompression produces large
cracks at the bottom of the wall without affecting the
integrity of the wall. The first cracks inside the walls
were observed on most of the tested walls with a
upper drift ratio of 5% at the bottom of the wall, the
size of these first cracks were extremely small and a
great deal of them could not be observed with the
naked eye. The failure pattern consisted of a crushing
concentration at the toe regions and an uplift at the
heel side. Damage was limited and concentrated to a
small focal portion at the bottom of the wall (200 mm),
where masonry crushed locally in the area of the
greatest bending moment. The zone on the bottom of
the wall generates the largest amount of cracking, and
the rest of the specimen had negligible damage. Figure
6.6 shows a typical flexural behavior observed in all
the tested walls.

a) Lateral view

b) Frontal view

Figure 6.6. Typical failure mode

When the external forces in the wall begin to generate
tensile stresses at the bottom of the wall, the limitation
of unbonded post-tensioned masonry to counter
tension stresses produces the decompression of the
cross section at the heel region. This decompression
causes the rotation of the whole wall around the toe
region of one rigid body hinging about one point, and
the appearance of an opening horizontal crack along

the wall base in the mortar joint acting as a hinge
(Figure 6.7). The compression regions is decreased as
the lateral displacement increases, shifting the neutral
axis towards the toe regions of the wall and leading to
an increase in the tendon force when the wall is
deformed laterally. This phenomenon was visible in all
the tested walls and is known by the name of
“rocking”. The “rocking” behavior was observed in all

Flexural behavior of ungrouted post-tensioned concrete masonry



Chapter 6. Structural Testing of Ungrouted Post-tensioned Cantilever Walls under Cyclic Transverse Load

tested walls in the toe regions, and a self-centering
behavior even after large wall displacements
occurred. After unloading, the wall returned near to
the original vertical alignment, almost to its original
location, without considerable residual displacement
or damage. This phenomenon is most common in
flexural failure of unbonded post-tensioned walls that

have a sufficient initial prestress force to resist sliding
at the base of the wall and an adequate shear
resistance to avoid shear failure. The “rocking”
mechanism is the leading cause of how unbonded
post-tensioned masonry walls provide low energy
dissipation (Rosenboom and Kowalsky, 2004).

a)

b)

Figure 6. 7. Rocking mechanism a) Lateral view b) Back view

6.3.3 Bars tension measurements

The tendon force history for walls 4 and 5 in both
threaded bars are plotted in Figure 6.8. For walls with
low strength masonry all bars remained in the elastic
state through the entire test, unlike walls with high
strength masonry, whose threaded bar exceeded their
elastic limit before wall failure. By the symmetry of the
structural system, both bars in the wall present a
similar behavior throughout the entire test (Fig. 6.8).
Increases in tendon force at the beginning of the test
were insignificant until the decompression at the base
wall appeared, subsequently, tendon force is
significantly increased when external load is rising.
This increase was due primarily to the rocking in the
wall that leads a deflection between the two
anchorages of tendon bars at the bottom and top of the
wall. Initial prestress has a significant impact on
decompression load as can be seen from Figures 6.4

and 6.8, when initial tendon prestress is duplicated
between wall 4 and wall 5, the load required to
produce the decompression at the bottom of the wall
is also double.

A considerable loss in bar tension was observed
(between 13% and 37%) as the walls were unloaded
and returned to their vertical positions, this was due
to the elastic shortening and crushing of the masonry.
In this way, the wall itself shortened, causing the
threaded bar to loosen. With an increase in the lateral
displacement, for each following loading cycle, a
higher loss in tension bar is produced (up to 20% after
each loading cycle). The influence of the elastic
shortening and crushing of masonry shows in the
unload tendon force curve, where the decreasing
portion of the curve shows a different slope than the
increasing portion, it also shows an additional energy
dissipation within threaded bars.
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Figure 6. 8. Load-Tendon Force curve (Low strength masonry)

Figure 6.9 shows the tendon force increment versus
displacement curve, in which a nearly bi-linear
approximation can be observed. Similar observations
have been made in several different experimental
investigations: Bean and Schultz (2011), Wight and
Ingham (2008), Bean et al. (2007), Mojsilovic and
Marti (2000), Marzahn (1998), Campbell and
Chouinard (1991), Harajili and Kanj (1991), Yaginuma
(1995), Lazzarini et al. (2010) and Du and Liu (2003).
The first short linear portion is approximately
horizontal and corresponds to the linear-elastic
behavior of the structural system. Subsequently, the
second and more long linear portion of the curve,

corresponds to inelastic region of load-displacement
curve after decompression at the bottom of the wall.
In spite of their inelastic behavior, a nearly linear
trend is observed in tendon force increment vs
displacement curve, even if yield limit in threaded
bars is exceeded for wall 7 [Fig. 6.9(b)]. The effect of
the elastic shortening and crushing of masonry was
also noted in the tendon force increment curve,
because the cyclic test loading curve shows a different
behavior to the unloading curve, but after reloading,
the curve returns to its original state equivalent to a
monotonic test.
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Figure 6.9. Tendon force increment.

6.3.4 Patterns of displacements
measurements

The wall deflection is due to the combined effect of
wall rocking, flexural behavior, base sliding, and shear
effect, but “rocking” is the principal factor that
determines the lateral displacement in the wall
because once rocking appears the flexural deflection
by curvature remained almost constant (Rosenboom
and Kowalsky, 2004). As a result of “rocking”, when
the wall is deflected it behaves as a rigid body, and the

variation of displacement within wall height can be
assumed as linear [Figure 6.10(a)].

This effect can be noted in experimental results
[Figure 6.10(b)], where the displacement profile for
each load cycle is almost linear. The only exception is
the deflection near to the ultimate state seen as a slight
deviation in the linearity of the displacement profile of
the wall, due to a rise in of flexural deflection.
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6.4 Discussion

6.4.1 Cyclic and monotonic test

In order to review the differences between the
structural behavior of monotonic and cyclic testing of
ungrouted out-plane post-tensioned masonry, two
cantilever walls with similar physical properties were
built. Both walls were tested under different load
histories, monotonic (wall 3) and cyclic (wall 2), to
verify any structural behavior difference that occurred
with the change in the load history. Figure 6.11 shows
the comparison between cyclic and monotonic
behavior, with a dotted line showing the load-
deflection curve of a cyclic load wall, and the
continuous line representing the behavior of a similar
wall tested under monotonic load. The structural
behavior of cyclic and monotonic load is very similar,
the monotonic wall represents the envelope of the
cyclic test, both of which have the same initial
stiffness, elastic limit and inelastic behavior. Despite
the similarity in their load-deflection curve and
structural behavior, the discrepancies for maximum
load and ultimate deflection (approximately 7% and
33%, respectively) may be attributed to the deviation
in masonry strength from the reported material
properties values (Table 6.1).
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Figure 6. 11. Monotonic versus Cyclic curve.

It has been observed experimentally that the
structural development of ungrouted post-tensioned
cantilever masonry walls did not lead a significant
degradation of their mechanical behavior when an out
of plane cyclic load is applied, if compared to a similar
wall under out of plane monotonic load.

6.4.2 Effect of masonry strength

Masonry strength is the main parameter that controls
the structural behavior of post-tensioned masonry, its
magnitude primarily determines the mechanical
behavior of any type of structural element built with
this system. Compared to the wall W2, a 76% increase
of the masonry strength in wall W7 increased the
ultimate load by 61% (Fig 6.12). There were no
significant changes in the initial elastic stiffness
(2.8677 KN/mm for W-2 and 2.3064 kKN/mm for W-7)
and the ultimate deflection (128.8 mm for W-2 and
121.9 for W-7).

yield steel bar

Load(KN)

— Wall 2-Low strength
= Wall 7-High strength
0 1 2 3 4 5 6 7
Drift ratio(%)
Figure 6. 12. Low strength versus High strength curve.

6.4.3 Effect of initial prestress

The magnitude of initial prestress has been classified
in this study as one of the main design parameters
involved in the structural behavior of ungrouted
prestressed masonry cantilever walls. For practical
application, initial prestress can be influenced over
time by creep, shrinkage and elastic shortening in the
masonry, and steel relaxation. These factors must be
taken into account to make a good choice in selecting
the optimal initial prestress. Initial prestress has a
direct impact on the decompression force. In the tests
carried out, the effect of a change in levels of initial
prestress was studied, with the aim of examining their
incidence in the structural behavior of prestressed
masonry. Generally, laboratory tests showed that an
increase of initial prestress generates a gradual
decrease of the maximum displacement at ultimate
state, and an increase of their ultimate capacity.
Despite having a broad range of initial prestress,
Figure 6.13 shows that initial tendon prestress for
values of 15%f,y, and 25%f,y, did not have a significant
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influence on the structural behavior of ungrouted
post-tensioned masonry walls, but a considerable
difference in load capacity can be observed for value
35%fm.
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Figure 6. 13. Incidence of initial prestress

The magnitude of the initial prestress had no
significant effect on the elastic stiffness for the
different tested walls, as can be seen from Figure 6.13.
It can also be seen that for some values of initial
prestress (15%f,;, and 25%f,,), the structural
behavior of ungrouted post-tensioned cantilever walls
is very similar, indicating that when the initial
prestress is below a certain value, ungrouted post-
tensioned masonry cantilever walls produce a similar
structural behavior. Thus, it has been observed
experimentally that for a particular value range of
initial prestress, the structural behavior of ungrouted
post-tensioned masonry wall was very similar despite
differing in the magnitude of initial prestress, as it has
been seen in other studies (Laursen and Ingham,
2004). Their observation suggests the need for future
research to identify the range of values of initial
prestress that represent differences in their structural
behavior.

6.4.4 Initial stiffness and secant stiffness
reduction

The secant stiffness was calculated as the relation
between the force and displacement for each peak
load cycle taken of the enveloped load-deflection
curve. This parameter was normalized by elastic
stiffness which is defined by taking an average value
of the three cycles in the first phase as the ratio
between the force and the maximum horizontal top
displacement. Table 6.4 shows the initial elastic
stiffness for all tested walls.

Table 6.4. Initial elastic stiffness and stiffness at ultimate

Wall | T | B | Ko | e
Number | (KkN) (mm) | (KN/mm) (kN/mm)
W-1 35.89 | 107.6 6.4564 0.3335
W-2 30.93 128.8 2.8677 0.2401
W-3 29.49 | 100.6 2.0358 0.2932
W-4 3197 | 1486 5.5136 0.2151
W-5 37.33 125.6 5.8887 0.2972
W-6 37.64 | 122.6 5.3841 0.3070
W-7 49.67 | 1219 2.3064 0.4075

Despite the low levels of damage for large
displacement levels, it was noted that the wall secant
stiffness ratio decreases rapidly with the subsequent
drift increase in each cycle (Figure 6.14). For a drift
ratio of 0.5% (10 mm), a secant stiffness between 60%
to 80% of initial stiffness is expected, similar to that
observed by Ismail and Ingham (2012). The stiffness
reduction is primarily attributed to the degradation
and permanent deformation of the masonry, which
follows each load cycle.
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Figure 6. 14. Normalized stiffness reduction.

6.4.5 Residual post-tensioning force ratio

Tendon force decreased slightly during each loading
cycle, a result of inelastic shortening in masonry wall.
As can be seen in Figure 6.15 the loss of the prestress
force when the load is removed occurs rapidly for
lateral deflections that exceeds a drift ratio of 0.5%
(10 mm) in all walls. It may be observed in Figure 6.15
that for high strength masonry, a greater residual
post-tensioning force ratio at large displacement
compared to low strength masonry occurs. Likewise,
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there is not a distinct trend between the initial
prestress ratio and the residual post-tensioned force
ratio for the same masonry strength, given that,
factors determining residual post-tensioning, such as,
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elastic shortening, crushing and cracking of masonry
depend entirely on the mechanical properties of
masonry.
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Figure 6. 15. Residual tendon prestress ratio

6.4.6 Residual displacement

In order to study residual displacement of ungrouted
cantilever post-tensioned masonry walls, residual
displacement was calculated by measuring the lateral
top displacement of wall relative to the original
position of the wall. Figure 6.16 shows residual
displacement generated at each load cycle after
unloading the wall, which is already relatively low due
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to the ‘"self-centering” behavior. For each
displacement increment, an approximately linear
increase in residual displacement is observed, and an
average of residual drift ratio of 0.25% (5mm) was
observed in most of the tested walls for a drift ratio of
3.2% (64mm). Only in walls 2 and 6, higher residual
displacements are observed, above a drift ratio of
0.5% (10mm), which is associated with a preliminary
vertical crack caused by the low level of horizontal
prestress in the upper solid course of the wall.
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Figure 6. 16. Residual displacement

6.5 Codes results

The main worldwide post-tensioned masonry codes
were used to predict the behavior of the walls and

compare them with measured experimental results in
order to validate the accuracy of the proposed design
equations that provide each code. Calculations were
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developed assuming negligible tensile strength in
hollow blocks, mortar and the bond between them.
The British Standards Institution published the first
code requirements for the design of post-tensioned
masonry in 1985 (Schulz and Scolforo, 1991), and
many of those expressions were taken from masonry
and concrete codes used at that time. The majority of
codes propose a methodology where the mechanical
behavior is governed by a rocking mechanism and an
equivalent plastic hinge length is assumed. At ultimate
state, the stress distribution in the compression face of
the wall becomes nonlinear, in accordance with codes
recommendations. Whitney’s rectangular
compression stress distribution is assumed typically,
and each code recommends different values of the
empirical stress block parameters to produce their
design which is obtained from test data and statistical
correlations.

Code expressions are based mostly on tendon
elongation due to a single hinge or crack opening at

mid-height in simple support walls. The purpose of
this study is also to analyze the applicability of the
code expression to predict flexural behavior in
cantilever walls, although, a similarity in flexural
behavior between the cantilever wall and the half
simple support wall is predicted.

Even though all codes use the same expression to
calculate ultimate design moment, the formula
employed to calculate ultimate tendon stress (f,,) by
each code is different, Table 6.5 provides a summary
of the various expressions to estimate ultimate tendon
stress used by some worldwide post-tensioned
masonry codes. For consistency, some symbols in the
following equations have been changed from the
original formula to provide standard notation and
avoid confusion.

Table 6.5. Worldwide code expressions to calculate ultimate tendon stress

Code

Equations B4 B

British (BS5628-2,2005) | fou

= fe +700(7) [1 - 142222] * (MPa) | 050 | 1.00

Australian (AS 3700,2011) | fpu

_ a _ JouAps
_fpe+7oo(lp)[1 0.7%%] - (MPa) | 110 | 085

USA (MSJC, 2013)

E,sd
fou = fpe +0.03 (%)( -1 56f”5” ”S> 0.80 | 0.80

fmbd

Canadian (CSA, 2014) fou = fpe + ZSLZ(d —0) 0.85 | 0.80

Equations in Table 6.5 are the main input for the
prediction of the flexural behavior of post-tensioned
masonry elements at ultimate state, the result of this
calculation is a determining factor in estimating the
ultimate flexural capacity correctly. Table 6.6 and 6.7

summarize the results obtained in the calculation of
ultimate tendon stress and ultimate moment capacity
in accordance with the different proposals suggested
by the main worldwide post-tensioned masonry
codes.
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Table 6. 6. Summary of code calculations for ultimate tendon stress versus experimental results

wall Tu Experimental Tu Theoretical (kN) Theoretical /Experimental
Number (kN) MSJC 2013 | BS5628 | AS3700 CSA MSJC2013 | BS5628 | AS 3700 CSA
W-1 304.77 264.40 112.22 115.76 300.27 0.87 0.37 0.38 0.99
W-2 299.37 277.07 152.44 156.78 308.26 0.93 0.51 0.52 1.03
W-3 277.15 277.72 154.10 158.48 308.85 1.00 0.56 0.57 1.11
W-4 296.09 255.41 114.50 117.76 294.80 0.86 0.39 0.40 1.00
W-5 398.70 307.40 220.05 235.76 335.49 0.77 0.55 0.59 0.84
W-6 418.43 418.07 233.38 235.76 497.21 1.00 0.56 0.56 1.19
W-7 610.80 582.34 417.99 422.26 661.40 0.95 0.68 0.69 1.08
Mean 0.91 0.52 0.53 1.03
S.D 0.08 0.11 0.11 0.11
cov
(%) 9.17 21.15 20.72 10.71

For internal force equilibrium at ultimate state,
Equation 6.1 must be satisfied:
Apsfps = ﬁlfT;lab = 3132]%190 (6.1)

Once the equilibrium of forces in the cross-section is
established, the common approach to predict the
ultimate design moment of resistance for grouted
solid section in all codes, is then given by Equation 6.2.
In order to simplify the design operations for hollow
sections to calculate ultimate moment, the
computation of the ultimate moment is based on an
effective beam width (beg), to work with an equivalent
rectangular cross section. The effective width was
calculated as the ratio of the net area of the section, A,
to the overall depth, h, of the section (beg= A,/h). This

approximation was very close to the results for the
complete section.

a

My = Bifafiberrc (d=2) = Apfp(d=2)  (6.2)
For ungrouted hollow sections present in all tests
carried out in this study, the equilibrium of forces, the
point of application of the resultant forces and its
magnitude was set in accordance with the laws of
mechanics of materials, and ultimate design moment
is calculated in an equivalent way as Eq. 6.2. For this
expression, each code calculation wused their
equivalent stress block parameters (f; and f,)
mentioned in Table 6.5.

Table 6. 7. Summary of code calculations for ultimate moment versus experimental results

Wall Mu (kN*m) Theoretical Mu (KN*m] Theoretical /Experimental
Number | Experimental ["'oyio) 0,3 T poc6rg [ As3700 | CsA | TMs2013 | BS5628 | AS3700 | CsA
W-1 21.53 19.91 8.98 9.88 22.27 0.92 0.42 0.46 1.03
W-2 20.62 20.66 11.65 13.12 22.69 1.00 0.57 0.64 1.10
W-3 19.66 20.69 11.76 1325 22.72 1.05 0.60 0.67 116
W-4 2131 19.36 9.14 10.04 21.97 0.91 0.43 0.47 1.03
W-5 24.89 22.17 14.78 18.97 23.92 0.89 0.59 0.76 0.96
W-6 25.09 34.21 1930 | 20.43 40.20 1.36 0.77 0.81 1.60
wW-7 33.11 45.77 3215 | 3547 51.47 1.38 0.97 1.07 1.55
Mean 1.07 0.62 0.70 1.21
S.D 0.21 0.19 0.21 0.26
COV (%) | 19.66 3137 | 3039 | 21.73
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Results are summarized in Table 6.7, TMS 2013 and
CSA codes provide a good approximation for walls
with low strength masonry, and predictions for walls
with high strength masonry are overestimated in the
experimental results. The remaining codes, BS5628
and AS3700 provide results that differ significantly
from the experimental results for both high and low
strength masonry, but their predictions show a clear
conservative tendency.

6.6 Discussion and conclusions

A main conclusion of the experimental exploration of
full-scale testing in wungrouted post-tensioned
concrete masonry cantilever walls, was the ability of
this structural system to withstand large lateral
displacements with limited damage showing their
potential to be used in the construction of out of plane
walls. Additionally, the following conclusions can be
abstracted from this study:

o The wall “rocking” was the most common type of
structural behavior observed in all tested walls,
accompanied by flexural dominant failure, with a
self-centering behavior, and after unloading, the wall
returning near to the original position.

e The load-deflection curve in all the tested walls
showed a nearly bi-linear approximation with
reasonable ductility and pinched loops that are
associated with small energy dissipation.

o With higher displacement cycles, in excess of 85% of
ultimate load capacity, no crack evidence could be
detected with the naked eye. This is accompanied
with a low damage level, and its repair requires,
labor and materials costs are lower.

e A good linear approximation can been see on the
tendon force increment vs displacement curve, in
particular for the inelastic state, even threaded bars
yield.

e Cyclic and monotonic test have a similar mechanical
behavior until failure as evidence in their load-
deflection envelope curve.

e The most crucial parameter affecting the ultimate
capacity load of post-tensioned cantilever masonry
subject to out of plane loads was the masonry
strength. However, the change in masonry strength
did not have a significant effect on ultimate
deflection. Initial prestress had only a significant
impact on the ultimate load capacity for an initial
prestress value of 35%f;,, the mechanical behavior
of cantilever walls for initial prestress values of

15%f,, and 35%f,, were very similar and did not
differ significantly.

eThe self-centering behavior in prestressed
cantilever masonry walls contributed to reduce
residual displacement caused after unloading the
wall, compared to similar reinforced concrete or
masonry walls.

e MS]C 2013 and CSA 2014 codes accurately predicted,
with a good approximation, the ultimate moment
capacity for walls with low strength masonry,
although neither codes predicted the flexural
capacity for high strength masonry walls accurately.
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After concluding the experimental and analytical stage
of this doctoral thesis, several of the initial questions
posed at the beginning of this investigation phase have
been answered. There have been several
contributions to the knowledge of post-tensioned
masonry, as well as the generation of new challenges
in the research of this area. Each one of the chapters
makes their respective contribution to the solution of
a specific problem, each of these solutions remained
focused on obtaining an application of prestressing
masonry to be implemented in the construction of a
full-scale retaining wall prototype.

Ungrouted post-tensioned masonry retaining walls
would be a viable alternative both technically and
economically and offer the following benefits: safe
construction, high strength, easy and fast
construction, low maintenance, low construction
costs, pleasing aesthetics, and reduced waste, among
others. Additionally, a summary of the main
conclusions throughout this study are reported below:

e The main findings of previous research in the last
four decades about post-tensioned masonry
included: increase in cracking and ultimate load,
reduced costs, tendon restrain or tendon guide
increased the ultimate capacity, has a reasonable
ductility, reduced serviceability deflections, after
unloading displacement is almost completely
restored, improved shear strength, simple to
repair, and changed the failure mode for the
better.

e Experimental results in the uniaxial compression
test of hollow concrete blocks show that the best
correlation between the modulus of elasticity and
compression strength on the masonry unit is
better reflected in the expression E;, = 450f;.
Even so, the tendency observed in the
experimental results is not linear as proposed by
several masonry codes, but rather slightly curved.
The failure mode of hollow concrete blocks was
characterized by a diagonal crack, produced by a
combination of the low slenderness of the block
and the lateral confinement generated by steel
load plates. The shape of the stress-strain curve of
a hollow concrete block is dependent on the
magnitude of maximum compression strength.
Stress-strain curve displayed a relatively elastic
linear behavior up to about 30% of its maximum
strength and a good agreement between the
obtained results and the expression proposed by
Popovics (1973) for conventional concrete.

A new analytical expression based on fundamental
solid mechanics theory, that meets the
equilibrium, deformation compatibility and
realistic stress-strain behavior in both elastic and
inelastic states, provides a simple and excellent
resource to predict the tendon stress increase of
prestressed ungrouted masonry beams under
bending loads. The remaining code equations
offered less accuracy than the proposed
expression in unbonded post-tensioned masonry
beams at ultimate. The proposed rational
expression offers better flexibility due to its
simplicity and their better accuracy than studied
code equation with the experimental data.

The inclusion of a deviator block, which serve as a
tendon guide at strategic points in the post-
tensioned masonry beam, increasing levels of
deflection and strength capacity at ultimate
flexural state, making the ungrouted and
unbonded masonry elements can develop similar
structural than grouted and bonded beams.

For the flexural tests on ungrouted masonry
elements, load-midspan deflection curve can be
simplified approximately to a bi-linear relation, an
approximately first linear elastic region until
block separation occurs, followed by an inelastic
region with an important stiffness degradation.
Ungrouted masonry element exhibited a high
deformation and overload capacity prior to
bending failure, with concentrated damage only
over a small portion of the maximum constant
moment zone, and its repair requires lower time,
labor and materials costs.

The wall “rocking” was the most common type of
structural behavior observed in all tested
ungrouted masonry cantilever walls, with self-
centering behavior, i.e after unloading the wall
returning near to the original position. As a result
of “rocking”, when the wall is deflected it behaves
as a rigid body, and the variation of displacement
within wall height can be assumed to be linear.
Secant stiffness of ungrouted post-tensioned
masonry tested elements decreases significantly
when increasing displacement amplitudes,
attributed primarily to the deterioration and
permanent deformation of the masonry elements,
which follows each load cycle. During cyclic
testing, a low energy dissipation capacity was
observed. Cyclic and monotonic test for similar
ungrouted posttensioned masonry elements have
a related envelope mechanical behavior. Residual
displacement generated at each load cycle after
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unloading tested elements, which are already
relatively low due to the "self-centering"
mechanism. For each displacement increment, an
approximately linear increase in residual
displacement was observed.

e Given the constant monitoring of tendon stress
during all experimental tests, it was found that
unbonded tendons increased only slightly with the
applied load before cracking, on the other hand,
when block separation occurred, tendon stress
increased significantly. Likewise, a good linear
approximation can been see on the tendon force
increment vs maximum displacement curve, in
particular for the inelastic state, even the threaded
bars yield.

e Based on the observations made in this study for
ungrouted posttensioned masonry elements
tested under flexural loads, expressions provides
by MSJC-2013 and CSA-2014 codes give a better
correlation with the experimental data in flexural
capacity at ultimate state.

e Ungrouted post-tensioned masonry building
technique, is a promising construction option with
great potential to be used on structures that
require a certain level of ductility.

Flexural behavior of ungrouted post-tensioned concrete masonry
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8.1 Introduction

This section aims to point out some future lines of
research derived from this doctoral thesis work, this
study serves as a starting point for other researchers,
and for practitioners in the field of prestressed
masonry.

As is always the case in any research project, it helps
to generate new knowledge in a specific area of
research, but simultaneously, create new unknowns,
explore new ideas, discover new knowledge gaps, and
open new research horizons.

8.2 Materials and elements

From the experimental results of tested beams and
walls, it was observed that masonry strength is one of
the most important parameters in the mechanical
behavior of ungrouted prestressed masonry.
Experimental results in this study indicate that the
compression masonry strength has an important
impact on mechanical behavior of ungrouted post-
tensioned masonry subjected to bending stresses. For
this reason, there is a need for a new methodology to
determine an adequate value of compression masonry
strength to be used in the flexural design of ungrouted
post-tensioned elements. According to the materials
used in its construction (masonry unit and mortar),
and considering the geometric properties (shape of
the cross section and slenderness), the new
methodology will be very useful in optimizing design
processes, and Dbetter understand the real
performance of masonry elements subjected to
compressive stresses which are variable through their
cross section. Therefore, future research intends to
further develop a broader experimental stage and
define a new methodology to adjust the coefficient of
slenderness proposed for worldwide prestressed
masonry codes applicable to ungrouted masonry.

It requires designing a new masonry shape unit that
will maximize the benefits of post-tensioned masonry
elements under bending loads. Despite the amount of
different shapes of masonry units covered in the
market, each of them focuses on meeting a diverse set
of architectural and structural needs related to
traditional masonry. Prestressed masonry differs
from traditional masonry in their mechanical
behavior, the long-term structural needs of
prestressed masonry requires future research that
allows it to obtain a practical new typology of masonry
unit, whose shape improves the structural
performance of the different elements of ungrouted

prestressed masonry subjected primarily to bending
stress.

Mortar, traditionally has been the cementitious
material used in the construction of masonry walls, its
mechanical properties, durability, workability, and
low cost, has enabled mortar to be the leading basic
source material for masonry wall building.
Unfortunately, the time required in the process of
setting and hardening in the mortar decreases labor
productivity significantly, which increases the project
delivery time and project costs. In order for the
ungrouted post-tensioned masonry to fulfill its
function as a prefabricated system, a new contact
element to replace the mortar like adhesive between
masonry units needs to be found. This new material
should provide good stress transfer and require
shorter setting and curing times. This new material,
unlike conventional mortar, does not need to be a
cementitious material, since the post-tensioned force
applied to masonry guarantees a secure bond between
the masonry units.

e Applied loads on anchoring blocks may produce high

stresses while prestressed force is applied, for this
reason, anchor blocks must be reinforced to withstand
the stresses to which it is subjected. Anchor blocks are
an essential part of the ungrouted prestressed
masonry, and the optimum design of these elements
help to improve the functional performance of this
structural element. A study that would allow
identification of the most appropriate shape and
optimal reinforcement of anchor blocks would be
useful in the implementation and future marketing of
ungrouted post-tensioned masonry. All requirements
of this anchor block must be compatible with mass
production, like any other pre-cast material, in such a
way as to allow its industrialization.

Create wide experimental tests based on controlled
strain in order to establish the values of compressive
strain of masonry associated with maximum strength
and the ultimate capacity.

8.3 Analyses and design methods

Numerical models that currently exist are used to
mathematically represent the mechanical behavior of
grouted prestressed masonry with very good results.
These modelling tools are useful to investigate the
structural behavior of prestressed masonry through
the adoption of computational techniques and
analytical tools, that significantly reduce the time and
cost of the experimentation in a laboratory. By the
constitutive laws that regulate these numerical
models, the vast majority of them may not be
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appropriate for the simulation of ungrouted post-
tensioned masonry, primarily because the strain
compatibility hypothesis is not properly fulfilled. This
is why it is necessary to develop a new numerical
model governed by new constitutive laws that
faithfully represent the mechanical behavior of
ungrouted post-tensioned masonry.

In view of the absence of worldwide standards in
ungrouted post-tensioned masonry, there is a need to
develop a simplified design and analysis methodology
for ungrouted prestressed elements subjected to a
series of static and dynamic bending loads.

As well as major parts of the American continent,
Colombia and Chile do not have specific regulation for
the analysis and design of post-tensioned masonry
elements. It is for this reason that after observing the
structural and constructive advantages of the post-
tensioned masonry in this study, it is necessary to
develop the first version with specific regulations for
the Chapter Post-tensioned Masonry. This should be
added into the Colombian and Chilean structural
earthquake code regulations.

8.4 Behavior of the structural system

Although, several studies confirm that prestress
increases shear strength in concrete elements, to date,
there is a limited number of research projects working
on this issue for prestressed masonry, and most of
them are focused on grouted elements. A full
investigation into shear strength of ungrouted post-
tensioned masonry will be very helpful in the future to
complement this doctoral thesis project. It is also
necessary to develop research to study the incidence
of main design parameters in shear strength of post-
tensioned masonry elements in bending, and identify
which of these design factors control the structural
behavior of a post-tensioned masonry element in
which shear strength predominates.

Prestress force is vital to the mechanical behavior of
ungrouted post-tensioned masonry. Short-term losses
depend on prestress techniques, and they can be
controlled depending on the technique used, or re-
tightening the structural element as many times as is
necessary. Long-term prestress losses due to material
properties, such as creep and shrinkage, depend
primarily on environmental factors, the initial
prestressing force, and material properties. Long-
term losses are not easily controlled, and currently
there is no specific information on long-term forces in
ungrouted post-tensioned masonry. A careful analysis
of the effects of long-term losses on ungrouted

prestressed masonry is essential to guarantee the
proper operation of ungrouted post-tensioned
masonry over time.

There is very little technical information available to
support the study of the dynamic behavior of
ungrouted post-tensioned masonry, likewise,
expressions used to characterize dynamic behavior of
structural elements have been developed for elements
with grouted or homogeneous solid sections. It would
be appropriate to focus on developing a new study of
dynamic behavior of ungrouted post-tensioned
masonry elements to establish the incidence of design
parameters on dynamic behavior and the correlation
and differences between dynamic behavior of grouted
and ungrouted masonry elements.

8.5 Construction procedure

Masonry diaphragm walls have been shown to be an
excellent alternative for the building of high walls that
are subject to large out of plane loads, and therefore
require a greater slenderness ratio and section
modulus than the traditional cavity wall or single
section wall. New research to explore the further
potential of this type of construction focuses on
ungrouted masonry, it would be very useful to
promote this type of section in structures with high
demand on lateral loads.

The use of soil anchorages increase the structural
efficiency and stability of the retaining walls. The
combined use of post-tensioned masonry and soil
anchorage could significantly improve the lateral load
strength of retaining walls and shallow foundations.
For this reason, it would require further research to
determine the benefits of soil anchorage on the
internal and external stability of retained walls built
with ungrouted post-tensioned masonry.
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