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EFFECTIVENESS OF POLYMER FIBERS FOR IMPROVING
THE DUCTILITY OF MASONRY STRUCTURES
Abstract
by Thomas P. C. Hervillard, M.S.
Washington State University
December 2005

Chair: David I. McLean
Provisions in the 2005 MSJC Building Code Requirements for Masonry Structures
establish limits on the amount of flexural reinforcement for use in masonry structures. These
limits are based on material strain capacities and specified drift limits and are intended to provide
ductile response. The effect of these provisions has been to restrict the use of masonry systems
for many traditional applications. Previous research has demonstrated that steel confinement
plates and seismic reinforcement combs can be placed in the masonry mortar joints to increase
the masonry compressive strain capacity and, thereby, improve ductility. The goal of the present
research is to investigate the effectiveness of adding polymer fibers into the grout as a technique
for improving the ductility of masonry.
The research presented in this thesis investigated the stress-strain behavior of fiberreinforced masonry piers subjected to compressive loading. Thirty masonry piers were
constructed: fifteen of concrete block masonry and fifteen of clay brick masonry. The cells of
the masonry in the piers were grouted solid, with one-third of the piers containing grout with no
fibers, one-third with grout containing fibers at a dosage of 0.12% by weight, and one-third with
grout containing fibers at a dosage of 0.20% by weight. The pier specimens were loaded in
compression to failure under a controlled rate of displacement. Average stress-strain curves were
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determined for each material type and level of fiber dosage. A statistical analysis was conducted
at a 90% confidence level to determine whether or not the fibers had an effect on the peak stress
values, the corresponding strain values and the strains at 50% of the peak stresses of the
compressive piers. Results showed that the fibers increased the ductility of masonry piers made
of concrete blocks and clay bricks, but the improvements were lower than those observed when
other types of confinement reinforcement were used, namely the steel plates and the seismic
combs.
The Modified Kent-Park model was used to characterize stress-strain curves for masonry
with and without fibers in the grout. The model was also used to characterize results from
previous studies using steel plates and seismic combs as masonry confinement reinforcement.
Previous shear walls tests were modeled with commercial software using material properties
obtained from the Modified Kent-Park models. Moment-curvature analyses provided predictions
of the load-displacement response for each wall. Comparisons between results from previous
tests on shear walls and the analytical results of this study were performed. It was found that the
fibers, as well as the other forms of confinement reinforcement previously studied, provided only
modest increases in ductility and drift capacity for masonry shear walls. The ductilities obtained
are likely to be less than what would be expected for the design of reinforced structural elements
in seismic areas.
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CHAPTER ONE: INTRODUCTION

1.1 BACKGROUND
Older masonry structures have experienced damage and even collapse during seismic
events. Research during the past three decades has resulted in significant improvements, and
modern masonry structures have performed very well in recent earthquakes. Past research has
investigated the compressive behavior of piers made of concrete block masonry and clay brick
masonry in order to better understand the stress-strain behavior of these materials and the effects
of different types of confinement reinforcement. Several studies on confined piers with steel
plates or seismic combs incorporated in the mortar joints have shown increases in compressive
strain capacity.
As a result of recent changes in the masonry building codes, there is interest in utilizing
these confinement techniques to improve the performance of masonry structures during seismic
events, particularly in regard to improving the performance of masonry shear walls. The
behavior of shear walls during earthquakes is mainly influenced by inelastic deformation
mechanisms in shear and flexure. Previous studies have shown that the modes of failure are
different depending upon whether the response is primarily due to shear or flexure. In the first
case, the failure is brittle, while it is more gradual in the second case. The amount of flexural
reinforcement and the aspect ratio of the walls also influence the modes of failure. The various
types of confinement reinforcement investigated in masonry piers were also tested in shear walls
subjected to in-plane loading. An increase in compressive strain capacity was reported in the
walls, resulting in improvements in ductility.
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1.2 SCOPE AND OBJECTIVES
This study evaluated the effectiveness of various confinement reinforcement methods on
the compressive performance of masonry piers as well as in shear walls. Tests were conducted
on masonry piers whose cores contained polymer fibers mixed into the grout in order to
determine their stress-strain behavior in compression. The results, as well as those of previous
studies using steel plates or seismic combs as confinement reinforcement in masonry piers, were
used to characterize the stress-strain behavior for modeling shear walls. An evaluation of the
load-displacement capacity was conducted and compared to experimental results of previous
studies. Increased amounts of confinement reinforcement were also studied analytically in order
to evaluate the improvement in load-displacement capacity of shear walls.
This thesis first reviews the previous studies conducted on masonry piers and shear walls.
It then describes the experiments conducted on fiber reinforced masonry piers and the results that
were obtained. Modeling of the stress-strain behavior of the masonry piers is discussed, and a
description of the shear wall models is provided. A comparison between results from previous
studies and the analytical results of this study is also included. Finally, an investigation of the
effects of increased confinement reinforcement amounts on the load-displacement capacity of the
modeled shear walls is given. Conclusions based on experimental and analytical results were
reached on the overall effectiveness of the confinement reinforcement on the masonry
compressive behavior. Improvements in wall performance from each confinement technique
were compared.
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CHAPTER TWO: LITERATURE REVIEW

2.1 INTRODUCTION
The past thirty years have seen many studies conducted on the behavior of masonry piers
and shear walls subjected to compressive loading and in-plane lateral loading. These studies have
led to the development of various confinement reinforcement methods for improving the
behavior of masonry structures during seismic events. This chapter provides a review of this
previous research.

2.2 2005 MASONRY STANDARDS JOINT COMMITTEE (MSJC) BUILDING CODE
According to the 2003 International Building Code, “masonry structures and components
shall comply with the requirements in Section 1.13.2.2.2 of ACI 530/ASCE 5/TMS 402 and
Section 1.13.1, 1.13.2, 1.13.3, 1.13.4, 1.13.5, 1.131.6 and 1.13.7 of ACI 530/ASCE 5/TMS 402
depending on the structure's seismic design category as determined in Section 1616.3”. The 2005
Masonry Standards Joint Committee Building Code, in order to ensure a minimum ductility
capacity in masonry structures, establishes provisions that limit the amount of flexural
reinforcement, ρmax, that can be placed in masonry shear walls. Two limit values for fully
grouted masonry structures were established and are described in the commentaries of Section
3.3.3.5 of the 2005 MSJC. The goal of the limits is to avoid the ultimate masonry compressive
strain being exceeded, which would result in crushing of the compressive zone of the member,
prior to a certain ductility level being reached.
Assuming the strain distribution presented in Figure 2.1 for a fully-grouted shear wall
subjected to in-plane loading, the forces in the masonry, Cm, in the tensile steel, Ts, and in the

3

compressive steel, Cs, can be calculated using Equations 2.1, 2.2 and 2.3, respectively.
Depending on the amount of curvature ductility desired, the tensile strain factor, α, used in these
equations varies from 1.5 to 4.

Figure 2.1: Strain and stress profiles
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⎠
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Where:
•

Cm is the masonry force, lb;

•

f’m is the specified compressive strength of masonry, psi;

•

εmu is the maximum usable compressive strength of masonry, in./in.;

•

α is the tension reinforcement strain factor;

•

εy is the tensile reinforcement yield strain, in./in.;

•

dv is the actual depth of masonry in direction of shear considered, in.;

•

b is the width of the section, in.;

•

Ts is the steel tension force, lb;

•

fy is the specified yield strength of steel for reinforcement, psi;

•

As is the effective cross-sectional area of steel reinforcement, in²; and

•

Cs is the steel compression force, lb.

Two formulas are provided in the 2005 MSJC to calculate the maximum flexural
reinforcement ratio, ρmax, and they depend on the tensile and compressive steel present in the
walls. If the shear walls only include tension steel, ρmax can be calculated using Equation 2.4. If
there is compression steel with an area equal to the tension steel, As, ρmax can be evaluated using
Equation 2.5.
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Equation 2.5

Where:
•

ρmax is the maximum flexural reinforcement ratio;

•

P is the total factored axial load, lb
= Cm-Ts+Cs (by statics);

•

d’ is the distance from the extreme compression fiber to the centroid of the
compression reinforcement, in.; and

•

Es is the specified modulus of elasticity of steel, psi.

According to 2005 MSJC, no confinement reinforcement is required for the case of
structures that will respond elastically because the ultimate masonry compressive strain will not
be exceeded. In the case of structures responding inelastically, Section 3.3.3.5 described
previously can not be applied, and therefore Section 3.3.6.7 has to be considered. In this section,
it is stated that the need for special boundary elements (see Figure 2.2) at the edges of shear
walls shall be evaluated in accordance with Sections 3.3.6.8, 3.3.6.9 and 3.3.6.10. Boundary
elements are basically confined areas that will develop larger strain capacities than elsewhere in
the wall and that will improve the behavior of the entire wall. For walls bent in single curvature
6

designed by Section 3.3.6.8, boundary elements shall be provided over portions of compression
zones and be extended vertically until reaching the larger of lw or Mu/4Vu, where lw is the length
of the entire wall or of the segment considered in the direction of shear force in in., Mu is the
factored moment in in.-lb, and Vu is the factored shear force in lb. For walls bent in double
curvature, Section 3.3.6.9 states that special boundary elements shall be provided “at boundaries
and edges around openings…..where the maximum extreme fiber compressive stress,
corresponding to factored forces including earthquake effect, exceeds 0.2 f’m. The special
boundary element shall be permitted to be discontinued where the calculated compressive stress
is less than 0.15 f’m.” Note that the behavior of the boundary elements is directly linked to their
strain capacities and influences the overall behavior of the masonry wall.

Figure 2.2: Boundary elements

2.3 COMPRESSIVE BEHAVIOR OF CONFINED MASONRY PIERS
2.3.1 Priestley and Elder

Priestley and Elder (1983) investigated the stress-strain behavior of fully-grouted
reinforced concrete masonry piers loaded in compression. They conducted tests on piers where
thin type 304 stainless steel plates (0.122 in. (0.3 cm) thickness) were placed in the mortar beds
in order to increase the peak stress and the strain capacity of the piers (see Figure 2.3). These
plates were first proposed by Priestley and Bridgeman in 1974. Tests were run at two different
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strain rates (5×10-6/sec and 5×10-3 to 6×10-3/sec) to compare the results between low traditional
testing rates and high rates that may be experienced during seismic events. Parameters
investigated were block width (5.5 in. (14 cm) or 7.5 in. (19 cm)), longitudinal reinforcement
within the grout cells (two D20 grade 275 bars), and the presence of the steel plates. A
volumetric confinement ratio of 0.007 was used, corresponding to the volume of a steel plate
divided by the volume of material that it confines.

Figure 2.3: Detail of the placement of steel plates in the mortar beds used by Priestley and
Elder (1983)

Tests were conducted using a servo-hydraulically-controlled universal testing machine
operated under controlled rates of ram travel. The five-course piers consisted of alternate courses
of one full block and two half blocks. Two adjustments were applied to the test results. The first
adjustment accounted for the machine stiffness within both the ascending and descending
branches of the load-displacement curves. The second adjustment resulted from observations
made during testing. The piers, after reaching the peak stress values, developed cracks in the
central region but typically not over the entire height, leaving the top and bottom courses intact.
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If linear elastic behavior is assumed, the displacement due to the relaxation of the two intact
courses increases deformations of the cracked courses. Recovered displacements of the end
courses were calculated and added to the displacement measurements in order to calculate strains
in the damaged region. This adjustment was applied only for the declining branches of the stressstrain curves. The damaged region was defined after each test based on physical observations.
Results showed that the addition of confining plates dramatically changed the mode of
failure of the piers. Vertical splitting present in the unconfined piers almost disappeared when
steel plates were used, and only one or two blocks were damaged due to compression forces,
even when the D20 bars buckled. Confined piers showed higher strains at peak stress, and the
slope of the declining branches of the stress-strain diagrams was flatter, resulting in an increase
in the strain capacity of the piers (see Figure 2.4 and Figure 2.5).
An increase of the strain rate from 0.05%/sec to 0.5%/sec resulted in an average increase
of about 17% in the strength value and steepened the descending part of the stress-strain curve.
Priestley and Elder recommended designing for a 0.0025 ultimate compressive strain for
unconfined masonry and 0.008 for confined masonry. Block width and vertical reinforcement did
not show significant effects on pier performance.
The second goal of the project was to develop a behavioral model of the experimental
results. Priestley and Elder (1983), after consideration of several approaches, determined that a
modified Kent-Park model provided the best fit to their experimental stress-strain curves (see
Figure 2.4 and Figure 2.5). This model is discussed later in this chapter.
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Figure 2.4: Stress-strain curves from experimental and theoretical tests at low strain rates from
Priestley and Elder (1983) (1 MPa = 145 psi)
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Figure 2.5: Stress-strain curves from experimental and theoretical tests at high strain rates
from Priestley and Elder (1983) (1 MPa = 145 psi)

2.3.2 Hart et al

Hart et al (1988) investigated the effects of several types of confinement on the stressstrain behavior of fully grouted reinforced concrete masonry piers in compression. The types of
confinement studied included horizontal steel rebar (No. 3 bars at 8 in. or 4 in. spacing),
Priestley’s stainless steel plates, open or closed wire meshes, cages, hoops and spiral
reinforcement. Piers tested were four courses high and made of full blocks. The seventy-one
piers tested all had an 8-in. (20.3 cm) nominal thickness. Clearance requirements of the 1988

11

UBC Section 2409(e)-2 were provided by choosing appropriate dimensions of the reinforcement.
Two types of vertical reinforcement were considered. Type 1 corresponded to the minimum
UBC requirement, while type 2 doubled this value. Volumetric confinement reinforcement ratios
for piers with plates were 0.005 and 0.01 for type 1 and 2, respectively. With comb confinement,
these ratios were equal to 0.001 and 0.002, respectively. Tests were conducted using a
compression test machine operated under displacement control.
Results showed that unreinforced and vertically reinforced unconfined piers behaved the
same way, failing in a very brittle manner. The ascending branches of the stress-strain curves
were not affected by the different types of confinement, while the descending branches presented
larger areas under the curves and greater ultimate strain values (see Figure 2.6 and Figure 2.7).
Priestley’s steel plates provided the best results in regard to increasing peak stress values, areas
under the curves and ultimate strain values. The open wire mesh performed very well and
produced results very close to those obtained using Priestley’s plates. Hoops made of No. 3 bars
also had a positive effect on the maximum stress value and the area under the curve. A 4 in. (10.1
cm) spacing on center of the ties presented even better results than an 8 in. (20.3 cm) spacing and
increased noticeably the area under the curve.
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Figure 2.6: Stress-strain curves for unconfined masonry, confined masonry with hoops and two
volumetric confinement ratios for steel plates from Hart et al (1988) (1 MPa = 145 psi)

Figure 2.7: Stress-strain curves for unconfined masonry, confined masonry with hoops and open
wire meshes from Hart et al (1988) (1 MPa = 145 psi)
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2.3.3 Ewing and Kowalsky

Ewing and Kowalsky (2004) investigated the compressive behavior of unconfined and
confined clay brick masonry piers. The type of confinement used in this project was Priestley’s
steel plates with and without holes in the flanges. The holes are intended to improve the bond
between the plates and the mortar. Fifteen piers were tested using a compression testing machine
operated under displacement control.
Tests results showed that the ultimate masonry strength for confined piers was increased
by nearly 40% compared to that for unconfined piers. The strain capacity was also increased by
the use of confining plates. Ewing and Kowalsky (2004) reported that the results obtained with
solid plates were as good as or better than those obtained with plates with holes. They assumed
that the lack of difference in behavior came from two factors: the cross-sectional area of the
plate flanges was greater with the solid plates, and there may have been stress concentrations
occurring in the plates with the holes. This observation is important because plates with holes
cost more than using solid plates.
The modified Kent-Park model described by Priestley and Elder (1983) was used to
model the stress-strain behavior of the piers and was found to appropriately model the test
results, regardless of the volumetric ratio of confining steel.

2.3.4 Malmquist

Malmquist (2004) investigated the effects of confinement reinforcement on the
compressive stress-strain behavior of 32-in. (81.3 cm) high piers made of unreinforced concrete,
concrete blocks or clay bricks. Piers made of blocks or bricks were fully grouted and had
thicknesses of 5 1/2 in. (14 cm) and 5 5/8 in. (14.3 cm), respectively. The goal of this project was
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to evaluate the compressive strength and the ductility of the piers. These two characteristics are
important variables that affect the behavior of structures during seismic events.
In all, forty-five piers were constructed. Two different types of confinement were used:
Priestley’s steel plates, and the combs previously used by Hart et al (1988) and Shing et al (1989)
in reinforced masonry shear walls (see Figure 2.8).
Tests were conducted using an Universal Testing Machine (UTM) operated under
displacement control at a rate of 0.05 in./min (0.13 cm/min). Stress-strain curves were obtained,
and an analysis of variance (ANOVA) was conducted to determine if the confinement had a
statistically significant effect on the results.
Results showed that the confinement reinforcement significantly increased the strain
capacity by flattening the descending branch of the stress-strain curve and also increased the
ultimate strain values for all materials investigated (see Figure 2.9 and Figure 2.10).

Figure 2.8: Seismic comb from Malmquist (2004) (1 in. = 2.54 cm)
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Strains at 50% of the peak stress value were 0.004, 0.0055 and 0.006 for unconfined
concrete block masonry piers, piers with plates, and piers with combs, respectively,
corresponding to an increase in peak strain of approximately 50% as a result of providing
confinement reinforcement. For clay, in the same order of type of confinement, strains of 0.0047,
0.0061, 0.0057 were obtained, corresponding to an increase of approximately 30%. The ANOVA
with a 90% confidence level showed that comparable ductility improvements were obtained for
the confinement reinforcement methods for each of the materials.

Figure 2.9: Stress-strain curves for concrete block masonry piers with no confinement, plates
and combs from Malmquist (2004) (1 MPa = 145 psi)
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Figure 2.10: Stress-strain curves for clay brick masonry piers with no confinement, plates and
combs from Malmquist (2004) (1 MPa = 145 psi)

2.4 BEHAVIOR OF MASONRY SHEAR WALLS
2.4.1 Shing, Noland, Klamerus and Spaeh

Shing et al (1989) investigated the inelastic behavior of concrete masonry shear walls.
Sixteen of twenty-two fully grouted walls were built of concrete masonry blocks and tested to
determine the effects of various load conditions and design parameters. Variables included the
applied axial load and the amounts of vertical and horizontal reinforcement. Walls were 72 in.
(183 cm) high, 72 in. (183 cm) wide, and were fixed at both ends, resulting in an aspect ratio of
0.5. The nominal block thickness was 6 in. (15.2 cm). A spacing of 16 in. (40.6 cm) was used for
both vertical and horizontal reinforcement. A constant axial load and an in-plane cyclic load
were applied.
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The researchers performed moment-curvature analysis and found good correlation
between analytical and experimental results for a vertical reinforcement ratio of 0.0038. When
the latter value reached 0.0054 and 0.0074, the correlations were poorer. The moment-curvature
analyses were based on flexural behavior assumptions. These assumptions become invalid with
larger amounts of steel reinforcement due to the larger shear deformations and plane sections not
remaining plane after bending. These results showed that analytical moment-curvature analysis is
not appropriate for walls experiencing large shear deformations. “Specimens containing
relatively low amounts of vertical reinforcement reached ultimate resistance immediately
following the first major diagonal crack, whereas those specimens containing higher amounts of
vertical reinforcement could resist an additional 15-20% in load following the first major
diagonal crack” (Shing et al., 1989). Horizontal reinforcement did not show a large influence on
the results but may change the inelastic behavior from shear-dominated to flexure-dominated.
An increase of the axial load increased the likelihood of having a failure due to shear, and
the authors concluded that the flexural strength must be increased more than the shear strength
when axial load increases.

2.4.2 Tallon

Tallon (2001) performed analytical studies in order to investigate flexural reinforcement
limits for masonry shear walls. He also evaluated provisions in the 2000 International Building
Code (IBC) with regard to flexural reinforcement limits for shear walls. Moment-curvature
analyses were conducted on walls with five different flexural reinforcement ratios and for six
different axial loads ranging from 0 to 350 psi (2.41 MPa). Various masonry compressive
strengths and reinforcement yield strengths were evaluated.
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Results showed that the 2000 IBC underestimated predicted curvature capacities and used
simplified assumptions that made predictions for shear wall performance and behavior
inaccurate. This study also showed that curvature is a function of the aspect ratio of the wall, a
criterion not taken into account by the IBC, resulting in underestimations of the curvature for
squat shear walls. Tallon (2001) also studied the effects of the plastic hinge length on his results
by investigating the two relationships for plastic hinge lengths proposed by Paulay et al (1992).
According to both Tallon and Paulay et al (1992), Equation 2.6 is more appropriate for squat
shear walls because the influence of plasticity spread due to diagonal cracking is accounted for
by integrating the length of the wall, lw. Equation 2.7 is more dependent on the height of the wall
because it was originally developed for columns and therefore is more appropriate for walls with
high aspect ratios.

L p = 0.2l w + 0.044 hw

Equation 2.6

L p = 0.08hw + 0.15 f y d bl

Equation 2.7

Where:
•

Lp is the plastic hinge length, in.;

•

lw is the wall plan length, in.;

•

hw is the wall height from base to point of load application, in.;

•

fy is the yielding strength of the steel, ksi; and

•

dbl is the diameter of the flexural reinforcement, in.
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Defining failure when the ultimate masonry strain is reached was found to be inaccurate.
Indeed, if failure at 10% load degradation is considered, Tallon showed increases in the ultimate
curvatures of 30 to 200%. The analytical results showed that masonry shear walls were able to
experience greater curvatures than predicted by the IBC (2000). If this was considered, larger
amounts of steel reinforcement could be used, which would enable greater use of masonry is
seismic areas.

2.4.3 Eikanas

Eikanas (2003) investigated the effects of varying wall aspect ratio and flexural
reinforcement on concrete masonry shear wall behavior. He compared measured drifts to the
International Building Code’s (IBC 2000) 1% drift requirement. Seven fully-grouted cantilever
concrete masonry shear walls were tested. In-plane loading was applied cyclically at the free end
of the wall. A constant axial stress of 27 psi (0.19 MPa) was applied at the free end simulating
upper floors. Aspects ratios included 0.72, 0.93, 1.50 and 2.10. Flexural reinforcement ratios
were approximately equal to either the maximum IBC (2000) reinforcement ratio ρmax or twice
ρmax. Hysteretic load-displacement diagrams were obtained from experiments. Displacement
ductilities were computed and curvature along the height of the wall was determined. Eikanas
(2003) also conducted compression tests, following ASTM C1314, on fully-grouted two-course
masonry prisms. An average compressive strength f’m of 1630 psi (11.24 MPa) was measured.
The yield strength of the vertical reinforcement was measured as 66.1 ksi (455 MPa).
Details about the tested walls are provided in Table 2.1. Htot refers to the total height of
the wall, Hla is the height from the bottom to the point of load application, Lw is the width of the
wall, Hla/Lw is the wall aspect ratio.
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Eikanas

Wall Htot (in.) Hla (in.) Lw (in.) Hla/Lw
1
72
52
55.63
0.93
2
104
84
55.63
1.51
3
104
84
39.63
2.12
4
72
52
55.63
0.93
5
104
84
55.63
1.51
6
104
84
39.63
2.12
7
72
52
71.63
0.73

Vert. Reinf.
4#5@16
4#5@16
3#5@16
7#5@8
7#5@8
5#5@8
5#5@16

Table 2.1: Eikanas’ walls properties

Toe crushing was observed at strains significantly exceeding 0.0025. According to
Eikanas (2003), toe crushing occurred always at or near the maximum load and was
accompanied by significant drifts. Concerning the aspect ratio of the walls, squat shear walls
experienced greater shear deformations, while slender walls experienced more flexural
deformations. Regarding the effects of the ratio of reinforcement provided, ρ, the larger the
amount of steel, the smaller the drift capacity. However, Eikanas (2003) noticed that drift values
were always greater than 1.5% drift before reaching 20% load degradation.
Observed plastic hinge lengths were determined to be between Paulay and Priestley’s
(1992) recommendations (see Equation 2.6) and those given in ACI 318 (2002) (see Equation
2.8).
Eikanas concluded that the IBC provisions were overly restrictive and do not
appropriately take into account the aspect ratio of the wall. Furthermore, considering flexural
deformations is not a good representation of the response for squat shear walls which will mainly
experience large shear deformations. Shear should be taken into account for low aspect ratios.

Lp =

lw
2

Equation 2.8
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Where:

Lp = plastic hinge length, in.;
lw = wall plan length, in.; and
hw = wall height from base to point of load application, in.

2.4.4 Priestley

Priestley (1986) investigated the seismic design of shear walls and presented arguments
for using a capacity design method. Two questionable premises were exposed. First, many
design codes used elastic design methods that assume a structure’s behavior is more predictable
at service loads than at ultimate. Second, elastic design is supposed to prevent structures from
inelastic actions, but during earthquake events, it becomes highly doubtful.
At service loads, parameters such as shrinkage, creep, temperature and settlement
influence the stresses experienced by the structures so that elastic design predictions do not show
good results. At ultimate loads, stresses are less sensitive to these parameters, and predictions of
performance will be improved. Priestley observed that squat shear walls could achieve very
ductile flexural response even for aspect ratios as low as 0.5, but the energy absorption is limited
by the base slip.
Tests were conducted on 19.7 ft (600 cm) high cantilever shear walls with an aspect ratio
of 2.5. The goal was to study the behavior of slender fully-grouted concrete masonry shear walls
to examine if the ductility capacities would decrease as the aspect ratio increases. Concrete units
used in this study were 5 ½ in. (14 cm) thick. An investigation of the plastic hinge length in the
base region and of the potential lateral buckling of the compression end was conducted.
Confinement with steel plates was provided in the plastic hinge region to several walls, but only
at each end and only in the bottom seven mortar beds. Walls were loaded cyclically in plane at
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the free end. Load-displacement curves for unconfined and confined concrete masonry shear
walls are presented by Figure 2.11 and Figure 2.12.

Figure 2.11: Load-deflection behavior of unconfined concrete masonry walls of high aspect
ratio from Priestley (1986) (1 kN = 225 lbs, 1 mm = 0.03937 in.)
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Figure 2.12: Load-deflection behavior of confined concrete masonry walls of high aspect ratio
from Priestley (1986) (1 kN = 225 lbs, 1 mm = 0.03937 in.)

Results showed that cantilever shear walls with a flexible floor slab will behave better
than coupled shear walls or walls with openings. The confinement in the plastic hinge region
provided very good results by improving the ultimate strength and the ductility capacity.
Furthermore, less visible damage occurred in the wall at the end of testing when compared to
walls without confinement. Another conclusion was that the lapping of flexural reinforcement
should be avoided in the plastic hinge region. No lateral buckling of the reinforcement was
observed. Ductility decreased as the aspect ratio of the wall increased.
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Priestley provided several design recommendations that were later incorporated into the
New Zealand Masonry Design Code (1985). It was concluded that flexural design of masonry
shear walls should be based on the ultimate strength theory. A capacity design approach should
be used for the required shear strength. Distributing flexural and shear reinforcement along the
entire length of the wall instead of concentrating it will improve performance. Walls with high
aspect ratios should contain a type of confinement (preferably steel plates) in the end regions in
order to provide adequate ductility.

2.4.5 Shing, Carter and Noland

Research was conducted by Shing et al (1993) on the influence of confining steel on
flexural response of reinforced masonry shear walls. Tests on four-course piers were followed by
tests on shear walls. Three confinement schemes were investigated: ring, comb and spiral-cage
(see Figure 2.13). Specimens were made of 6, 8 or 12 in. (15.2, 20.3 or 30.5 cm) thick hollow
concrete blocks. Vertical and horizontal steel reinforcement was provided in all specimens in
order to comply with the minimum requirements of the UBC (1988). Vertical and horizontal
reinforcement was equally spaced at a 16 in. (40.6 cm) center-to-center spacing. Confinement
was provided along the entire height of the wall with only the center region around the central
vertical bar not confined. All walls were subjected to a 100 psi (0.7 MPa) compressive stress and
loaded cyclically in plane. Loading was applied at the top of the cantilever wall.
Results showed that flexure governed for all walls even if shear had an effect on the mode
of failure and the maximum strength values. Visual observations showed that the combs
provided the best results, usually confining the toe crushing to only one course compared to
damage in at least two courses with the other types of confinement.
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Figure 2.13: Three confinement schemes investigated by Shing et al (1993). From left to right,
the rings, combs and spiral cage

Figure 2.14: Load-lateral displacement envelope curves for the different confinement
reinforcements (1 kips = 4.448 kN, 1 in. = 2.54 cm)
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Flexural ductility results exhibited either small improvements or no improvements
between unconfined walls and walls containing one of the confinement schemes (see Figure
2.14). Overall, the comb reinforcement provided the best results from the experimental and
numerical studies. Shing et al (1993) concluded that the volumetric ratio of confining steel and
the ratio of the least dimension of the confined area to the spacing of confining space influenced
the compressive strain behavior of confined masonry shear walls.

2.4.6 Laursen and Ingham

Laursen and Ingham (2004) performed structural tests on two unbonded posttensioned
concrete masonry (PCM) cantilever walls. Both walls were subjected to cyclic in-plane loading
in order to reproduce seismic excitations. The walls were 67% of full scale and modeled typical
4 to 5 story high cantilever walls usually encountered in apartment buildings. They were 5,250
mm (206.7 in.) (height) × 2,400 mm (94.5 in.) (width) × 140 mm (5.51 in.) (thickness) and
represented two RC floor slabs distributed along the entire length of the walls. Three-millimeter
thick steel plates, similar to the Priestley plates described previously, were incorporated in
mortar beds in the wall’s toe regions over 1,000 mm (39.4 in.) in height and were extended to
600 to 800 mm (23.6 to 31.5 in.) from the wall corners. Three 15.2-mm (0.6 in.) high-strength
post-tensioning strands were placed at -400 mm (-15.7 in.), 0 mm (0 in.) and 400 mm (15.7 in.)
from the centerline of the walls, respectively, and were prestressed to an initial force of 133 kN
based on the assumption that the walls would rock around their lowers corners and a required
drift of 2% before tendons yield. Horizontal shear reinforcement was provided at 400 mm (15.7
in.) spacing.
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Two previous studies by Laursen and Ingham (2001) and Laursen and Ingham
(unpublished, 2003) evaluated the effects of confinement on PCM walls. “It was found for
unconfined walls that the maximum in-plane displacement (drift) capacity developed prior to
significant strength degradation attributable to masonry crushing was 1%” (Laursen and Ingham,
2004). When confined masonry was used, the authors found that the displacement ductility could
reach 1% to 1.5%.
Results showed that tendons reached maximum forces of 209 kN, smaller than the
nominal yield force of 213 kN. Sliding represented less than 3% of the total lateral displacement.
Only the bottom three courses experienced face shell spalling and grout core crushing; the upper
courses only presented either small cracks or no damage. It was concluded that the PCM walls
can sustain severe in-plane cyclic loading accounted during seismic events. Reliable drift
capacities were obtained and reached up to 1.5%. Only small regions of the wall were damaged,
allowing the structure to be repaired. At ultimate displacement, strains accounted were between
0.019 and 0.024, indicating that the load was no longer carried by the masonry as face shell
spalling had occurred.

2.4.7 Snook

Snook (2005) investigated the effects of confinement reinforcement on the performance
of fully-grouted concrete masonry shear walls. Nine cantilever walls were tested. Two wall
aspect ratios (0.93 and 1.5) and three types of confinement reinforcement were investigated,
namely stainless steel plates, open wire mesh and polymer fibers. The walls had an 8-in. (20.3
cm) nominal thickness and a length of 55.625 in. (141.3 cm). Wall heights were either 72 or 104
in. (183 or 264 cm). Cyclic lateral load was applied at a height of either 52 or 84 in. (132 or 213
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cm) from the base while a constant axial stress of 34 psi (0.24 Mpa) was maintained at the free
end. Vertical reinforcement consisted of seven Grade 60 No.5 bars equally spaced at 8 in. (20.3
cm) corresponding to a vertical reinforcement ratio of 0.0055. Bar yield strength was measured
as 63.3 ksi (436 MPa). Lap splices were avoided in the plastic hinge length region. Horizontal
reinforcement consisted in either five No. 5 bars at 16 in. (40.6 cm) spacing, or seven No. 4 bars
at the same spacing.
Confining plates measured 15.1 in. (38.4 cm) in length by 7.1 in. (18.1 cm) in width by
3/16 in. (0.46 cm) in thickness and were placed in the bottom four or six mortar beds of the 72 or
104 in. (182.8 or 264.2 cm) high walls, respectively. Plate confinement was provided only in the
end regions over a length of one full block. The open wire mesh was made of 3/16-in. (0.46-cm)
diameter steel wire and was provided in the same regions as that described for the steel plates.
Details are provided in Figure 2.15.
Fibers used in the study were fabricated from a polypropylene and polyethylene mixture.
They were directly mixed with the grout and placed in the walls cells. Two different
concentrations of fibers were used: “Fiber 1” refers to 5 lbs/yd3 (2.97 kg/m3) and “Fiber 2” to 8
lbs/yd3 (4.76 kg/m3). Walls were cyclically loaded in-plane under displacement control while
supporting an axial stress of 34 psi (0.23 MPa).
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Open mesh

Steel plate

6.70
7.13
1.00

6.06

3

1.00

15.13

16

in. wire

15.81

A36
16 in.

3

6.06

1.00
1.00

Figure 2.15: Steel plates and open mesh comb from Snook. Dimensions are in inches (1 in. =
2.54 cm)

Details about the tested walls are provided in Table 2.2. Htot refers to the total height of
the wall, Hla is the height from the bottom to the point of load application, Lw is the width of the
wall, Hla/Lw is the wall aspect ratio.
Snook also conducted compression tests, following ASTM C1314, on grouted two-course
masonry prisms. An average compressive strength f’m of 1730 psi (11.93 MPa) was obtained.
Wall failure mechanisms, drifts, load-displacement curves and displacement ductilities
were evaluated. All four walls with an aspect ratio of 0.93 experienced damage due to shear and
flexure. Wall 1, 2 and 3, not confined, confined with steel plates and confined with seismic
combs, respectively, experienced spalling over the bottom two or three courses. Wall 4, confined
with “Fiber 1”, experienced large shear cracks but no spalling of the face shell. The five walls
with an aspect ratio of 1.5 all experienced a failure pattern mainly due to flexure, characterized
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by toe crushing of side regions. Usually, three or more courses were damaged at failure,
however, the major cracks for fiber reinforced walls were only situated in the bottom two
courses. Buckling of the vertical reinforcement occurred in each wall. The shear wall confined
with fibers experienced the least amount of shear damage among the squat shear walls that were
tested.

Snook

Wall Htot (in.) Hla (in.) Lw (in.) Hla/Lw
1
72
52
55.63
0.93
2
72
52
55.63
0.93
3
72
52
55.63
0.93
4
72
52
55.63
0.93
5
104
84
55.63
1.51
6
104
84
55.63
1.51
7
104
84
55.63
1.51
8
104
84
55.63
1.51
9
104
84
55.63
1.51

Vert. Reinf.
7#5@8
7#5@8
7#5@8
7#5@8
7#5@8
7#5@8
7#5@8
7#5@8
7#5@8

Conf.
No
Plates
Combs
Fiber 1
No
Plates
Combs
Fiber 1
Fiber 2

Table 2.2: Snook’s walls properties

Overall, the wall confined with “Fiber 2” achieved the highest drift. However, the wall
with “Fiber 1” achieved a drift similar to that for the unconfined wall, showing that the larger
amount of fibers may be required to increase the drift capacity. Walls with plates and with combs
behaved similarly. Regarding the load-displacement curves for the 0.93 aspect ratio, Wall 4
(Fiber 1) presented the best performance, achieving higher peak load and larger displacements
than in the other walls. For the 1.5 aspect ratio, Wall 9 (Fiber 2) had the best results, achieving
slightly larger displacements than other walls. The largest displacement ductilities were obtained
with the fiber reinforced walls.
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2.5 STRESS-STRAIN MODELS
2.5.1 Kent and Park

Kent and Park (1971) used existing experimental stress-strain curves to create a
mathematical model to describe the behavior of confined concrete with steel hoops or spirals.
Their proposed model is illustrated in Figure 2.16. The goal was to represent each portion of the
curves by mathematical equations based on the material properties.
The ascending portion of the curve (between points A and B) was approximated using a
second degree parabola. Assuming that the steel did not have any effect on the shape of the
curve, that the maximum flexural stress was the same for unconfined and confined masonry, and
that it was equal to the cylinder strength f’c, they produced Equation 2.9 which gives the concrete
stress values for each value of strain lower than 0.002.

2
⎡ 2ε
⎛ εc ⎞ ⎤
c
f c = f 'c ⎢
− ⎜⎜ ⎟⎟ ⎥
⎢⎣ ε 0 ⎝ ε 0 ⎠ ⎥⎦

Equation 2.9

Where:
•

fc is the concrete stress, psi;

•

f’c is the compressive strength of a 6 in. diameter × 12 in. concrete
cylinder, psi;

•

εc is the concrete strain, in./in.; and

•

ε0 is the strain in concrete at peak strain, in./in.
= 0.002.
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Figure 2.16: Proposed Stress-strain relationship for unconfined and confined concrete by Kent
and Park (1971)

Kent and Park (1971) assumed that the falling branch could be represented by a linear
curve and developed Equations 2.10, 2.11, 2.12 and 2.13.

ε 50 h =

3
b"
p"
4
s

Equation 2.10

ε 50u =

3 + 0.002 f ' c
f ' c −1,000

Equation 2.11

Z=

0 .5

ε 50 h + ε 50u − ε 0

f c = f ' c [1 − Z (ε c − ε 0 )]
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Equation 2.12

Equation 2.13

Where:
•

ε50h is the difference between the strains at 50% of the peak stresses of
confined and unconfined concretes, in./in.;

•

p” is the ratio of volumetric hoops to volume of concrete core measured to
outside of hoops;

•

b” is the width of confined core measured to outside of hoops, in.

•

s is the spacing between hoops, in.;

•

ε50u is the strain at 50% peak stress on falling branch of stress-strain curve,
in./in.; and

•

Z is a constant.

For confined concrete in the CD region, the authors assumed a constant stress value of
0.2f’c can be supported from ε20c to infinity. The model presented a good correlation between
analytical and experimental results.

2.5.2 Priestley and Elder

Priestley and Elder (1983) presented a modified Kent-Park model developed initially by
Park and Priestley in 1982. The original model had been modified in order to fit experimental
data on confined square concrete columns. Equations derived were very close to those of the
original model developed by Kent and Park described previously. The modified model is
presented by Equations 2.14 and 2.15.
For the ascending portion of the curve for strains lower or equal to 0.002K:
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2
⎡ 2ε c
⎛ εc ⎞ ⎤
f c = Kf ' c ⎢
−⎜
⎟ ⎥
⎣⎢ 0.002 K ⎝ 0.002 K ⎠ ⎦⎥

Equation 2.14

Where:
•

fc is the concrete stress, MPa;

•

f’c is the compressive strength of a concrete cylinder, MPa;

•

εc is the concrete strain, mm/mm;

•

K is a strength enhancement coefficient
= 1+ ρs

•

f yh
f 'c

;

ρs is the volumetric ratio of confining steel equal to the volume of
confining steel divided by the volume of confined concrete; and

•

fyh is the confining steel yield strength, MPa.

For the descending portion of the curve for strains greater than 0.002K:

f c = Kf ' c [1 − Z m (ε c − 0.002 K )]

Equation 2.15

Where:
•

Zm is a constant
=

•

0.5
⎡ 3 + 0.29 f ' c ⎤ 3
h"
− 0.002 K
⎢
⎥ + ρs
sh
⎣145 f ' c −1,000 ⎦ 4

;

h” is the lateral dimension of confined core, mm; and
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•

sh is the longitudinal spacing of confining steel, mm.

Priestley and Elder (1983) made additional modifications to the model to account for low
values of strain at peak stress (0.0015) of the masonry piers obtained in their tests. These
equations won’t be described here because, after testing them, it appeared that the first modified
Kent-Park model fitted experimental results better. Strain at peak stress was closer to 0.002 than
0.0015.
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CHAPTER THREE: MASONRY PIER TESTS

3.1 INTRODUCTION

The 2005 Masonry Standards Joint Committee (MSJC) Building Code provides the
option to utilize confined boundary elements in order to improve the performance of masonry
walls. In this study, the effects of fiber reinforcement on compressive stress-strain curves of
fully-grouted masonry piers were investigated. Two variables were considered. The first one was
the masonry material. Either concrete blocks or clay bricks were used to build the piers. The
second variable investigated was the amount of fibers mixed with the grout poured inside the
pier cells (two different amounts and a control).
Thirty piers were built. All possible combinations of test parameters were applied on
groups of five piers (different material or amount of fibers in the grout). After 28 days curing, the
piers were tested in compression in order to obtain a stress-strain curve for each specimen. An
analysis of variance was performed to determine if the amount of fibers had a significant effect
on the performance of the piers. This chapter presents details of the experimental program and
the results of the tests.

3.2 MATERIAL PROPERTIES

The piers measured approximately 32 in. (81 cm) high (see Figure 3.1). They were made
of either four concrete block units or eight clay brick units. The dimensions of a single concrete
block were 5

5

8

×11

5

8

×7

5

8

in. (14.3×29.5×19.4 cm) and those of a clay brick were 5 ½ ×11 ½

×3 ½ in. (14.0×29.2×8.9 cm). The hollow concrete block masonry units were made from
medium density concrete according to ASTM C 90 and had nominal 6W×12L×8D in.
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(15W×30L×20D cm) dimensions with a net-area-to-gross-area ratio of 0.56. The hollow clay
brick units met ASTM C 652 specifications and had nominal 6W×12L×4D in.
(15.24W×30.48L×10.16D cm) dimensions. Their net-area-to-gross-area ratio was 0.63 (see
Figure 3.1). The grout used in this study was a bagged coarse grout confirming to ASTM C 476.
Bagged Type S mortar was used.

Figure 3.1: Piers made of 4 concrete blocks or 8 clay bricks (1 in. = 2.54 cm)
Tests were conducted to determine the average compressive strength for the blocks, the
bricks, the grout (following ASTM C1019 requirements), and the mortar (following ASTM C
270 and UBC Std. 24-22). Results are summarized in Table 3.1. Note that the average
compressive strength obtained for the grout samples was higher than the traditional values.
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Compressive
strength (psi)
Concrete block
2500
Clay brick
4690
Grout
8120
Mortar
4340
(1 ksi = 6.89 MPa)

Table 3.1: Strengths of the different materials

3.3 FIBER PROPERTIES

Fiber reinforcement is gaining more use in concrete construction because of its ability to
provide effective crack control for plastic shrinkage and for drying shrinkage, absence of
corrosion, reduction of injury risks with the installation of traditional steel rebar, and ease of use.
The fibers used in this investigation were synthetic macro fibers made of a blend of two
types of polymers: polypropylene and polyethylene. Engineered to enhance the ductility of
concrete, these fibers also provide post-crack control, a characteristic which is not traditionally
achieved by micro fibers. The modulus of elasticity of the fibers was matched to the elastic
modulus of concrete paste, while the geometry of the fibers was optimized to obtain a good bond
between the fibers and the concrete matrix. The fibers do not increase the tensile strength of the
concrete. The fibers measured 1.55 in (40 mm) long and possessed an aspect ratio of 90 (see
Figure 3.2). Fibers were added to the already mixed grout. The grout with fibers was placed and
vibrated inside the pier cells using conventional techniques. Table 3.2 provides properties of the
fibers.
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Specific gravity
Absorption
Modulus of Elasticity
Tensile strength
Melting point
Ignition point
Alkali, Acid and Salt resistance

0,92
None
9.5 GPa (1,378 ksi)
620 MPa (90 ksi)
160°C (320°F)
590°C (1,094°F)
High

Table 3.2: Fiber properties

Figure 3.2: Polymer fiber (1 in. = 2.54 cm)

3.4 PIER CONSTRUCTION

Thirty piers were constructed by qualified masons: fifteen made of 4 concrete blocks,
and the other fifteen made of 8 clay bricks (see Figure 3.3). The piers were constructed on
leveled plywood boards inside plastic bags. After 24 hours, they were separated into 6 groups of
5 piers and then fully grouted with one of the three amounts of fibers selected for this study (see
Table 3.3). 0.12% by weight refers to a dosage of fibers of 5 lbs/yd3 (2.97 kg/m3), while 0.20%
by weight refers to a dosage of 8 lbs/yd3 (4.76 kg/m3). The piers without fibers served as a
control for the study.
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The grout was poured in two lifts and vibrated twice with a 1-in. (25-mm) diameter
vibrator for 1 min. After the vibration of the grout, the plastic bags were sealed to retain moisture
and provide for curing of the grout for 28 days (see Figure 3.3).

% of Fibers by
weight
Materials

0%

0.12%

0.20%

Concrete Prisms
Clay Prisms

5
5

5
5

5
5

Table 3.3: Test matrix

Figure 3.3: Both kinds of piers before being grouted and sealed in the plastic bags

Both concrete blocks and clay bricks were obtained from commercial suppliers. A
number of the bricks possessed cracks in the central region, probably associated with the
manufacturing process (see Figure 3.4).
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Figure 3.4: Cracked bricks

3.5 PIER PREPARATION FOR TESTING

The piers were capped on both sides using a commercially-available white gypsum
plaster called Hydrocal. Leveled glass plates were secured with plaster to the building floor. Wet
plaster was spread on these plates and the piers were set in the plaster. The top cap was created
by pressing and leveling a glass plate into wet plaster spread over the tops of the piers (see
Figure 3.5).

Figure 3.5: Capping with gypsum cement
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3.6 TEST SETUP

The piers were tested in compression using a 400-kip (1780-kN) Universal Testing
Machine (UTM) at Washington State University. The machine consisted of a two-screw load
frame and a single hydraulic ram at the bottom which compressed the pier against the top platen
(see Figure 3.6 - left).
Displacements of the bottom loading platen were controlled to produce a constant rate of
displacement of 0.05 in./min (0.13 cm/min) during testing. Because of the elastic deformation of
the two screws supporting the top crosshead, an instantaneous adjustment of the bottom platen
speed was necessary. Ram stroke was recorded by a linear variable differential transformer
(LVDT) mounted centrally on the back edge of the lower platen. Displacement measurements
recorded by the UTM LVDT included the testing flame flexibility.
A spherical bearing plate was used as the upper platen in order to accommodate slight
differences in alignment of the upper and lower surfaces of the piers (see Figure 3.6 - right).
The load and the displacement of the lower platen were directly recorded from the UTM
machine. Five additional 2-in. (5-cm) range potentiometers were added, one to control the speed
of the bottom table and four on the bearing plate to record the displacements of each corner of
the specimen (see Figure 3.6 - right). All test information measured by either the testing machine
or potentiometers was processed with commercial data acquisition software and collected at a
rate of 5 Hz.
ASTM C 1314 procedures were generally followed throughout the testing process. Each
specimen was loaded at a convenient rate up to 20 kips (90 N) and then unloaded until the load
reached values less than 0.5 kips (2 N). The experiment was then started and data was recorded
until the specimen failed or the load fell below 30 kips (130 N).
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Figure 3.6: 400-kip Tinius Olsen Universal Testing Machine (left) and details of the bearing
plate and potentiometers (right)

Each specimen was labeled. The first three letters refer to the material from which it was
made (CON for concrete blocks or CLA for clay bricks) followed by “N” for No fibers, “F1” for
fibers at 0.12% by weight (1st percentage of fiber), or “F2” for 0.20% by weight (2nd percentage
of fibers). The last part of the label is the number of the specimen (1 to 5). For example: CONN-4 for the fourth specimen made of concrete blocks with no fibers in the grout, or CLA-F1-5
for the fifth specimen made of clay bricks and with a grout mixed with the first percentage of
fibers.

3.7 TESTING

Each specimen was tested in less than 3 minutes. In general, piers made of concrete
blocks experienced a more gradual mode of failure when compared to failures in the brick
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specimens. This behavior is likely due to clay bricks being inherently more brittle than concrete
blocks.

Figure 3.7: Unreinforced clay masonry pier (left) and reinforced concrete masonry pier (right)
after testing
Another observation was that piers without fibers typically developed vertical splitting
and face shell spalling during testing. Damaged regions developed over a large portion of the
specimen length and typically included damage penetrating into the grout cores (see Figure 3.7 left). Pieces of masonry were often ejected from the piers in an explosive manner. Failure in the
piers with fibers tended to extend over a smaller portion of the specimen length. In most cases,
the fiber-reinforced grout cores remained intact even after the masonry spalled away (see Figure
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3.7 - left). Some of the concrete specimens did not even break apart; only a long crack indicated
that it had failed. All clay brick piers lost pieces of material even when fibers were incorporated
in the grout. Before collapsing, a heavy crunching sound was audible for most of the piers.

3.8 RESULTS AND ANALYSES
3.8.1 Results processing and adjustments

Stress-strain curves could be obtained using two different methods. The first method was
to use the displacements recorded by the UTM LVDT to calculate the strain, and the second was
to use the average displacements of the four potentiometers placed around the pier. However,
during the first several tests, wires of these potentiometers were not protected from the impact of
ejected pieces of materials, resulting in compromised data for some of these tests. Two wood
panels were later added to minimize this problem.
When the UTM LVDT displacements were used to calculate the strain, an adjustment of
the results was necessary to take into account the machine stiffness. The UTM LVDT
displacement readings reflected the specimen stiffness as well as the stiffness of the two-screw
load frame. Thus, strain values calculated in this way do not represent the pier behavior itself,
but rather a composite behavior. The adjustment described by Priestley and Elder in 1983
permitted a correction. It consisted of determining the stiffness of the pier and that of the
composite (pier and UTM frame acting in series) from the load data record and the two
displacement data sets available (see Equations 3.1 and 3.2).

P = K prism × U pots
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Equation 3.1

P = K comp × U UTM

Equation 3.2

Where:
•

P is the load;

•

Kpier is the stiffness of the pier;

•

Kcomp is the composite stiffness;

•

Upots is the displacement based on the average of the four potentiometers;
and

•

UUTM is the displacement of the bottom table.

The stiffness of the UTM is calculated as described by Equation 3.3:

K UTM =

1
1
K comp

+

1

Equation 3.3

K prism

During the pier loading, the machine stiffness was subtracted from the stress-strain curves and
added during pier unloading.
Figure 3.8 presents the stress-strain curves obtained by the two methods. The first curve
(1) is based on the average displacement of the four potentiometers, the second one (2) is based
on the UTM LVDT displacement (composite), and the third one (3) is the stress-strain curve
based on the UTM LVDT but after the adjustment described previously. It can be seen that the
third curve (3) closely reproduces that obtained from the four-potentiometer strains. This
correction technique was not necessary for all the piers, but only for those that possessed

47

compromised data due to specimen pieces touching the wires. When no problem was recorded,
the average displacement of the four potentiometers was used. In this case, only the pier stiffness
was taken into account and therefore no adjustment was required.
Another adjustment in the stress-strain curves from the tests was necessary. In most cases,
the piers experienced damage in the central region. Not all the blocks or bricks were cracked. If a
linear elastic behavior is assumed, the displacement due to the relaxation of the undamaged
blocks or bricks increases even more the deformation of the cracked courses. Recovered
displacements of the end courses were calculated and added to the displacement measurements
in order to calculate strains in the damaged region. This adjustment was applied only for the
declining slope of the stress-strain curves after reaching the peak stress values. The damaged
region was defined after each test based on physical observations. This adjustment is the same as
that described by Priestley and Elder (1983).

Figure 3.8: Stress-strain curves before and after adjustment
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Figure 3.9: Damaged pier

Lmid is the total length of the damaged area. Lends is equal to the total length of the
specimen, L, minus Lmid (see Equation 3.4 and Figure 3.9). The strains for each length are
described by Equations 3.5 and 3.6. The total strain is given by Equation 3.7.

Lends = L − Lmid

Equation 3.4

ε mid =

∆ mid
Lmid

Equation 3.5

ε ends =

∆ ends
Lends

Equation 3.6

ε tot =

∆ tot
L
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Equation 3.7

Where:
•

L is the total length of the pier;

•

Lends is the length of the non-damaged area;

•

Lmid is the length of the damaged area;

•

ε’s are the strains of the corresponding part of the pier; and

•

∆’s are the changes in lengths.

For the loading portion of the stress-strain curve, εtot = εmid = εends, and no adjustments is
needed. For the unloading part of the same curve, εmid > εtot > εends and therefore the adjustment
becomes necessary.
Considering two consecutive points of the unloading part of the stress-strain curve, the
adjusted strain is therefore described by Equation 3.8.

ε mid = ε mid
2

1

⎡
σ 2 − σ 1 × Lends ⎤
⎥
⎢( ∆ 2 − ∆ 1 ) +
E el
⎦
⎣
+
Lmid

Equation 3.8

Where:
•

εmid is the strain of the damaged area at the considered point;

•

∆ is the displacement at the considered point;

•

σ is the stress at the considered point; and

•

Eel is the modulus of elasticity of the pier calculated from the loading part of
the stress-strain curve.
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An example of the adjustment is shown in Figure 3.10. The first curve (1) represents the
initial stress-strain curve, whereas the second curve (2) is the adjusted one.

Figure 3.10: Stress vs. strain curves before and after adjustment for unloading of the ends

3.8.2 Influence of the amount of fiber

In order to obtain the average stress-strain curves for the two materials and the two
amounts of fibers, individual curves had to be determined. When data was collected during
testing, it was at equal time intervals. To be able to calculate an average, a stress value was
needed at identical strain values for each of the curves (0.00001 in./in. intervals). An Excel
function was developed with Visual Basic editor (see Appendix A for the code). The function
processed the experimental data from the beginning to the end. For each strain value, two
adjacent points were found from the experimental results (one before the desired strain value –
Point 1, and one after – Point 2, see Figure 3.11). The linear equation of the line between points
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1 and 2 was calculated, and therefore it became quite simple to obtain the stress value
corresponding to the desired strain value (here 0.001375). An example is presented in Figure
3.12.

Figure 3.11: Discretization of the experimental curves
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4000
25

3500

20

2500
15

2000
1500

10

Stress (MPa)

Stress (psi)

3000

1000
5
500
0
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0
0.01

Strain
Before discretization

After discretization

Figure 3.12: Example of discretized stress vs. Strain curve

Figure 3.13 and Figure 3.14 present the average curves for each material and amount of
fibers. The average curves were determined by summing the stresses of each specimen at a given
strain value and dividing it by the number of specimens having available data. Note that the
curve presented discontinuities at strains corresponding to the end of a specimen data. The
adopted solution was to fit a polynomial using a Matlab script presented in Appendix B.
Appendix C presents results from each tested prism and its corresponding stress-strain curve.
The average peak stresses values for the different materials and amount of fibers are given in
Table 3.4 along with strain at peak stress and strain at 50% of the peak stress.

53

Figure 3.13: Average Stress-Strain curves for concrete masonry piers

Figure 3.14: Average Stress vs. Strain curves for clay masonry piers
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CON-N
CON-F1
CON-F2
CLA-N
CLA-F1
CLA-F2

Peak stress (psi)

Strain at peak stress

Strain at 50% of the peak stress

2680
2900
3140
3015
3480
3545

0.00163
0.00185
0.00193
0.00176
0.00217
0.00224

0.00323
0.00389
0.00472
0.00447
0.00526
0.00499

Table 3.4: Average peak stress, strain at peak stress and strain at 50% of the peak stress for
every group of 5 piers (1 ksi = 6.89 MPa)

One concrete specimen without fiber (CON-N-2) was accidentally broken without
collecting data; this specimen was not included in the values of the previous table. Nevertheless,
it was considered during the analysis of variance by having different sample sizes. Also, a
problem with the potentiometer controlling the table speed resulted in two pier failures after only
a few seconds of testing (CON-F1-3 and CLA-N-4). The load-displacement curves were
recorded, but the strain rates were a lot higher than for all other tests.
Observations were made of the specimens after testing. In several piers, when the grout
core was visible, a hole of approximately the size of the grout vibrator was visible, showing that
the grout wasn’t fluid enough or that the fibers made the grout too thick to fill the holes correctly
(see Figure 3.15). This phenomenon was observed in piers constructed of both types of materials.
For the concrete masonry specimens, the average peak stress was improved when fibers
were added. The larger amount of fibers gave the best results. The ductility capacity was also
increased compared to the specimens without fibers. Strains at 50% of the peak stress were 28%
to 47% greater when fibers were added in the grout.
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For clay brick specimens, the larger the amount of fiber, the higher the peak stress. The
ductility capacity was also increased. Note that the ductilities for piers with fibers were very
close. Strains at 50% of the peak stress were only 11% to 18% greater when fibers were added in
the grout.

Figure 3.15: Holes in the grout due to the vibrator
Figure 3.16 and Figure 3.17 compare the slopes of the descending branches of the stressstrain curves for both materials. It can be observed that the greater the amount of fibers added to
the grout, the larger the increase in strain capacity for concrete masonry, regardless of the
increase in peak stress values. For the clay brick piers, even when specimens with Fiber 2
presented a slightly superior capacity than the others, the specimens did not show noticeable
differences in slopes of the descending branches of the curves. Therefore, the fibers increased the
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strain capacity because the peak stress values were increased, but they did not change the
behavior of the falling part of the stress-strain diagrams. Note that focus is on the descending
part of the stress-strain curve prior to reaching strains at 50% of the peak stresses.

Figure 3.16: Comparison of the slopes of the falling branches of the Stress vs. Strain curves for
concrete masonry
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Figure 3.17: Comparison of the slopes of the falling branches of the Stress vs. Strain curves for
clay masonry

3.8.3 Analysis of variance (ANOVA)

An analysis of variance (ANOVA) was conducted using SAS in order to determine if the
amount of fibers had a statistically significant effect on peak stress values as well as on the
strains at peak stress and at 50% of the peak stress for both materials. In both analyses, a 90%
confidence level was used. The coding for the ANOVA function and the imported values for
both materials are presented in Appendix D.
For the clay piers, the ANOVA showed that the amount of fibers had a significant effect
on the values of peak stresses and on the corresponding strains, but not on the values of strain at
50% of the peak stress (see Table 3.5). A Duncan’s grouping compared the results two by two,
considering every combination, and is presented in Table 3.6. Two identical letters indicate no
statistical difference. Two different letters indicate statistical difference.
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Clay
Significance

Peak stress
YES

Strain at peak
stress
YES

Strain at 50% of
the peak stress
NO

Table 3.5: Significance of the amount of fibers on the different parameters investigated for the
clay piers

Clay
F2
F1
No Fibers

Strain at peak
stress
A
A
B

Peak stress
A
A
B

Strain at 50% of
the peak stress
-

Table 3.6: Duncan’s grouping for the clay bricks

Column 1 of Table 3.6 shows that the results for peak stresses are not statistically
different for the two percentages of fibers evaluated (group A), but results from specimens with
fibers are statistically different from the results obtained for specimens with no fibers (group B).
The conclusion is the same for column 2 concerning the strains at peak stresses. Duncan’s
grouping for column 3 is not relevant because no significance of the amount of fibers was
observed for the strains at 50% of the peaks stresses.
For the concrete masonry piers, the ANOVA showed that there is a significant effect of
the amount of fibers on the peak stresses (see Table 3.7). Results are inverted for the strains at
peak stresses and strains at 50% of the peak stresses. The amount of fibers showed no
significance on the values of the strains at peak stresses, while the results for strains at 50% of
the peak stresses do show a significant difference.
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Concrete
Significance

Strain at peak
stress
NO

Peak stress
YES

Strain at 50% of
the peak stress
YES

Table 3.7: Significance of the amount of fibers on the different parameters investigated for the
concrete piers

Concrete
F2
F1
No Fibers

Strain at peak
stress
-

Peak stress
A
AB
B

Strain at 50% of
the peak stress
A
AB
B

Table 3.8: Duncan’s grouping for the concrete blocks

Duncan’s grouping is the same for the three columns (see Table 3.8), but only columns 1
and 3 are relevant. The grouping shows that when you compare two values together, “F2” and
“F1” are not statistically different (group A), and “F1” and “No fibers” are also not statistically
different (group B). However, if we consider the results of “F2” and “No fibers”, they are
statistically different (groups A and B, respectively).

3.8.4 Comparison with previous results

Results from the studies conducted by Priestley and Elder (1983), Hart et al (1988) and
Malmquist et al (2004) on the influence of confinement reinforcement on the compressive
behavior of concrete blocks and clay brick masonry piers are summarized in Table 3.9. They
used two types of confinement: a seismic comb made of 3/16 in. (4.7 mm) diameter galvanized
wires, and 3/16 in. (4.7 mm) thick steel plates.
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Confinement
Concrete masonry Steel plates
Steel plates
Steel plates
Combs
Combs
Fibers (5 lbs/yd3)
Fibers (8 lbs/yd3)
Clay masonry
Steel plates
Combs
Fibers (5 lbs/yd3)
Fibers (8 lbs/yd3)

Authors
Priestley
Hart et al
Malmquist
Hart et al
Malmquist
Hervillard
Hervillard
Malmquist
Malmquist
Hervillard
Hervillard

Strain at peak
stress (in/in)
0.0020
0.0019
0.0023
0.0016
0.0019
0.0019
0.0019
0.0026
0.0026
0.0022
0.0022

Strain at 50% of
the peak stress
0.0074
0.0065
0.0055
0.0055
0.0060
0.0039
0.0047
0.0061
0.0057
0.0053
0.0050

Table 3.9: Previous and current results

For the strain at peak stress for concrete masonry piers, it can be seen that fibers produce
increases that are similar to or better than those for the steel plates used by Hart or the combs
used by Hart or Malmquist. However, when strain at 50% of the peak stress is considered, the
two dosages of fibers did not show as large an increase when compared to that obtained with the
other types of confinement. Priestley and Malmquist, with the steel plates, showed better results
for both strain at peak stress and strain at 50% of the peak stress than with the fibers.
For the clay piers, the fibers showed a smaller increase in the strain at peak stress and
strain at 50% of the peak stress values when compared to those obtained by Malmquist with the
steel plates or the combs.
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3.9 CONCLUSIONS

The following conclusions are reached based on the pier tests of this study:
1. A statistical analysis conducted with a 90% confidence level showed that the use of fibers in
the grout as a reinforcement for clay masonry is effective for increasing the peak stresses and
the corresponding strains, but it appears to not have a significant influence on the strains at
50% of the peak stresses.
2. A statistical analysis conducted with a 90% confidence level showed that for concrete
masonry fibers increase significantly the peak stresses and the strain at 50% of the peak
stresses but have no significant influence on the strains at peak stresses.
3. Clay masonry developed larger peak stresses and larger strain capacities than did concrete
masonry. The best results for concrete masonry were obtained with 8 lbs/yd3 of fibers mixed
with the grout, and these results were very close to those of clay masonry piers without
fibers. Results obtained with both dosages of fibers for clay masonry were similar and
resulted in the largest peak stresses and strain capacities.
4. When compared to results from previous research, where other types of confinement
reinforcement were used, the fibers did not produce similar improvements in performance.
While the addition of the fibers improved important properties such as peak stress values,
strains at peak stresses and strains at 50% of the peak stresses, the increases were less than
those reported for steel plates and seismic combs.
5. The fibers had a positive effect on the grout core protection. Indeed, even when the masonry
units were damaged during testing, grout cores almost always remained intact. Fibers
provided an efficient post-crack control to the grout. However, as no fibers were incorporated
in the mortar joints, and bonding with the masonry units was not improved by the addition of
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the fibers, the masonry face shells were not restrained from spalling, diminishing
considerably the strain that the piers could attain. Incorporation of fibers in the mortar joints
may have the effect of confining the masonry units and therefore could show better results.
Another possibility is to incorporate fibers in the masonry units. This may be a very good
way to provide an efficient post crack control to the units themselves. Research should be
conducted on piers containing larger amounts of fibers in the grout in order to see if higher
values can be achieved for peak stresses and strain capacities. However, a modification of the
grout slump may be necessary in order to achieve proper grout consolidation with larger
amounts of fibers.
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CHAPTER FOUR: MODELING OF SHEAR WALLS

4.1 INTRODUCTION

After completion of the tests on the piers confined with polymer fibers, the Modified
Kent-Park model was used to characterize the stress-strain behavior of the concrete masonry and
clay brick masonry confined with fibers. The study by Malmquist (2004) provided results that
enabled the same model to be utilized to characterize the stress-strain behavior of masonry piers
confined with steel plates or seismic combs. The resulting stress-strain models were imported
into commercial software to obtain moment-curvature predictions that were used to analyze the
shear walls tested by Eikanas (2003) and Snook (2005). Analytical results were compared to the
experimental results obtained in the two previous studies. The relationship between the
confinement reinforcement ratio and the load-displacement behavior was also investigated.

4.2 MODELING THE STRESS-STRAIN CURVES OF THE DIFFERENT MATERIALS

Various mathematical models, such as the Kent-Park model created by Kent and Park in
1971, the Modified Kent-Park model proposed by Park and Priestley in 1982, and the Mander
model in 1988, were created to fit the compressive stress-strain behavior of concrete. Priestley
and Elder (1983) adjusted the Modified Kent-Park model to fit unconfined and confined masonry
results, reducing the value of the strain at peak stress to obtain a better fit for masonry. After
testing the models to fit the experimental data collected in the current study and by Malmquist in
2004, the Modified Kent-Park model was determined to provide the best fit. The model is
described by Equations 2.13 and 2.14 in Chapter 2.
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The Modified Kent-Park model directly depends on the compressive strength of the
material; therefore, it was possible to adjust the model to account for Eikanas (2003) and Snook
(2005) prism compressive strengths.
Figure 4.1 presents the experimental data, the Modified Kent-Park model and the
Modified Kent-Park model adjusted for Eikanas’ f’m for unreinforced concrete masonry. Figures
4.2 to 4.6 present the same diagrams for unconfined and confined concretes adjusted for Snook’s
f’m. The stress-strain behavior of clay brick masonry piers was also modeled, and the curves are
presented in Appendix E. Good correlation between experimental data and the model was
obtained for unconfined and confined clay masonry with seismic combs and both dosages of
fibers but not for the steel plates because the model overestimated the strain capacity in this
specific case. However, as no shear walls made of this material were tested, it was not possible to
compare experimental and analytical results and, therefore, no further investigations on the clay
brick masonry piers were conducted. Note that the model also seems to overestimate results for
the case of confined concrete masonry with steel plates. However, the results obtained with the
Modified Kent-Park model were considered acceptable and were used in the modeling of the
walls. Good correlation between the model and the experimental results for the masonry
contained with fibers in the grout was obtained. Notice that in the following figures, the
Modified Kent-Park curves and Modified Kent-Park adjusted for f’m curves stop at the same
strain as that obtained for the experimental results. When the adjusted Modified Kent-Park model
was used to model the shear walls, the slope of each curve was continued until reaching zero
stress. No plateau at 0.2 f’m was included.
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A modification of the Modified Kent-Park model was necessary to account for fiber
reinforcement. Only the strength enhancement coefficient, K, used in Equations 2.13 and 2.14,
and the constant, Zm, were modified in order to take into account the amount of fibers mixed
with the grout. Flexural tests on grout beams containing fibers provided tensile strengths, fflex, of
100 psi (0.69 MPa) and 160 psi (1.10 MPa) for the two dosages of fibers investigated in this
study. It is possible to relate these values to the action of the traditional steel confinement
reinforcement as 2fflex = ρsfyh. Therefore, the new formula for calculating the enhancement
coefficient K is given by Equation 4.1:

K = 1+ 2

f flex
f 'c

Equation 4.1

Where:
•

fflex is the flexural tensile strength of the grout beams, MPa; and

•

f’c is the compressive strength of a concrete cylinder, MPa.

•

ρs is the volumetric ratio of confining steel equal to the volume of
confining steel divided by the volume of confined concrete; and

•

fyh is the confining steel yield strength, MPa.

The constant Zm becomes:

Zm =

0.5
ρf
⎡ 3 + 0.29 f ' c ⎤
− 0.002 K
⎢
⎥+
145
f
'
−
1
,
000
8
,
000
c
⎣
⎦
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Equation 4.2

Where:
•

ρf is the volumetric ratio of confining fibers equal to the weight of fibers
in kg divided by the volume of grout in m3.

Figure 4.1: Stress vs. Strain curves for CON-N adjusted for Eikanas’s f’m
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Figure 4.2: Stress vs. Strain curves for CON-N adjusted for Snook’s f’m

Figure 4.3: Stress vs. Strain curves for CON-C adjusted for Snook’s f’m
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Figure 4.4: Stress vs. Strain curves for CON-P adjusted for Snook’s f’m

Figure 4.5: Stress vs. Strain curves for CON-F1 adjusted for Snook’s f’m
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Figure 4.6: Stress vs. Strain curves for CON-F2 adjusted for Snook’s f’m

4.3 MODELING OF THE SHEAR WALLS

The commercial software XTRACT v.3.0.4 was used to model the shear wall crosssection flexural response. This software allows the user to import stress-strain curves to describe
the behavior of user-defined materials. This option along with the ability to run momentcurvature analyses are the main reasons that XTRACT was selected for use in this study. Loaddisplacement diagrams can be derived from the moment-curvature results and can therefore be
compared to experimental load-displacement results of the walls.
Each wall cross-section was represented with the appropriate dimensions and amount of
vertical steel reinforcement (see Figure 4.7). The software provided a pre-defined bilinear steel
model with strain hardening that was used for this study. The only modification made was to
adjust for the yield strengths measured by Eikanas (2003) and Snook (2005). Then, if the wall
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was confined by steel plates or seismic combs, it was divided into three parts representing the
two confined areas on each side of the wall and the unconfined area in the center. Each part of
the wall was assigned a material defined by its stress-strain behavior (based on the Modified
Kent-Park model). In the case of walls confined with polymer fibers, the entire cross-section was
confined and only one stress-strain model was used. An axial load was applied to the crosssection to represent the applied axial stresses of 27 psi (0.19 MPa) for Eikanas and 34 psi (0.24
MPa) for Snook. Note that the horizontal reinforcement used in both studies was not modeled in
the walls. Results from XTRACT only reflect the flexural behavior of the walls.
A typical results file produced by XTRACT is presented by Figure 4.8. Momentcurvature results for each wall are given in Appendix F. XTRACT output includes the axial load
applied at the free end, the material which failed (steel or concrete), the effective yield curvature,
the effective yield moment, and the ultimate curvature. These last three values define a bilinear
curve, based on equal areas over and under the calculated curve (see bottom diagram of Figure
4.8). The top diagram on Figure 4.8 represents the state of the cross-section at failure. The
different states of the cross-section (from left to right) are:

masonry cracked in tension,

uncracked masonry in tension, uncracked masonry in compression, and masonry in compression
experiencing strains larger than the strain at peak stress.

Figure 4.7: Example of cross-section of a confined wall produced by XTRACT
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Eikanas (2003) and Snook (2005) defined failure at 20% load degradation, and the
moment-curvature analyses were run until a 20% moment drop was obtained. However, the
program occasionally did not go until that point, but rather stopped when a material failed.
Failure occurs when the ultimate strain of a material is reached. Analysis beyond that point was
forced by continuing the analysis beyond when failure of a material occurred. This is why the
moment-curvature diagrams are not always smooth in the ultimate curvature zone.
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Figure 4.8: Typical result file produced by XTRACT

73

4.4 RESULTS
4.4.1 Results from XTRACT

XTRACT calculates the effective yield curvature, φ y, the effective yield moment, My,
and the ultimate curvature, φ u, based on equal areas over and under the bilinearized momentcurvature curve. Knowing these three values allows for plotting of the load-displacement
diagram by applying Equations 4.3 to 4.5.
The ultimate load, Pu, is assumed to be equal to the yielding load, Py:

Pu =

My
hw

Equation 4.3

Where :
•

My is the effective yield moment, in.-lb
= Mu the ultimate moment, in.-lb; and

•

hw is the height of the wall, in.

The yield displacement, ∆y, is given by Equation 4.4:

∆y =

φ y hw 2
3

Where:
•

φ y is the effective yield curvature, 1/in.
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Equation 4.4

The ultimate displacement, ∆u, of a cantilever shear wall considering only flexural
deformation can be calculated by Equation 4.5:

∆u =

φ y hw 2
3

Lp ⎞
⎛
⎟
+ (φu − φ y )L p ⎜⎜ hw −
2 ⎟⎠
⎝

Equation 4.5

Where:
•

φ u is the ultimate curvature, 1/in.; and

•

Lp is the plastic hinge length, in. (see Equations 2.6 and 2.7).

4.4.2 Results from experiments

Eikanas (2003) and Snook (2005) measured the total displacement corresponding to 20%
load degradation, ∆20%, (see Table 4.1). In order to be able to compare the ultimate displacements
recorded during tests with those calculated by XTRACT, the displacements due to flexure should
be determined. Both researchers provided a percentage of the total drift due to flexure (see Table
4.1), allowing the calculation of the ultimate displacement due to flexure, ∆u,flex, (see Equation
4.6 and Table 4.1).

∆ u , flex = ∆ 20% × (% of Flexure )
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Equation 4.6

Eikanas

Snook

Wall
1
2
3
4
5
6
7
1
2
3
4
5
6
7
8
9

Aspect
ratio
0.93
1.51
0.93
1.51
2.12
0.73
0.93
0.93
0.93
0.93
1.51
1.51
1.51
1.51
1.51

Total disp. at 20%
load deg (in.)
1.12
1.99
0.69
1.38
2.24
0.70
1.10
1.07
1.18
1.60
2.31
2.62
2.35
2.25
2.60

% of total drift
due to flexure
50%
81%
65%
87%
92%
50%
42%
42%
37%
43%
84%
83%
81%
74%
76%

Disp. at 20% due Load at 20% load
degradation (kip)
to flexure (in.)
0.56
45.78
1.61
25.46
0.45
48.76
1.20
34.49
2.06
22.54
0.35
62.69
0.46
57.24
0.45
56.46
0.44
63.84
0.69
65.18
1.94
43.16
2.17
42.44
1.90
44.97
1.67
45.32
1.98
45.61

Table 4.1: Results from previous studies

XTRACT provided an effective yield moment based on the equal area method leading to
an “average” ultimate load. Therefore, it was necessary to calculate the ultimate experimental
load by the same method. A Matlab script (see Appendix G) calculated the ultimate load, Pu, by
the equal area method based on the load-displacement envelopes reported by Eikanas (2003) and
Snook (2005). An example is presented in Figure 4.9. Results are given in Table 4.1. Eikanas’s
Wall 3 was not studied because a problem with the hydraulic system caused a sudden
displacement in the wall and damaged it prior to applying cyclic loading.
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Figure 4.9: Example of 20% load degradation calculation based on experiment (1 in. = 2.54
cm, 1 kip = 4.448 kN)

From experimental data, the slope of the first loading cycle can be determined. The
yielding displacement, ∆y, can therefore be calculated by Equation 4.7.

∆y =

Pu
Slope

Where:
•

Pu is the ultimate load, kip; and

•

Slope is the slope of the first loading cycle.
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Equation 4.7

The yield curvature, φ y, can be calculated by Equation 4.8:

φy =

3∆ y
hw

Equation 4.8

2

Where:
•

∆y is the yield displacement, in.; and

•

hw is the height of the wall, in.

The ultimate moment, Mu, can be calculated by Equation 4.9:

M u = Pu hw

Equation 4.9

And the ultimate curvature, φ u, can be calculated by Equation 4.10:

φu = φ y +

∆ u , flex − ∆ y
Lp ⎞
⎛
⎟⎟
L p ⎜⎜ hw −
2
⎝
⎠

Equation 4.10

4.4.3 Comparison of analytical and experimental results

It is possible to compare the experimental and analytical results in terms of momentcurvature or load-displacement. The second method was used in this study. Note that the
conclusions obtained will be the same if the results were compared in terms of momentcurvature.
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In the calculations, the ultimate displacement and curvature depend on the plastic hinge
length. Paulay and Priestley (1992) proposed two equations to calculate the plastic hinge length
depending on the wall aspect ratio (see Equation 2.6 and Equation 2.7). All of the tested walls
had aspect ratios less than or equal to 2.1. Equation 2.6 was selected because it is more
applicable to squat shear walls. Eikanas estimated the plastic hinge lengths of the walls he tested
and found that Equation 2.6 slightly underestimated his measurements; therefore, the
displacements calculated with Equation 4.5 are likely to be slightly smaller than in actuality. In
Table 4.2, Lp refers to the plastic hinge lengths calculated with equation 2.6 for the different
walls.

Eikanas

Snook

Wall
1
2
3
4
5
6
7
1
2
3
4
5
6
7
8
9

Lp (in.)
13.4
14.8
11.6
13.4
14.8
11.6
16.6
13.4
13.4
13.4
13.4
14.8
14.8
14.8
14.8
14.8

Lp (cm)
34.1
37.6
29.5
34.1
37.6
29.5
42.2
34.1
34.1
34.1
34.1
37.6
37.6
37.6
37.6
37.6

Table 4.2: Plastic hinge lengths calculated with Paulay and Priestley’s equation
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XTRACT’s predictions of the moment-curvature and load-displacement capacities were
closer to the experimental results for the walls with higher aspect ratios (see Figure 4.10 and
Figure 4.11) than for squat shear walls (see Figure 4.12 and Figure 4.13Figure 4.13). XTRACT
predictions do not model shear deformations; therefore, the calculated displacements are only
those due to flexure. Results would be expected to be more accurately predicted when large
flexural displacements were recorded, and large flexural displacements are traditionally
associated with high aspect ratios. Eikanas (2003) and Snook (2005) estimated the percentage of
total drift due to flexure (see Table 4.1) and obtained larger results in the case of higher aspect
ratios; however, these results were only estimations, and part of these displacements could be
due to shear or even sliding. All load-displacement curves obtained with XTRACT are given in
Appendix H.
The predictions of the load-displacement curves by the model were not perfect and could
be improved if further research was conducted in order to better approximate the stress-strain
behavior of the masonry piers. A more precise estimation of the plastic hinge length would also
increase the accuracy of the model. Another source of error may come from the estimations of
the percentage of the total drift due to flexure during experiments.
Overall, four predictions provided by the model were considered poor, four were
considered fair, and seven were considered good. Of course, some differences in load and
displacement capacities between experiments and the model are expected.
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Figure 4.10: Moment-Curvature curves based on experiment and XTRACT for a slender wall
(Wall 8: Aspect ratio: 1.51 – Fiber 1)

Figure 4.11: Load-Displacement curves based on experiment and XTRACT for a slender wall
(Wall 8: Aspect ratio: 1.51 – Fiber 1)

81

Figure 4.12: Moment-Curvature curves based on experiment and XTRACT for a squat wall
(Wall 1: Aspect ratio: 0.93 – Unconfined)

Figure 4.13: Load-Displacement curves based on experiment and XTRACT for a squat wall
(Wall 1: Aspect ratio: 0.93 – Unconfined)
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An evaluation of the increase in displacement capacity due to confinement was made on
Snook’s walls for both experimental and XTRACT results in order to see if the model predicted
the same increase obtained in the experimental results. The evaluation is summarized in Table
4.3. The increase in displacement in the experiments is based on the total improvement due to the
confinement. It includes the displacements due to shear, flexure and sliding. The increase in
displacement from XTRACT is only based on flexural displacements. Note that often the
percentages of the total drifts due to flexure (see Table 4.1) for confined walls are smaller than
for their unconfined replicas. If the increases in flexural displacements from experiments were
calculated, it would therefore provide negative numbers. This would indicate a decrease in
displacement, while the overall effect of the confinement would be expected to provide
increases. As a result of this observation, it was decided to compare the total experimental
displacement increase to the flexural displacement increase calculated by XTRACT. Also note
that walls 2 and 8 presented smaller ultimate displacements than their unconfined replicas, walls
1 and 5, respectively.
It can be seen that the model did not predict the same increases in displacement obtained
from the experiments. Note that the percentages of increase from XTRACT are directly related
to the improvements observed during pier tests between unconfined and confined masonry. In
fact, the addition of any type of confinement in the masonry piers always increased the strain
capacity. However, during tests conducted on walls, this was not the case. Therefore, differences
between experimental results and the model are to be expected.
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Walls
1
2
3
4
5
6
7
8
9

Tot. disp. at 20%
load deg. (in.)
1.102
1.065
1.181
1.600
2.308
2.619
2.368
2.252
2.606

Increase in disp.
(Exp.)
-3.36%
7.17%
45.19%
13.48%
2.60%
-2.43%
12.91%

Flex. disp. at 20% load
deg. From XTRACT
0.798
1.468
1.033
0.895
1.547
3.097
1.988
1.729
1.851

Increase in disp.
(XTRACT)
84.11%
29.56%
12.25%
100.13%
28.49%
11.75%
19.60%

Table 4.3: Increases in displacement from experiments and XTRACT

Figures 4.14 to 4.17 present the load vs. displacement diagrams from experiments and
from XTRACT for confined and unconfined walls with different aspect ratios. As a reminder,
Fiber 1 refers to walls with a dosage of fibers of 5 lbs/yd3 (2.97 kg/m3), and Fiber 2 to walls with
a dosage of fibers of 8 lbs/yd3 (4.76 kg/m3). Comparison of the load-displacement curves for an
aspect ratio of 0.93 showed that the best results from experiments were obtained with 5 lbs/yd3
of fibers, followed by the walls confined by seismic combs. Squat unconfined walls and confined
by steel plates presented very similar results in terms of ultimate displacement but Snook
reported that Wall 2 had some problems during testing, possibly explaining the poor performance
observed in the test and the differences in peak displacement in the experiment and that obtained
from XTRACT. It was also noticed that the Modified Kent-Park model overestimated the
experimental results leading to larger ultimate displacements than expected. Considering Figure
4.16, it is noticeable that the steel plates and 8 lbs/yd3 of fibers provided the best results and were
very similar to each other, while the seismic combs provided intermediate results with respect to
the unconfined case. Finally the walls with 5 lbs/yd3 of fibers presented the worst results for
walls with high aspect ratios. These results did not coincide with those obtained during tests on
masonry piers. This might be due to the variability and the differences in strengths of the

84

materials. It could also be due to the differences in stresses experienced by the toe regions of the
walls compared to those in compressive piers.

Figure 4.14: Load vs. Total Displacement from experiments – Aspect ratio: 0.93
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Figure 4.15: Load vs. Flexural Displacement from XTRACT – Aspect ratio: 0.93

Figure 4.16: Load vs. Total Displacement from experiments – Aspect ratio: 1.51
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Figure 4.17: Load vs. Flexural Displacement from XTRACT – Aspect ratio: 1.51

4.5 EFFECTS OF THE VOLUMETRIC RATIO OF CONFINEMENT ON THE LOADDISPLACEMENT CAPACITY

The effects of the volumetric ratio of confinement reinforcement or dosage of fibers on
the stress-strain behavior of compressive masonry piers and on the load-displacement curves of
masonry shear walls are evident in the previous figures. The Modified Kent-Park model can be
utilized to obtain new stress-strain curves in order to account for a larger volumetric ratio of
confining steel in the mortar joints or for a larger dosage of fibers in the grout. Doubling the
amounts of reinforcement or dosages of fibers was investigated and produced the stress-strain
curves presented in Appendix I. As no flexural tests were conducted on grout beams with twice
the initial amount of fibers, the flexural tensile stresses were assumed to double as well.
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Note that curves given in Appendix I for fiber reinforced piers present small increases in
ultimate strains between the initial dosages and twice these amounts. This is due to the
modifications applied to the Modified Kent-Park model in order to account for the fibers. As the
differences in ultimate strains are less than in the cases of concrete masonry confined with
seismic combs or steel plates, it is predictable that the ultimate displacements will not change as
significantly for walls with fibers than for walls confined with combs or plates. A modification
of the Modified Kent-Park model to account for that would have been desirable, but the
development of a model for fiber reinforced masonry was beyond the scope of this study.
Analyses using XTRACT were run on Snook’s (2005) confined walls (see Appendix J).
In the case of walls confined by steel plates, doubling the amount of confining steel resulted in
the failure of the flexural reinforcement before crushing the masonry. A value of 1.5 times the
volumetric ratio of steel was selected instead of twice in order to see if crushing of the masonry
could be reached. However, again, the flexural reinforcement failed first. Note that the ultimate
strain of the steel model used in the analyses was equal to 0.012.
A comparison between the load-displacement curves from XTRACT with ρ and 2ρ (2ρ
refers either to twice the amount of confinement reinforcement or to twice the dosage of fibers)
showed a slight increase in load capacities and larger increase in displacement capacities (see
Figure 4.18 and Appendix K). Fiber reinforced walls presented smaller increases as expected.
This last observation was mainly due to the problem with the model of the stress-strain curves
described previously. Also, note that the Modified Kent-Park model with steel plates
overestimated the strain capacity leading to larger displacements than actually occurred.
Producing the benefits obtained in terms of displacement capacity may be worthwhile
depending on the price of the materials. Doubling the amount of reinforcement showed fair
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increases with this model; it would be interesting to adjust the different factors that limited the
results to predict the increases with more accuracy.
All results presented in this chapter were based on the Modified Kent-Park model used to
represent the stress-strain behavior of the various materials. This model gave acceptable results
and provided a reasonable basis for comparison with results from other studies. However, it
would be beneficial to conduct further studies on the model to improve the predictions of the
stress-strain behavior of masonry piers. A model to account for the fibers in the grout core
should also be developed to better evaluate the falling branch of the stress-strain curves.

Figure 4.18: Example of load-displacement curves with ρ and 2ρ based on XTRACT
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4.6 CONCLUSIONS

The following conclusions were reached based on the modeling of the shear walls:
1. The Modified Kent-Park model provided a reasonable representation of the stress-strain
behavior of compressive masonry piers confined by steel plates and seismic combs. An
empirical modification was made to model the concrete masonry with fiber
reinforcement, and it reasonably described the stress-strain behavior of fiber reinforced
masonry piers.
2. The XTRACT model provided reasonable predictions of the load and displacement
capacities of the shear walls. Predictions were closer to the experimental results in the
case of walls with higher aspect ratios. Results from XTRACT generally followed the
trend of improvements in strain capacity observed during tests on unconfined and
confined masonry piers. The results for shear did not follow the same trend because of
the variability of the materials and testing procedures, and therefore there were
differences between the experimental results and XTRACT predictions.
3. Increases in confinement reinforcement resulted in modest increases in load capacities
and increases in displacement capacities for all confinement schemes. Larger
improvements were observed for walls confined with steel plates and seismic combs than
for fiber reinforced walls. This observation was expected considering the small increases
in strain capacity of the stress-strain models for fiber reinforced piers. Modifications may
be needed for the fiber stress-strain model, but this was beyond the scope of this study.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

5.1 SUMMARY

This study evaluated the effects of confinement reinforcement on the load and
displacement capacities of masonry piers and shear walls. Compression tests were conducted on
fully-grouted fiber-reinforced masonry piers. Two materials were used in the pier tests: concrete
blocks and clay bricks. Two dosages of polymer fibers were mixed with the grout, and the effects
of the addition of the fibers on the stress-strain behavior of the compressive piers were evaluated.
Results were compared to previous studies on reinforced masonry piers using other types of
confinement reinforcement, including steel plates and seismic combs. Conclusions on the
effectiveness of confinement reinforcement for improving the ductility of masonry were derived.
A Modified Kent-Park model was used to analytically represent the stress-strain behaviors of the
tested piers. Shear walls were modeled with XTRACT, and moment-curvature results were
utilized to predict the load-displacement behavior of the walls. Comparisons between analytical
results obtained with XTRACT and experimental results from previous studies were made.

5.2 CONCLUSIONS
General effects of polymer fibers on the stress-strain behavior of the piers: Results showed

that the fibers improved the performance of compressive piers for both concrete masonry and
clay masonry. Considering the strains at 50% of the peak stresses, increases of 47% and 18%
were measured for concrete masonry and for clay masonry, respectively. A statistical analysis,
with a 90% confidence level, showed that the fibers had a significant effect on the peak stress
and the corresponding strain values for clay masonry piers. No statistical effect of the fibers was

91

determined for the strain at 50% of the peak stress values. In the case of concrete masonry, the
statistical evaluation showed that the fibers had a significant effect on the peak stress values and
the strain at 50% of the peak stress values but not on the strain at peak stress.
Effects of the fibers on the grout core: The fibers had a positive effect on protecting the grout

core. Even if the masonry units were damaged during testing, grout cores almost always
remained intact. Fibers provided an efficient post-crack control to the grout. However, since no
fibers were incorporated in the mortar joints, and bonding with masonry units was not improved
with the addition of the fibers, no restraint was provided for the masonry face shells, diminishing
considerably the stress that the piers could attain. The incorporation of fibers in the mortar joints
may have the effect of confining the masonry units. Another possibility is to incorporate fibers in
the masonry units in order to improve bonding with the grout.
Comparison with results from previous studies: The two amounts of fibers used in this study

resulted in similar improvements in strain capacity and peak stress values when compared to
each other. When compared to results from previous research, where other types of confinement
reinforcement were evaluated, the fibers showed lower improvements in strain capacity, even
though some increases were obtained for peak stress values, strains at peak stresses and strains at
50% of the peak stresses. Future research should be conducted to investigate if an increase in the
amount of fibers results in greater levels of improvements. A modification of the grout slump
may be necessary in order to achieve proper grout consolidation.
Modeling the stress-strain curves of the piers: Several mathematical models developed for

concrete were used to represent the stress-strain behavior of the reinforced masonry piers tested
in compression. Four types of confinement reinforcement were investigated: steel plates and
seismic combs placed in the mortar joints and two different dosages of polymer fibers mixed
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with the grout. Satisfactory results were obtained with the Modified Kent-Park model proposed
by Park and Priestley in 1982 for confined concrete masonry and clay masonry, both confined
with steel plates and seismic combs. An empirical modification of the model was made to
account for the fibers in the grout and it produced reasonable results.
Modeling the shear walls: Shear walls were modeled and load-displacement curves were

obtained from moment-curvature analyses. Comparison of the experimental and analytical
results showed that the predictions of the load and displacement capacities were good for the
case of shear walls with higher aspect ratios. For squat shear walls, the predictions were less
accurate.
Effects of the confinement reinforcement ratio on the load-displacement curves:

By

doubling the amount of confinement reinforcement or dosage of fibers, a slight increase in load
capacity was observed while larger displacement capacities were attained. The momentcurvature analyses predicted significant improvements for walls confined by steel plates or
seismic combs, and moderate increases for walls confined by polymer fibers because of the
stress-strain models which did not present large increases in strain capacities. Development of a
model for fiber confined masonry piers is necessary in order to improve the evaluation of the
behavior of fiber reinforced shear walls.
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APPENDICIES

APPENDIX A

This appendix contains the code of the Excel function to discretize stress-strain curves
from experiments.
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'************************************************************************'
'
'
' Goal : Function that discretize test curves for doing an average of all curves
'
'
'
'************************************************************************'
Function Test(Cellx As Range, NbValues As Double, FirstStress As Range)
' Cellx is the x (strain value) value where we want to calculate the stress
' NbValues is the total number of values from the diagram (from the test, not the number of xvalues that we want)
' FirstStress has to be fixed with $$ (e.g : $A$1) and is the first non-zero value for the stress
' Note: - Don't include the 0-stress, 0-strain into the number of values NbValues
'
- You need to have the columns in this order: Stress - Strain - X - Result of this function
Dim i As Double
x = Cellx.Value
Row1 = FirstStress.Row
Row2 = Cellx.Row
Beg = Row1 - Row2
foundbefore = 0 ' 0 if we only have one stress-value for a given x
Test = 0
MaxStrain = 0
MaxStress = 0
For i = 1 To (NbValues - 1)
Stress1 = Cellx.Offset((i - 1 + Beg), -2)
Stress2 = Cellx.Offset(i + Beg, -2)
Strain1 = Cellx.Offset((i - 1 + Beg), -1)
Strain2 = Cellx.Offset(i + Beg, -1)
If (MaxStress < Stress2) Then
MaxStress = Stress2
MaxStrain = Strain2
End If
If ((Strain1 <= x) And (Strain2 > x)) Or ((Strain1 >= x) And (Strain2 < x)) Then
a = (Stress2 - Stress1) / (Strain2 - Strain1)
b = Stress1 - a * Strain1
If foundbefore = 0 Then
foundbefore = 1
Test = a * x + b
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Else
Test = (a * x + b + Test) / 2
End If
End If
If ((Strain2 > (x + 0.0001)) And (Strain2 <= MaxStrain)) Then
Exit For
End If
Next i
End Function
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APPENDIX B

This appendix contains a Matlab script for fitting a polynomial to a stress-strain average
curve.
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clc;
format short g
A = load('Cla-f2-desc.txt');
NumX=size(A,1);
X=A(1:NumX,1);
Y=A(1:NumX,2);
P=polyfit(X,Y,7); %7 is the degree of the fitted polynomial, different degrees were used in order
to fit the experimental results better.
Result=polyval(P,X);
plot(X,Y,X,Result)
d=[X,Result];
xlswrite('Cla-f2-2',d);
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APPENDIX C
This appendix presents pictures and corresponding stress-strain curves of each masonry
pier tested.
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APPENDIX D

This appendix presents the SAS code for the analysis of variance (ANOVA) conducted
on the peak stresses, strains at peak stresses and strains at 50% of the peak stresses values. It also
presents the Excel files imported into SAS to run the ANOVA.
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Title GLM for Fiber reinforced masonry prisms;
proc glm data=sasuser.thomas;
class Fiber;
model StressP StrainP Strain50 = Fiber;
means Fiber /duncan alpha=0.1;
lsmeans Fiber;
run;
proc means data=sasuser.thomas vardef=DF MEAN

CV;

var StressP StrainP Strain50;
class Fiber ;
quit;

Excel file imported into SAS for concrete masonry piers

Fiber
NoF
NoF
NoF
NoF
F1
F1
F1
F1
F1
F2
F2
F2
F2
F2

StressP
2833,312586
2717,647958
2787,730081
2374,918642
2660,034256
2541,306163
3269,913442
2997,835755
3020,266249
3119,930876
3299,068665
2857,024774
3300,094816
3130,855177

StrainP
0,001557671
0,001809036
0,001659807
0,001510203
0,001646097
0,002281352
0,001478260
0,002073781
0,001791639
0,001703283
0,001925365
0,001901535
0,002152803
0,001945125
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Strain50
0,003550000
0,002683606
0,003200000
0,003470000
0,002780000
0,003685969
0,004070000
0,005058817
0,003867576
0,005210000
0,003965341
0,005833039
0,004560000
0,004006973

Excel file imported into SAS for clay masonry piers

Fiber
NoF
NoF
NoF
NoF
NoF
F1
F1
F1
F1
F1
F2
F2
F2
F2
F2

StressP
3020,980237
3441,326324
2433,954466
3206,139289
2979,462451
3372,269723
3393,937233
2971,242055
4136,006640
3518,081265
3526,712095
3650,691700
3443,787668
3148,372016
3953,482213

StrainP
0,001681899
0,001943310
0,001755820
0,001304196
0,002113810
0,002146936
0,002026610
0,002320972
0,002130922
0,002218882
0,002417633
0,002354767
0,001981271
0,002059520
0,002362191
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Strain50
0,004787464
0,004590000
NA
0,003510000
0,004990000
0,005360000
0,005950000
0,004640000
0,005080000
0,005274561
0,004175887
0,004990000
0,005200000
NA
0,005600000

APPENDIX E

This appendix presents the stress-strain diagrams for clay masonry from experiment,
from the Modified Kent-Park model and from the Modified Kent-Park model adjusted for the
compressive strength of Snook (2005).
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APPENDIX F

This appendix presents Xtract result files. It presents the state of the cross-section of each
wall at failure and the moment-curvature analysis results.
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APPENDIX G
This appendix presents the Matlab code of a script which calculates the ultimate load
from load-displacement envelops based on the equal area method.
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clc;
format short g
clear AreaEnv
clear TotArea
clear TotArea2
clear Slope
clear b
clear xInit
clear slopeInit
clear MaxLoad
clear MaxDisp
clear Triangle
clear X
clear Y
Envelop=load('Wall1-envelop.txt');
Num=size(Envelop,1);
Disp=Envelop(1:Num,1);
Load=Envelop(1:Num,2);

% loading of the coord. of the points
% number of points of the envelop
% Displacement values
% Load values

TotArea=zeros([Num,1]);
TotArea2=zeros([Num,1]);
Triangles=zeros([Num,1]);
SumAreas=0;
AreaCurve=zeros([Num,1]);
for i=1:(Num-1)
clear Disp1
clear Disp2
clear Load1
clear Load2
Disp1=Disp(i,1);
Disp2=Disp(i+1,1);
Load1=Load(i,1);
Load2=Load(i+1,1);
if Load2>=Load1
MaxLoad=Load2;
MaxDisp=Disp2;
end
Slope(i,1)=(Load2-Load1)/(Disp2-Disp1);
if i==1
SlopeInit=Slope;
xInit=Disp2;
end
b(i,1)=Load1-Slope(i,1)*Disp1;
if Load2 >= Load1
AreaEnv(i,1)=(Disp2-Disp1)*Load1+((Disp2-Disp1)*(Load2-Load1))/2;
SumAreas=SumAreas + AreaEnv(i,1);
else
AreaEnv(i,1)=(Disp2-Disp1)*Load2+((Disp2-Disp1)*(Load1-Load2))/2;
SumAreas=SumAreas + AreaEnv(i,1);
end
end
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TotArea(1,1)=0;
for i=2:(Num)
TotArea(i,1)=TotArea(i-1,1)+AreaEnv(i-1,1);
end
TotArea2(Num,1)=0;
for i=(Num-1):-1:1
TotArea2(i,1)=TotArea2(i+1,1)+AreaEnv(i,1);
end
for i=1:(Num-1)
if (Disp(i,1) < MaxDisp)
Triangles(i,1)=0;
else
if (Load(i,1) == MaxLoad)
Triangles(i,1)=((Disp(i+1,1)-Disp(i,1))*(Load(i,1)-Load(i+1,1)))/2;
end
if (Load(i,1) ~= MaxLoad)
Triangles(i,1)=((Disp(i+1,1)-Disp(i,1))*(Load(i,1)-Load(i+1,1)))/2
+ (Disp(i+1,1)-Disp(i,1))*(Load(i-1,1)-Load(i,1));
end
end
end
x=xInit;
while (x*SlopeInit < MaxLoad)
LoadCheck=x*SlopeInit;
Cross1Disp=0;
Cross2Disp=0;
Cross1Load=0;
Cross2Load=0;
Cross1Disp2=0;
Cross2Disp2=0;
Cross1Load2=0;
Cross2Load2=0;
j=0;
k=0;
CrossDisp=0;
TotalArea=0;
TopArea=0;
PrevArea=0;
BotArea=0;
UnderArea1=0;
OverArea=0;
CrossDisp2=0;
UnderArea2=0;
UnderArea=0;

for i=1:(Num-1)
if ((LoadCheck > Load(i,1)) & (LoadCheck < Load(i+1,1)))
Cross1Disp=Disp(i,1);
Cross2Disp=Disp(i+1,1);
Cross1Load=Load(i,1);
Cross2Load=Load(i+1,1);
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j=i;
end
if ((LoadCheck < Load(i,1)) & (LoadCheck > Load(i+1,1)))
Cross1Disp2=Disp(i,1);
Cross2Disp2=Disp(i+1,1);
Cross1Load2=Load(i,1);
Cross2Load2=Load(i+1,1);
k=i;
end
end

if ((j~=0) & (k==0)) %It cuts only the ascending part
CrossDisp=(x*SlopeInit - b(j,1))/Slope(j,1);
TotalArea=(CrossDisp*CrossDisp*SlopeInit)/2;
TopArea=((CrossDisp-x)*(CrossDisp*SlopeInit-LoadCheck))/2;
PrevArea=TotArea(j);
BotArea=(CrossDisp-Cross1Disp)*Cross1Load + ((CrossDispCross1Disp)*((LoadCheck)-Cross1Load))/2;
UnderArea=TotalArea-TopArea-PrevArea-BotArea;
OverArea=SumAreas - PrevArea - BotArea - (Disp(Num,1)CrossDisp)*LoadCheck;
end
if ((j~=0) & (k~=0)) %It cuts both ascending and descending parts
CrossDisp=(LoadCheck - b(j,1))/Slope(j,1);
TotalArea=(CrossDisp*CrossDisp*SlopeInit)/2;
TopArea=((CrossDisp-x)*(CrossDisp*SlopeInit-LoadCheck))/2;
PrevArea=TotArea(j);
BotArea=(CrossDisp-Cross1Disp)*Cross1Load + ((CrossDispCross1Disp)*((LoadCheck)-Cross1Load))/2;
UnderArea1=TotalArea-TopArea-PrevArea-BotArea;

CrossDisp2=(LoadCheck - b(k,1))/Slope(k,1);
if (k==(Num-1)) %Last segment
UnderArea2=((Cross2Disp2-CrossDisp2)*(LoadCheck-Cross2Load2))/2;
UnderArea=UnderArea1+UnderArea2;
BotArea2=(Cross2Disp2-CrossDisp2)*Cross2Load2 + ((Cross2Disp2CrossDisp2)*((LoadCheck)-Cross2Load2))/2;
OverArea=SumAreas - PrevArea - BotArea - LoadCheck*(CrossDisp2CrossDisp) - TotArea2(k+1,1) - BotArea2;
else %Not the last segment
for m=k+1:Num-1
UnderArea2=Triangles(m,1) + (Disp(m+1,1)Disp(m,1))*(LoadCheck-Load(m,1));
end
UnderArea=UnderArea1+UnderArea2;
BotArea2=(Cross2Disp2-CrossDisp2)*Cross2Load2 + ((Cross2Disp2CrossDisp2)*((LoadCheck)-Cross2Load2))/2;
OverArea=SumAreas - PrevArea - BotArea - LoadCheck*(CrossDisp2CrossDisp) - TotArea2(k+1,1) - BotArea2;
end
end
X(1,1)=0;
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Y(1,1)=0;
X(2,1)=x;
Y(2,1)=LoadCheck;
X(3,1)=Disp(Num,1);
Y(3,1)=LoadCheck;
if (((abs(OverArea - UnderArea)) < 50) & (UnderArea ~= 0))
Test='End'
break
end
x=x+0.00005;
end
plot(Disp,Load,X,Y)
X
Y
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APPENDIX H
This appendix presents load-displacement curves obtained from Xtract or from
experiments for Eikanas’s walls and Snook’s walls.
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Wall 1: Aspect ratio: 0.93 – No confinement – 4#5@16

Wall 2: Aspect ratio: 1.51 – No confinement – 4#5@16
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Wall 4: Aspect ratio: 0.93 – No confinement – 7#5@8

Wall 5: Aspect ratio: 1.51 – No confinement – 7#5@8
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Wall 6: Aspect ratio: 2.12 – No confinement – 5#5@8

Wall 7: Aspect ratio: 0.73 – No confinement – 5#5@16
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Wall 1: Aspect ratio: 0.93 – No confinement – 7#5@8

Wall 2: Aspect ratio: 0.93 – Steel plates – 7#5@8
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Wall 3: Aspect ratio: 0.93 – Seismic combs – 7#5@8

Wall 4: Aspect ratio: 0.93 – Fiber 1 = 5 lbs/yd3 (2.97 kg/m3) – 7#5@8
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Wall 5: Aspect ratio: 1.51 – No Confinement – 7#5@8

Wall 6: Aspect ratio: 1.51 – Steel Plates – 7#5@8 – (Note that the scale has changed)
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Wall 7: Aspect ratio: 1.51 – Seismic combs – 7#5@8

Wall 8: Aspect ratio: 1.51 – Fiber 1 = 5 lbs/yd3 (2.97 kg/m3) – 7#5@8
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Wall 9: Aspect ratio: 1.51 – Fiber 2 = 8 lbs/yd3 (4.76 kg/m3) – 7#5@8
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APPENDIX I

This appendix presents a comparison of the stress-strain curves of the confined masonry
piers with once or twice the amount of confinement reinforcement. For fibers reinforced piers,
the dosages studied were the original ones and twice the latter.ρ
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Modified Kent-Park models adjusted for f’m for steel plates before and after
increasing ρ:

Modified Kent-Park models adjusted for f’m for seismic combs before and after
increasing ρ:
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Modified Kent-Park models adjusted for f’m for Fiber 1 before and after increasing
the dosages:

Modified Kent-Park models adjusted for f’m for Fiber 2 before and after increasing
the dosages:
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APPENDIX J

This appendix presents Xtract results for Snook’s walls where the confinement
reinforcement ratio has doubled.
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180
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APPENDIX K

This appendix compares load-displacement curves based on Xtract results for walls
confined with once or twice the confinement reinforcement ratio ρ.
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Wall 2: Aspect ratio: 0.93 – Steel plates – 7#5@8

Wall 3: Aspect ratio: 0.93 – Seismic combs – 7#5@8
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Wall 4: Aspect ratio: 0.93 – Fiber 1 – 7#5@8

Wall 6: Aspect ratio: 1.51 – Steel plates – 7#5@8
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Wall 7: Aspect ratio: 1.51 – Seismic combs – 7#5@8

Wall 8: Aspect ratio: 1.51 – Fiber 1 – 7#5@8
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Wall 9: Aspect ratio: 1.51 – Fiber 2 – 7#5@8
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