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EXECUTIVE SUMMARY

This report presents the methodology, results, and discussions pertaining to project Grant # MT-2210-

08-NC-03, funded by National Center of Preservation Training and Technology.

This project proposes a method of strengthening historical masonry structures by increasing the
flexural and in-plane shear strength of mortar joints, and potentially enhancing the durability
characteristics of mortar. The methodology comprises of using low percentage micro or nano size
fibers mixed into mortar binders that are either identical or very similar to the authentic mortar

mixtures in materials and proportion.

Sustainable and organic fiber options are investigated and compared to more commonly used, synthetic
options to encourage sustainability in rehabilitation projects. The following materials and proportions

were investigated in this project in several combinations, resulting in 80 mixtures.

Brick Types: Fiber Types:
e  Standard Clay Bricks (Note-All fibers tested at .25% and .50% by volume
e Standard Concrete Bricks of mortar)

e  *NyconG- Nano (recycled carpet fibers)

Binder Types: e  Poly vinyl Alcohol Fibers (PVA)

e Type N Portland Lime and Sand PL-01 o  RECS7- 6mm
e Natural Hydrated Lime (NHL) 3.5W o RECS15- 8mm
(ratios: 1:2.5 & 1:3) o RSC15- 8mm
e Natural Hydrated Lime (NHL) 4W (ratios: e  Control 2000- 6mm( 100% Multifilament
1:2.5 & 1:3) Nylon)
(Sand used with the NHL is approved according to e *fGoat Hair- vary length
ASTM C144-03) e  *tHorse Hair- vary length

e *TCornsilk Fibers-vary length
*Sustainable fibers, TOrganic Fibers




Seven different tests were performed to gather material properties, resulting in 2400 specimens.

e Workability

e  Water permeability

e Compressive Strength of Mortar

e Compressive 3-unit- stack Masonry Prisms

e Flexural Strength of Mortar

e Bond Strength of 5-unit-stack Masonry Prisms
e Shear Bond Strength

This project proved that the inclusion of fibers in mortars can effectively increase the strength and
ductility of both Portland-cement lime and hydraulic lime mortars, however, in varying levels and
not always consistently. The behavior of an assembly formed of unit, mortar (especially lime), and
fibers is very complex, and this was reflected by some of the test results being inconsistent and
inconclusive. Looking at general trends, it may be summarized that three of the sustainable fiber
options presented low mechanical performance as they failed by “pulling out” (NyconG- Nano,
Horse Hair, and Goat Hair fibers). It is suggested, however, that if the surfaces of these mortars are
treated to create better bond with the binders, this disadvantage may be eliminated. Treated
cornsilk fibers proved to be a promising sustainable fiber option as the levels of strength increase
and ductility were comparable to those of synthetic fibers.

Data collected from is available on a free internet website provided at www.unl.edu/ae frm.

Although the NCPTT grant period is concluded and more specimens than initially planned are
already tested, the research team is continuing to carry out further or repeat experiments, thus the

website will be updated as more data are gathered.


http://www.unl.edu/ae_frm

1. INTRODUCTION

Study of historic structures is important for safe-keeping of architectural heritage as well as important
historical data. Each historic structure gives us information about the economic, social, artistic, and
cultural inclinations of the time it belongs. While this makes engineering studies towards the
rehabilitation and reconstruction of historic structures exciting and inevitable, it also is a complex task
where regular engineering and construction concerns such as safety and efficiency should be balanced

with compatibility of materials and ethics of historical preservation.

For more than 2000 years, masonry was the main construction method for all buildings and bridges,
thus a large percentage of the world’s historic structures are unreinforced masonry. While we encounter
dry masonry in some of these structures, majority of them contain mortar. The mortar mixtures change
through time as more materials are discovered, but they also change based on the local materials: mud,

gypsum, lime, lime mixed with pozzolana, and eventually modern mortar with cement and lime.

While many historical masonry structures stand tall and undamaged, several need varying levels of
rehabilitation, strengthening, or even partial or full reconstruction. Masonry is strong in compression,
and unless stability is a concern due to slenderness ratios, it rarely fails in situations where it is loaded
only in compression. It is weak in tension, however, therefore under excessive eccentric axial loading, or
out-of-plane or in-plane lateral loads, tensile stresses may exceed the capacity of the assembly.
Common causes of masonry structures’ failure include the deterioration of mortar in the joints and lack
of adequate strength due to uneven soil settlement, or unexpected extremities of blast, wind, and
seismic loads. In these extreme load scenarios, the weak-links may be low tensile capacity of the

assembly (i.e. bond strength), flexural strength of mortar, or in-plane shear strength.

This project aims to propose a method of strengthening masonry systems against these cases, namely

durability of mortar, and increasing the flexural and in-plane shear strength of mortar joints. The
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methodology comprises of using low percentage micro-nano size fibers mixed into mortar binders that
are either identical or very similar to the authentic mortar mixture in materials and proportion. The
bond-strength of the assembly may or may not increase as a result of the proposed method, but would

not be lower than the bond-strength of the original materials.

Currently, the most commonly used methodology to strengthen masonry structures against out-of-
plane bending is the use of fiber reinforced polymer (FRP) sheets or laminates. The FRP may be glass
(GFRP), carbon (CFRP), aramid (AFRP), or textile reinforced mortar (TRM). These sheets or laminates are
externally applied to walls, beams, columns, or even arches in strips. This method has proven to
successfully strengthen structures against out-of-plane loads and shear loads, however, the opaque
material combined with epoxy resin layers used to glue the material to the surface creates an alien look
to the existing structure, thus is not acceptable for historic landmark structures. In a previous study
(Skourup and Erdogmus 2010), FRM was found to have a great potential as an “invisible” strengthening
method such that it can provide improvements similar to those of the FRP laminates. The level of
strengthening provided may not be as large as that would result from a full-surface application of FRP in
terms of resisting out-of-plane loads; but in most cases, that much increase in capacity may not be
needed or desired anyway, as rehabilitation or reconstruction of a historic structure is a balance
between use of compatible materials to not harm the structure any further and structural

improvements.

There are several properties that have to be considered when choosing a mortar to be used in the
rehabilitation or reconstruction of masonry buildings. Skourup and Erdogmus (2010) suggest the

following to be the main categories to be considered:



1. Durability: If mortar loss has occurred due to environmental conditions, the mortar’s
properties should be improved with consideration of characteristics such as crack
control and permeability.

2. Improved Flexural Resistance: Older mortar that has little or no tensile strength or
weak bond strength in out-of-plane bending, require special designs that meet or
exceed flexural resistance requirements.

3. Compatibility: The mortar used to strengthen or repair has to be compatible with the
existing structure’s chemical, mechanical and aesthetic (authentic mortar color)
characteristics.

4, Economy: A major percentage of existing and historical structures in the U.S. and
worldwide are constructed of unreinforced masonry that are aging and deteriorating.
Economical methods to strengthen and repair these structures are needed in order to

make preservation more attractive than replacement.

In this project, 80 mixtures are selected and each one is tested in seven different tests. After data is
gathered, the advantages and disadvantages of each FRM are studied and recommendations are
provided regarding which mixtures could best serve the rehabilitation process and any need for future

research.



3. LITERATURE REVIEW

In this section a summary of relevant literature and background is given in the areas of history of
mortar, material properties of mortar and experiments that are used to measure these properties,

failure modes and strengthening or rehabilitation of unreinforced masonry buildings.

3.1 History of Early Mortar

Ringbom et. al. (2003), states that the earliest known use of lime mortar was in 4000 B.C., in ancient
Egypt. Spalding (2008) believes the earliest important constructions of which we have remains are
those of the Chaldea and Assyria, dating as early as 2500 B.C. Around the same time, smaller pyramids
located along the west Nile bank were built using a mortar of clay base and included sand, water, and
stone (Winston, 2005). As time progressed the use of clay and gypsum mortars decreased as new
capabilities of lime mortar was discovered. The Romans are credited to discovering pozzolana mortar, a
mixture that, when mixed with fat lime or feebly hydraulic lime, imparts to the lime’s hydraulic
properties and cause mortar to harden under water (Spalding, 2008). Scholars state that the Romans
were the inventers “opus cementicium”, which is the first form of concrete (Acun and Angolu, 2006).
The PI of this project also has some experience in historical structure projects in the US and around the
world. Based on this experience, the most common historic mortars are purely lime-based and relatively
newer “historic” structures in the U.S. have comparatively weaker cement-lime mixtures that are
equivalent to or less than type N Portland-cement lime mortar. For this reason, these two binder
materials were selected to be tested in this project. The proportions of the mixtures are also important

for simulating the makeup of a historic mortar. This issue is discussed in the next section.



3.1.1 Proportions of Historical Mortar

Based on the available documentations, it is apparent that the proportions of early mortar depended
highly on the type and amount of local materials. The binder is composed of clay, lime, gypsum, mud, or
combinations of these along with water, sand, and occasionally terra cotta or pozzolana. The
proportions of mortar are stated in terms of the binder to sand ratio and the water amount was applied
as deemed necessary. Virtuvius suggests that Romans used a pozzolana/terra cotta mortar and the mix
consisted of 1 part lime to 3 parts pozzolana for all land structures and a 1:2 ratio for structures built
underwater (Morgan, 1960). In another study of historical mortars, it was determined that mortars
consisted of 1 part lime to 3 parts sand by volume and included other aggregates such as crushed

marine shells, brick dust, clay, natural elements, pigments, and animal hair (Mack et. al., 1998).

3.2 Mechanical Properties of Unreinforced Mortar

This section presents brief descriptions of the mechanical properties and experimental procedures that
were used in this project. It is provided to introduce the terminology and to point out the relevant
ASTM standards. For the cases where there were no directly applicable ASTM testing standard that

could be used, test methods found in pertinent literature are evaluated for adaptation into this project.

3.2.1 Flow of Mortar

The ability for mortar to bond well with masonry is largely due to the water content of the mortar. The
increase in flow of mortar has been proven to increase the bond strength of the unit. However, when
the flowability too high, this compromises the workability of the mortar. If the mortar has an extremely
high slump it becomes hard to construct a mortar joint because the mortar would seep out between the
bricks when used. If it has an extremely low slump it will not bond well with the bricks therefore

decreasing the bond strength.



Relevant ASTM Standard to test the flowability of mortaris, ASTM C1437-06 “Standard Test Method for
Flow of Hydraulic Cement Mortar” (ASTM 2006). This test is used to determine the flow of hydraulic
cement mortars and of mortars containing cementitious materials other than hydraulic cements. Flow is
used in standard tests that require the mortar to have a water content that provides a specified flow
level. The flow is the resulting increase in average base diameter of the mortar mass, expressed as a

percentage of the original base diameter.

In this project each mixture was designed to have a flow of 110% * 5% per ASTM C1437. Controlling the
water content will make it easier to understand the effects of the fibers in the mortar on the structural

system.

3.2.2 Permeability

It has been discovered that the permeability of cementitious mixtures directly affects the durability of it,
which is based on the existence of cracks in the binder matrix (Lawler, 2001). In his study, Lawler found
that the inclusion of fibers in cementitious materials significantly effects the location and extent of
cracking in the material. Reducing the crack sizes formed in the material, causes a reduction in the
permeability of the cementitious material. The flow through the crack opening is proportional to the
cube of the crack width; hence, several smaller cracks provide substantial improvements in the
permeability of FRC. Bantu and Renz (1928) discovered in his study that the ratio of water to cement
has an influence on the permeability of water through the concrete. It was also determined that the

curing method has the greatest effect on the permeability of the specimen.

There is no direct ASTM Standard to test permeability, however, ASTM C 1202-94 “Standard Method for

Electrical Indication of Concrete’s Ability to Resist Chloride lon Penetration” (ASTM 1994) is relevant.



In this project, water permeability through un-cracked mortar samples is evaluated, in order to
demonstrate how the fibers fill the voids from air bubbles or micro cracks (that have formed during

curing or small levels of loading), before major cracks occur.

3.2.3 Flexural Strength of Mortar

The flexural strength of mortar is of concern to this study, in order to observe how the mortar joints
behave under out-of-plane bending situations and how this property can be improved. Plain mortar is a
brittle material and addition of fibers has been shown to increase ductility. Skourup and Erdogmus
(2010) found that FRMs showed increases in post-crack ductility, toughness, and energy absorption

compared to the plain mortar.

This project will evaluate how fibers in mortar affect the maximum load, post-crack ductility, and

toughness of the various mortar binders. For these goals several ASTM standards are consulted:

o ASTM C 1018-97, “Standard Test Method for Flexural Toughness and First-Crack
Strength of Fiber-Reinforced Concrete (Using Beam with Third-Point Loading)”, (ASTM
1997).

o ASTM C 1609/C 1609M-05, “Standard Test Method for Flexural Performance of Fiber-
Reinforced Concrete (Using Beam with Third-Point Loading)”, (ASTM 2005).

o ASTM C 293-02, “Standard Test Method for Flexural Strength of Concrete (Using Simple

Beam with Center-point loading”, (ASTM 2002).



3.2.3 Properties of Brick Units (Compressive Strength, Flexural Strength, Absorption, and Initial Rate
of Absorption (IRA)

Groot and Larbi (1999) concluded in their study that water flows from mortar to brick (which takes place
immediately after mortar-brick contact) but a reversed water flow from brick to mortar also takes place
(after the compaction and initial hydration of mortar), which may significantly influence the bond
strength development. In a study by Borchelt and Tann (1996), it was discovered that the flexural bond

strength of low initial rate of absorption (IRA) brick improves as mortar water retention decreases.

Therefore, in this project, the IRA properties of the brick units are tested in order to relate the brick

properties to the masonry assembly/prism tests, specifically to bond strength.

ASTM C 67-03a “Standard Test Methods for Sampling and Testing Brick and Structural Clay Tile” (ASTM

2003) is used to measure these properties.

3.2.4 Compressive Strength

The evaluation of the compressive strength of mortar alone (f'c) and as prisms (f'm) is important to
understand how the mortar contributes to the structure’s resistance to compressive loads. It is also
important because most properties of cementitious mixtures are related to their compressive strength
values. Furthermore, the compressive strength of mortar correlates to the curing time as well as other
properties such as total porosity and tensile strength (Schuller 2005). In a study of compressive strength
and brick-mortar bond, it was concluded that the masonry prism compressive strength is more sensitive
to brick mortar bond strength than the compressive strength of the mortar (Sarangapani et. al., 2005).
Generally, the increase in bond strength, while keeping the mortar strength constant, leads to an
increase in the compressive strength of masonry. The study it is also found that increase in masonry
prism compressive strength is noticed with both flexural bond strength improvement and shear bond

strength improvement. In the repairing of mortar the repair mortar’s mechanical properties should be
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compatible with the original mortar. The compressive strength of the new mortar should not be
increased excessively compared to the original mortar. It is important to follow the weak mortar, strong
unit philosophy. It is desired that the new mortar not be stronger than the units for it is easier to
replace mortar after failure than bricks. If the new mortar is stronger than the original mortar they may
act as separately within the structure which could increase the risk of failure, if they are compatible the

mortars will mesh and work cohesively within the structure.

Relevant ASTM Standards used in this study are as follows:

o  ASTM C109/C109M-08 Standard Test Method for Compressive Strength of Hydraulic
Cement Mortars (Using 2-in. or [50-mm] Cube Specimens)

o ASTM C 39/C39M-05 Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens

o ASTM C1314-03b Standard Test Method for Compressive Strength of Masonry Prisms

This particular test is typically performed to check if the mortar’s compressive strength meets the
required 750psi, which is specified for type N mortar after 28 days of curing. However, this project is
based studying mortar after seven days of curing and it evaluates more binders than type N mortar.
Therefore the purpose of this test is slightly different, the test is used evaluate how the inclusion of
fibers affects the compressive strength as well as to evaluate the gain of strength after a short period of

time.

3.2.5 Flexural Bond Strength

The flexural bond strength of masonry is given high importance in this project because of its correlation

with masonry structure’s resistance to out-of-plane lateral loads.
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Sarangapani et. al. (2005) evaluated masonry bond strength between three different makes of burnt
clay bricks with compressive strengths of 10.67, 4.29, and 3.17 MPa and four different mortar mixtures;
1. Type CM1: cement mortar; proportions =1 cement: 4 sand; 2. Type CM2: cement mortar; proportions
=1 cement: 6 sand; 3. Type CSM: cement-soil mortar; proportion — 1 cement: 1 soil: 6 sand; and 4. Type

CLM: cement-lime mortar; proportion = 1 cement: 1 lime: 6 sand.

It was concluded that the prisms had three different failure modes:

o Type I: Failure at the brick-mortar interface indicating bond failure
o Type lI: Failure of brick in flexure with the brick-mortar interface intact

o Type lll: A combination Types | and Il

This study further concludes that the three modes of failure clearly indicate that the mortar present in
the bed joint never failed in flexure. The flexural strength of the mortar was clearly higher than the
flexural strength of the brick or the brick-mortar interface. Type Il and Type Il failures were a result of
high bond strength, while Type | was due to low bond strength. Sarangapani et.al. (2005) discovered
that a high strength cement mortar like CM1 which is considered a “rich mix” bonds well with the brick,

providing a bond strength of about 0.20 Mpa.

Rao (1995) studied the flexural bond strength of masonry using various bricks and mortars, and
concluded that flexural bond strength increases at the time of casting with the increase in moisture

content.

ASTM E518 - 09 “Standard Test Methods for Flexural Bond Strength of Masonry” (ASTM 2009) is used in

this study to evaluate the bond strength of masonry prisms.

e The flexural bond strength of masonry is tested in this study to determine how well each mortar

mixture bonds with the units. Since the flow rate of the mortars are all kept within 110% + 5%,
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it is easier to evaluate the fibers’ affect on the bond strength, as well as the correlation between

the compressive strength of mortar and prisms and the prism bond strength.

3.2.8 Shear Strength

The understanding of the shear strength of the masonry bed joint in prisms is a way to strengthen
masonry against in-plane loads. The effect of FRM on the shear strength of the prisms is analyzed in this
project. There was no directly applicable and time efficient ASTM standard for testing the shear
strength of the bed joints in this project. Therefore, test methods from the British Standards, Part 3-
Determination of initial shear, and Part 4- Determination of shear strength including damp proof course

(1993) were used.

There is also literature available with studies that have proposed their own innovative joint shear testing
methodologies. The study of Riddington et. al. (1990) on the shear failure of mortar joints concluded
that shear failure in mortar joints was initiated by slip when the pre-compression stresses were below 2
N/mm? and by tensile failure within the mortar if pre-compression stresses were higher. Thus, the use
of stronger mortars does not always improve the shear properties of bed joints. In some cases, it can
produce a slight increase in the peak value of shear strength of the joint, but likely, the strong mortars
decreases the fracture energy of the bed joint leading to more brittle masonry with many cracks in the

bricks in the ultimate limit state (Hansen et. al., 1998).

3.3 Preservation of Historical Structures

Masonry is a brittle, heterogeneous, and anisotropic material assembly that is strong in compression
and weak in tension. Most masonry structures are designed so that the main elements are mainly in
compression, such as walls or piers, buttresses, arches, vaults. However, flexural loading situations such

as wind against a wall, or eccentric loading, causes flexural tensile stresses in the system and tests the
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modulus of rupture of both the materials alone (unit and mortar) and for the assembly. As the masonry
is heavy, the compression caused by the axial loads usually diminishes these tensile stresses to a level
that it can carry without breaking. However, in extreme or unexpected load cases like blast, earthquake,
or uneven soil settlements, high flexural -tensile or shear forces act on the structure and cause cracking
or at times partial or full collapse. The durability of the materials, especially mortar, also play a big role
in the safe keeping of a masonry structure. Many masonry structures stand thousand of years, as the
stone in compression hardly deteriorates. However, a man-made material, mortar, is the weak link
against durability. We often see dried, cracked, fallen out mortar joints on structures that have been
exposed to harsh environmental conditions. If a masonry structure is standing tall, more often than not,
the rehabilitation work necessary relates to mortar joints. If it is collapsed, we mostly find the units

mostly intact.

Dialer (2002)‘s observations are aligned with those of the authors’ as he lists major causes of
deformation in masonry as follows: external loads; movement of foundation or underlying structures;
shrinkage; thermal expansion or contraction; permanent moisture expansion; and permanent freeze-
thaw expansions. The workmanship during the construction of the building can affect the possibility and
level of deformations forming in masonry. Negligence such as lack of bonding, missing framing, use of
different kinds of units, mortars, or unit sizes, building at low temperatures; wrong combination of units

and mortar are also factors that contribute to the failure of masonry structures (Dialer 2002).

Two common methods used to restore historical masonry structures are 1) repointing mortar in cases
where mortar has deteriorated due to environmental effects or cracked due to extreme loads; and 2)
applying FRP laminates or sheets where the goal is to increase the out-of-plane bending or shear
capacity of the entire wall. Repointing is “The process of removing deteriorated mortar from the joints

of a masonry wall and replacing it with new mortar. Properly done, repointing restores the visual and
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physical integrity of the masonry (The Department of Interior 2004).” The application of FRP is involves
applying the laminates or sheets to the facade of a masonry structure. These two methodologies do not
replace one or the other. Usually if a wall is cracked/ weak, it is typically repointed and then the FRP is
also applied. The goal of this project is therefore to replace the need for FRP application by
strengthening the wall with the new mortar mixture while repointing or as a collapsed element is
restored. In the following sections, first FRP application method is briefly discussed with its advantages
and disadvantages; then the challenges of designing rehabilitation/reconstruction mortar is presented.

Finally, the proposed methodology, use of fibers in the rehabilitation mortar, is discussed.

3.3.1 Strengthening Masonry with Fiber Reinforced Polymers (FRP)

FRP laminates and sheets are generally made of carbon, aramid, or glass fibers and have diameters that
range 5-25um in one or two directions and are bonded together with a matrix such as epoxy or
polyester (Triantafillou 1998). Triantafillou lists some of the properties of FRP are as follow:
Advantages of FRP
e Excellent corrosion resistance
e Low density (about % of steel) coupled with very high (tensile) strength (of the order of 1000-
3000MPa)
e Stiffness (Young’s modulus is of the order of 50, 120 and 180-3000MPa for unidirectional
composites with glass, aramid, and carbon fibres, respectively)
e Excellent fatigue strength and creep/relaxation performance ( superior than steel for carbon
FRP)

e Satisfactory chemical resistance
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Disadvantages of FRP

e Brittle but highly deformable (almost linear elastic up to failure strains of about 1-2% for
carbon FRP and 2.5-3.5% for others)

e Expensive: costs a lot more than mild steel

In a study, Tan et. al. (2004) found that the external bonding of FRPs to masonry walls provide significant
increase in out-of-plane load-carrying capacity. In a field experimentation, Tumialan et. al. (2000) found
that FRP laminates was not able to provide boundary anchoring to prevent pulling apart against out-of-

plane cyclic loads. They also stated that FRPs cannot be applied externally as facade reinforcement.

As can be seen, FRP has been proven, to some degree, as a good method to increase the flexural

strength of unreinforced masonry, but it is costly and aesthetically unpleasing.

The hypothesis in this study is such that use of a small volume of micro or smaller fibers can address
some of the same strength issues at a much lower cost, and can address mortar joint problems, which
should still be taken care of in FRP applications. Thus, fiber reinforced mortar (FRM) approach combines
the idea of repointing and FRP applications, and offers a solution that addresses more problems with
less cost, granted an optimal FRM is designed for each project, and the limitations of the methodology

is acknowledged.

3.3.2 Criteria for the Design of Repointing Mortars

There are certain criteria that should be considered when designing a mortar to be used in the
repointing of existing masonry structures. The ultimate goal is to design a new mortar that will be
compatible with the original mortar. Van Hees (2000) defines compatibility, as it refers to mortar as

“The new mortar should be as durable as possible, without (directly or indirectly) causing damage to the

original material.”
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According to Lanas et.al. (2002), there are several aspects of compatibility:

1)

Chemical compatibility between the repointing mortar and the old materials (stone or brick and
its authentic mortar);

Physical compatibility, with special reference to processes of solubility and of water transport;
Structural and mechanical compatibility (the compressive strength of repair mortar has to be

similar to the ancient ones)

Similar aspects are presented in Brian and Erdogmus (2010) as they evaluate compatibility in terms of

mechanical properties, chemical properties, and aesthetic properties:

1)

Compatibility of mechanical properties is considered in terms of keeping the strong unit, weak
mortar philosophy of masonry design. For instance, compressive strength of the mortar should
not be increased excessively during repair.

Compatibility of chemical properties is desired to make sure that excessive changes in the
binding matrix of a repair mortar do not occur because it will likely create problems due to new
chemical reactions between the old masonry units and the fresh mortar. Therefore, if the
original structure had lime mortar, the repair mortar should consist of lime mortar with a similar
composition.

Aesthetic compatibility is important such that the repair mortar should attempt to have an
appearance similar to the existing mortar to protect the aesthetics of the overall building. This
would be assured if a similar material composition (lime to lime, cement to cement) is

established and necessary mortar coloring is taken under consideration.

Maurenbrecher (2004) states the challenges in the selection of mortar for traditional masonry as

follows:
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Original mortar materials are no longer available.

It is difficult to determine the exact composition and properties of the original mortar.

Issues of historic authenticity: How close should the repair mortar correspond to the original?
Should only traditional binders be used?

Many of the materials and techniques for producing and applying traditional mortars were lost.
Therefore, substitutes should be found and historical techniques should be revisited.
(Maurenbrecher does point out that new publications with guidance are beginning to appear).
Traditional mortars are usually of much lower strength than modern mortars, thus are less
forgiving of poor construction practices. Construction and curing procedures are therefore
more important, together with good quality control.

Appropriate laboratory and site test procedures are needed for the evaluation of repair mortars.
There is little published information on the performance of low strength mortars in areas

subject to significant freeze-thaw cycles (most of Canada).

The Department of Interior (2004) states that when considering the major physical and chemical

properties of the new mortar, it is best to make sure they conform to the following criteria:

The new mortar must match the historic mortar in color, texture, and tooling. If a laboratory
analysis is undertaken, it may be possible to match the binder components and their
proportions with the historic mortar, if those materials are available.

The sand must match the sand in the historic mortar. The color and texture of the new mortar
will usually fall into place if the sand is matched successfully.

The new mortar must have greater vapor permeability and be softer (measured in compressive

strength) than the masonry units.
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e The new mortar must be as vapor permeable and as soft or softer (measured in compressive
strength) than the historic mortar. ( Softness or hardness is not necessarily an indication of

permeability; old, hard lime mortars can retain high permeability)

As can be seen the design of a rehabilitation mortar, whether it will be used in repointing or a full
reconstruction, is a very challenging task subject to many criteria recognized by many scholars. The
hypothesis of this project is derived from these criteria. Using the right type and volume fraction of nano
or micro fibers would result in a compatible yet more durable mortar. The correct type and volume
fraction of fibers however would depend on the composition of the original mortar. That is why various

binding matrices are experimented in this project with different fiber type and volume fractions.

The mortar designs tested are not be directly compared to a specific historical mortar but the major
binding matrices used in historic structures are covered. The reader who wants to adopt results of this
study is invited to use the results of the mortar mixture most similar to that of his/her project, but is
strongly encouraged to test this mixture with fibers before adopting it for the real life project.

3.3.3 Fiber-Reinforced Concrete and Mortar (FRC and FRM)- Brief Summary of Pertinent Literature

and Preliminary work by Pl

The inclusion of fibers in cementitious materials has been extensively studied and adopted in projects in
the context of concrete structures, i.e. fiber reinforced concrete (FRC). While fiber reinforced mortar in
masonry applications is not common and not extensively studied, the findings on FRC are reviewed to
understand the basic material behavior of the composite mixture and to not repeat efforts to gather

such information.

When concrete was reinforced with two inch long steel fibers and compared to unreinforced mortar, it
showed that, while the curing times were the same; the inclusion of fibers reduced the slump, air

content, shrinkage strains, while increasing the creep deformations (Balaguru et. al., 1988). Mehta
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(2006) showed that fiber-reinforced concrete can sustain loads larger than the ultimate flexural strength
of plain concrete. One of the most interesting comments in the pertinent literature is such that
improvements in FRM performance are more significant for lower matrix compressive strengths (Fanella
et. al.,1985). This finding supports the objective of this project, because if with a very small volume ratio
of fiber addition significant improvements can be made, the goal of enhancing the mortar’s properties

inexpensively without changing the binding matrix.

In their work preceding this project (Skourup and Erdogmus, 2010), the principal investigator and her
master’s degree student studied six FRM mixtures with a low strength binding matrix (type N Portland-
cement —lime) and three different lengths of PVA (polyvinyl alcohol) fibers: 18 mm [0.71 in.] long PVA
macro fiber, and two PVA micro fibers. Micro fiber 1 is 8 mm [0.31 in.] and micro fiber 2 is 6 mm [0.24
in.] in length, respectively. According to ACI Committee 544 (ACl 1984), macro fibers are defined as
reinforcing fibers with lengths varying from 12.7 to 63.5 mm [0.5 to 2.5 inches], and micro fibers are

defined as reinforcing fibers with lengths less than 12.7 mm [0.5 inches ].

After testing the compressive, flexural, and bond-strength of these mixtures in prisms with clay brick
units, it was shown that use of moderate volume of micro, macro and hybrid (mix of macro and micro
fibers) fibers considerably increased the flexural strength, post-crack ductility, toughness, and energy
absorption of the material in comparison to plain mortar. It was also observed that the inclusion of
micro fibers in mortars did not significantly affect the compressive strength of the mortar, which is
important in not producing mortars stronger than the authentic units. The macro fibers projected from
the masonry joints more than the micro fibers, thus making the rehabilitation method potentially
aesthetically unpleasing. The hybrid mixtures presented the most increase in toughness; however, this
was accompanied with some excessive compressive strength. At the conclusion of this preliminary study

with 6 mixtures; it was suggested that the hybrid fiber mixtures (micro and macro fibers used together)
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may be better suited for reconstruction projects while micro fiber-reinforced mortars would be the most
appropriate for use in repointing and repairing mortar joints, due to better workability and finishing
characteristics of the material. While the results of this preliminary study were very useful in identifying
FRMSs’ potential for masonry rehabilitation, need for further study was apparent leading to the current
project. Based on the preliminary findings, in this study, emphasis is given to the further study of micro

fiber- reinforced mortars.
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4. MATERIALS AND TEST METHODS

4.1 Materials

In this project, 80 different mortar compositions are studied in order to study the effects of different
type, size, and volume fraction of fibers on five different binding matrix compositions. The goal is to
identify the material combinations that are most feasible for masonry rehabilitation and reconstruction

projects. Materials used in this project are described in this section.

4.1.1 Binder Types

As stated in the literature review, many historical masonry structures were constructed using lime
mortars in 1: 2.5 or 1: 3- lime: sand ratios. The evolution mortar progressed to hydrated lime mortars
with the inclusion of pozzolana. This additional material made it possible for the mortars to cure under
water or become more water resistant. Some of the masonry structures considered historical in the
United States are hydrated lime mortars with the inclusion of cement. Inclusion of cement increases the

mortar’s strength and decreases the curing time, compared to hydrated lime mortar alone.

Based on such knowledge on historical mortars, three main binding matrices are selected for this

project:

1)Type N Portland Cement-Lime (PCL) mortar with PL-01 sand: Type N PCL and Sand PL-01 is a pre-
blended, dry mortar mix composed of Portland cement, hydrated lime, and dried masonry sand. The
addition of water is all that is needed to create fresh mortar. The mortar mix is designed to comply with
ASTM C270 Standard Specification for Mortar for Unit Masonry (ASTM 2008). The average compressive
strength of this mortar, according to the standards is 5.2 MPa (750 psi) at 28 days. While this matrix is
relatively modern, its low strength (low cement content) and higher lime presents a good imitation of

most “younger” historic structures in the U.S.
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2) Natural Hydrated Lime 3.5W: Natural Hydrated Lime 3.5W (NHL3.5W) used in the project was
obtained from Virginia Lime Works. It is made by burning unique French limestone that is infiltrated
with silica and alumina, and conforms to the European Standard EN:459. In order to make the mortar,
the sand and water must be added to the dry mix binder. The color of the mortar is designated in the
title, in this case white (W). According to Virginia Lime Works, this particular mix is supposed to offer
moderate compressive strengths, high vapor permeability, high sulfate resistance, a balance between
hydraulic set and carbonation, and a soft white color. Based on the data collected and published by the
manufacturer Virginia Lime Works, the average compressive strengths of the binding matrices formed

with this type of NHL are given in Table 1.

Table 1. NHL Mixture compressive Strengths (Source: Virginia Lime Works Tech Info)

Type of Binding Proportion Average Compressive Strength MPa (psi)
Matrix (NHL: Sand) at 7 days at 28 days at 730 days
NHL3.5W 1: 2.5 0.26 (38.41) | 1.16(168.24) | 3.56 (515.88)
1:3 0.20(29.01) | 1.00(145.04) | 3.23 (468.47)
NHL5W 1:3 0.08 (11.60) | 0.44(63.82) | 4.19 (607.71)

3) Natural Hydrated Lime 5W: Also provided by Virginia Lime Works, NHL5W is made using the same
technique described for NHL3.5W and conforms to the European Standard EN:459. Sand and water
should be added to the dry mix in order to create mortar. According to Virginia Lime Works (Virginia
Lime Works, 2007), this binder provides the highest compressive strengths in the NHL range compared
to all the NHL binders they provide, while it also provides increased vapor permeability, sulfate
resistance, a significant hydraulic set, and a soft gray color. Virginia Lime works technical documents
only provides compressive strengths of 1: 3 lime to sand ratio mixtures for NHL5W, which is presented

in Table 1.
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Since it is known that the addition of more sand decreases the compressive strength, compressive
strength values of NHL5W, 1: 2.5 lime to sand ratio mixture is expected to be higher than those for 1: 3
ratio values. It is also noticed that NHL3.5W is stronger than NHL5W at the earlier days of curing (7™
and 28" day strengths), while 730 day (and eventually the final) strength of HNL 5W is higher. This
trend can be clearly observed when the compressive strengths of NHL3.5W and NHL5W at ratios 1:2.5
and 1:3 are plotted against curing time (Figure 1). More information about each of these binders is

provided in Appendix B.

Average Compressive Strengths of NHL Binders
(Virginia Lime Works Results)
700
600 = 730
= 365
£ 500 >
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§ 400 -
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o
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Figure 1. The Average Compressive Strengths of the NHL Binders (Source: Virginia Lime Works

Material information Data Sheets Appendix B)

4.1.2 Binder to Sand Ratios: Information from a Case Study

The lime to sand ratios used in this study is selected based on an extensive literature review as well as
information gathered from relevant projects of the PI. One of these projects, potentially marking the

weakest mortar combination is authentic 3" century Roman mortar, is the project concerning the
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reconstruction of an Ancient Roman Temple in Southern Turkey. Located in the ancient city of
Antiocheia Ad Cragum, the ruins of this Temple are formed of marble blocks and dislocated mortar
chunks. In a previous study by the PI, where mortar samples from this site are analyzed at the
laboratories of two different companies, namely Virginia Lime Works in Monroe, VA and Rose of Jericho
in UK (Erdogmus and Armwood, 2008). As a result of thesis analyses, Virginia Lime works suggested the
mortar had a ratio of 1 part lime to 2.42 parts sand, and Rose of Jericho suggested 1 part lime to 2-2.5

parts sand.

This findings match well with the literature, where Vitruvius suggests 1: 3 ratio for earliest lime mortars

(Morgan, 1960 and Mack, 1998) suggest similar ratios for most historical structures with lime mortar.

Considering the literature and the findings from the mortar analysis in the case study, it was decided for
this project that the NHL mortars would be tested for two ratios: a) 1 part lime to 2.5 parts sand, and b)

1 part lime to 3 parts sand.

4.1.3 Sand

The sand used in the mortars of this project complies with ASTM C144-03 “Standard Specification for
Aggregate in Masonry Mortar” (ASTM 2003). The sand used in the project was already available at the
University of Nebraska concrete laboratory; however, the PI’s team performed a sieve analysis to check
ASTM compliance. Results of the sieve analysis are presented in Tables 2 and 3, and Figure 2. According

to the test results, the sand used in the mortars met the requirements specified by ASTM C144-03.
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Table 2. Test Data from the Sieve Analysis of Fine Sand

Percent of
Weight | weight Cumulative
retained | retained on | Percent Log of
on each | eachsieve | Retained Percent | Sieve
Sieve No. | Sieve Opening (mm) Sieve (g) | (%) (%) finer Openings
4 4.75 0 0 0 100.00 | 0.676694
8 2.36 0.93 0.18 0.18 99.82 | 0.372912
16 1.18 14.73 2.92 3.11 96.89 | 0.071882
30 0.6 71.25 14.14 17.25 82.75 | -0.22185
50 0.3 219.96 43.66 60.91 39.09 | -0.52288
100 0.15 176.85 35.10 96.01 3.99 | -0.82391
200 0.075 15.14 3.01 99.02 0.98 | -1.12494
Pan 0 1.4 0.28 99.29 0.71 -
Table 3. Summary of Test Data
Initial Mass of Sand W(g)= 503.82
Final Mass of Sand W(g)= 500.26
Difference btw W &W, (g) = 3.56
Loss during sieve analysis (%) 0.71
0.71% is ok because it is less than 2%
Percent Finer vs. Grain Size
g 100:00
80: o—Semilog
P Graph

Percent Finer

NN
o]
(o]
(3]

N
[<>)
D
o)

Grain size, D (mm)

Figure 2. Progression Sand through the Sieves
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4.1.4 Fibers

It was determined from preliminary studies that macro fibers are aesthetically unpleasing as well as
potentially too strong to be used in rehabilitation or reconstruction mortars (Skourup and Erdogmus
2010). Therefore, in this study nano and micro length fibers were used. Nano fibers are defined as

fibers with diameters of about 100 nanometers, while micro fibers used are either 6 mm (.25 in.) or

8mm (.33 in.) in length.

Two main groups of fibers are used in this study: Organic fibers and Synthetic fibers. A list of these fibers

and their source is listed in Table 4.

Table 4. Summary of All Fiber Types Used in This Study

. Category

No Type of Fiber Manufacturer Size Material Sustainability
1 | Corn cellulose UNL Textiles and Biosystems Micro Organic Yes

2 | Goat Hair Virginia Lime Works Micro Organic Yes

3 | Horse Hair Virginia Lime Works Micro Organic Yes

4 NyconG- Nano | Nycon Nano Synthetic No

5 RECS7- 6mm Nycon Micro Synthetic No

6 RECS15- 8mm | Nycon Micro Synthetic No

7 RSC15-8mm Nycon Micro Synthetic No

Synthetic fibers used in this project are manufactured by Nycon (Tables 3 and 4). Nycon produces
various fiber reinforcements such as green, glass, nylon, polyester, polypropylene, polyvinyl alcohol,
steel, and structural fibers. They provide guidance regarding the use of their fibers, including common
applications of these fibers. Brief descriptions of the fibers obtained from Nycon, Inc. are provided in

Table 5.
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Table 5.Performance Benefits and Common Applications of Nycon, Inc. Fibers

Performance Benefits (according to

Common Applications

Fibers Material .
Nycon, Inc.) (according to Nycon, Inc.)
100% Recycled | Reduced cracking, improved tensile strength,
NyconG- nylon increased compressive strength, impact
Nano obtained from | resistance, improved fatigue crack-resistance, Not Specified
(Figure 4a) reclaimed reduced strip and finishing time, overall
Carpet improvement in integrity and soundness.
Crack reduction in grouts and mortars, in .
. . ; . Concrete countertops, white
RECS7 Polyvinyl higher dosages, provides flexural and tensile toppines. thin-section specialt
(Figure 4b) Alcohol strain-hardening much higher than PPINgs, P ¥
. L precast shapes
conventional synthetic fiber systems
New construction and repair of
airport aprons and taxiways,
security and seismic safeguards
e . in new structures and upgrades
. Eliminates the need for conventional steel . . Pg .
RECS15 Polyvinyl . . to existing structures, industrial
. reinforcement, as well as its attendant labor,
(Figure 4c) Alcohol . and warehouse slabs, tunnel
time, and costs. L .
lining, architectural and
specialty precast shapes, repair
mortars, replacement of glass
fiber reinforced cement
New construction and repair of
airport aprons and taxiways,
In concrete, long-term crack reduction which | security and seismic safeguards
. reduces the amount of water penetration, in new structures and upgrades
RCS15 Polyvinyl uces P W Jperad
. plastic shrinkage control, Bond strength 300% | to existing structures, industrial
(Figure 4d) Alcohol
greater than steel, glass, nylon, or and warehouse slabs, tunnel
polypropylene. lining, and septic tanks, vaults,
architectural and specialty
precast shapes.
Reduced micro and macro cracking, even
fiber distribution, excellent workability, Wet/dry stucco plaster mixes
Control 100% Virgin reduced permeability, smooth, hairless finish, Dr aZka ed chent basedl
2000 multifilament increased flexural strength, Increased freeze VP & .
. . . . . products, repair mortars,
(Figure 4e) Nylon thaw resistance, increased impact resistance,

improved abrasion resistance and non-
corrosive reinforcement

Decorative poured concrete
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a) NyconG-Nano b) RECS7-6mm c) RECS15- 8mm

d) RCS15-8mm e) Control2000-6mm

Figure 4. Photos of Nycon fibers

Goat hair and horse hair fibers were provided by Virginia Lime Works. There is no material data on
these fibers therefore some assumptions were made and tests were carried out to determine the
density of the fibers. The goat hair Figure 5a was provided in bundles of average length of about 2.45in
and the horse hair Figure 5b was in bundles of average length of about 3.24 in. In initial tests, these
fibers were used at their original lengths and it was determined that their lengths were too long because
of their inability to distribute evenly throughout the mortar. Therefore, the goat hair was cut into halves
providing an average of about 1.2 in. and the horse hair was divided in four pieces, resulting in fiber
lengths of about 0.8 in. These lengths allowed the fibers to be distributed evenly throughout the mortar

and reduced the amount of fibers visibly sticking out of the mortar joints.
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The corn silk fibers Figure 5¢c was provided by Dr. Yigi Yang, Charles Bessey Professor in the Department
of Textiles, Clothing & Design and the Department of Biological Systems Engineering at the University of
Nebraska-Lincoln. These fibers are retrieved from corn husks and then processed chemically to form a
dry material. While Professor Yang’s patented corn cellulose fibers are initially intended for use in
textile, in this study they are tested for use as reinforcement in mortar mixture. The length of the fibers

varies, averaging at 1.0 inch.

a) Goat Hair =2.45 in. b) Horse Hair =3.24 in. c) Cornsilk Fibers
Figure 5. Organic Fibers Used in the Study

Each type of fiber, except the cornsilk fibers, is tested with each mortar at a volume proportion of .25%
and .50% of the dry weight of the mortar (this weight includes the sand weight for the NHL mortars).
The cornsilk fibers were only studied at a volume proportion of .25% because of the limited material
supply. For majority of the fibers, the density of the fibers were provided by the manufacturers, but
because the horse hair and goat hair were directly provided from the animal the density of the fibers
was not specified. The fiber densities are used to determine the amount (in grams) of fiber needed for
each mixture at the designated proportion. The densities of fibers those were not provided by the
manufacture were gathered through testing according to ASTM D 854-05 “Standard Test Methods for
Specific Gravity of Soil Solids by Water Pycnometer” (ASTM 2005). The density of the goat hair was 1.40

g/cm’ and the horse hair had a density of 1.31 g/cm”.
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Once all the binders, the proportions of fibers, and lime to sand ratios were determined a matrix was

created of all possible combinations of the materials. The result leads to a matrix of 80 mixtures (Table

6).
Table 6. Summary of Test Matrix
Binder Proportions | Fiber Types | Fiber Volume Fraction | Total Total
Matrices Mixtures Specimens
Fixed (1) No Fibers (1) | 0% (1) 1
PCL Type N (1) | Fixed (1) 7 Types (7) | 0.25%, 0.5 % (2) 14 480
Fixed (1) Corn (1) 0.25% (1) 1
1:2.5 No Fibers (1) | 0% (1) 1
1:2.5 7 types (7) | 0.25%, 0.5 % (2) 14
1:2.5 Corn (1) 0.25% (1) 1
NHL3W 1:3.0 No Fibers (1) | 0% (1) 1 960
1:3.0 7 types (7) 0.25%, 0.5 % (2) 14
1:3.0 Corn (1) 0.25% (1) 1
1:2.5 No Fibers 0% (1) 1
1:2.5 7 types (7) 0, 0.25%, 0.5 % (3) 14
1:2.5 Corn (1) 0.25% (1) 1
NHLSW 1:3.0 No Fibers 0% (1) 1 960
1:3.0 7 types (7) 0, 0.25%, 0.5 % (3) 14
1:3.0 Corn (1) 0.25% (1) 1
TOTAL 80 2400

The details of the testing matrix are provided in Appendix A. The mortar mixtures are labeled in the

following format binder; lime to sand ratio; fiber type; and percent volume of fiber. For example: 1) N;
P-M; 0; 0% means Type N binder; Pre-Mixed; No Fibers; No Percent Volume. 2) NHL3.5 ;1:2.5; NyconG-
Nano; .25% means NHL3.5 binder; 1 part lime to 1.25 parts sand; NyconG- Nano fibers; .25% Fiber

volume.

4.1.5 Units

The mortar mixtures were tested with two different types of units; clay and concrete bricks. Both bricks

are standard nominal sizes of 2- 2/3” x 4” x 8”. The bricks were provided from two different companies:
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Yankee Hill Brick and Tile provided the clay bricks and Watkins Concrete Block Company provided all the

concrete bricks as well as some clay bricks.

4.2 Test Methods

4.2.1 Preparation and Curing Procedure

All specimens were cast and cured according to their corresponding ASTM standard wherever

applicable. Table 7 provides a list of the tests and the relevant ASTM standards, it must be noted that

while these ASTM standards provides the general guidance for the experiments in this study, some

modifications had to be made as will be explained later=

Table 7. Standards Used For Preparation of Specimens per Test

Test and Specimen Size

ASTM-Standard/ Other Resource

Compression of Mortar (2”x2”x4")
Flexural Strength of Mortar (2”x2"x4")

ASTM C109/C109M-08 Standard Test Method for
Compressive Strength of Hydraulic Cement
Mortars (Using 2-in. or [50-mm] Cube Specimens)

Flexural Strength of Mortar (2”x2”x4")

*ASTM C 293-02 Standard Test Method for
Flexural Strength of Concrete (Using Simple Beam
with Center-point loading.

Water Penetration of Mortar
(3”dia. X6” cylinder)

*ASTM C39/39M-05 Standard Test Method for
Compressive Strength of Cylindrical Concrete
Specimens.

Compressive Strength of Masonry Prisms
(3 brick unit stack)
Shear Bond Strength of Masonry Prisms
(3 brick unit stack)

ASTM C1314-03b Standard Test Method for
Compressive Strength of Masonry Prisms

Reddington and Jukes (1994)

Flexural Bond Strength of Masonry
(5 brick unit stack)

ASTM E 518-03 Standard Test Method for Flexural
Bond Strength of Masonry

Brick Properties
(standard brick unit)

ASTM C67-03a Standard Test Methods for
Sampling and Testing Brick and Structural Clay Tile

*The tests performed are most like the listed ASTM standards, but performed on small scale specimen:s.

The ultimate goal of the experimental program is to study the feasibility of the 80 mortar mixtures for
the reconstruction and rehabilitation of historical masonry structures. According to the Department of

the Interior (2004), the suggested method for curing repointed mortar in walls is to cover the walls with
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burlap for the first three days after repointing, which will keep the walls damp and protect them from
direct sunlight. Virginia Lime Works (2007), suggested in their data sheets that after repointing with
natural hydraulic lime, the masonry work needs to be protected from dry winds, frost, direct sun and
rain for at least 7 days and longer if the project deems necessary. The ASTM standard specifications ,
which is mainly based on new masonry construction, commonly recommends 28 days for curing or the
specified time for the project. It is known, however, that after the first 7 days, the mortar becomes
stable, but keeps gaining strength as it cures. Therefore, while the full design strength of new
construction mortar must be that of 28" day, for the purpose of comparing mortars among themselves,
7" day test provides a faster, viable alternative. Therefore, in this study, it was decided that the

specimens would be tested after 7 days of curing.

The curing methods for binders Type N Portland-Cement Lime and Natural Hydrated Lime based
mortars are very different. Since Type N mortar is composed of 1 part cement to % - 1 % hydrated lime,
the hardening process is dominated by the cement, meaning it hardens by hydration. The Natural
Hydrated Lime is all lime with no pozzolanic additives; therefore, it hardens by carbonation. According
to ASTM C270-03b “Standard Specification for Mortar for Unit Masonry” (ASTM 2003), Type N mortar
only specimens should be cured in a moist storage cabinet until testing. There are no specifications that
dictate the method to cure natural hydrated lime, but it is known that it needs to be in an area exposed
to a reasonable amount of carbon dioxide. In this study, the method of curing of the specimens were to
be kept as a constant parameter, therefore both types of materials were cured cure using the same
method. All mortar specimens were first placed in the moisture controlled chamber for the first three
days and for the last three days, they were placed in an open area of the lab subjecting them to the
environment’s temperatures and allowing more carbon dioxide to be exposed to the specimens. The
masonry unit specimens were cured in a plastic bag to retain moisture per ASTM standard C1314-03b

(2003) for three days then exposed to the natural environment of the lab for the remainder 4 days.
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4.2.2 Test Setup

All of the experiments performed in this study conformed to the relevant ASTM standards except for
two; Flexural Test of Mortar and Shear Bond Strength test. Therefore, in this section only those two test
setups are explained. All of the other testing methodologies and apparatus can be found in the ASTM

standards.

4.2.2.1 Flexural Bond Strength of Masonry

e In this project, an experimental setup similar to the test method performed by Drdacky (2008)
on non-standard historic mortar specimens was employed. Drdacky (2008) determined that
testing non-standard size specimens could provide approximations to the results of tests
performed on historical mortars. A specimen extracted from historical mortars would typically
be in amounts that are too small for the preparation of standard size specimens. Similarly, in
this project, the specimens used for the compressive strength of mortar and the flexural
strength test of mortar are 2” x 2” x 4”. This size of specimens were selected for the following
reasons: 1) Small size specimens would more closely relate to authentic mortar specimens
extracted from existing structures, 2) behavior of the small size specimens will more closely
relate to the actual size of mortar joints in masonry, but are still large enough that meaningful
flexural testing can be performed, and 3) since multiple specimens made of 80 mixtures for each
test are needed, use of smaller specimens reduces the material cost, 4) Lime mortar specimens
with larger volume may have result in uncured parts inside the prismatic specimens.

e  While 2” x 2” x 4” specimens are feasible for the above reasons, there is need for enough
bearing surface and sufficient length over the span for flexural stresses to develop. Therefore,
extension with another material (wooden blocks) in the form of the “prostheses” were used

(Figure 6), similar to those suggest in Drdacky’s work (2008). Wooden blocks were epoxied to
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both ends of the mortar block with Rezi-weld Gel Paste State an epoxy resin suitable to bond
wood with concrete. The addition of a 3” piece of wood to each side of the specimen provided
enough extension to test the specimen in flexural behavior. The test set-up and the specimen

are shown in Figure 6.

Figure 6. Flexural Mortar Test Apparatus and Specimen
e The load was applied according to ASTM C 293-02 “Standard Test Method for Flexural Strength

of Concrete (Using Simple Beam with Center-point loading)” (ASTM 2002) and a steady rate of

displacement.

4.2.2.2 Shear Bond Strength

The shear strength of masonry is expressed by Mohr-Coulomb Law:

T, = To + HO,

Where t, the shear masonry strength, t, is the shear strength at zero pre-compression, i is
the coefficient of internal friction and o, is the vertical compressive stress.
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Therefore, in order to test the shear bond strength with pre-compression, a complex set-up must be

developed such that loading is applied simultaneously in two directions (shear and compression).

Such a test method is developed in this study (Figure 7), based on the procedures proposed in two
literary sources: 1) the European Standard PREN 2052-3 Part 3 (1996) which deals with methods of test
for masonry, and 2) Reddington and Jukes (1994), whose study points out that the 1, and u factors

determined from this test provide values closely related to tests that involve pre-compression,.

For the test set-up shown in Figure 7, the value of 1, can be determined, using the following equation:

Where, P, is the maximum load and A is the joint area.

il

F/2

QF}’Z

Figure 7. Test Set up for determination of shear bond strength 1,

e=h+d"

(Source: European Standard PREN 2052-3 Part 3 (1996))

The coefficient of internal friction u, must be determined by “dry sliding” of the mortar over the unit.

Therefore, it is determined by restacking the separated specimens after the shear test and lifting them
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at an incline until slippage occurs on the failed joints. The u coefficient is the tangent of angle
inclination when the slippage occurs. While technically, this test provides the coefficient of external
friction, but Reddington and Juke (1994) has found that this value provides “a good indication as to the
value of the coefficient of internal friction p.” Figure 8 illustrates the inclined plane apparatus used with

the block specimens.

Figure 8. Inclined plane apparatus for the determination of the coefficient of internal friction (u)

The 1 and u factors obtained from this test are valuable in determining the masonry shear strength of

walls. While analytical work is not included in this study, it will a part of the future work.
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5. RESULTS AND DISCUSSION
5.1 Mortar Tests
This section will provide the results and discussion of the tests performed on the mortar alone (i.e.

without masonry units).

5.1.1 Flow of Mortar

A table of the results obtained from the flowability test of the mixtures is provided in Appendix B The
table provides the required amount of water needed to cast three; 2” x 2” x 4” mortar blocks and
achieve a flow rate of 110 % + 5%. Comparisons of the amount of water and the achieved flow rate are
provided in graphical representations in Appendix C. Figures 9a and 9b illustrate the flowability of Type
N mortar mixtures with fibers of 0.25% volume fraction of fibers (compared to the control mixture, i.e.

no fibers) and with fibers of 0.50% volume fraction (compared to the control), respectively.

Flowability of Type N Mortar: Control at 0%
Fibers vs. Fibers at .25%

0.80 @ 1 N;P-M;0;0%
0.78
M 2 N;P-M;NyconG-Nano;.25%

0.76
S g7 A 4 N;P-M;RECS7-6mm;.25%
@
& 072 Y X 6 N;P-M;RECS15-8mm;.25%
=
< 0.70
° x @ X % 8 N;P-M;RCS15-8mm;.25%
E 068
€ 066 @ 10 N;P-M;Control 2000-
< 064 ® 6mm;.25% .

) 12 N;P-M;Goat Hair;.25%
0.62
0.60 B 14 N;P-M;Horse Hair;.25%

105.00 107.00 109.00 111.00 113.00 115.00

Flow Rate (%)

Figure 9a. Flowability of Type N Mortar with 0% and 0.25% Fiber Volume
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Flowability of Type N Mortar: Control at 0%
Fibers vs. Fibers at .50%
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Figure 9b. Flowability of Type N Mortar with 0% and 0.50% Fiber Volume

It is observed from Figures 9a and b that, the inclusion of fibers in mortar requires an increase in water
to acquire accurate workability compared to regular mortar. For mixtures with a fiber volume ratio of

0.25%, horse hair and cornsilk fibers required the most water to reach the desired range of flowability.
The nano fibers required the least amount of water and it was concluded that, potentially, this mixture

could be cast with the same amount of water as that of the control mortar.

For mixtures with a fiber volume ratio of 0.50% in type N mortar, behaviors of mixtures differ from
those with 0.25% with the same fibers. In Figure 9b, the RECS15-8mm required the most water to
achieve a flow rate in the lower range and the nano-fibers were still required the least amount of water.
Since, the flow rates differ within a range of values, and are not at the same number, it is difficult to

determine if there is a direct relationship between the flow rate of water and the exact amount of water

39



used. lItis clear, however, it is clearly observed that, for all mixtures, as the percent volume of fibers
increases the amount of water required to reach the desired range of flowability increases. Finally, it is
observed that the goat hair, horse hair, and cornsilk fibers were harder to distribute evenly in the
mixture than the synthetic fibers. Uneven distribution and “clumping” of fibers in the mortar can
reduce the strength and flexural capacity of the mortar if cracks occur in the areas with the lower

volume of fibers. This observation from casting will be kept in mind as the results are evaluated.

5.1.2 Permeability

The research team wanted to test the materials’ permeability property to correlate it to durability,
however, it was challenging to find a directly applicable permeability test. After trials on several
methods, finally a methodology was developed and the necessary apparatus was designed. The design
of the apparatus is most related to that provided by Wang et.al, (1997) shown in Figure 10. The
differences between our test and Wang test is that our specimens are not concrete, they are not initially
cracked, dimensions of the apparatus are different, and the time frame to perform the test is shorter.
The basis of the test is to observe how fast water passes through the specimen over a 24hour period of
time. The water level is measured by the pipette at three intervals within the 24hours starting at 15
minutes, then at 1 hour, then at 4 hours, and last at 24 hours. A preliminary prediction is that as the
fiber sizes and proportions increase the permeability of the mortar will decrease. However the results
cannot be included in this report. The data from this test will be added to the website upon completion

(www.unl.edu/ae_frm).
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Figure 10. Schematic View of the Permeability Test Apparatus (Source: Wang et. al, (1997))

5.1.3 Compressive Strength of Mortar

This group of experiments were very useful in displaying the correlation, or lack thereof, between the
volume fraction of fibers and the compressive strength of the mortars. The compressive strength values
for mixtures containing a binder of NHL5, 1:3 proportions are provided in Table 8. This particular group
was chosen just as a reference to understand discussion,a complete table with the results is provided in
Appendix B and on the website: www.unl.edu/ae_frm. When the results of the compressive testing are
studied, it is observed that, even within the repeating specimens of the same mortar mixture, there
were varying values for the compressive strength. This was consistent with all binder types such that
with increasing amount of fibers both small increases and small decreases are observed. Furthermore,
other studies have similar observations. Johnston (2001) states that fibers do not directly affect the
compressive strength of the mortar; however, as cracks develop parallel to the loading axis due to
lateral dilation of the cylindrical specimen under uniaxial loading; fiber-reinforced specimens exhibit an

increase in strain capacity due to their ability to resist these cracks.

There were two main types of fracture patterns seen in this test; they are shown in Figure 11. Figure

10ais a Type 2 fracture and 10b is a Type 3, according to ASTM C 39 (ASTM, 2005).
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Table 8. Compressive Strength of Mixtures of NHL5 and 1:3 lime to sand Ratio

Mixture fm (psi)

NHL5;1:3;0;0% 374
NHL5;1:3; NyconG-Nano;.25% 399
NHL5;1:3; NyconG-Nano;.50% 306
NHL5;1:3; RECS7-6mm;.25% *
NHL5;1:3; RECS7-6mm;.50% *
NHL5;1:3; RECS15-8mm;.25% 196
NHL5;1:3; RECS15- 8mm;.50% 197
NHL5;1:3; RSC15-8mm;.25% 192
NHL5;1:3; RSC15-8mm;.50% 168

NHL5;1:3; Control 2000- 6mm;.25% 200
NHL5;1:3; Control 2000- 6mm;.50% 173

NHL5;1:3; Goat Hair;.25% 198
NHL5;1:3; Goat Hair;.50% 167
NHL5;1:3; Horse Hair;.25% 156
NHL5;1:3; Horse Hair;.50% 144

NHL5;1:3; Cornsilk;.25% 188

*Data was inconsistent and inconclusive. Will be retested.

Figure 11. Typical fractures for the mortar samples
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5.1.4 Flexural Strength of Mortar

The flexural strength of mortar is important in understanding how the mortar operates under out-of-
plane loads. The flexural strength of mortars with fibers has been shown to increase in maximum
flexural strength, post-crack ductility, and toughness (Skourup and Erdomus, 2010). The findings in this

project agree well with these previous findings.

Figure 12a-12g present the force-displacement curves gathered from the flexural strength tests for Type
N mortar only because the fibers have similar effects with each binder. Each figure compares the
control mortar to one type of fiber in two volume fractions (0.25% and 0.5%). A brief summary of the

immediate observations from the data are provided in the upper right corner of each figure.

Flexural Strenth of Type N Mortar:
Control vs. Nycon G Nano Fibers

90 All three mixes are brittle
80 but the inclusion of the
70 / nano fibers actually
decreased the strength of
60 PN the mortar. It also
/ \/ appears that the increase
50 of fiber proportion
’ decreased the strength of

Average Force (Ib)

/
40 \
20 / { \ the mortar.
20
/4

/ e N ; P-M;0;0%
/

10 ”
0 ———N;P-M;NyconG-
0 0.1 0.2 0.3 Nano;.25%
N;P-M;NyconG-
Displacement (in) Nano;.50%

Figure 12a. Flexural Strength of Type N Mortar with 0%, .25%, and .50% volume Nycon G-Nano Fibers
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Flexural Strenth of Type N Mortar:
Control vs. RECS7-6mm Fibers

120 RECS7 is stronger and more
ductile than regular mortar.
100 — The mix @.25% reaches first
crack first but is able to
. 80 withstand the load longer
é \ than the control. The best
¥ 60 - mix of the three is the mix
E \ @.50% and it has a much
40 -+ \ higher strength and ductility
\ than the other two.
20 / \.
0 e N;P-M;0;0%

0 0.2 0.4 0.6 0.8 1 1.2 e N;P-M;RECS7-6mm;.25%

Displacement (in) N;P-M;RECS7-6mm;.50%

Figure 12b. Flexural Strength of Type N Mortar with 0%, .25%, and .50% volume RECS7-6mm Fibers

Flexural Strength of Type N Mortar: .
RECS15 is stronger and more
Control vs. RECS7-8mm Fibers ductile than the regular
mortar and the mix @.50% is
140 the strongest and the most
120 /\ ductile. The increase in
proportion of fibers the
100 stronger and mroe ductile
_ \ the material. This was also
2 80 seen with mixtures including
§ \ RECS7-6mm, only difference
o 60 \ is the longer fibers had a
40 \ higher strength and ductility.
20 NC
0 ! e N ; P-M;0;0%
0 0.5 1 1.5 2
. . e N; P-M;RECS15-
Displacement (in) 8mm;.25%

Figure 12c. Flexural Strength of Type N Mortar with 0%,0.25%, and 0.50% volume RECS15-8mm Fibers
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Flexural Strength of Type N Mortar:
Control vs. RCS15-8mm

140 RCS15 @ 0.25% is not
available. RCS15 @.50%
120 has a higher strength and

/\ is more ductile than
regular mortar.

100 / \

N AN

l/ \ e N\ P-M;0;0%
NN
20 7 ~—— e \; P-M;RCS 15-
8mm;.50%
0
0 0.5 1 1.5 2

Figure 12d. Flexural Strength of Type N Mortar with 0% and 0.50% volume RCS15-8mm Fibers

Flexural Strength of Type N Mortar:
Control vs. Control 2000
Control 200 clearly
100 increases the ductility of
90 the mortar. The Type N
/ mortar reaches first crack
80 —\ after both Control 2000
70 mixes but the Control 200
- \ fibers engaged after many
2 60 cracks therefore increasing
Y 50 - the ductility. At .50% the
:o: 40 \ Control reaches a higher
V\\ \ strength than regular Type
30 - \ \ N Mortar.
20 - . —
N \ e \; P-M;0;0%
10 -+
0 == N;P-M;Control 2000-
6mm;.25%
0 0.5 1 1.5 2 2.5 @ N;P-M;Control 2000-
. 0,
Displacment (in) 6mm;.50%

Figure 12e. Flexural Strength of Type N Mortar with 0%, .25% and .50% volume Control 2000 Fibers
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Flexural Strength of Type N Mortar:
Control vs. Goat Hair
90 Goat Hair is weaker and less
ductile than the Type N
80 Mortar alone. It would pull
70 / out after the first crack
/ rather than break due to the

60 Va_ N load. This slippage is
Iy \ / probably due to the natural
o 50 / oils of the hair since it is not
g 40 processed and is directly
w / from the goat.

30 -

/
20 N
10 —— \ > N;P-M;0;0%
0 e N;P-M;Goat Hair;.25%
== N;P-M;Goat Hair;.50%
0 0.05 0.1 0.15 0.2 0.25 0.3
Displacement (in)

Figure 12f. Flexural Strength of Type N Mortar with 0%, 0.25% and 0.50% volume Goat Hair Fibers

Flexural Strength of Type N Mortar: The Horse Hair in both
. proportions has a lower
Control vs. Horse Hair strength than Type N mortar
90 alone and is less ductile.
May be due to the fact that
80 the hair is provided straight
70 / from the horse and was not
/ process so the natural oils of
60 VA\/ the hair probably made it
2 50 AN hard to bond with the
9 V\ mortar. Therefore some
s 40 \ \ were breaking due to force
30 and some were pulling out
20 \ \\ after the crack.
10 / / N — N;P-M;0;0%
—1
0 e N;P-M;Horse
Hair;.25%
0 0.05 0.1 0.15 0.2 0.25 0.3 ———N:P-M;:Horse
Displacement (in) Hair;.50%

Figure 12g. Flexural Strength of Type N Mortar with 0%, 0.25% and 0.50% volume Horse Hair Fibers
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Figure 12h and 12i present the “best” force-displacement results for Type N mortar flexural strength

tests, based on the increase in ductility and increase of strength compared to the control mortar.

120

100

80

60

Force (Ib)

40

20

Flexural Strength Type N Mortar:
Best Fibers at .25%

\
\\

AN

N

0 0.5

Displacement (in)

1

1.5

Graph Notes/Showings:

RECS7: Second highest strength, but
strength is reached at earliest
displacement least ductility. Reaches first
crack second.

RECS15: Highest Strength, reaches peak
strength last but decreases strength at a
steeper slope than control after peak
load. Reaches first crack last.

CONTROL 2000: Lowest strength, but the
most ductile, it can withstand many
cracks before slowly decreasing strength.
Reaches first crack second.

(If @.50% control can reach about the
same strength as RECS15 @.25% and the
ductility of the mortar increases as well)

e N;P-M;RECS7-6mm;.25%
e N;P-M;RECS15-8mm;.25%
N;P-M;Control 2000- 6mm;.25%

Figure 12h. Flexural Strength of Type N Mortar: Comparison of the stronger and more ductile fibers at

0.25% Volume
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Flexural Strength of Type N Mortar: Graph NOtES/Findi”gS:
Top Fibers at .50% RECS7: 3r'd Highes strength,
least ductile.
140 RECS15: Highest Strength, and
130 2nd best in ductility
120 /\ RCS15: 2nd best in strength,
110 \ almost as ductile as RECS15
100 Control 2000: Lowest in
90 ” 4 \\\‘ strength, first crack reached
g 80 - At | \\‘ first, but able to withstand
g 70 I \\ ‘\\\ many cracks before it declines
S 60 , at a steady rate, most ductile.
50 1 \\‘\ (If Control 2000 is increased to
40 - \ \\ about .50% may reach strength
30 - \\ \\ [ of RECS15 and may increase the
20 1 N — e N;P-M;RECS7-6mm;.50%
10 4 | e \; P-M;RECS15-8mm;.50%
0 | N;P-M;Control 2000- 6mm;.50%
0 02 04 06 08 1 12 14 16 18 2 NP-MRCSIS-8mm;.50%
Displacement (in.)

Figure 12i. Flexural Strength of Type N Mortar: Comparison of the best fibers at 0.50% Volume

Figures 12j, 12k, and 12l present the best load-displacement results for NHL3.5 and NHLS5 in the flexural
test, based on their increase in ductility and strength compared to their control mortars.

RECS7 6mm @50% was more

Flexural Strength of NHL3.5 Mortar ductile than the RsC15-8mm
at 0.25% and 0.50% @.25% even though RSC15 had
50 a higer strength.
RSC15 reached a peak strength
40 A first and declineds at a steeper

rate than the other mixtures.

g 30 - N The Control 2000 presents a
g \\ higher ductility than both
E 20 - \\\ mixtures and even a higher
10 4
@) 1-NHL3.5;1:2.5; RECS7-
0 6mm;.50%
e 24-NHL3.5;1:2.5; RSC15-
0 0.2 0.4 0.6 0.8 1 1.2 8mm;.25%
Displacement (in) 26-NHL3.5;1:2.5; Control

2000- 6mm;.25%

Figure 12j. Flexural Strength of NHL3.5 Mortar: Comparison of the best fibers at 0.50% and 0.25%
Volume
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NHL5;1:2.5 Flexural Strength of Top 3 Fibers @ .25%
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The information provided by this
graph is almost consistent with
that of the 0.50% fiber volumes.
Controll 2000 has the highest
strength and ductility and it is
evident of the fibers engaging by
the increase and decrease of the
force-displacement curve. RECS7
is second in max load but the
lowest ductility. RSC15 presented
the lowest maximum strength but
provided a fair amount of
ductility. This set of mixtures are
almost the same as the mixtures
with .25% that performed well in
Type N Mortar, except instead of
RSC15 it was RECS 15.

e NHL5;1:2.5; RECS7-
6mm;.25%

e NHL5;1:2.5; RSC15-
8mm;.25%

=== NHL5;1:2.5; Control
2000- 6mm;.25%

Figure 12k. Flexural Strength of NHL5 Mortar: Comparison of the best fibers at 0.25% Volume
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NHL5;1:2.5 Flexural Strength of the Top 3 Fibers at 0.50%

60

The findings for this Binder are almost
reverse what was found for Type N
mortar in terms of the fiber to produce
50 /\f\‘\ the highest flexurla strength. In this
mixture Control 2000 surpasses all the
other mortars in strength and ductility.
Next is the RSC15 which for Type N had
a lower strength and ductility than
RECS15 which in this mixture didtn't
perform as well. The smaller version of
30 RECS15, RECS7 anctually performed
much better. RECS7 was the third best
\ fiber in producing a high strength with

20 - \ \ an increase in ductility.

N,
10 e NHL5;1:2.5; RECS7-6mm;.50%
\ \ \ °

== NHL5;1:2.5; RSC15-8mm;.50%

40

Force (Ib)

0 0.5 1 1.5 2
=== NHL5;1:2.5; Control 2000-

Displacement (in.) 6mm;.50%

Figure 12I. Flexural Strength of NHL5 Mortar: Comparison of the best fibers at 0.50% Volume

Based on careful observations on the data from small specimen flexural tests, it is concluded that, the
fibers that increase ductility most effectively while increasing the strength of the specimen are RECS7-
6mm, RECS15-8mm, Control 2000-6mm, RCS15-8mm, and Cornsilk fibers . Graphs for cornsilk fibers
could not be recorded due to equipment malfunction, however, during the testing, an increase in
flexural strength and ductility was clearly observed in comparsion to the regular mortar. To make sure
plots are made available to NCPTT and their audience, tests will be repeated and visual data will be

provided on the website (http://www.unl.edu/ae frm/).

Overall, RECS15-8mm is observed to be the optimum fiber, as it provides both a high maximum load and

a high ductility.
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5.2 Masonry Assmebly Tests

This section evaluates the effects of the fiber reinfoced mortar as it affects masonry unit-mortar

assemblie.

5.2.1 Compressive Strength of Prisms

Measuring the compressive strength of masonry prisms formed with units and fiber mortars can reveal,
if any, how the mortar affects the complete strength of masonry. Table 9 shows data collected from
selected mixtures with clay and concrete brick 3-stack-prisms. These results are selected as they
presented the best and most conclusive observations. The discussion presented here reflect common
findings for all of the mixtures tested, not only those in Table 9. As seen in Table 9, masonry prisms
created with concrete units exhibited higher compressive strengths than the clay bricks, except for the
control and the Nano fibers at 0.25%. This difference can be due to the fact that some of the clay prism
specimens had bond issues, which could be a reflection of poor workmanship, handling of specimen, or
low flow rate of the mortar. It was also noticed that as the fiber proportions increased, the strength of
the masonry prisms increased for all of the mortar mixtures tested with concrete bricks. This conclusion
can not be made for clay bricks because there was too much variance in the data. Also for the concrete
specimens, it was observed that the longer fibers resulted in an increase in compressive strength for the
assembly. This is initially a surprising finding, however, when the reactions between the mortar and unit,
and prism’s behavior under compression is considered following conclusions may be drawn: 1) the
longer fibers cause a drier mortar mixture, which can form stronger bonds with the CMUs. 2) the longer
fibers are able to stitch the larger cracks and delay the lateral tensile cracks that eventually occurs in

com pression tests.

It was observed that for both brick types, the most common failure mode was such that the top brick

fractures first in a conical manner, and then the sides fracture in either face shell separation, shear ,or
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cone and shear . A visual representation of these various fractures and failure modes are provided in
ASTM C1314-03b (ASTM, 2003). The face shell separations and the top face conical fractures could be a
representation of the fibers engaging when the cracks began to go through the masonry prisms. This
strong bond in the core of the prism is a reflection a the mortar and the bricks working in a unified
manner, causing the fractures to occur at the weaker point of the prism, the edges and direct contact

point which is the top brick.

Table 9. Prism Strength of Selected Type N mortar Mixtures with Clay and Concrete Masonry Units

Sample Mixture Type Brick Type f'mt
1740
1 N;P-M;0;0% Clay ( based on one specimen)
concrete 1473
1325
2 N;P-M;NyconG-Nano;.25% | Clay (based on two specimens)
concrete 1207
3 N;P-M;NyconG-Nano;.50% | Clay 790 .
T ’ (based on one specimen)
concrete 1417
995
4 N;P-M;RECS7-6mm;.25% Clay .
(based on two specimens)
concrete 1523
860
5 N;P-M;RECS7-6mm;.50% Clay .
(based on one specimen)
concrete 1660
6 N;P-M;RECS15-8mm;.25% | Clay 970
concrete 1577
7 N;P-M;RECS15-8mm;.50% | Clay 1297
concrete 2077

5.2.2 Flexural Bond Strength of Masonry

The bond strength between mortars and units is a crucial factor in masonry’s ability to withstand out-of-
plane loads. In this study, it was observed that the flexural bond strength was greater when Type N
mortar was bonded with concrete bricks and when lime was bonded with clay units. It is relatively clear
why Type N mortar bonds better with concrete units as both include cement. The behavior and

interactions of clay bricks and lime mortar, however, is more complex. It is noticed, for instance, that
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there is no direct distinction between the characters of two lime mortar binders. Some mortars that
have the same fiber proportions and sand to lime ratios, but different binders (NHL3.5 or NHL5) exhibit
strong er strength with one mixture, while the other binder proves to be stronger in a different
combination. Pavia and Hanley (2009) found in their study of the flexural bond strength of Natural
Hydrated Limes with clay units that NHL3.5 and NHL5 both has low ability to retain water, which causes
them to act in a similar manner when in contact with absorbent bricks. While this may be the case for
our study, it can not be quantified as the flow rates for these mixtures were kept constant among

mixtures.

Another worthy observation is that the inclusion of fibers in majority of mortars caused a decrease in
the flexural strength (of prisms) compared to the the control mortars (mortars with no fibers) when
tested in prisms with clay units. This was opposite for prisms with concrete units, where the inclusion
of fibers caused an increase in the flexural bond strength compared to the control mortars. This finding
could be a result of the difference between the porosity and surface characteristics between the

concrete units and clay units.

The data for this test is provided in Appendix B and on the website: www.unl.edu/ae frm.

5.2.3 Shear Bond Strength of Masonry

There is a standard for testing a wall in shear, which was considered in the beginning of the study.
However, for 80 mixtures there would be a need for 480 specimens for this test to be conclusive, which
would be too costly for this study. On the other hand, there is no directly relevant ASTM standard for
testing masonry prisms or joints in shear, therefore one such method had to be researched and/or
developed as explained in section 4.2.2.2. Since this apparatus had to be manufactured in our labs,

some delays in schedule occurred and all of the specimens could not be tested prior to the publishing of
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this report. When all tests are completed, the data will be submitted as an amendment to this report,

and presented on the website.

6. CONCLUSIONS

This project was an extensive and complex undertaking, aiming to evaluate 80 different mixtures in
numerous experiments, resulting in 2400 specimens. While some more future work is needed for some
materials and experiments, valuable conclusions are derived to classify the feasibility of the tested

mortars based on the goals of the reader/ user of the database:

Workability and Dispersion

e One of the quantifiable measures of workability is flowability. As expected, it was
observed that the inclusion and increase of fibers in mortar requires increasing amounts
of water in order to achieve workable standards in terms of flowability.

e The fibers that were the hardest to disperse throughout the mixtures were the goat
hair, horse hair, and cornsilk fibers. This dispersion issue could be resolved by using
fibers in smaller lengths, i.e. 8mm (.33 in.) or lower. The lengths of the goat hair and
horse hair fibers varied from about 20.57mm (.81 in.) to 31.15mm (1.22 in.), which was
already half of their original lengths. The length of the cornsilk fibers were about
25.4mm (1in.). The horse hair and goat hair fibers where easy to separate when
adding to the mortar mixture, but as they were being mixed the fibers begin to bound
together and wrap into almost a rope- like form. After the mixing was complete some
separation was performed by hand but it was not possible to release all strands from
the bundle. The cornsilk fibers were provided already wrapped in a bundle similar to

cotton, if provided in a single strand form it may be easier to disperse within the mortar.
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e The better the dispersion of the fibers in the mortar, the easier it will be to develop a
mortar with great flowability. The mortar’s strength test results are more consistent for
those where good fiber dispersion is achieved.

6.1 Physical Appearance

° The fibers blended well in the mixtures. The nano fibers were virtually invisible, the
synthetic fibers showed some protrusion but not enough to be seen by the naked eye.
The horse hair and the goat hair fibers were the only fibers that were visible in the
mortar joints, but this was because of their longer length. Therefore it is suggested that
for any type of fiber, the length should be 0.5 inches or less. Adhering to this rule would
reduce the visibility of the horse hair and goat hair in the mortars.

° In terms of color, the horse hair fibers showed more than the other fibers in the lime
mortars because it was black and the mortars were white. However, color is not
considered as crucial a factor, because of the low proportions and the thinness of fibers.
If a larger proportion were used this may cause some trouble. Furthermore, coloring of
the mortar may be needed anyway, if the authentic mortar is not white.

6.2 Mechanical Properties

. The increase in percent volume of fibers in the mortar caused the compressive strength
of some mixtures to increase and some to decrease. Thus, similar to what is reported in
the literature; the compressive strength of the mortar is concluded to have no direct
relationship to the inclusion of fibers. This is not the case for the compressive strength
of masonry assemblies with concrete units, where the increase of fiber proportions
resulted in the increase of the compressive strength of the masonry assembly. Such
consistent conclusions could not be drawn for the clay brick- mortar prisms, as the

behavior in those prisms are more complex and further research is needed.
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The increase in sand reflects a decrease in the compressive strength of lime mortars, as
expected.
For Type N mortar mixtures, higher bond strength is achieved with concrete bricks
instead of clay bricks. This is mainly due to the fact that they both contain cement as a
binder. As a result, the hydration reaction causes the water from the mixture to travel
to the concrete unit while a reverse flow attempts to occur from the unit to the mortar,
creating a stronger bond between the mortar and unit. Relationships between type N
mortar and clay bricks, or lime based mortars and both types of units are more complex
however, following trends are observed for each group:

- Type N with clay and concrete units: Type N mortar showed higher bond

strengths with concrete units than clay units.
- Lime with clay and concrete units: The lime mortars exhibited higher
strengths with clay bricks than with concrete bricks.

The uses of the nano fibers in the mortars have provide little to no improvements to the
control mortars both in terms of strength or ductility in any mixture. Considering its low
performance compared to the control mixtures of each binder it is suggested that if
used, it should be used at a higher volume percent ratio, because there were some
minor improvements when the fibers were included at 0.50% volume.
Horse hair and goat hair fibers presented lower flexural strength and ductility. If they
are used in micro-length and processed/treated such that the amount of oils on their
surface are slightly reduced, however, their performance can be considerably improved.
This would avoid the failure mode observed for these fibers, i.e. pulling out from

mortar, which was observed during testing of especially the horse hair fibers.
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Mortar with the innovative cornsilk fibers, which were tested in compression, prism
compression, and flexural bond strength proved to be promising. In majority of the
cases, fiber increased the compression capacity of the mortar and prisms. For flexural
bond strength, the numbers varied preventing us to derive solid conclusions, however,
in some cases, it presented good bond strength. Since this was the most limited
material (production through UNL labs is labor-intensive) , therefore limited amount of
specimens were tested. Since the results are promising however, further study of the
material will likely be conducted.

The inclusion of PVA and Control 2000 fibers in the mortars considerably improved the
flexural strength and ductility of mortar, which was expected. The longer fibers
provided higher strengths and ductility than the smaller length fibers. Since all of these
PVA fibers are in the “micro” length range, i.e. not causing aesthetic concerns, the
selection of the fiber’s length depends on the user’s goals in terms of strength and
ductility increase.

The most ductile fiber was the Control 2000 fibers, but they presented lower flexural
strength than the PVA fibers. In a project where post crack ductility is more important
than increased strength, mortar with control 2000 fibers may be the most viable
alternative.

If a general conclusion in terms of fiber types must be stated, the following are the
potential options for FRMs: RECS7-6mm, RECS15-8mm, RCS15-8mm (this fiber
presented similar data to REcS15-8mm in most categories), Control 2000, Cornsilk
Fibers, Goat hair, and Horse hair (used at micro-lengths, and potentially surface
treated), or nano fibers used in larger volume fractions. Further studies such as freeze-

thaw and shear strength of walls using these fibers in the mortar are under
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consideration, along with performance of some of the same tests presented in this
report after a longer curing period. All of the data from this project will be provided on

the PI's project website at www.unl.edu/ae_frm. This website will be updated as more

data is collected.
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