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EXECUTIVE SUMMARY

A residential patio surrounding an underground pool was made using a flagstone paver, consisting of Montauk Blue
Slate and jointing mortars (of reported 1-part Portland cement to 2-part sand mix). The slate-mortar paver was
reportedly placed on a 1'/2 in. thick setting bed (of 1-part Portland cement to 2-part sand mix), which, in turn, was
placed on a 6-in. concrete slab. Reported flaking of slate pavers preferentially at the perimeters in contact with the
mortar joints has prompted the present investigation. Field photos showed: (a) flaking of slate pavers preferentially
at the contacts to mortar joints, and (b) white efflorescence deposits at the exposed paver surface, again preferentially
along the mortar joints. Both of these field evidence are tell-tale indicators of moisture penetration through the
cement-sand mortar joints and subsequent scaling/flaking of slate paver and efflorescence. A drilled hole of a core
through the entire depth of patio slab showed the three essential components consisting of the exposed slate paver
with mortar joints, the underlying setting bed mortar, and the concrete substrate placed on a crushed stone subbase.
Based on the background information provided as well as examinations of field photos, only the exposed slate
pavers with jointing mortars are found to be the components responsible for the reported flaking of pavers at the
contacts to the mortar joints. Hence those are the components requested for detailed laboratory examinations.

As a result, a disc-shaped 3-in. (75 mm) diameter and 1-in. (25 mm) thick representative paver-joint composite
sample was provided for detailed laboratory examinations, which consists of portions of two slate pavers in half
circular sections, and a central mortar joint. The paver sides were completely detached from the dense, hard,
medium brown jointing mortar. The paver and the jointing mortar assembly were examined by detailed petrographic
examinations according to the three common industry-recommended procedures of petrographic examinations,
e.g., starting from ASTM C 295 for petrographic examinations of aggregates and stones for examinations of slate
pavers, to ASTM C 856 for petrographic examinations of concrete to ASTM C 1324 for petrographic examinations
of masonry mortars for examinations of jointing mortar. The study involved detailed examinations of slate and
jointing mortar in lapped cross sections in a stereo-microscope, and thin (light-transparent) sections in a
petrographic microscope to unravel the compositional and textural features of paver and mortar, as well as
diagnoses of evidence that have led to the scaling or flaking of slate pavers at the contacts to the mortar joints.

Petrographic examinations of slate showed the typical slaty cleavage planes of weakness, which are defined by
parallel alignments of very fine-grained silt and clay-size fractions of quartz, feldspar, clay minerals, and fine to
medium-grained carbonate (calcite) minerals in slate arranged in fine laminations that have undergone low-grade
metamorphism of a pre-existing shale or claystone to form the slate. Slate showed some central layers rich in
carbonate fractions alternating with argillaceous clay and silt fractions that are transferred from the original shale or
claystone that has undergone the metamorphism. There is nothing unusual found in the slate per se to cause any
physical or chemical deterioration. The slate examined is similar to many slate pavers that have shown satisfactory
performance in an outdoor environment.

A thin (about 2 mm thick) sheet of slate is seen to have been flaked off from one side, which has shown the same
fine-grained texture and fine silt and clay composition of bulk slate except a clean separation of a thin sheet along
the pre-existing weak (cleavage) plane of weakness, which is inherent to the slate, which gives the tendency for it
to break down as flat sheets to be called ‘flagstone.” The inherent fissile bedding planes in Pennsylvania blue
sandstone, or, the slaty cleavage of this Montauk slate give these rocks the natural tendency to break as flat pieces
to be called flagstones.

The jointing mortar is dense, non-air-entrained, and made using very fine-grained crushed silica sand particles
having a nominal size of 0.5 mm and a variably dense Portland cement paste having patchy areas of denser paste
of lower water-cement ratios (w/c) estimated to be 0.40 to 0.45 spread in more porous and higher water-cement
ratio paste of 0.55 to 0.60. Such non-uniform distribution of denser and porous patches of paste indicates inadequate
mixing of cement and water to leave denser (lower w/c) paste patches along with porous (higher w/c) patches. The
composition of mortar is consistent with the reported mix proportion of 1-part cement to 2-part sand additions.
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Lack of any entrained air in the mortar has increased the susceptibility to freezing-related distress at critically
saturated conditions. Weak bond to adjacent paver has allowed ready entry of moisture from the paver surface.
Freezing of a non-air-entrained cement-based mortar at critically saturated condition has facilitated in development
of many parallel cracks as seen in the jointing mortar portion of the sample. Expansion due to freezing of a non-air-
entrained mortar has not only developed cracks within the mortar itself but has also caused the adjacent paver to
scale.

Even though many jointing mortars in outdoor pavers are made using cement and sand combinations only (1:1 to
1:3 cement : sand mixes) without any lime, replacing 10 to 15 percent of the total volume of Portland cement with
hydrated lime works well for flagstone pavers as lime adds to the workability and water retention properties of
mortar, which, in turn helps to develop a good bond to adjacent paver and gives a flexibility during movement of
pavers from external load without developing any crack from a cement-only too stiff mortar. Mix proportions having
1.5 parts Portland cement, 3 parts sand, and 0.5 part hydrated lime (e.g., 3 buckets of 5 gallon size of fine sand,
6.38 gallons of Portland cement and 1.2 gallons of hydrated lime) works well for outdoor pavers as long as blending
these dry ingredients with optimum water produce a mixture resembling bricklayers' mortar in having a smooth
“buttery” consistency to hold the imprint of a trowel point.

The majority of problems with a flagstone paver are related to: (a) either the particular stone used from a quarry,
and/or (b) the mortar type used with the paver stone. Traditional flagstone, which are flat sandstones with fissile
bedding plates for the stone to readily split into layers along bedding planes, and, slate-type flagstone to be used as
a substitute for sandstone, where, instead of a fissile-type bedding plane of a sandstone, slate contains internal
planes of weakness (called slaty cleavage) for the stone to split readily are successful alternatives in most cases,
except in some cases where the mortar used became incompatible with the slate paver for the paver to split, scale,
or disintegrate during service, as has been the case in the present project. Despite the ready splitting nature of a
sandstone-based flagstone or a slate-based flagstone, the stone must not disintegrate during service, especially in
the presence of moisture, freezing, salts, etc. where those elements can migrate into the stone and facilitate its
inherent splitting tendency by freezing of water present between the fissile planes of sandstone, or, in the weak slaty
cleavage planes of slate.

Field evidence of preferential occurrences of white efflorescence along the mortar joints indicate: (a) a weak bond
between the pavers and jointing mortar, (b) moisture filtration through the interface; (c) leaching of cement hydration
products of mortar, and, the carbonate portion of paver (later only if cold water enters the stone) to bring back those
leachates to the surface; and (d) precipitation and eventual atmospheric carbonation of dissolved constituents to
form the surface efflorescence.

Such tell-tale evidence of moisture infiltration indicates potential distress in the paver from freezing of a non-air-
entrained jointing mortar and use of a rich cement only mortar mix in conjunction with a slate paver that has
inherent slaty cleavage planes of weakness for the later to develop parallel sheet-like scales during cyclic freezing
and thawing in the moist outdoor environment.

A good bond of flagstone pavers to the jointing mortars, along with use of a durable jointing mortar resistant to
freezing at saturated conditions are two essential steps needed to prevent moisture migration through the joints, and
associated efflorescence and preferential flaking of flagstones at the joints.

Due to potential roles of all these factors, from air entrainment in a mortar to the role of a particular mortar mix that
is known to work with a particular paver, to the role of the paver stone itself and its durability in a moist outdoor
environment in association with a particular mortar mix are all needed to be confirmed for a particular paver-
mortar assembly to provide long-term durability and serviceability.
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INTRODUCTION

A residential patio surrounding an underground pool in Villanova, Pennsylvania was made using Montauk Blue
Flagstone Slate pavers and a jointing mortar mix of 1-part Portland cement and 2-part silica sand. The paver slab
was placed on an 1'/2 inch setting bed, which, in turn, was placed on a 6 in. thick concrete slab. Flaking of slate

pavers at the perimeters in contact with the mortar joints are reported.

FIELD PHOTOGRAPHS

Field photographs in Figures 1 through 4 show (a) flaking of slate pavers preferentially at the contacts to mortar
joints, and (b) white efflorescence deposits at the exposed paver surface, again preferentially along the mortar joints.
A drilled hole of a core through the entire depth of patio slab in Figure 5 showed three essential components
consisting of the exposed slate paver with mortar joints, an underlying setting bed mortar, and a concrete substrate

placed on a crushed stone subbase.

SAMPLE

Based on the background information provided as well as examinations of field photos, only the exposed slate
pavers with jointing mortars are found to be the component responsible for the reported flaking of the pavers at the
contacts to the mortar joints. As a result, a disc-shaped 3-in. (75 mm) diameter and 1-in. (25 mm) thick representative
paver-joint composite sample was provided for detailed laboratory examinations, which consists of portions of two
slate pavers in half circular sections, and a central mortar joint. The paver sides were completely detached from the

dense, hard, medium brown jointing mortar.
METHODOLOGIES

The paver and the jointing mortar assembly were examined by detailed petrographic examinations according to the
three common industry-recommended procedures of petrographic examinations, e.g., starting from ASTM C 295
for petrographic examinations of aggregates and stones for examinations of slate pavers, to ASTM C 856 for
petrographic examinations of concrete to ASTM C 1324 for petrographic examinations of masonry mortars for
examinations of jointing mortar. The study involved detailed examinations of slate and jointing mortar in lapped
cross sections in a stereo-microscope, and thin (light-transparent) sections in a petrographic microscope to unravel
the compositional and textural features of paver and mortar, as well as diagnoses of evidence that have led to the

scaling or flaking of slate pavers at the contacts to the mortar joints.
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Field Photograph Showing White Efflorescence Along Mortar
Joints — A Clear Indication of Weak Bond between Paver &
Mortar And Hence Moisture Infiltration Through Mortar
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Figure 1: Field photographs showing preferential locations of white efflorescence deposits along mortar joints giving
the tell-tale evidence of moisture infiltration through the mortar joints to leach out soluble components of Portland
cement hydration products and precipitation on the paver surface with subsequent atmospheric carbonation. Notice
flaking of many slate pavers along their internal slaty cleavage planes of weakness to create a rough scaled surface
— another indication of moisture-related scaling of slate along their internal fissile cleavage planes.
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Field Photograph Showing White Efflorescence Along Mortar
Joints — A Clear Indication of Weak Bond between Paver &
Mortar And Hence Moisture Infiltration Through Mortar
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Figure 2: Field photograph showing preferential locations of white efflorescence deposits along mortar joints as well
as some covering the paver surfaces giving the tell-tale evidence of moisture infiltration through the mortar joints to
leach out soluble components of Portland cement hydration products and precipitation on the paver surface with
subsequent atmospheric carbonation. Notice flaking of many slate pavers along their internal slaty cleavage planes
of weakness to create a rough scaled surface — another indication of moisture-related scaling of slate along their
internal fissile cleavage planes.
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Figure 3: Field photograph showing preferential locations of white efflorescence deposits along mortar joints giving
the tell-tale evidence of moisture infiltration through the mortar joints to leach out soluble components of Portland
cement hydration products and precipitation on the paver surface with subsequent atmospheric carbonation. Notice
flaking of many slate pavers along their internal slaty cleavage planes of weakness to create a rough scaled surface
— another indication of moisture-related scaling of slate along their internal fissile cleavage planes.
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Field Photograph Showing Scaling of Slate Preferentially At
The Mortar Joints But Intact Nature of the Mortar

-Scaling or Flaking of_'

. Paver Along Slaty

- Cleavage Planes of
Slate Bluestone

Figure 4: Field photograph showing preferential locations of white efflorescence deposits along mortar joints giving
the tell-tale evidence of moisture infiltration through the mortar joints to leach out soluble components of Portland
cement hydration products and precipitation on the paver surface with subsequent atmospheric carbonation. Notice
flaking of many slate pavers along their internal slaty cleavage planes of weakness to create a rough scaled surface
— another indication of moisture-related scaling of slate along their internal fissile cleavage planes.
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Figure 5: A hole through the paver showing three internal components — the slate paver, the setting bed, and the
underlying concrete. None of the two internal components beneath the paver are judged responsible for the thin
sheets of paver surface splitting out from the top exposed surface.
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Slate Paver & Jointing Mortar Sample As Received

: \ : . A3%in. (95 mm) diameter
L and % in. (20 mm) thick
disc-shaped slate paver and
jointing mortar sample was
received entirely wrapped in
blue tape

Upon opening the
tape, the same revealed
a dense hard jointing
mortar completely
detached from adjacent
slate pavers with a
white efflorescence
and a thin scaled piece
of slat at one side

i

iy

The backside of sample ShHe

clumpy nature of the mortar which is
indicative of a cement-only or
cement-rich mortar and white
efflorescence from moisture
infiltration through the mortar joint
due to lack of a good bond between
the mortar and slate paver.

Figure 6: A small disc-shaped sample of portions of two adjacent slate pavers and the central jointing mortar was
received for examinations.
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The top left photo shows the individual portions of the sample separated,
from one half of the paver at the left most piece, to the thin sheet of scaled
piece of paver, to the dense jointing mortar, to the other side of paver. The
top right photo shows the top exposed end of sample with the jointing

mortar placed sidewise to show smooth flat wall of mortar with no bond to
the paver due to its dense, hard nature. The bottom left photo shows the top
exposed side of sample after flipping the loose thin scaled sheet of paver.
The bottom right photo shows a close-up of the masonry mortar joint with
white efflorescence deposits from moisture infiltration.

Figure 7: The slate paver and jointing mortar sample as received shown from many different orientations to show
the thin sheet-like splitting of the top exposed surface of slate paver, the very dense and hard nature of the jointing
mortar which remained intact despite splitting of the paver, and the white efflorescence deposits along the mortar
joint.
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RESULTS

LAPPED CROSS SECTION

Slate Paver & Jointing Mortar Sample As Received
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Three parallel sectional views through the sample showing: (a) complete
de-bonding of jointing mortar from the pavers to allow ready infiltration of
moisture, (b) cracking within the mortar, which is anticipated from using a
suspected cement-rich or cement-only mortar mix, and (c) splitting of slate
paver along its slaty cleavage plane at the top.
Figure 8: Lapped cross sections of slate pavers and jointing mortar showing: (a) a thin (about 1.5 mm thick) sheet of
slate scaled at the top of one side of the joint; (b) complete detachment of the jointing mortar from the slate paver
at both sides of the joint; (c) uniform color and appearance of the dense and hard light beige-toned jointing mortar
until the very bottom where a dark gray toned mortar is found; (d) cracking and fragmentation of the mortar joint;

and (e) overall uniform color and appearance of slate pavers with typical fissile planes from inherent slate cleavage
appearance from variations in shades of color of fine lamellae in slate.
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THIN SECTION

Whole-Slide Scan of Blue Dye-Mixed Epoxy-Impregnated
Thin Section of Slate Paver & Jointing Mortar in PPL

10 mm

Dark layers from
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materials T o , - ;
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A ¥ carbonate materials

Light layers from
argillaceous materials
4 mm

Figure 9: Blue dye-mixed epoxy-impregnated thin section in PPL (showing enlarged views of the boxed areas of
entire thin sections shown in the top right insets) of slate pavers and jointing mortar showing: (a) a thin (about 1.5
mm thick) sheet of slate scaled at the top of one side of the joint; (b) complete detachment of the jointing mortar
from the slate paver at both sides of the joint; (c) dense, silica sand and Portland cement paste based composition
of jointing mortar; (d) cracking and fragmentation of the mortar joint; and (e) overall uniform color and appearance
of slate pavers with typical fissile planes from inherent slate cleavage appearance from variations in shades of color
of fine lamellae in slate consisting of dark brown argillaceous and lighter calcareous rich compositions of lamellae.
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Whole-Slide Scan of Blue Dye-Mixed Epoxy-Impregnated
Thin Section of Slate Paver & Jointing Mortar in XPL

g 2
Figure 10: Blue dye-mixed epoxy-impregnated thin section in XPL (showing enlarged views of the boxed areas of
entire thin sections shown in the top right insets) of slate pavers and jointing mortar showing: (a) a thin (about 1.5
mm thick) sheet of slate scaled at the top of one side of the joint; (b) complete detachment of the jointing mortar
from the slate paver at both sides of the joint; (c) dense, silica sand and Portland cement paste based composition
of jointing mortar; (d) cracking and fragmentation of the mortar joint; and (e) overall uniform color and appearance
of slate pavers with typical fissile planes from inherent slate cleavage appearance from variations in shades of color
of fine lamellae in slate consisting of dark brown argillaceous and lighter calcareous rich compositions of lamellae.
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Blue Dye-Mixed Epoxy-Impregnated Thin Section of
Slate Paver & Jointing Mortar in PPL & XPL

Complete de-bonding of
joi9nting mortar from slate

f
r

Scaled piece of Slate

Calcite-rich layers

3 mm

Figure 11: Blue dye-mixed epoxy-impregnated thin section in XPL (showing enlarged views of the boxed areas of
entire thin sections shown in the top right insets) of slate pavers and jointing mortar showing: (a) a thin (about 1.5
mm thick) sheet of slate scaled at the top of one side of the joint; (b) complete detachment of the jointing mortar
from the slate paver at both sides of the joint; (c) dense, silica sand and Portland cement paste based composition
of jointing mortar; (d) cracking and fragmentation of the mortar joint; and (e) overall uniform color and appearance
of slate pavers with typical fissile planes from inherent slate cleavage appearance from variations in shades of color
of fine lamellae in slate consisting of dark brown argillaceous and lighter calcareous rich compositions of lamellae.
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Figure 12: Blue dye-mixed epoxy-impregnated thin section in PPL of the jointing mortar showing: (a) dense, silica
sand and Portland cement paste based composition of jointing mortar; (b) parallel cracking and fragmentation of
the mortar joint; and (c) overall dense paste but non-air-entrained nature of the mortar.
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Blue Dye-Mixed Epoxy-Impregnated Thin Section of
Jointing Mortar at XPL
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Figure 13: Blue dye-mixed epoxy-impregnated thin section in XPL of the jointing mortar showing: (a) dense, silica
sand and Portland cement paste based composition of jointing mortar; (b) cracking and fragmentation of the mortar
joint; and (c) overall dense paste, but non-air-entrained nature of the mortar.
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GRAIN-SIZE DISTRIBUTION OF SAND IN JOINTING MORTAR
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Figure 14: Grain-size distribution of sand on thin section micrograph of jointing mortar from image analysis (Image
J) of the boxed area showing fine grain-size of sand with nominal size of less than 1 mm, which has increased the
paste fraction of mortar.
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OPTICAL MICROSCOPY OF SLATE

Micrographs of Slate Paver
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Figure 15: Optical micrographs of slate pavers showing typical composition, mineralogy, and microstructure of slate
consisting of fine-grained silt and clay sized quartz, clay minerals and relatively coarser as well as finer grained
carbonate (calcite) grains where coarse calcite grains, often mixed with silt-sized quartz are occuring as bands or
lamillae characteristically light in color in PPL compared to adjacent darker colored argillaceous-rich bands.
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Figure 16: Optical micrographs of slate pavers showing typical composmon mlneralogy, and microstructure of slate
consisting of fine-grained silt and clay sized quartz, clay minerals and relatively coarser as well as finer grained
carbonate (calcite) grains where coarse calcite grains, often mixed with silt-sized quartz are occuring as bands or
lamillae characteristically light in color in PPL compared to adjacent darker colored argillaceous-rich bands. The
micorgraphs also show the adjacent jointing mortar in the top and middle left photos, severe carbonation and
deposition of efflorescence materials on the paver wall from moisture migration, dissolution of cement hydration
products from jointing mortar and precipitation of dissolved constituents along the mortar-paver interfaces, which
often appeared as white efflorescence deposits on the paver surfaces in field photos.




ALY

; j‘@ CONSTRUCTION MATERIALS CONSULTANTS, INC.
Montauk Blue Slate Flagstone, Quigley Residence, Villanova, PA

OPTICAL MICROSCOPY OF SLATE AND JOINTING MORTAR

Micrographs of Jointing Mortar
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Figure 17: Optical micrographs of slate pavers and adjacent jointing mortars showing: (a) typical composition,
mineralogy, and microstructure of slate consisting of fine-grained silt and clay sized quartz, clay minerals and
relatively coarser as well as finer grained carbonate (calcite) grains where coarse calcite grains, often mixed with
silt-sized quartz are occuring as bands or lamillae characteristically light in color in PPL compared to adjacent
darker colored argillaceous-rich bands; (b) silica sand and variably carbonated Portland cement paste of jointing
mortar; and (c) carbonated seconary and efflorescence deposits along mortar-paver interface.
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Micrographs of Jointing Mortar
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Figure 18: Otical micrographs of the jointing mortar showing variably dense Portland cement paste and angular to
subangular silica sand particles of jointing mortar in the top and middle rows, and the mortar-paver de-bonded
interface in the bottom row.
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Micrographs of Jointing Mortar
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Figure 19: Optical micrographs of the jointing mortar showing variably dense Portland cement paste and angular to
subangular silica sand particles of jointing mortar in the top and middle rows, and the mortar-paver de-bonded
interface in the bottom row. Notice severe carbonation of mortar along the interface due to migration of

atmospheric carbon dioxide through the mortar-paver interface.
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Mlcrc}graphs uf Jmntmg Mortar
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Figure 20: Optlcal micrographs of the Jomtmg mortar showmg variably dense Portland cement paste and angular to
subangular silica sand particles of jointing mortar. The bottom row shows a crack in the motar filled with secondary
ettringite deposits from migration of moisture through the joint followed by dissolution and precipitation of dissolved
constituents from the mortar.
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Micrographs of Jointing Mortar

Very dense Portland cement Mortar
at the base of the Jointing Mortar

Figure 21: Optical micrographs of the jointing mortar towards the bottom end showing a marked change in the densiy
of mortar due to the presence of a darker gray very low water-cement ratio mortar at the base of the main jointing
motar where the main mortar has higher water-cement ratio hence lighter in color than the small mortar patch found
at the base. Notice abundant residual Portland cement particles in the carbonated paste of the dense low w/c dark
gray mortar patch at the base.
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PETROGRAPHIC EXAMINATIONS OF SLATE PAVER AND JOINTING MORTAR ASSEMBLY

Figures 10 to 12 show thin sections of pavers and jointing mortar assembly in plane and crossed-polarized light
modes where typical fine laminations of slate having parallel alternating layers of argillaceous-rich and calcareous-
rich compositions are seen. Also shown are lack of bond between the pavers and jointing mortar. The mortar shows

a rather dense composition of very fine (< 1 mm size) silica sand and Portland cement paste.

Figures 18 to 20 extend observations of the paver, the mortar, and the interface in PPL and XPL modes, particularly
to show carbonation of mortar along the joints and development of secondary calcite precipitates as efflorescence

deposits at the slate-mortar interface due to moisture migration.
PETROGRAPHIC EXAMINATIONS OF SLATE PAVER

Figures 16 and 17 show optical micrographs of the interior of slate showing the typical fine-grained clay
mineralogies, often mixed with fine silt and fine calcite grains in a fine lamination. Petrographic examinations of
slate showed the typical slaty cleavage planes of weakness, which are defined by parallel alignments of very fine-
grained silt and clay-size fractions of quartz, feldspar, clay minerals, and fine to medium-grained carbonate (calcite)
minerals in slate arranged in fine laminations that have undergone low-grade metamorphism of a pre-existing shale
or claystone to form the slate. Slate showed some central layers rich in carbonate fractions alternating with
argillaceous clay and silt fractions that are transferred from the original shale or claystone that has undergone the
metamorphism. There is nothing unusual found in the slate per se to cause any physical or chemical deterioration.
The slate examined is similar to many slate pavers that have shown satisfactory performance in an outdoor

environment.

A thin (about 2 mm thick) sheet of slate is seen to have flaked off from one side, which has shown the same fine-
grained texture and fine silt and clay composition of bulk slate except a clean separation of a thin sheet along the
pre-existing weak (cleavage) plane of weakness, which is inherent to the slate, which gives the tendency for it to
break down as flat sheets to be called ‘flagstone.” The inherent fissile bedding planes in Pennsylvania blue sandstone,
or, the slaty cleavage of this Montauk slate give these rocks the natural tendency to break as flat pieces to be called

flagstones.
PETROGRAPHIC EXAMINATIONS OF JOINTING MORTAR

Figures 13 and 14 show the jointing mortar only where size, shape, angularity, gradation, and distribution of silica
sand particles in mortar are shown. Figure 15 shows grain-size distribution of sand where majority of the sand
particles are finer than T mm in size indicating use of a very fine sand, and hence a higher paste fraction in the
mortar which is also susceptible to develop shrinkage cracking. Figures 21 and 22 show detailed microstructures of

jointing mortar from its silica sand particles to variably dense and carbonated Portland cement only paste.
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The jointing mortar is dense, non-air-entrained, and made using very fine-grained crushed silica sand particles
having a nominal size of 0.5 mm and a variably dense Portland cement paste having patchy areas of denser paste
of lower water-cement ratios (w/c) estimated to be 0.40 to 0.45 spread in more porous and higher water-cement
ratio paste of 0.55 to 0.60. Such non-uniform distribution of denser and porous patches of paste indicates inadequate
mixing of cement and water to leave denser (lower w/c) paste patches along with porous (higher w/c) patches. The

composition of mortar is consistent with the reported mix proportion of 1-part cement to 2-part sand additions.

Lack of any entrained air in the mortar has increased the susceptibility to freezing-related distress at critically
saturated conditions. Weak bond to adjacent paver has allowed ready entry of moisture from the paver surface.
Freezing of a mortar at saturated condition, in the absence of entrained air has facilitated in development of many
parallel cracks as seen in the sample. Expansion due to freezing of a non-air-entrained mortar has not only

developed cracks within the mortar itself, but also caused the adjacent paver to scale.

DISCUSSIONS
MONTAUK SLATE FLAGSTONE VS. PENNSYLVANIA BLUE FLAGSTONE

Flagstone is a flat sedimentary stone with fissile bedding planes. It is naturally split into layers according to these
planes and used for a variety of purposes, such as patios and pool decks, roofing, fagades, and walkways. Flagstone
is bound together by minerals such as calcite, silica, and iron oxide. These internal materials are the cause of
flagstone’s beautiful colors, one of which is a stunning blue leading to the name bluestone. Flagstone ia sedimentary
rock comprised essentially of sandstone. One of the key characteristics of flagstone is the ability to split the stone
into layers. Bluestone is therefore a type of flagstone. Other types of sedimentary rock include limestone, shale,
conglomerate, gypsum and the aforementioned sandstone. The quarry from which the stone is mined determines

the classification of flagstone type.

Pennsylvania bluestone is unique to its part of the United States. Bluestone stems only from the state’s northeastern
section as well as New York’s southern tier and northern New Jersey. Bluestone is layered sandstone that comes in
a range of colors, from a gorgeous blue to green, lilac, rust and more. It developed about 360 million years ago,
when the seas pushed sand into the Catskills. In terms of composition, bluestone is made of mica, sand, feldspar,
and various minerals. The distribution and composition of these minerals will determine how blue the stone is.
“True Blue” bluestone refers to stone that does not exhibit any other colors except blue when removed from a
quarry. Veins of true blue are rarer than full color — also called variegated — where imbedded minerals create the
waves of green, brown, and lilac colors mixed in with the blue. True blue flagstone consequently costs more than
full color. However, true blue stone may still, over time, display other colors as minerals in the stone are exposed

to the environment.

Montauk blue flagstone is traditionally described as a high quality natural cleft slate from Brazil that makes for a

very competitive alternative to Pennsylvania Flagstone. Medium gray stone with a contemporary blue undertone
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fairly consistent coloring, suitable for flooring, walls, backsplashes, and more, ideal tile for outdoor applications

such as patios and porches, and received a honed finish for a sleek matte effect.

MORTARS FOR FLAGSTONE PAVERS

The majority of experts recommend three different types of mortar mixtures for a flagstone walk able to withstand

all types of weather.

a. Hydrated Lime Mortar Mixture — Hydrated lime powder differs from traditional lime putty. Mortars that
contain traditional lime putty often pop, pit or disintegrate if ingredients aren't carefully proportioned and
mixed. Hydrated lime is user-friendly and readily available. It improves the plasticity of the mortar mix,
making it easier to work with as well as water rention property. Sand and cement do not separate when
lime is used and the mortar becomes more waterproof. Shrinkage and cracking can be eliminated by the
addition of hydrated lime. Replacing 10 to 15 percent of the total volume of Portland cement with hydrated
lime works well for flagstone pavers. Mix proportions usually contain 1.5 parts Portland cement, 3 parts
sand, and 0.5 part hydrated lime. Mix only as much mortar as needed in 1 or 2 hours and without adding
more water if mixture starts to get thick. A good outdoor hydrated lime mortar recipe is: 3 buckets of 5
gallon size of fine sand, 6.38 gallons of Portland cement and 1.2 gallons of hydrated lime. Blend these dry
ingredients well; then add water slowly until a mixture is obtained resembling bricklayers' mortar. It should
be smooth with a 'buttery"consistency that holds the imprint of a trowel point.

b. 1:1 Mortar Mixture - In the absence of hydrated lime in mortar for a flagstone walk, a good sturdy mixture
is made from sand and Portland cement. Landscapers accustomed to the extreme weather fluctuations have
had satisfactory results mixing 1 part Portland cement with | part sand. Add enough water to make a fairly
stiff mixture. Flagstone walks installed with this mortar have survived many years with the native stone still
firmly in place. Using a polymer-based agent mixed with water further improves the sand-cement mortar
mix.

c. 1 : 3 Mortar Mixture - Premixed mortar can be purchased which only requires the addition of water.
Landscapers often use a mixture of 3 parts of very fine sand with 1 part Portland cement and sufficient water
to make a thick paste. The dry materials should be thoroughly turned several times before water is poured

into a depression in the center of the mixture. Stir to paste consistency.

RIGHT (COMPATIBLE) CHOICE OF FLAGSTONE PAVER AND MORTAR

The majority of problems with a flagstone paver is related to: (a) either the particular stone used from a quarry,
and/or (b) the mortar type used with the paver stone. Traditional flagstone, which are flat sandstones with fissible
bedding plates for the stone to readily split into layers along bedding planes, and, slate-type flagstone to be used as
a substitue for sandstone, where, instead of a fissile-type bedding plane of a sandstone, slate contains internal planes
of weakness (called slaty cleavage) for the stone to split readily are successful alternatives in most cases, except in

some cases where the mortar used became incompatible with the slate paver for the paver to split, scale, or
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disintegrate during service, as has been the case in the present project. Despite the ready splitting nature of a
sandstone-based flagstone or a slate-based flagstone, the stone must not disintegrate during service, esepcailly in
the presence of moisture, freezing, salts, etc. where those elements can migrate into the stone and facilitate its
inherent splitting tendency by freezing of water present between the fissule planes of sandsotne, or, in the weak

slaty cleavage planes of slate.
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The above conclusions are based solely on the information and samples provided at the time of this investigation. The conclusion may expand
or modify upon receipt of further information, field evidence, or samples. Sample remains will be disposed after release of the report, as
requested. All reports are the confidential property of clients, and information contained herein may not be published or reproduced pending
our written approval. Neither CMC nor its employees assume any obligation or liability for damages, including, but not limited to, consequential
damages arising out of, or, in conjunction with the use, or inability to use this resulting information.
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END OF REPORT

' The CMC logo is made using a lapped polished section of a 1930’s concrete from an underground tunnel in the
U.S. Capitol.



