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ABSTRACT

Strength of Concrete Masonry Prisms Constructed
with Non-Traditional Grout and
Type M Mortar

Scott Michael Watterson
Department of Civil and Environmental Engineering, BYU
Master of Science

The Concrete Masonry Association of California and Nevada in conjunction with
Brigham Young University devised a masonry prism testing scheme to aid in the determination
of whether prisms constructed with grouts possessing high levels of supplemental cementitious
materials could meet minimum masonry compressive strength requirements. ASTM standards,
identical to that of concrete, place restrictions on quantities, by weight, of supplemental materials
that can replace ordinary Portland cement. For an all fly ash replacement, up to 40% of Portland
cement can be replaced while up to 70% can be replaced by a fly ash-slag combination.
Research is focused on class F fly ash and ground granulated blast furnace slag replacing
Portland cement in larger quantities. Manufacturing grouts with increasing incremental amounts
help to establish higher use limitations associated specifically with masonry grout. Masonry
prisms, concrete masonry units, type M mortar, and variations of grout were tested for their
respective compressive strengths at age intervals of 14, 28, 42, 56, and 90 days. Grouts were
designed to support the discussion of whether non-traditional grouts can achieve acceptable
masonry compressive strength in prisms while not possessing adequate grout compressive
strength.

The control grout consisted of one mix design containing a cementitious materials
content of 100% Portland cement. Three grouts replaced Portland cement with fly ash and three
grouts replaced Portland cement with a fly ash-slag combination without modifying the
cementitious material weight contribution. Class F fly ash replaced Portland cement at rates of
45%, 55%, and 65%. Class F fly ash-ground granulated blast furnace slag combinations
replaced Portland cement at rates of 65%, 75%, and 85% where the combinations consisted of
25% fly ash and 40%, 50%, and 60% slag.

Results indicate that all prisms exceeded the 10.3 MPa (1500 psi) minimum compressive
strength requirements before the mandated 28-day age period. Neither 55% and 65% fly ash
replacements nor the 85% fly ash-slag combination achieved grout strength minimums at the
typical specified age. The grout mixtures manufactured with exceeding addition rates which
attained greater than the minimum strength at the 28-day age were the 45% fly ash and 65% and
75% fly ash-slag combination. All grouts did, eventually, extend their strength gain beyond 13.8
MPa (2000 psi) through the course of testing and all but 65% fly ash achieved this strength
within 42 days.

Keywords: masonry, prisms, compressive strength, grout, slag, fly ash
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1 Introduction

1.1  Fundamentals

This section explores the fundamental terms and concepts necessary for comprehension
of this research. For those unfamiliar with masonry and the testing of masonry this section can
provide for general understanding with brief explanations.

Masonry construction uses a variety of components for the development of masonry
structures. Common components are masonry units, mortar, and grout, as well as reinforcing
steel. The strength of masonry structures relies on the interactions between these components.

Masonry units can be me made from a variety of materials. The masonry units used in
this thesis are Concrete Masonry Units, referred to as CMUs, composed of Portland cement,
aggregate, and water. Portland cement is a hydraulic cement composed of pulverized clay and
lime-bearing minerals where properties such as setting time and final strength depend on
proportional composition [1]. The masonry concrete has a rapid curing process performed by
exposing the blocks to high pressured steam in an autoclave. Concrete masonry, like other
concrete products, performs well under vertical axial loading. A masonry unit commonly has
voids or cells cut into them. These voids are often filled will grout and reinforcement for shear
and tensile capacity.

Mortar, composed in proportions of cement, lime, and sand, serves to bond individual

masonry units into a composite assemblage allowing for simplicity in construction and
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dimensional tolerance [2]. In North America mortar types M, S, N, O, and K have been
adopted. Each type varies in their use depending on material properties desired for a given
application. It is necessary for mortar to be workable in its plastic state. Good workability is
generally established by a mason’s experience and judgment. A workable mortar should both
adhere to a trowel and slide off easily, spread, adhere to vertical surfaces, squeeze out of joints,
and be struck of cleanly [2]. In a masonry system mortar compressive strength and bonding with
the CMUs are important. The bond is formed mechanically and chemically. The thickness of
the mortar affects the strength of the bond and the strength of the bond affects the compressive
strength of the system. In laboratory testing the thickness of the mortar joint is held to a
standardized height. Upon relating the strength of these interactions to the compressive strength
of masonry, the block moisture content is, at the time of construction, the most important factor
on resultant bond strength [3]. If the CMUs absorb too much water from the mortar, the mortar
will stiffen rapidly resulting in poor bond; poor bond strength leads to masonry prism bond
failure resulting in low compressive strengths [3].

Grout for masonry construction is a high slump mixture of cementitious materials and
aggregate which can set and harden as a hydraulic cement in the presence of water [2, 4].
Cementitious materials are adhesive and cohesive, bonding mineral fragments into a solid mass
[4]. Aggregates are graded by size, fine and coarse. When both classifications of aggregates are
used in the grout it is deemed a type of coarse grout. Aggregate occupies the largest percentage
of the volume of the grout where the strength of the aggregate greatly affects the strength of the
grout [2]. The compressive strength of the grout is important for both quality control and the
strength of the masonry system. In this thesis the cement content of the grout is adjusted by

replacing Portland cement with supplemental cementitious materials. The two forms of



supplemental cementitious materials used are Class F fly ash (FA) and ground granulated blast
furnace slag (GGBS).

Fly ash is a pozzolan, which is a finely divided siliceous or siliceous and aluminous
material that possesses little or no inherent cementitious property, but in the powdery form and in
the presence of moisture, will chemically react with calcium hydroxide at ordinary temperatures
to form compounds possessing cementitious properties [4]. Fly ash is a byproduct of the coal
industry termed a waste material predominantly generated in the production of electricity; Class
F fly ash is the product of burning bituminous and anthracite class coal [5]. The greatest
utilization for fly ash is as an additive to concrete. Benefits stemming from the use of fly ash are
a decrease in water demand, improvement in particle size packing, savings of Portland cement
material resulting in lower costs, corrosion resistance and greater strength [5]. The strength
development, however, is not as quick initially as an all-Portland cement based grout. Grout
containing fly ash can often meet the strength requirements but not curing requirements.

Ground granulated blast furnace slag is increasingly being used to replace some of the
cement used in concrete [6]. GGBS is a byproduct of the iron industry, where molten slag from
the blast furnace is rapidly cooled and dried to form a granulate which is then ground to a
fineness similar to that of Portland cement [6]. While this material is no more expensive than
Portland cement, additional environmental costs are alleviated through the reduction in Portland
cement’s use of an extensive production process as well as GGBS’s lifespan due to its own
durability [6]. Being a cementitious material, it actively adds to the strength gain of the grout
and significant quantities of the Portland cement can be exchanged [6]. Due to slag’s small
particle size, the workability of grout can be improved with its addition to the grout mix. GGBS
cures more slowly and gains strength over longer periods of time which can result in lower initial
strengths and higher ultimate strengths. Strength is very much dependent on the GGBS to
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Portland cement proportioning where rate of hydration and ability to hydrate limit GGBS use.
Alike to fly ash, curing criterion is of issue.

The quality of masonry is usually described by the compressive strength. CMUs, mortar,
grout and the assemblages constructed with these components are compression tested in this
research. The American Society for Testing and Materials (ASTM) provides standardized test
methods for compression testing these specimen types. In terms of saving time and money
during design and construction it is desirable to ensure that specified properties of masonry
assemblages are satisfied using simple, economical tests [2]. Testing of masonry assemblages,
called prisms, is far more economical and practical than full-scale testing. Masonry prisms are
constructed with CMUs, mortar, and often grout. The specified compressive strength of masonry
is represented as f'm, which is specified by an engineer and used throughout masonry design
procedures. This strength has upper and lower bounds dictated by the Building Code
Requirements and Specification for Masonry Structures, referred to as the code. When prisms
are used to verify that f'n, is achieved, specimens are compression tested and results must be

greater than the value specified and less than the code’s maximum value.

1.2 Motivation

The masonry industry has used supplemental cementitious materials to replace ordinary
Portland cement in masonry units, mortars, and grouts. Replacing Portland cement can have
economic and environmental benefits. Two common forms of recycled supplemental
cementitious materials are pozzolans and slags. Extensive information is available for concrete
masonry units and mortars that have included pozzolans and slags [7, 8]. Only limited data

exists for masonry grouts that contain these materials. Furthering research can help to



mainstream the use of supplemental cementitious materials as replacements to Portland cement
in masonry grout.

Currently ASTM Standards regulate the use of supplemental cementitious materials in
masonry grout. Replacement guidelines and restrictions for supplemental cementitious materials
are analogous to limitations of blended hydraulic cement. Since masonry grout is a form of
blended hydraulic cement, the recognition that there are differences in the uses of the end
product can permit for exploration of the percentage limitations on masonry grout’s Portland
cement replacement.

The Concrete Masonry Association for California and Nevada (CMACN) commissioned
compression testing of masonry grouts containing various Portland cement replacements rates
with supplementary cementitious materials which was carried out by Twining Laboratories [9,
10]. Twining Laboratories used binary grouts with the cementitious components of Class F fly
ash and Portland cement as well as ternary blends with cementitious components of ground
granulated blast furnace slag, Class F fly ash, and Portland cement. These forms of grout are
deemed non-traditional. By incrementally increasing the percentage of Portland cement
replaced, these compression tests helped to establish new potential boundaries for binary and
ternary grout blends.

There are many materials standards associated with masonry construction. Included in
these standards are the compressive strengths of Concrete Masonry Units, mortar, and grout.
The grouts tested by Twining Laboratories were compared against the masonry code and the
ASTM strength requirements. The code relies heavily on the specified compressive strength of
masonry which is a composite strength of the masonry system. Since Twining Laboratories only
tested grout, it is necessary to determine if the masonry system with these grouts can achieve

compressive strength minimums.



In order to guarantee that f',, is achieved, an engineer can rely on either of two methods:
the unit strength method or the prism test method [11]. The unit strength method uses proven
sufficient tables in the masonry code in order to guarantee strength. By specifying a compressive
strength of the individual CMU, mortar, and grout, a specified compressive strength of the
masonry can be guaranteed. The combinations of strengths of the CMUs, mortar, and grout from
the design tables can assure the engineer that f',, will be achieved. The prism test method is
outlined in ASTM Standard C1314. In this method, masonry prisms, composed of at least two
courses of CMUs, mortar, and grout, are constructed and compression tested to determine
strength [12]. The mean compressive strength of a set of three prisms must meet f'n, [12].

The unit strength method does not allow for the use of supplementary cementitious
materials in the grout mix design. To verify that non-traditional grouts can be used in masonry
systems prism testing is performed. Strength requirements specified by both the code and the
ASTM Standards set 28-day strength criteria for masonry prisms and grout [11, 12]. Various
scenarios can result from the testing of non-traditional grouts and prisms constructed with non-
traditional grouts. Non-traditional grouts and grouted prisms can have either ASTM compliant
or non-compliant addition rates of cementitious materials as well as compliant or non-compliant
compressive strengths. The non-traditional grouts and prisms may or may not meet strength
requirements by the 28-day age.

Conclusions about whether it is plausible to increase the ASTM Portland cement
replacement rates for masonry grout depend on compressive strengths and curing ages when
strengths are achieved. Greater quantities of recycled cementitious materials supplementing the
Portland cement content in masonry grouts promotes and brands masonry construction as cost
and planet conscious. Intent is to provide engineers with additional means to create sustainable
concrete masonry structures by promoting broader supplemental cementitious material addition
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rates for masonry grout and by extending discretion to engineers in lengthening the minimum

curing ages, which could further increase allowable addition rates.

13 Scope

The compressive strengths of masonry prisms constructed with non-traditional grouts are
determined. CMUs, mortar, and grout being components of masonry prisms are tested
individually to assure ASTM compliancy and to attribute prism strength gain appropriately.
Selection of materials is based on those commonly used in masonry construction in California,
Utah, and Nevada. Since concretes with pozzolanic or slag material gain strength over longer
periods of time specimens are compression tested at age intervals of 14, 28, 42, 56, and 90 days
to determine the curing age at which compressive strength minimums are achieved [4, 13].

The types of CMUs and mortar remain constant throughout experimentation focusing the
testing on the performance of the non-traditional grout and prism specimens. Seven variations of
grout are manufactured. An all Type I/l Portland cement based grout is used as a control. This
grout is designed to mimic those used in the Twining Laboratories grout testing for the benefit of
comparison. Binary grouts are composed of Type /Il Portland cement and Class F fly ash. The
Portland cement content is replaced by 45%, 55%, and 65% FA. Ternary grouts are composed
of Type I/11 Portland cement, Class F fly ash, and ground granulated blast furnace slag. The
Portland cement content is replaced with 25% FA and 40%, 50%, and 60% GGBS for total
replacements of 65%, 75%, and 85%. All of the binary grout blends exceed the addition rate of
40% allowed by the ASTM. Ternary grouts are limited to 70% Portland cement replacement;
75% and 85% replacements exceed this standard. These non-traditional grout variations have
different replacement rates than those tested by Twining Laboratories for the purpose of

extending the available data set. Eight variations of masonry prisms are constructed and
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compression tested; seven of the variations are fully grouted using each of the grouts detailed
above alongside hollow/ungrouted prisms.

Since a majority of grout and prism specimens defy the current standard, boundaries of
masonry grout’s Portland cement replacement with fly ash and fly ash-slag combinations are
tried. This testing scheme limits the pozzolan to Class F fly ash and the slag to GGBS. Further,
the replacement rate with FA in the ternary blend is held constant. These conditions set another
step towards extending the current masonry grout Portland cement replacement rates. Testing
cannot encompass all of the supplemental cementitious materials and percentage combinations
available. Results are also based solely on the compression test since this is the most prominent
material property used in masonry design. Certainly there are other properties important to
consider in masonry construction. By validating compressive strength results first, further

testing for the acceptability of additional material properties is then justifiable.

1.4 OQutline of this Thesis

This thesis contains five chapters. Chapter 1 is an introductory chapter included to
profile the research. Chapter 2 provides research background information. Materials selection,
grout design, specimen construction and testing methods are discussed and explained in Chapter
3. Results of the testing scheme are presented in Chapter 4 while Chapter 5 provides conclusions

and recommendations for further research.



2 Background

2.1  General Literature Review
The following sections are comprised of summaries of the literature reviewed for this

research.

2.1.1 Class F Fly Ash and Ground Granulated Blast Furnace Slag

The Federal Highway Administration has accumulated vast quantities of concrete related
research. Their accrual has developed substantial resources and information on the use of fly ash
and ground granulated blast furnace slag. Pozzolans, such as fly ash, and slags, such as ground
granulated blast furnace slag, which have been utilized as Portland cement replacement materials
in the United States since the early 1930’s, can dramatically reduce the materials cost of masonry
structures [13, 14]. The Administration encourages the implementation of fly ash when the price
of fly ash concrete is less than or equal to the price of mixes with only Portland cement [14].
Use of FA and GGBS generally improves workability which is of great concern in masonry
grout. Concretes containing Class F fly ash can develop lower strengths while slag concretes can
exceed the strength of all Portland cement concretes [13, 14]. Strength development for
concretes with FA and GGBS is prolonged and influenced by the quantities incorporated. The
Federal Highway Administration suggests that substitution rates for FA be limited to less than

25% and for GGBS to be limited to 50%.



2.1.2 Compression Testing of Masonry Prisms

Robert G. Drysdale and Ahmad A. Ahmad have conducted significant research in the
masonry field. In Behavior of Concrete Block Masonry Under Axial Compression they have
provided insight on the best methods for obtaining the compressive strength of masonry. They
tested both full block prisms and half block prisms to determine the masonry’s reliance on the
block size. Results indicate that using half blocks were essentially identical to the results for full
block prisms [15]. Block sizes in laboratory testing can be smaller than those used in real
construction and still provide accurate results.

The compressive strength of masonry relies on the interactions between the components
in the system. Their extensive examination on the interaction of the components when axially
loaded concludes on the effects of the strengths of individual components. They have
determined that the compressive strength of fully grouted masonry relies less on the mortar joint;
doubling the mortar joint thickness decreased their compressive strengths by 16% for hollow
prisms and 3% for grouted prisms.[15]. Small variations in mortar joint thickness can be less
strictly controlled. By testing various mortar strengths they conclude that the strength of the
mortar did not play a major role in the compressive strength development [15]. Choice of mortar
type should then not play a role in the compressive strength of this thesis’s grouted prisms,
however E.H. Fahmy and T.G.M. Ghoneim found that for both ungrouted and grouted prisms the
prism strength increased with increasing mortar strength [16]. From the Drysdale tests, grout did
not contribute proportionally to the prism strength and it became apparent that significantly
increasing the strength of the grout only slightly increased prism capacity [15]. Minimum
strengths of the grout are then the primary focus. Fahmy and Ghoneim reveal in their
conclusions on the behavior of concrete block masonry that the prism strengths increase with
block strength; fully grouted prisms have less of an increase in strength than hollow prisms [16].
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When comparing the methods of establishing compressive strength, Drysdale and Ahmad
found that the testing of two course high prisms do not correlate well with the behavior of
masonry walls [15]. Their results are confirmed by A.H.P Maurenbrecher’s masonry test
procedures analysis where lower height-to-thickness ratios result in stronger prisms [17]. Much
of the developed and implemented procedures for testing concrete masonry use prisms with
height-to-thickness ratios of 2. With half scale blocks this can be achieved with two masonry
prims without the use of a correction factor. Maurenbrecher used stress rates for loading where
slower load rates gave only slight reductions in strength [17]. Mean strength is used in a
majority of the prism test research encountered and in laboratory testing of constructed masonry
for strength verification. Maurenbrecher discusses the mean strength and characteristic strength.
Obtaining characteristic strengths are recommend by testing a minimum of ten replicate

specimens to give reasonably reliable results [17].

2.1.3 Relevant Requirements For Grout and Masonry

The compressive strength of masonry, as a result of the prism test method, must either
exceed or be equal to 10.3 MPa (1,500 psi) but be no greater than 27.6 MPa (4,000 psi) for
concrete masonry in order to be used as a nominal strength value [11]. Utilizing the prism test
method for the verification of f',, ASTM International specifies that grout for masonry must
obtain a minimum compressive strength of 13.8 MPa (2000 psi) at 28 days [18]. The masonry
code indicates that the specified compressive strength of grout (f'g) shall exceed or be equal to
the compressive strength of masonry while not exceeding 34.5 MPa (5000 psi) [11]. Curing ages
at which strength must be achieved for grouts and masonry systems are not specified in the
masonry code and 28-day strength references can only be found in the code’s commentary.

Masonry grout is governed by more than just compressive strength; Sections 3.1.1.5 and 3.1.1.6
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of ASTM C476 restrict fly ash and slag use by referring to ASTM C595/C595M. This points to
the Standard Specification for Blended Hydraulic Cements limiting the maximum pozzolan
content to 40% by mass of the blended cement and the total content of pozzolan and granulated
blast furnace slag to less than 70% by mass of the blended cement [19]. These addition rates are

significantly higher than those suggested by the Federal Highway Administration.

2.2  Related Work

As previously mentioned, CMACN began experimentation in conjunction with Twining
Laboratories to test the boundaries of masonry grout when Portland cement is replaced in large
percentages by fly ash or a combination of fly ash and ground granulated blast furnace slag
beyond the limits of the ASTM Standard. Trial batches composed of a standardized 100%
Portland cement grout design, modified binary grouts with FA replacing Portland cement at
20%, 30%, 40%, 50%, and 60%, as well as grouts with FA and GGBS at 50%, 60%, 70%, and
80% replacement of Portland cement were created. The fly ash in the ternary blend was held at
25% of the weight of the standardized Portland cement material. Specimen creation followed
ASTM C1019 where minor deviations occurred including sample fabrication within CMU cores
and diamond saw-cutting of CMUs to obtain the specimens one day prior to testing.

Results of the compression testing performed on these grout samples are shown in Table
2-1. The ASTM for the Standard Specification for Grout for Masonry C476 Section 4.2.2.1,
indicating that grout shall have a compressive strength of 14 MPa (2000 psi) at 28 days, was
easily satisfied by all grout samples, except 60% FA Replacement [9, 18]. However, it is
important to note that the 60% FA Replacement grout is a grout capable of withstanding a stress
greater than 14 MPa (2000 psi) when more time for strength gain is allotted. Beyond an age of

56 days all grouts in this scheme have adequate strength.
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As a result of the ASTM C595 specifications, the grouts containing 50% and 60% FA
Replacement and 80% FA & GGBS Replacement are not suitable for use as masonry grouts.
While more extensive testing, such as experimenting with flexure and tension limitations, may
be necessary, the 50% FA Replacement and 80% FA & GGBS Replacement grouts meet the
axially loaded compressive strength requirements. With confirmation that these currently
prohibited grout mixtures are conservatively represented in the various Building Code
Requirements and Specification for Masonry Structures equations where the specified
compressive strength of masonry is used, separating the ASTM limitations on masonry grout
from all other forms of blended hydraulic cement is plausible [11]. Addition rates of pozzolanic
and slag materials under a separate masonry grout ASTM could be increased and a distinction
between masonry grout and typical blended hydraulic cement can be made. While Twining
Laboratories and the efforts of this thesis further the investigation of the legitimate use of the
various forms of non-traditional, non-code compliant grouts for masonry construction, the
experimental results obtained from these studies do not solely possess enough information to
alter high-percentage replacement of Portland cement limitations or age restrictions on masonry
grout; it does, however, provide adequate data that can allow for reassessment of the standards in

place pending further analyses and assumption of risk.

Table 2-1: Twining Laboratories Grout Specimen Compressional Strength Data Summary

Replacement|Replacement|Replacement|Replacement|Replacement

Cement Replacement|Replacement|Replacement|Replacement
days MPa MPa MPa MPa MPa MPa MPa MPa MPa MPa
7 20.6 19.2 16.9 10.6 11.1 6.3 13.0 15.6 13.4 10.1
14 22.6 20.1 20.5 14.8 14.4 7.9 19.9 22.5 19.1 13.4
28 28.0 22.8 26.4 18.5 19.9 9.9 22.8 22.3 23.5 16.8
42 28.8 26.2 26.8 21.0 21.6 13.3 25.2 31.3 29.0 18.7
56 29.6 29.3 32.1 23.0 20.4 14.3 34.5 33.3 29.4 21.6
180 28.4 35.7 39.1 32.3 29.9 26.1 42.8 41.4 36.3 24.8
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3 Experimental Methodology

3.1  Overview

The following sections include details describing the selection and use of materials in
regards to the manufacturing of grout as well as construction of the masonry prisms and
component samples. Descriptions of the test method standards as well as explanations for
deviations from those standards are incorporated. A portion of data and tests results relevant to

materials detailed in this section are presented.

3.2  Materials Selection

Selection of certain materials was based on the CMACN’s used materials for the high
replacement grout study for the benefit of a direct comparison with this research. CMACN was
responsible for the ordering and coordination of the delivery of determined quantities of CMUSs,
mortar, sand, pea gravel, Portland cement, fly ash, ground granulated blast furnace slag and

Hydrocal. All water used in mortar, grout, and Hydrocal mixing was from a potable source.

3.2.1 Concrete Masonry Units
The concrete masonry units used in this study were manufactured from the same batch
using consistent fabrication methods. The ASTM C90 compliant units were made by Oldcastle

in Utah and arrived at the laboratory on pallets. These units were formed in molds and thus have
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tapered cells which aid in the de-molding process. The tapered cells create face shells/webs that
vary slightly in dimension from top to bottom. Units were of a 200x200x200 mm (8x8x8 inch)
nominal size with one cell. Justification of the use of these half size concrete masonry units
comes as it reduces the height-to-thickness ratio over larger block sizes as well as reduces the
testing apparatus’ necessary loading capacity and the assemblages’ overall size and weight.
CMUs and prisms constructed from these CMUs are able to fit the on-site loading machine as
well as provide for easier maneuverability, reduced space consumption, and decreased physical
labor in the laboratory environment. The CMUs’ actual dimensions need be determined
separately from prisms as allowances for manufacturing tolerances and inconsistencies of a
standard of 10 mm (0.375 inch) mortar joint alter recorded prism dimensions. Following the
Standard Test Methods for Sampling and Testing Concrete Masonry Units and Related Units
ASTM Standard C140, six representative units were selected for determination of absorption, in-
situ moisture content before sample construction, density, and measurement of dimensions.
Table 3-1 summarizes averaged dimensions. While ASTM C140 Annex Al.2.2 instructs the
measurer to disregard grooves, the dimensions of the grooves were measured separately in order
to later account for the loss of bearing area used in determining compressive strength [20].

The dimensions, as shown in Table 3-1, were utilized in the calculation of the pertinent
surface areas summarized in Table 3-2. CMU standardized measuring can account for the
bearing areas of multiple specimen forms including CMUs and both hollow and grouted prisms.
The average grouted bearing area refers to the area that the unit would occupy if it were grouted
omitting the groove. Omission of the area loss due to the groove is not required in area
determination and contributes to less than 4 cm? (0.5 in) of standard described area. Figure 3-1

pictures the groove of the concrete masonry unit. The average hollow/ungrouted bearing area
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refers to the area the CMU surface occupies, again, omitting the groove. The hollow/ungrouted

bearing area is used when calculating the stress from loads on CMUs and hollow prisms.

Table 3-1: CMU Standardized Dimensions

Dimension Unit
mm | in
Average Groove 19.1 |o.8
Dimension
Average Height
(H) at Mid-
Length/ Mid- 193.4(7.6
Width

Average Length
(L)/ Width (W) at |194.5(7.7
Mid-Height
Average Web (ty)
Thickness
Average Face
Shell (tg) 46.2 | 1.8
Thickness

33.5|1.3

Table 3-2: Averaged CMU Related Areas

Area Type Unit

mn? | in?

Average
Hollow/
Ungrouted [2445.1(37.9
Bearing
Area
Average
Grouted
Bearing
Area

3748.0|58.1

Figure 3-1: CMU Groove
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Using the aforementioned ASTM Standard, Table 3-3 displays the resulting averaged
CMU absorption, density, and moisture content for both lab measured and manufacturer
provided values. The provided values were obtained from the data sheet found in Appendix C
Figure C-6. The values presented in this figure are for CMUs of different dimensions but of the
same mix design and casting methods and are included for completeness. The measured average
moisture content is obtained by subtracting the average rate of moisture absorbed by the block in
Appendix A Table A-3 from 100% for easy comparison. Absorption and moisture content affect
the interaction between freshly laid mortar or freshly poured grout and the concrete masonry unit
[11]. Absorption testing of the required six units can be seen in Figure 3-2. These
measurements can help account for the factors that can affect compressive strength to make

reasonable relationships to strength loss should it occur.

Table 3-3: Average CMU Absorption, Density, and Moisture Content

. . Average Moisture
Average Absorption Average Density Cgcj)ntent
Measured Provided Measured Provided Measured | Provided
g/cm’ | pef | % |g/cm®| pef | % |g/cm®| pcf [g/em®| pcf % %
0.13 |8.40|6.60] 0.15 |9.67|8.76] 2.05 [128.21] 1.77 |110.39] 43.01 56.51

Figure 3-2: CMU Absorption Testing
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3.2.2 Type M Mortar

Commercial Grade Quikrete Mason Mix Type M Mortar was selected as the mortar for
use in this particular series of masonry prisms constructed with non-traditional grouts. Common
mortar types N and S were researched simultaneously, however, separate from this record.
These three mortar types represent mortars used frequently in the masonry construction industry,
especially in the California, Nevada, and Utah regions. The mix is a standard formulation of a
dry pre-blended mixture of sand and cements meeting ASTMs C270, C387, and C1714 arriving
on a pallet in 36.3 kg. (80 Ib) bags requiring only proper amounts of water and mixing for use
[21]. Type M mortar has the highest volume proportion of cement [22]. While this mortar type
is generally the least workable in its plastic state, its hardened state is generally the strongest in
compression and tension where the manufacturer details a compressive strength of 17.2 MPa

(2500 psi) [21, 22]. Mortar is utilized in the prism and mortar cube specimens.

3.2.3 Grout

Materials exhibiting cementitious properties used in experimentation are Type /11
Portland cement, Class F fly ash, and ground granulated blast furnace slag. A Type I/11 Portland
cement is used in ordinary construction where either special properties are not required or when
moderate sulfate resistance or moderate heat of hydration is desired [4]. The non-traditional
forms of grout found in this study are composed of increased amounts of fly ash and ground
granulated blast furnace slag, which gradually replace the Portland cement content while
maintaining a constant cementitious material weight percentage. Portland cement type, fly ash
class, and slag type were chosen after reference to previous CMACN grout-only tests. Chemical

and physical analysis results of the FA and GGBS are presented in Appendix C. While grout
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cementitious proportioning changed to expand the data set and hone in on an addition rate
threshold, materials used in those proportions remained the same.

A coarse grout is employed; aggregates used in the formulation of the grouts were fine
and coarse grained. Fine aggregate, in this case sand, must pass through a 9.5 mm (0.375 inch)
diameter sieve; coarse aggregate is larger than this restriction [23]. The coarse aggregate used is
a pea gravel of a 10 mm (0.375 inch) diameter size as specified to which 100% passes a 12.5 mm
sieve (0.5 inch) [23]. Reports of the physical properties of both the sand and the gravel used are
presented in Appendix C. The results of the sieve analysis performed by Geneva Rock Products,
Inc. are shown in Table 3-4. Aggregates were tested for absorption and in-situ moisture content
just prior to grout mixing. The test for coarse aggregate absorption was completed via ASTM
C127 and fine aggregate absorption was completed via ASTM C128. The absorptions reported
and used in obtaining the free water content of the grout mixes are the absorptions reported by
Geneva Rock Products, Inc. The results of the moisture content testing as well as the reported

absorptions are presented in Table 3-5.

Table 3-4: Aggregate Gradation

(a) Sand Gradation (b) Gravel Gradation
Sieve Size Percsant Sieve Size Perc?nt
Passing Passing
mm | No. % mm | No. %
4.750] 4 | 100 9.500( 3/8" | 100
2360 8 | 94 4.750| 4 72
2.000[ 10 | 8 2.360| 8 24
1.180] 16 | 61 1.180| 16 5
0.600| 30 | 37 0.300| 50 | 15
0425 40 [ 30 0.075] 200 | 1
0.300| 50 | 20
0.150 100 | 6.4
0.075| 200 | 1.2
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Table 3-5: Aggregate Absorptions and Moisture Contents

Aggregate . Moisture
Absorption
Type Content
% %
Sand 1.17 0.9
Gravel 0.8 0.13

3.3  Specimen Construction

This section outlines the construction of grout, mortar, and prism specimens. The
American Society of Testing and Materials sets the standards used by the Masonry Standards
Joint Committee (MSJC) in the Building Code Requirements and Specification for Masonry
Structures. The ASTM standard specimen construction techniques and deviations from the

standards are discussed.

3.3.1 Mortar Specimens

Mortar was prepared in a mechanical mixer; Figure 3-3 shows a mason mixing a batch of
mortar in the mixer. Batch sizes and quantities of water added were at the discretion of the
professional masons on hand to construct the prisms. Water levels were based on the mortar’s
workability and consistency. Temperature and flow of the mortar are presented in Table 3-6
below, while mortar flow measurements are presented in Appendix A Table A-4. The initial
flow of mortar is a laboratory measured property of mortar that indicates the percent increase in
diameter of the base of the truncated cone of mortar when it is placed on a flow table and
mechanically raised 12.7 mm (0.5 inches) and dropped 25 times in 15 seconds [24]. The flow

test for mortar is shown in Figure 3-4 and the measuring of temperature in Figure 3-5. The flow
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of mortar should reach 110 £ 5 mm during the flow test [25, 26]. The mortar flow averaged

111.8 mm for all four measurements with each measurement falling within the acceptable range.

Figure 3-3: Mixing of Mortar

Table 3-6: Mortar Temperature and Flow

Mortar Temperature| Flow
Type
°C °F %
M 21.1 | 70 | 10.04

Figure 3-4: Flow Test of Mortar
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Figure 3-5: Temperature Test of Mortar

ASTM C109/109M governs the test methods for mortar compressive strength specimens.
Three specimens for each test age were made in compliant specimen molds creating 50 mm (2
inch) cubes of mortar. Figure 3-6 shows the release agent coating being applied to the interior
faces of the mold. Mortar was poured into the compartments in two layers each approximately
half of the depth of the mold and tamped to ensure uniform filling of the molds with 4 rounds of
8 strokes each at right angles to each other [27]. Mortar was leveled with the top of the mold in a
sawing motion with a trowel after the second layer had been tamped [27]. Upon completion of
the molding, the test specimens were placed in a moist room under a plastic sheet to prevent
ponding but allowing exposure to the moist air and are shown in Figure 3-7 [27]. Specimens
remained undisturbed in their molds for 72 hours after which they were removed from the mold
and stored in the moist room until reaching their respective testing ages [26, 27]. The same
moist room was used for both grout and mortar specimens. The final form of the specimens is

shown in Figure 3-8.
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Figure 3-8: Mortar Cube Specimens
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3.3.2 Grout
This section is broken up into two sub-sections. The first sub-section is focused on the
composition and formulation of the grout while the second sub-section describes the casting of

grout samples.

3.3.2.1 Grout Composition

The composition of the grout was proportioned by weight. Design of the all Portland
cement grout closely mimics the mix design used by Twining Laboratories. A numbering and
color scheme was devised to reduce the likelihood of specimen misidentification after
construction. The weights of each grout constituent are summarized in Table 3-7. The quantity
denoted by the superscript is a quantity that was recorded incorrectly and determined by back
solving using the knowledge of when the grout design was altered. The grout design was altered
in two ways, to reduce batch excess and to reduce the slumps of grout types 5-7. Designs of the
grouts are still consistent; where small differences in percentages occur, rounding error of weight
quantities resulted after scaling of the grout batch size to reduce excess grout making and to
conserve material resources. The percentage of weight of each grout constituent, sand, gravel,
water, and cementitious material is shown in Table 3-8 along with the number and color scheme
for reference.

Grout materials were mixed with water on the site location. Per ASTM 476 Standard
Specification for Grout for Masonry, individual cementitious materials and aggregates were first
weighed and then mixed with a mechanical mixer for a minimum of five minutes with sufficient
potable water to achieve the desired consistency [18]. A Concrete Titan 125E Heavy-Duty
Concrete Mixer was used to make the seven variations of grout. The mechanical mixer and

grout sampling are shown in Figure 3-9.
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Table 3-7: Grout Constituent Weights

Cementitious Material
Grout
Sand Gravel Water Added | Water Free Portland
Type Fly Ash Slag
Cement
# kg Ib kg Ib kg Ib kg Ib kg Ib kg Ib kg Ib
1 872.48(1923.48]369.12|813.78| 257.14| 566.90 | 245.25(540.67|268.45|591.84| - - - -
2 872.4811923.48|369.12|813.78] 257.14| 566.90 | 245.25|540.67]147.65|325.51|120.80|266.33 - -
3 654.36(1442.61]|276.84|610.34| 192.86| 425.18 | 183.93(405.51] 90.60 |199.75|110.74|244.13] - -
4 610.73|1346.44] 258.39|569.65] 180.00| 396.83 | 171.67|378.47] 65.77 |145.00]122.15|269.29 - -
5 610.73(1346.44] 258.39|569.65[ 161.48| 356.00*] 153.15(337.64| 65.77 |145.00| 46.98 |103.57| 75.17 |165.72
6 641.27)11413.76|271.31|598.13] 169.55| 373.80 | 160.81|354.52| 49.32 |108.74| 49.33 |108.75] 98.66 |217.50
7 641.27(1413.76|271.31|598.13| 169.55| 373.80 | 160.81(354.52] 29.60 | 65.25 | 49.33 |108.75]|118.39|261.00

* Recorded value different than value presented

Table 3-8: Grout Constituent Weight Percentages

Total Cementitious
Grout Color Water Total Composition
. . Sand| Gravel .

Type |Designation Free |Cementitious{Portland
Fly Ash|Slag

Cement
# % % % % % % %
1 Orange ]49.71] 21.03 | 13.97 15.29 100 0 0
2 White 49.71| 21.03 | 13.97 15.29 55 45 0
3 Red 49.71| 21.03 | 13.97 15.29 45 55 0
4 Blue 49.71| 21.03 | 13.97 15.29 35 65 0
5 Green 50.47] 21.35 | 12.66 15.53 35 25 40
6 Pink 50.47| 21.35 | 12.66 15.53 25 25 50
7 Yellow |50.47] 21.35| 12.66 15.53 15 25 60

Figure 3-9: Mixing and Sampling of Grout
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Grout should slump between 200 to 280 mm (8 to 11 inches) [18]. With the addition of
the fine particles making up FA and GGBS, slumps increase as greater percentages of these
materials are added to the grout mixes. The initial amount of water added to the grout was based
on the slump test. The first grout design, containing cementitious materials of 100% Portland
cement, was targeted between the 200 to 280 mm slump range, with a 200 mm slump being the
objective due to foreshadowed increases in slump as the grout cementitious material content was
modified. The water content was held at a constant proportion for the grout types 1-4. The
slump test was performed as outlined in the procedure of ASTM C143/C143M Standard Test
Method for Slump of Hydraulic-Cement Concrete. Figure 3-10 shows the apparatus used in
determining the grout slump. A representative sample of the grout was chosen from the batches
according to ASTM C172. ASTM C172 specifies the standard practices for sampling freshly
mixed concrete. In the sample selection process less than 15 minutes may pass between
obtaining the first and final portions of the composite sample, with slump and temperature being
recorded within 5 minutes of obtaining the final portion being careful not to obtain portions of
the composite sample from the very first or last part of the batch discharge [28]. The mold was
filled in three layers, each approximately one third the volume of the mold, rodding each layer 25
times uniformly over the cross section penetrating approximately 25 mm (1 inch) into the layer
below [29]. The mold was removed immediately in a vertical direction, eliminating twisting
motions, within 5 to 7 seconds by raising the mold 300 mm (12 inches) [29]. The slump was
determined by measuring the vertical difference between the top of the mold and the displaced
original center of the top surface of the specimen [29]. The temperature monitoring of the grout
followed the ASTM C1064/C1064M where ASTM C172 practices of sampling were used. The
temperature measuring device was positioned in a sampling container so that the end of the
temperature sensing portion was submerged in at least 75 mm (3 inches) of the grout for at least
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2 minutes and no longer than 5 minutes while being read to the nearest 0.5 °C (1 °F) [30]. Both
the records of the slumps and temperatures of the grouts are presented in Table 3-9. All grout
types were within the acceptable limits of the standard grout slumps except for grout type 4.
Grout type 4, consisting of cementitious materials 35% Portland cement and 65% fly ash, was
deemed flowable. The slump mold is 300 mm (12 inches) tall; slump judged as flowable refers
to only minute traces of the grout and its aggregate remaining on the slump apparatus after the
test. The consistency of grout type 4 with a flowable slump can be seen in Figure 3-11 (a) in
comparison to grout type 5, Figure 3-11 (b), which had a slump of 200 mm (8 inches). It was
decided that modifying only the water content would reduce the slumps of grout types 5-7 in
comparison to type 4 and not stray from the experiment’s intent. Since type 4 produced a
flowable grout and types 5-7 had the same and greater addition rates of the fine particle size
supplemental cementitious materials, it was inferred that subsequent slump testing would
produce flowable grouts. As this was not desired, the water content was reduced until type 5

produced a 200 mm (8 in) slump.

Figure 3-10: Slump Testing Apparatus
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Table 3-9: Grout Slumps and Temperatures

?_';?;; Slump Temperature
# mm in °C °F
1 ]228.6| 9 20.0| 68
2 |241.3] 9.5 | 21.1| 70
3 ]266.7| 10.5]| 20.6 | 69
4 Flowable 20.0 | 68
5 1203.2| 8 20.6 | 69
6 |215.9| 85 |21.1| 70
7 1266.7|10.5| 21.1 | 70

(a) Grout Type 4

(b) Grout Type5

Figure 3-11: Grout Consistency Comparison

3.3.2.2 Grout Specimens

Since the grout make-up is attributed to the prism compressive strength focus of these

experiments, it is important to know the compressive strength of the grout alone. Five specimens

of each grout type for each break day were made. The construction of grout specimens is detailed

in ASTM C1019. As prescribed in Section 6.2 of this standard, an alternative method of forming

specimens is tolerable and this option was used as this proved more resourceful. The alternative

method used a single specimen shape, method of forming, masonry unit type, and grout mix per

grout type being assessed [25]. A conversion factor based on comparative testing of ten pairs of
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specimens is used to modify the results from this alternative method and discussed further in
Section 3.4.2.1 of this thesis [25].

The CMU blocks described in Section 3.2.1 above were engaged in the construction of
the grout specimens. The method of filling the cores of these units was employed where the
seven variations of grouts detailed in Sections 3.2.3 and 3.3.2.1 above were poured into the CMU
cell. The construction of these specimens with this variant of mold simulates the in-situ
construction of the masonry prisms assembled with these grouts in the CMUs. A non-absorptive
plastic sheet was used a barrier between the grout specimens and the level location where the
molds remained undisturbed for 48 hours [25]. The layout of the CMU grout molds is shown in
Figure 3-12. Grouts used in the creation of grout specimens and the grouts used in the masonry
prisms were of the same batch. The CMU cell molds were filled within 15 minutes of obtaining
the final portion of the sample and filled with grout in two layers of approximately equal depth
[25]. Each layer was rodded 15 times with a tamping rod; the first layer was rodded through its
depth and the second layer penetrating approximately 12.7 mm (0.5 inch) into the lower layer
where strokes were distributed evenly over the cross section of the mold [25]. The top surface
was stuck off level with a straightedge to produce a flat surface that is even with the top edge of
the mold and left to cure with a wetted cloth draped over the top surface [25]. Demonstrations of

grout layering, rodding, and covering are shown in Figure 3-13.

Figure 3-12: Grout Mold Layout
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Figure 3-13: Grout Specimen Creation

The CMU mold was removed from the grouted core by first saw cutting the CMU and
then by striking off the face shells as depicted in Figure 3-14 and Figure 3-15. Saw cutting of the
mold was done just shallow enough not to cut into the grout to make the CMU face shells easy to
remove with little force. Immediately after mold removal specimens were placed in a moist
room of 100% humidity at 31°C (86°F) until the day of testing; Figure 3-16 depicts grout
specimens removed from their CMU molds in the moist room where they remained until capping

and subsequent compression testing.

Figure 3-14: Saw Cutting of Grout Specimen Molds
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Figure 3-15: Removal of Grout Specimen CMU Mold

Figure 3-16: Grout Specimens in Moist Room

3.3.3 Prism Specimens

Masonry prisms were assembled with the components of concrete masonry units, mortar,
and grouts previously defined by professional masons. Two CMUSs with one mortar joint either,
grouted or ungrouted, make up a single masonry prism test specimen. Prisms averaged a height-
to-thickness ratio of 2.06, which falls between accepted 1.3 to 5.0 ratios [12]. Procedure calls for
a modification of the compressive strength based on the height-to-thickness ratio. Table 1 of
ASTM 1314 indicates that a correction factor of 1.0 be used for a 2.0 ratio and 1.04 for a 2.5

ratio. Linearly interpolated the correction factor for a 2.06 ratio yields 1.0048, which is to be
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taken as 1.0. Component deviations from the ASTM 1314 governing compressive strength
masonry prism test specimens have been explained previously. The goal in the creation of the
masonry prism specimens is to be representative of those used in construction, especially in the
California, Nevada, and Utah areas. Five prisms at each test age for each of the grout types 1-7
and those without grout were constructed.

Prisms were constructed in an opened, moisture-tight bag large enough to enclose and
seal the completed prism on a flat and level base [12]. Units were laid in stack bond with full
mortar beds and were free of surface moisture at the time of construction [12]. Masons were
instructed to cut flush 10 mm (0.375 inch) mortar joints [12]. Prism construction is shown in
Figure 3-17. When prisms were to be grouted, they were grouted between 24 and 48 hours
following construction of the prism [12]. While waiting to be grouted prism specimens were
sealed in the moisture tight bag with a zip-tie. Prisms designated as hollow/ungrouted were
permanently sealed. Prior to grouting, mortar fins and droppings were removed from the prisms
as shown in Figure 3-18. Grout consolidation procedures representative of those used in
construction were used as demonstrated in Figure 3-19; grout was consolidated with a low force
vibrator where additional grout was placed into the prisms after consolidation. To have a more
uniform solidly grouted prism, reconsolidation and grout topping-off was necessary as the CMUs
absorbed water from the grout. Excess grout was screeded off level with the top of the prism.
Immediately following prism grouting, specimens were resealed in the moisture-tight bag.
Prisms remained in the moisture-tight bags until 48 hours before their respective test age. Prisms
stayed in their construction location for 48 hours. After 48 hours prisms were moved short
distances to a lesser traveled area of the laboratory where floor space consumption and possible
disturbance would be minimized. The prism construction location and storage location can be
seen in Figure 3-20 (a) and (b).
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Figure 3-19: Grout Consolidation
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(a) Construction Location (b) Storage Location

Figure 3-20: Prism Locations

3.4 Specimen Testing

The compressive strength testing of the various specimens, CMUs, grouts, mortar, hollow
prisms, and grouted prisms, are governed by their respective ASTM standard test methods. The
testing procedures, apparatus, and limitations are described in this section. Photographs, sample
identification, maximum applied force, maximum compression, testing time, and compression
rate were recorded at the time of compression testing. All specimens were tested on a Baldwin-
Tate-Emery Testing Machine, serial number 0401493 type UNIV, built by Baldwin-Lima-
Hamilton Corp. in 1956; See Figure 3-21. This machine’s load capacity is capped at 136.2 Mg
(300 Kips). The upper and lower platens are spherically seated; however, their size without
modification is inadequate. A metal plate of sufficient thickness, according to the dimension
requirements of ASTM C1314 Section 10.1 through 10.1.2 and Annex A1, was attached to the
machine’s upper platen by welding [12]; see Figure 3-22. The factory lower platen was
significantly larger than that of the upper; however, it still required an additional metal plate.
This plate could have smaller dimensions in comparison to the upper plate and it simply rested

on the lower spherically seated platen.
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ASTMs C1314, C1019, and C140 require that prism, grout, and CMU specimens be
capped in accordance with ASTMs C1552 and C617 respectively. ASTM C109/109M,
governing mortar cube compressive strength, specifies that the cube not be capped. All capping
was completed with a high strength gypsum cement capping compound, Hydrocal White

Gypsum Cement, which has the physical property of 34.5 MPa (5 ksi) strength.

Figure 3-21: Compression Testing Machine

Figure 3-22 : Welding of Testing Machine Upper Platen

The prisms and CMUs had loose protrusions of mortar and grout from construction. The
protrusions were removed from the surface with an abrasive stone on the top and bottom bearing

surfaces prior to capping [31]. The dried powered form of the gypsum cement was mixed with
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potable water in a mechanical mixer; see Figure 3-23. The rapidly curing gypsum and water
cement mixture was spread onto a capping plate. The capping plate was a 6 mm (0.25 inch)
thick glass 304.8 mm (12 inch) square with an oil coating for easy removal after drying [32]. A
CMU block was placed on the top side of the glass capping plate creating an even pressure; the
gypsum cement cap was, by observation, an average 3 mm (0.125 inch) in thickness [31]; see
Figure 3-24. Capping was performed on a flat surface where capped specimens would not be
disturbed until after they had dried [31]. If caps were deemed imperfect, they were removed and
replaced with new ones [31]. No specimen receiving a cap was tested prior to at least 2 hours’
worth of drying time [31]. Figure 3-25 shows a prism after receiving a gypsum cap. Prism
specimens that appeared to have been disturbed or had significant grout shrinkage were
discarded prior to capping. Disturbed specimens appeared to have CMUSs that were misaligned
or had gaps in between the mortar and CMU in one or more locations.

Grout compressive strength specimens were capped very similarly to prism and CMU
specimens. It was not necessary to place a CMU block on the grout specimen to ensure it being
plumb. Both bearing surfaces could be capped at the same time which helped to guarantee that

no cap was off-centered.

Figure 3-23: Mixing of Gypsum Cement Cap
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Figure 3-25: Capped Prism

3.4.1 Concrete Masonry Unit Compressive Strength

At minimum, 3 concrete masonry units were tested for their compressive strength at age
intervals 14, 28, 42, 56, and 90 days. CMU testing within the scope of this research is not
necessary; however, including the strength of the CMUs at the same intervals as grout, mortar,
and prism specimens can help to attribute strength gains or losses to the appropriate prism
constituent as well as insure that specimens perform as expected according to similar studies of
compressive strength of masonry prisms. The testing procedure for concrete masonry units used
is detailed in ASTM C140 Section 7.4. The CMUs differ from the prism CMUSs in their potential

moisture content. The prisms were sealed in moisture-tight bags which they were removed from
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two days prior to compression testing where condensation was present on the interior of the bags.
However, no CMUs had surface moisture present during compression testing [20]. Specimens
were identified by their appearance, (single CMU), age in respect to prism, grout, and mortar
samples, as well as specimen number. The area of the CMU specimens used in conjunction with
the maximum recorded compressive force were presented previously in Table 3-2, expressed as

the hollow/ungrouted bearing area, explained in Section 3.2.1 of this report.

3.4.2 Mortar Compressive Strength

The Standard Specification for Mortar for Unit Masonry indicates that compressive
strength is to comply with Test Method C109/109M [26]. Mortar specimens were tested
immediately upon removal from the moist room with their surfaces deprived of free moisture
[27]. Bearing surfaces were plane and found to be parallel to each other. Specimen centroids
were placed in line with the loading axis of the testing machine with platens that were free to tilt
[27]. A strain rate was employed for consistency and ease of use with the testing computing
software. The area used with the recorded loads to obtain units of pressure is displayed in Table
3-10. The measurements shown in this table are the result of measuring and averaging a group

of 12 mortar cube specimen dimensions.

Table 3-10: Mortar Cube Dimensions

Average Dimension Average Area
mm in mm in
51.20 2.02 2621.59 4.06
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3.4.3 Grout Compressive Strength

Duel governance of the measuring of compressive strength of masonry grout is found in
ASTMs C1019 and C39. Both test methods stress the importance of testing grout in a moist state
[25, 33]. Test specimens were removed from the moist room, capped, and subsequently
compression tested after the allotted two hour gypsum cap drying period. A continuous loading
rate was applied through the duration of the test in a similar method as CMU, mortar, and prism
specimens. Strain rate, rather than stress rate, controlled the loading force; for example, a
majority of the specimens were loaded at 1.27 mm/min (0.05 in/min). Load was applied until a
fracture pattern was visible and the load indicator had significantly decreased in value [33].

Area of the grout specimens, which were derived from extracting the filled cores of
CMUs, was determined from averaging the area of 12 grout specimens. The perimeters of the
specimen bearing surfaces were traced. Their outline was measured with a planimeter resulting
in an area measurement. The area of the top of the grout specimen is slightly smaller than that of
the bottom. The area of the top and the bottom was averaged to find one area for each specimen.
A single area describing all of the grout specimens was determined by taking the mean of the 12

specimen sample which was found to be 14,064 mm? (21.8 in?).

3.4.3.1 Method Conversion Factor

As mentioned in Section 3.3.2.2, it was necessary to establish a conversion factor
between the standardized ASTM method of testing masonry grout and the method utilized in this
testing program. The standard method described in ASTM C1019 of forming grout specimens
was employed on a total of 12 samples and another 12 core-filled samples were created to
establish the conversion factor between the two methods. A separate batch of grout, mimicking

grout type 1, for this experimentation was manufactured (Table 3-11 for the grout mix used). A
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slump of 215.9 mm (8.5 inches) with the grout at 18.9°C (66°F) in a 20°C (68°F) ambient
environment was recorded. The grout was mixed according to specifications in a 0.28 m® (10 ft)
Essick mechanical mixer. Due to the later date at which the comparative groups were made,
CMUs and fine and coarse aggregate in-situ moisture contents were again determined. Table
3-12 and Table 3-13 show the summary of the moisture testing. The aggregate absorption
previously reported is held as the absorption values for these same aggregates.

Specimens receiving the standardized treatment were poured into a mold formed by four
CMUs with a 100x100x9 mm (4x4x0.35 inch) non-absorbent acrylic block used as a spacer. A
paper liner was used as a permeable barrier between the CMUs and the grout for easy removal of
the molds; refer to Figure 3-26 for depiction. The grout specimens were cured with a moist
towel covering the top for a period of 48 hours; after which they were removed from their mold.
The specimens were saw-cut to form bearing surfaces that were 88.9 mm (3.5 inches) in length
and width and with a height of 177.8 mm (7 inches), which was within the permissible 5%
tolerance. Actual recorded dimensions are shown in Appendix A while dimensions used for
bearing area and required height to width ratio are presented in Table 3-14.

Specimens in the conversion group utilizing the filling of CMU cores followed the
method outlined in Section 3.3.2.2. All 24 specimens making up the conversion group were
compression tested on the same day and on the same testing apparatus after following
compression testing and capping methods explained in Section 3.4 and 3.4.3. Specimen results
are available in Appendix A. Data was treated as will be described in Section 4.2. The
conversion factor being used to relinquish differences between the two methods of grout testing

is 1.11 times the recorded values.
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Table 3-11: Conversion Group Grout Design

. Weight Water
Constituent . . .
Contribution JCement Ratio
ke | Ib | %
Sand 80.8/178.1|50.2
G | 34.2| 75.4 |121.3
rave 0.843
Free Water 21.0| 46.2 113.0
Portland Cement|24.9| 54.8 [15.5

Table 3-12: CMU Moisture Content for Grout Conversion Group

Moisture
Content
%
0.801
0.809
0.685
0.692
0.810
0.687

Sample

AN IWIN|F &

Table 3-13: Aggregate Moisture Content for Grout Conversion Group

Aggregate | Moisture
Type Content

%
Fine 0.00119
Coarse | 0.00067
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Table 3-14: Conversion Group Dimensions

Average
Average Average . Average
Width Height Height to Area
8N | Width Ratio
mm | in | mm | in mm? | in?
88.47(3.48]176.04(6.93 1.99 613.14|24.14

Figure 3-26: ASTM Standardized Grout Specimen

3.4.4  Prism Compressive Strength

Just prior to the compressive strength test, prism specimens were measured in accordance
with Section 8.2.1 of ASTM C1314. Of particular interest was prism height for strain
measurements. Also measured, but not specified in the test method, was the thickness of the
mortar joint. While the experienced masons constructing the prisms were instructed to assemble
the prisms with a 10 mm (0.375 inch) mortar joint thickness, mason perception of this distance
can vary. Mortar thickness can play a role in the compressive strength of the prism, especially in

ungrouted prisms [15]. The average mortar thickness was determined to be 12.3 mm (0.48
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inches). A summary of the average height and mortar thickness of individual specimens is given
in Table A-6 and Table A-7 of Appendix A.

Prisms were seated in the testing machine on cleaned platens with centroidal axes in line
with that of the machine’s loading axis. The platens were checked to ensure their ability to pivot
freely. While half of the expected load can be applied to the prism specimens at any rate, a
continuous strain rate was applied from initial loading until failure. The latter half of the loading
is specified to be completed at a uniform rate taking between 1 and 2 minutes [12]. Often,
prisms which have failed under loading did not possess enough external physical characteristics
to determine a mode of failure. Specimens that exhibited this behavior experienced an additional
duration of loading until enough evidence of a mode of failure was present [12]. Compressive

strength of each masonry set is to be reported to the nearest 69 kPa (10 psi) [12].

44



4  Results

4.1  Overview

Results of the compression testing performed on the CMUSs, grouts, mortar, and prisms
are presented in this chapter. Supporting documentation for the cause of the expected/
unexpected results and required ASTM reporting are included. Modification of the data, as was
necessary, is discussed. Individual specimen results are located with additional supporting tables
and figures in Appendix A and Appendix B which are pertinent to the overall results presented

within the following sections. Stress/strain curves are presented in Appendix A.

4.2 Data Treatment

The bulk of the data and all compression testing were recorded by the Instron Merlin
software which monitors the UNIV Baldwin testing machine, with time (sec), either a positive or
negative extension (inches), and load (kips) being the essential measured quantities. Time is
important as the specimens must break within 1 to 2 minutes after reaching half of the expected
compressive strength. As aforementioned, the machine relies on a constant rate of strain. A rate
of strain to match a 2 to 4 minute testing beginning with no load and ending with failure was
used to attempt to adhere to time-to-failure restrictions and software limitations. The total

extension is a function of the extension rate and the time until the maximum load is achieved.
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Extension is used with original specimen height to calculate strain. Load is used in conjunction
with the area of the specimen loading surfaces to obtain stress.

Modification to the recorded data becomes necessary when a number of initial conditions
are present. The software program allows for resetting of the extension gage just prior to testing.
As minute changes are recorded, often the first recorded measurement is either slightly less than
zero or slightly more. The same situation can be applied to the load. The initial extension and
load just prior to the beginning of the testing should both record zero. Initial extension and load
recorded at the beginning of the test is subtracted out of all of the respective points. Depending
on whether or not the gages were reset or what the initial readings indicate become irrelevant.

When the specimen is placed on the lower platen, the upper platen toggles are used to
cover the relatively large distance between the upper platen and the top bearing surface of the
specimen being tested. The upper platen is brought into contact with the top of the specimen,
after which the lower platen toggle is used to move the entire specimen in full contact with both
platens. This process is followed as the upper platen moves more rapidly and loading is not
permitted to initiate from the upper platen toggles; due to the sensitivity of the device, the
loading force is supplied by the hydraulics below the lower platen. Upon moving the platens
into position the specimen can become slightly pre-loaded; this force is the load “zeroed” as
prescribed above. More often than not, the initial location of the platens is not enough to
accommodate for the specimen’s settlement into position. A large portion of the recorded
extension can come from the settlement. Inaccuracies in strain are calculated as a result. The
time recorded to cover this essentially moot compressional strength loading period can be
extensive and hard to predict. Break times can seem drawn out; when in actuality the loading

period is satisfactory.
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To account for the strains and corresponding stress recorded during the settlement phase
additional data modification is necessary. Figure 4-1 shows a typical stress strain curve without
data modification. While not noticeable on this scale, the first recorded point is not at zero stress
and zero strain. This was removed with the remedy described above. Notice the initial strain up
to approximately 0.5%. This flat portion of the graph is deemed as specimen settlement;
however not all of this may indeed be settlement and settlement data points could still be of
importance. A standardized procedure was discretionarily chosen to account for settlement. It
was first assumed that any stress less than 1% of the maximum stress went to settlement. When
stresses were recorded less than this amount both the stress and corresponding strain were set
aside. The set aside stresses and strains were averaged generating one new data point. This new
data point is used as the starting point of the graph- in other words the new origin. To do so, the
averaged stress result was removed from the remaining data points; the same was done for the
strains. Figure 4-2 comparatively shows the stresses and strains with the data modified. While
there still appears to be some settlement taking place, a larger settlement recording such as in this
example is dramatically reduced. When less settlement was recorded initially, the graphical
representation has little effect to the flattened beginning to the curve.

Figure 4-1 and Figure 4-2 also differ in that the modified data does not include all of the
recorded data after the maximum recorded stress. For samples that required additional stresses
and strains to induce a visible and easily recognizable failure mode many data points were
recorded after failure. For presentation purposes, after the stress has decreased 50% of the

maximum recorded, the graph is terminated.
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Figure 4-1: Example Unmodified Stress vs. Strain Curve
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Figure 4-2: Example Modified Stress vs. Strain Curve

Data reduction is viable and applicable to the maximum recorded stresses. When
specimen quantity is greater than three it is appropriate to determine if the recorded strengths are

related to each other. Since a set is defined within the various ASTMs to be composed of three
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specimens reductions of certain specimen types is not feasible [12, 18]. Methods used for
determining whether data is reducible can change the results and change the conclusions based
upon those results. Compressive strength results from every test for each specimen type and age
that has been recorded has been presented in Appendix A. All of the reported results are used in
establishing the average compressive strengths rather than eliminate specimens for excessively
high or excessive low strength in order to reduce bias stemming from a selection of a reduction
method. At all times three or four specimens of each variation and age are used in the
computation of the reported average compressive strength. After the average compressive
strength is determined it is then rounded as instructed by ASTM C1314.

The data modification tactics detailed above alters the data slightly from that outputted by
the computer software. The compressive strengths reported for the prisms are of that determined
as a result of the modified data. The compressive strengths of the CMUs, mortar, and grout are
of the unmodified data. The greatest advantage of data modification is to correct stress strain
curves. Since graphical representations of the stress and strain during a specimen test is not
essential to the CMUs, mortar, and grout, no modification on these specimen types has been
performed. In order to justify comparisons between unmodified and modified data, Table 4-1
has been prepared. This table presents unmodified and modified compressive strengths of the
CMUs. The percent change in the data is deemed small enough to make direct comparisons

between reported unmodified and modified compressive strengths.
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Table 4-1: Unmodified and Modified CMU Compressive Strength Summary Comparison

Test Relative i Percent

. Average Compressive Strength

Period Age Change

Modified Unmodified

# days MPa psi MPa psi %
1 14 25.30 3670 25.37 3680 0.27
2 28 23.30 3380 23.30 3380 0.00
3 42 26.20 3800 26.27 3810 0.26
4 56 26.54 3850 26.61 3860 0.26
5 90 27.65 4010 27.92 4050 1.00

4.3  Concrete Masonry Unit Compressive Strength

Compressive strength summaries for the concrete masonry units are given in Table 4-2
and Figure 4-3. Based on the results, the target strength of the CMUs is most likely 24.1 MPa
(3500 psi). The ages of the CMUs are unknown. CMU specimens are represented by a relative
age which coincides with the age of other types of specimens. Both the ages relative to the time
after construction and the test period are provided to deter from identifying that the actual ages of
the CMUs are the same as other specimen types; test period 1 with a 14 day relative age

corresponds to the 14 day actual age of the mortar, grout, and prism specimens.

Table 4-2: CMU Compressive Strength Summary

. Average
Test Relative .
. Compressive
Period Age
Strength
# days MPa psi
1 14 25.37 3680
2 28 23.30 3380
3 42 26.27 3810
4 56 26.61 3860
5 90 27.92 4050
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Figure 4-3: CMU Strength vs. Relative Age Summary

4.4  Grout Compressive Strength
Seven variations of grout were tested for the purpose of obtaining their maximum
compressive stress capacity. The summaries of the strength of these grouts over time are

summarized in Table 4-3 and presented graphically in Figure 4-4.

45  Mortar Compressive Strength
Summaries of the mortar compressive strength results are shown in Table 4-4 and Figure

4-5.
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Table 4-3: Grout Compressive Strength Summary

Average
Grout Age Compressive
Type Strength
H days MPa psi
14 21.99 3190
28 23.44 3400
1 42 26.89 3900
56 25.10 3640
90 32.13 4660
14 9.03 1310
28 14.34 2080
2 42 17.65 2560
56 22.96 3330
90 28.41 4120
14 7.58 1100
28 11.86 1720
3 42 17.79 2580
56 18.41 2670
90 24.13 3500
14 4.00 580
28 6.41 930
4 42 11.03 1600
56 12.41 1800
90 17.24 2500
14 18.34 2660
28 17.72 2570
5 42 31.58 4580
56 31.30 4540
90 35.03 5080
14 18.68 2710
28 17.65 2560
6 42 23.65 3430
56 26.34 3820
90 30.61 4440
14 10.07 1460
28 11.86 1720
7 42 14.89 2160
56 16.75 2430
90 18.34 2660
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Figure 4-4: Grout Strength vs. Age Summary

Table 4-4: Mortar Compressive Strength Summary

Type 2

Type 3 =~ Type4d

. Average
Relative ]
Compressive
Age
Strength
days MPa psi
14 18.00 2610
28 19.10 2770
42 23.58 3420
56 18.41 2670
90 21.72 3150
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Figure 4-5: Mortar Strength vs. Age Summary

Prism Compressive Strength

Per ASTM C1314, the mode of failure should be described and illustrated [12]. Figure

4-6 shows the failure mode descriptions with a classification and visual representation while

Table 4-5 shows the shorthand numerical designations for failure mode classifications used in

this thesis. Appendix B contains photographs of failed prisms specimens for verification of the

prism failure mode designations assigned in Table 4-6. While the prisms were loaded until a

failure mode was present it was often difficult to assess which mode of failure was the mode that

had occurred. In Table 4-6 there are cells that contain two failure mode identification numbers.

The dual numbers indicate that it is probable that either of the two failure modes are the actual

failure mode but either small fracture patterns or a failure which obliterated evidence made

assigning a single mode of failure divisive.
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The summaries of the compressive strength of the eight prism variations are shown in

Figure 4-7 and summarized in Table 4-7.

L A A X

Side A (End) A B A B
(Front)

(a) Side Reference (b) Conical Break (c) Cone & Shear (d) Cone & Split

{

H o# A
x 7

(h) Face Shell
Separation

(f) Semi-Conical

Break (9) Shear Break

(e) Tension Break

Figure 4-6: Failure Mode Representations [12]

Table 4-5: Failure Mode Designations

. Number
Failure Mode . .
Designation
Conical Break 1
Cone & Shear 2
Cone & Split 3
Tension
4
Break
Semi-Conical
5
Break
Shear Break 6
Face Shell 7
Separation
Not Available 8
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Table 4-6: Prism Failure Mode Evaluation

Age |Specimen Grout |Failure] Grout |Failure] Grout [Failure | Grout [Failure| Grout |Failure| Grout |Failure] Grout |Failure | Grout [Failure
8 P Type | Mode | Type | Mode | Type | Mode | Type | Mode | Type | Mode | Type | Mode | Type | Mode | Type | Mode
days # # # # # # # # #
1 2 7 1 3 8 8 4 2
14 2 5 5 3 2 3 3 5 3
3 2 3 2 3 2 5 4 2
1 3 2 1 3 1 6 3 3
2 3 3 1 2 1 6 3 2
28
3 3 3 1 2 3 5 2 3
4 3 1 1 2 1 3 3 2
1 3 5 3 3 3 2 5 2
0 2 4,5 1 2 2 1 5 5 3
3 0 3 1 3 2 5 3 2 4 5 5 5 6 2 7 5
4 5 5 5 3 2 5 5 5
1 2 3 1 2 2 1 5 2
56 2 5 1 5 3 2 3 5 2
3 4,2 1 2 5 5 1 2 1
4 4,5 1 3 3 3 2 5,6 1
1 6 2 2 5 5 2,5 5,6 3,6
90 2 3 2 5 2 6 1 5,6 2,5
3 3 2 5,6 2 6 1,5 2,6 2,5
4 3,6 5 5,6 6 3 1,6 3 1
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Figure 4-7: Prism Strength vs. Age Summary
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Table 4-7: Prism Compressive Strength Summary

Average
Grout .
Type Age Compressive
Strength
days MPa psi
14 22.68 3290
28 19.65 2850
hollow 42 19.24 2790
56 23.03 3340
90 24.75 3590
14 22.13 3210
28 20.06 2910
1 42 24.82 3600
56 26.20 3800
90 25.51 3700
14 22.13 3210
28 16.41 2380
2 42 20.48 2970
56 20.96 3040
90 24.20 3510
14 14.75 2140
28 15.58 2260
3 42 18.00 2610
56 17.58 2550
90 21.51 3120
14 14.75 2140
28 14.41 2090
4 42 15.44 2240
56 18.41 2670
90 18.55 2690
14 21.17 3070
28 22.06 3200
5 42 26.89 3900
56 25.51 3700
90 28.41 4120
14 18.82 2730
28 18.48 2680
6 42 23.99 3480
56 22.96 3330
90 25.03 3630
14 18.00 2610
28 15.72 2280
7 42 19.44 2820
56 22.34 3240
90 23.99 3480
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4.7  Result Comparisons

In the Building Code Requirements and Specification for Masonry Structures the
requirements for the specified compressive strengths of both grout and masonry are detailed.
Since only the code commentary mentions curing ages for strength development, it is inferred
that the 28-day compressive strength is the strength referred to in the specifications due to the
upper bound limitations. The code requires f'y, to either exceed or be equal to 10.3 MPa (1,500
psi) but be no greater than 27.6 MPa (4,000 psi) and f', to exceed or be equal to that of f'n [11].
The ASTM Standard for grout stipulates its minimum strength at 14 MPa (2000 psi) at 28 days
[18]. Table 4-8 summarizes the compliancy of the grouts and prisms to the ASTM Standards. In
this table, an ASTM compliant grout reaches 14 MPa (2000 psi) by 28 days. Since no prism
through 28 days achieved strength of 27.6 MPa (4,000 psi), a compliant prism has at least a
compressive strength of 10.3 MPa (1,500 psi) by 28 days.

Building code compliance is determined using the specified compressive strength of
components. The prisms and grouts tested for this research had no specified compressive
strengths. The research intended on finding the compressive strengths with a grout, likely
specified at 27.6 MPa (4000 psi), altered by changing the cementitious material composition.
The strength, as a result, changed and each grout type no longer had a specified compressive
strength. The prisms also had no specified strength. With grout type 1, the 24.1 MPa (3500 psi)
CMU, and the 17.2 MPa (2500 psi) mortar, system strength would indicate that the specified
compressive strength of this specific arrangement would likely be 20.7 MPa (3000 psi); the
prism results agree. The grout would have a greater specified compressive strength (27.6 MPa)
than the specified compressive strength of the prism (20.7 MPa) and compliancy could easily be
validated with testing of the grout and prism. For the remaining six types of grout and prisms
code system compliancy assertion is impossible because components have no specified
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compressive strength. In order to make compliancy system assertions in this regard the actual
compressive strengths of the grouts and prisms would have to be considered the specified

compressive strengths.

Table 4-8: Strength of Grouts and Prisms Compliancy

Prism ASTM and .
Grout Grout ASTM o Grout Building
. Building Code .
Type Compliancy i Code Compliancy
Compliancy
hollow NA COMPLIANT NA
1 COMPLIANT COMPLIANT COMPLIANT
2 COMPLIANT COMPLIANT NA
3 NON-COMPLIANT| COMPLIANT NA
4 NON-COMPLIANT| COMPLIANT NA
5 COMPLIANT COMPLIANT NA
6 COMPLIANT COMPLIANT NA
7 NON-COMPLIANT| COMPLIANT NA

4.8  Data Inconsistencies

Inconsistencies are observed in the compression results of various specimens. Perhaps
the most obvious and regular form of discrepancy is strength loss. Strengths of specimens at 14
days should be the lowest recorded value of compressional strength as strength gain occurs as
concrete cures. In addition, prisms with grout that contain fly ash and slag should cure more
slowly and higher strengths should be observed with larger strength gains between testing ages.
The results from this study show dips in strength at the 28-day age. While this is of concern, it
does not affect any conclusions that can be drawn about whether or not prisms attained
compressional strength minimums due to the fact that even the lowest recorded strength of a

prism is well in excess of the minimum required. Most concern is with grout specimens that dip
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in strength at the 28-day age testing period. The strengths of the grouts are significantly weaker
than that of the prisms, as expected. Every bit of strength gain is relevant to the conclusions.
This research intends on extending the addition rates of supplementary cementitious materials or
the time at which strength must develop. With strength reduction at 28 days and 28 days being a
prominent test age for grout, some reliability apprehensions in the accuracy of the results ensues.
Either 14-day tests results are “too high” or 28-day test results are “too low”. Attempting to
distinguish which result is most probable is inconclusive. When comparing the grout strength to
that of the prism strength for assessing compliancy to the building code as discussed in Section
4.8, the dips in strength for both the grouts and prisms make this assessment much more difficult.
Refer to Table 4-9 for an example of when the grout loses strength between the 14 and 42-day
tests. This grout would be determined to be non-compliant to the specified compressive strength
of grout building code requirements. Since the prism is developing strength much slower than
that of the grout and by observing the strengths at the 14 and 42-day ages it can be asserted that

if it were not for the strength loss inconsistency this grout would be code compliant.

Table 4-9: Example of Grout and Prism Strength Dip Comparison

Grout Prism Average Grout Average

Type Age Compressive Compressive
Strength Strength

days MPa psi MPa psi

14 21.17 3070 18.34 2660

28 22.06 3200 17.72 2570

5 42 26.89 3900 31.58 4580

56 25.51 3700 31.30 4540

90 28.41 4120 35.03 5080
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Since there was difficulty in assessing an appropriate strain rate at which to set the
loading apparatus, specimens underwent changes in this rate apparent to trial breaks and was
further refined as testing progressed. Consistency and the effect of the rate was discovered
during experimentation and not prior. Some test specimens required greater strains in order to
eliminate any settlement and subsequently time for loading making a 1 to 2 minute second half
of loading difficult to predict. When specimens undergo increased strain rates or receive loading
quicker than anticipated, strengths should be elevated as indicated by Maurenbrecher’s testing
procedures research and confirmed through a series of laboratory variable rate testing on CMUs
[17]. Further, slower rates should induce lower compressive strengths. Even with these
accepted notions of loading rates, specimens did not necessarily perform in these manners. A
few specimens achieved higher, in relation to others of its kind, strength recordings while being
tested for longer than average durations.

Discrepancy with ultimate strength can further be attributed to machinery limitations and
specimen fabrication methods when considering end bearing affects at the platens. The lateral
confinement at the tops and bottoms of the prisms increases the apparent compressive strength
and changes the mode of failure to a shear mode which is not observed for walls or for prisms
composed of more courses [15]. A shear failure mode was quite common. While prism
specimens do meet minimum height to width ratios for testing, perhaps adhering to the minimum
number of courses rather than the maximum is not as representative of real construction. Itis
important to note, however, that all specimens in testing undergo platen confinement and
comparisons between them become more reasonable. Grout specimens require at least a 2:1
height to width ratio. Core filled and extracted specimens were slightly below this requirement.
Even with a satisfactory conversion comparison group, induced failure modes are quite different
than of those projected and, based on observation, different than the failure of the grout within
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the prisms. Effects of removing the grout specimens from their CMU core molds are also
unknown and it is unclear whether the conversion comparison group eliminated these effects.

Fluctuation in the strength gain figures can be further attributed to researchers.
Specimens were tested by a small group of students while methods remained similar, fatigue or
imprecision with specimens can result in inaccurate assessments of strength. For instance,
misalignment of a specimen’s axes with that of the loading device, assuring platen
maneuverability, or disturbance of a specimen, can all result in strength recording variations.
The prisms were also handled to a greater extent than any of the other specimens. Prisms
weighed close to 36.3 kg (80 Ib) and relocating and rotating were necessary for capping;
incidental or unnoticed disturbances and induced moments on the assembly can break the
chemical and physical bond between the mortar and the CMUs.

The mortar of the prisms exists to provide uniform bearing and bond individual units into
a composite assemblage [2]. The thicknesses of the mortar were, measuring at mid-length of
each prism specimen, not uniform and the average mortar thickness was greater than the required
10 mm (0.375 in) thickness. A thicker mortar bed can correspond to a lower compressive
strength [15]. The mortar thickness would be of greater concern had the prisms not attained
minimum compressive strength or were not fully grouted. Lower strengths can be attributed to

the thickness of the mortar but it does not impact the conclusions of this thesis.
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5 Conclusions

5.1 Summary

A prism testing scheme was devised to determine if the addition rates of supplemental
cementitious materials to masonry grout could be increased to promote the economic and
environmental benefits and feasibility of masonry construction. Grouts with higher than
currently allowed addition rates had previously been tested by the CMACN. Grouts that do not
meet the ASTM strength at a 28-day curing age or the proportioning requirements could be used
in solidly grouted prisms to see if the assemblage could meet masonry strength minimums.

Constituents of the masonry prisms were tested for the purpose of comparing their
strength gain over time to that of the masonry prisms. Simultaneous research conducted with
mortar types N and S identical to this report’s scope as well as more expansive research on the
seven variations of the grouts can be referenced. Previous CMACN research and adherence to
their material selection and ability to gather necessary materials narrowed the scope of this prism
testing scheme. This report focused on the compressive strength of masonry prisms. Prism
compressive strength testing should mimic the construction scenarios. While the materials
selected as representative of those used in California, Nevada, and Utah and methods of testing
are consistent with the various codes and standard practices, prism failure modes under axial
compression resembling that of failure found in concrete masonry walls are more accurately

modeled with a larger height-to-thickness ratio than of that used in this testing scheme.
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CMUs, type M mortars, grouts, and prisms were tested for strength against compressional
loading. Prism recorded data was modified to eliminate the effects of specimen settlement and
irrelevant pre-loading stresses and strains; some discretionary practices are used. All CMU,
mortar, grout, and prism specimen recordings were used in computations of average compressive
strengths to portray the most credible data and eliminate outliers while not advancing any
preconceived agenda. Averaged values of compressive strength are reported. Grout specimen
results are modified by a conversion factor determined by testing and comparing the ASTM
standard method for testing masonry grout and the core-filled and extraction method employed
in this testing scheme. Prisms are further evaluated by reporting a failure mode. Inconsistencies

and discrepancies with the results are discussed at length.

5.2  Findings

The strength of the block is attributed to most of the strength of the prisms and should the
prisms had not made strength a remedy of increasing the block strength could be employed. Had
the minimum compressive strength CMU been chosen the results could have changed
significantly. Mortar strength progresses to well over 10.3 MPa (1500 psi) within 14 days,
which is all it must attribute to the prism strength to meet f',. However, mortar in the prism is
stronger than the cubed mortar specimens because water is absorbed by the units which reduces
the water-cement ratio. The mortar strength has effect on the prism compressive strength but at
all times the mortar itself is not the factor that is the most hindering to the overall compressive
strength in this experimentation.

Grout types 1, 5, and 6 achieved the minimum 13.8 MPa (2000 psi) strength at 14 days
and these grouts along with type 2 meet 28-day strength requirement. All grouts eventually

achieve this strength; however types 3 and 7 do this at 42 days. The types that do not meet
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strength at early ages also impede on the compressive strength of the prisms. When the grout
compliancy depends on both the ASTM Standards and that of the building code, with the
specified compressive strength assumptions asserted in Section 4.7, the only code compliant
grout is type 1. Prisms with grout types 3, 4, and 7 have the lowest compressive strengths.
Prisms with type 7 grout eventually gain equitable strength in comparison to hollow prisms at the
latest age.

Even with data inconsistencies as discussed in Section 4.8 of this report, all prisms, using
a mean strength, attained the minimum specified compressive strength of masonry. This strength
was also achieved at 14 days after specimen construction, leading one to conclude that weaker
grouts could be used and minimum strengths can still be reached. Since a majority of the prisms
were not using grouts up to code standards it is evident that the strength of the grout has small
influence on the compressive strength of the masonry. Since the masonry code intertwines the
compressive strength of masonry with other aspects not related to compressive strength of
masonry a solid, and singular conclusion about whether addition rates of supplementary
cementitious materials to masonry grout can be increased based solely on this testing scheme is
impossible. Understanding that the assumptions of the masonry code in using f'm rather than f'g
limit the strength of the grout to that of the masonry and thus limit the physical make-up of the
grout.

Relying on both grout and prism data the primary deduction that evolves is that there
should be more distinctive and further unrelated ASTM standards for masonry grout and
concrete. Grout compressive strength testing determined by this research and by that of
Twinning Laboratories conclusively indicates that larger addition rates of both fly ash and fly
ash-slag to masonry grout is plausible and falls within the bounds of 28-day strength
requirements. Portland cement in concrete masonry grout can be replaced with 45 % class F fly
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ash. Portland cement in concrete masonry grout can be replaced with 25% class F fly ash and 50
% ground granulated blast furnace slag for a total replacement of 75%. Stretching of the allotted
strength development time to 42 days can further increase these addition rates promoting
extensive use of up to 55% replacement of Portland cement with fly ash and up to 85% of
Portland cement with a fly ash-slag combination. When strength development relies primarily
on compressive strength alone or when time can be allocated to further strength development for
the purpose of using higher addition rates to benefit both project costs and environmental efforts
these increased addition rates can be used, advancing this tool in sustainable design for
engineers.

With the current masonry and ASTM specifications, the use of the supplementary
cementitious materials of fly ash and slag should be more abundantly employed in masonry
structures. The strengths of the prisms in this experiment with code compliant grouts using the
recycled materials are comparable to that of the control group with an all Portland cement based
grout. The current justification of not employing grouts with supplemental cementitious
materials is the reliance on the unit strength method. Straying from the unit strength method, the
cost savings from reduce Portland cement contents can be even more dramatic with higher
addition rates in the code as advocated above. The costs referred to are monetary and not in
terms of resources, as the use of the supplemental cementitious materials fly ash and slag have
environmental benefits as well. Straying from the unit strength method and using the prism test
method will encourage grout designs that incorporate recycled materials producing masonry

structures that are more environmentally responsible and cost conscious.
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5.3  Recommendations for Further Research

The Building Code Requirements and Specification for Masonry Structures employs the
specified compressive strength of masonry throughout. It is important that the results reported
here are conservatively represented in the equations that employ f'm. Modulus of elasticity,
nominal axial, shear, and combined strength of anchor bolts, axial, shear, and bearing strength,
development length of reinforcing bars, unreinforced masonry, allowable forces, deflection,
flexure, and shear equations all involve and rely on f'y. Since the code stipulates that the
specified compressive strength of grout, f'g, be at least that of f'y, further tests assuring that lower
actual compressive strengths of grout, do not disrupt the intensions of reliable design with
masonry code equations are necessary. Prisms that approach the lower boundary strength would
help to ensure that the grouts are stronger than the prisms and aid in code compliancy. This
could be achieved by experimenting with lower strength CMUs.

Intentionally the water content was held constant and only adjusted to ensure that grouts
would meet slumping requirements. This deliberate addition of water made for direct
comparisons of all grout types. With the addition of the supplemental cementitious materials the
slumps increased due to particle size and shape. Future testing could limit the slumps of each
grout variation to 200 mm (8 in) which would decrease the water cement ratio and increase
strength while not inhibiting workability. It could then be proved that by specifying and
controlling slump that addition rates of supplemental cementitious materials could be increased
further.

Methods of mixing the grout batches can also be researchable to determine if the
aggregates and fine particles of the cementitious materials are evenly distributed. If during the
mixing, water segregated or prevented a homogenous batch the potential for hydration and
cementing is limited which would reduce compressive strengths. This research limited the
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quantities of fly ash in the fly ash-slag combination to 25% of the replacement cementitious
material. Fly ash-slag combinations in concrete have established guidelines for their respective
addition rates. However, high replacement proportioning and mixing must further be understood

and re-explored in order to establish new replacement guidelines specified to masonry grout.

68



10.

REFERENCES

Callister, W.D. Fundamentals of Materials Science and Engineering: An Integrated
Approach. 2nd Edition. John Wiley & Sons, Inc.: HoBoken, NJ. 2005.

Drysdale, R.G. and Hamid, A.A. Masonry Structures: Behavior and Design. The Masonry
Society: Boulder, CO. 2008.

Reddy, B.V.V. and Vyas, C.V.U. Influence of shear bond strength on compressive strength
and stress-strain characteristcs of masonry. Materials and Structures, 2008(41): p.
1697-1712.

Wang, C.-K., Salmon, C.G., and Pincheira, J.A. Reinforced Concrete Design. 7th Edition.
John Wiley & Sons, Inc.: Hoboken, NJ. 2007.

Scheetz, B.E. and Earle, R. Utilization of fly ash. Current Opinion in Solid State & Materials
Science, 1998. 3: p. 510-520.

Sindel. GGBS: A Sustainable Solution for Concrete. The Structural Engineer, 2007. 85(9):
p. 22.

Korany, Y. Utilizing slag generated from iron and steel industry in producing masonry units
and paving interlocks. 2000 Annual Conference - Canadian Society for Civil
Engineering. 2000. London, Ont., Canada: Canadian Society for Civil Engineering.

Fly-Ash Based Cellular Light-Weight Concrete. 2001; Available from:
http://www.systembuilding.com/sb/article.htm.

Vitkus, L. Testing for Analysis of High Replacement Fly Ash in Masonry Grout. 2010,
Twining Laboratories: Long Beach.

Vitkus, L. Testing for Analysis of High Replacement Fly Ash and Ground Granulated Blast
Furnace Slag in Masonry Grout. 2010, Twining Laboratories: Long Beach.

69


http://www.systembuilding.com/sb/article.htm

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Building Code Requirements and Specification for Masonry Structures, "Reported by the
Masonry Standards Joint Committee (MSJC)," The Masonry Society, Boulder, CO,
2008.

ASTM Standard C1314-09, "Standard Test Method for Compressive Strength of Masonry
Prisms," ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C1314-
09, www.astm.org

Administration, U.S.D.o.T.-F.H. Ground Granulated Blast Furnace Slag. Materials Group
2011 April 7, 2011 [cited 2011 April 29, 2011]; Available from:
http://www.fhwa.dot.gov/infrastructure/materialsgrp/ggbfs.htm.

Administration, U.S.D.o.T.-F.H. Fly Ash. Materials Group 2011 April 7, 2011 [cited 2011
April 29, 2011]; Available from:
http://www.fhwa.dot.gov/infrastructure/materialsgrp/flyash.htm.

Drysdale, R.G. and Hamid, A.A. Behavior of Concrete Block Masonry Under Axial
Compression. Journal of the American Concrete Institute, 1979. 76(6): p. 707-721.

Fahmy, E.H. and Ghoneim, T.G.M. Behaviour of Concrete Block Masonry Prisms Under
Axial Compression. Canada Journal of Civil Engineering, 1995(22): p. 898-915.

Maurenbrecher, A.H.P. Effect of Test Procedures on Compressive Strength of Masonry
Prisms. Seecond Canadian Masonry Symposium. 1980. Ottawa: Carleton University.

ASTM Standard C476-09, "Standard Specification for Grout for Masonry,” ASTM
International, West Conshohocken, PA, 2010. DOI: 10.1520/C0476-10 www.astm.org

ASTM Standard C595/C595M, "Standard Specification for Blended Hyraulic Cements,”
ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C0595_C0595M-
10 www.astm.org

ASTM Standard C140-09a, "Standard Test Methods for Sampling and Testing Concrete
Masonry Units and Related Units,” ASTM International, West Conshohocken, PA,
2010. DOI: 10.1520/C0140-09A, www.astm.org

Division 4: Masonry Mortaring. Mason Mix Product No. 1136. The QUIKRETE
Companies: 2011

70


http://www.astm.org/
http://www.fhwa.dot.gov/infrastructure/materialsgrp/ggbfs.htm
http://www.fhwa.dot.gov/infrastructure/materialsgrp/flyash.htm
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Masonry Designer's Guide, Boulder, CO, 2010.

ASTM Standard C404-07, "Standard Specification for Aggregates for Masonry Grout,"
ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C0404-07,
Www.astm.org

ASTM Standard C1437-07, "Standard Test Method for Flow of Hydraulic Cement Mortar,"
ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C1437-07,
Www.astm.org

ASTM Standard C1019-09, "Standard Test Method for Sampling and Testing Grout,"
ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C1019-09,
Www.astm.org

ASTM Standard C270-08a, "Standard Specification for Mortar for Unit Masonry,"” ASTM
International, West Conshohocken, PA, 2010. DOI: 10.1520/C0270-08A,
Www.astm.org

ASTM Standard C109/C109M-08, "Standard Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Specimens),” ASTM
International, West Conshohocken, PA, 2010. DOI: 10.1520/C0109_C0109M-08,
www.astm.org

ASTM Standard C172-08, "Standard Practice for Sampling Freshly Mixed Concrete,"
ASTM International, West Conshohocken, PA, 2010. DOI: 10.1520/C0172-08,
www.astm.org

ASTM Standard C143/C143M-10, "Standard Test Method for Slump of Hydraulic-Cement
Concrete," ASTM International, West Conshohocken, PA, 2010. DOI:
10.1520/C0143_C0143M-10, www.astm.org

ASTM Standard C1064/C1064M-08, "Standard Test Method for Temperature of Freshly
Mixed Hyrdaulic-Cement Concrete,” ASTM International, West Conshohocken, PA,
2010. DOI: 10.1520/C1064_C1064M-08, www.astm.org

ASTM Standard C1552-09a, "Standard Practice for Capping Concrete Masonry Units,
Related Units and Masonry Prisms for Compression Testing," ASTM International,
West Conshohocken, PA, 2010. DOI: 10.1520/C1552-09A, www.astm.org

71


http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/

32. ASTM Standard C617-09a, "Standard Practice for Capping Cylindrical Concrete
Specimens,” ASTM International, West Conshohocken, PA, 2010. DOI:
10.1520/C0617-09A, www.astm.org

33. ASTM Standard C39/C39M-09a, "Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens,” ASTM International, West Conshohocken, PA,
2010. DOI: 10.1520/C0039_C0039M-09a, www.astm.org

72


http://www.astm.org/
http://www.astm.org/

Appendix A. Supplement Test Data

Table A-1: CMU Dimension Measurements for Standardization

() Metric Units

Groove Height (H) at Mid-Length/Mid-|Length (L) /Width (W) at Mid- Web (tw) Face Shell
Specimen| Dimensions Width Height (in) Thickness (in) | (ts) Thickness
Length|Width|Face 1|Face 2|Face 3|Face 4|Face 1|Face 2|Face 3|Face 4|Face 1|Face 2|Face 1|Face 2
# mm mm mm mm mm mm mm mm mm mm mm mm mm mm
1 19.4 119.4]1192.9|192.1 | 193.7 | 193.7 ] 194.5] 193.7 | 194.5 [ 194.5] 33.5 [ 32.9 | 45.7 | 45.3
2 18.7 119.2 1 193.7 | 193.7 | 194.5| 193.7 ] 195.3 | 194.5 | 195.3 | 192.9] 33.5 [ 32.5 | 45.7 | 45.3
3 18.5 |1 19.8 1 193.7 | 193.7 | 194.5| 193.7 | 195.3 | 195.3 | 195.3 | 193.7 ] 33.7 [ 32.5 | 45.9 | 46.4
4 18.8 |1 19.7]1193.7 [ 192.9 | 192.9 | 192.9] 195.3 | 194.5 | 193.7 | 193.7 ] 33.1 [ 33.4 | 45.2 | 47.0
5 17.8 119.81193.7 | 193.7 | 193.7 | 192.9] 194.5 ]| 194.5 | 195.3 | 194.5] 33.5 [ 33.4 | 45.3 | 46.4
6 18.2 | 19.5] 193.7 | 192.9 | 193.7 | 192.9] 195.3 | 194.5 | 195.3 | 193.7| 35.2 | 35.1 | 48.7 | 47.1
Averages 19.1 193.4 194.5 33.5 46.2
(b) English Units
Groove Height (H) at Mid-Length/Mid-|Length (L) /Width (W) at Mid- Web (tw) Face Shell
Specimen| Dimensions Width Height (in) Thickness (in) | (ts) Thickness
Length|Width|Face 1|Face 2|Face 3|Face 4|Face 1|Face 2|Face 3|Face 4|Face 1|Face 2|Face 1|Face 2
# in in in in in in in in in in in in in in
1 0.8 0.8 7.6 7.6 7.6 7.6 7.7 7.6 7.7 7.7 1.3 1.3 1.8 1.8
2 0.7 0.8 7.6 7.6 7.7 7.6 7.7 7.7 7.7 7.6 1.3 1.3 1.8 1.8
3 0.7 0.8 7.6 7.6 7.7 7.6 7.7 7.7 7.7 7.6 1.3 1.3 1.8 1.8
4 0.7 0.8 7.6 7.6 7.6 7.6 7.7 7.7 7.6 7.6 1.3 1.3 1.8 1.8
5 0.7 0.8 7.6 7.6 7.6 7.6 7.7 7.7 7.7 7.7 1.3 1.3 1.8 1.8
6 0.7 0.8 7.6 7.6 7.6 7.6 7.7 7.7 7.7 7.6 1.4 1.4 1.9 1.9
Averages 0.8 7.6 7.7 1.3 1.8
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Table A-2: Twining Laboratories Grout Specimen Compressional Strength Data Summary
(English Units)

100% 20% FA 30% FA 0% FA 0% FA 60% FA 50% FA & 60% FA & 70% FA & 80% FA &
Age |Portland GGBFS GGBFS GGBFS GGBFS
Replacement|Replacement|Replacement|Replacement|Replacement
Cement Replacement|Replacement|Replacement|Replacement
days psi psi psi psi psi psi psi psi psi psi
7 2982.5 2780.0 2450.0 1540.0 1610.0 910.0 1890.0 2260.0 1940.0 1460.0
14 3285.0 2920.0 2970.0 2140.0 2090.0 1150.0 2890.0 3270.0 2770.0 1940.0
28 4062.5 3310.0 3830.0 2690.0 2880.0 1440.0 3310.0 3230.0 3410.0 2430.0
42 4175.0 3800.0 3880.0 3050.0 3130.0 1930.0 3660.0 4540.0 4210.0 2710.0
56 4300.0 4250.0 4650.0 3330.0 2960.0 2070.0 5010.0 4830.0 4260.0 3140.0
180 4120.0 5180.0 5670.0 4690.0 4330.0 3790.0 6210.0 6010.0 5260.0 3590.0
Table A-3: Determination of CMU Absorption, Density, and Moisture Content
er Wil WSI . .
Specimen|Received|Immersed| Saturated V\dee,iDt:Z Absorption] Absorption xb()slstggz Density I\ég:tt:rrﬁ
Weight | Weight Weight 9
# Ib Ib Ib Ib kg |pcflg/cm® % % pcf |g/cm® %
1 22.15 12.40 22.82 121.48]9.75]8.0] 0.13 6.2 50.17 |128.63| 2.06 3.12
2 22.04 12.21 22.62 121.15]9.59]8.8] 0.14 6.9 60.81 [126.87] 2.03 4.21
3 22.05 12.37 22.63 ]21.14]9.59]9.1] 0.15 7.1 61.39 |128.61| 2.06 4.34
4 22.28 12.66 22.86 121.58]9.79]7.8] 0.12 5.9 54.46 [132.08] 2.11 3.21
5 22.00 12.14 22.60 ]21.18]9.61]8.4| 0.13 6.7 58.14 |126.45| 2.02 3.88
6 21.87 12.10 22.48 ]21.06]| 9.6 18.5| 0.1 6.7 56.96 |[126.64]| 2.0 3.83
Averages |21.27] 9.6 |8.4| 0.1 6.6 56.99 [128.21] 2.1 3.76
Table A-4: Mortar Flow Data
Mortar Diameter| Original | Average
Measurement | After 25| Inside |Diameter| Flow
Type .
Drops |Diameter|Increase
# mm mm mm %
1 111.7
2 112.1
M 3 111.7 | 101.6 10.2 |10.04
4 111.7
Average: 111.8
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Table A-5: Grout Control Group Result Summary

Casting
Method

Specimen

Compressive
Strength

psi

Average Modified
Compressive
Strength

MPa

psi

Standard Deviation

MPa

psi

Coefficient
of
Variation

%

Method
Conversion
Factor

Standard

4387.1

4252.7

4520.6

3156.7

4153.9

4100.6

4315.2

4103.4

O |IN[O|N|AR|WIN|F|H

4417.4

4740.5

1513.0

1260.8

25.81

3743.5

8.04

1166.2

31.2

Core-Filled

3665.0

3817.2

1881.5

3296.8

3270.9

3481.6

3549.1

3674.3

O |IN[O|N|H|WIN |-

3549.9

=
o

3353.5

[y
[N

3395.4

=
N

3479.7

23.22

3367.9

3.42

495.4

14.7

1.11
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Table A-6: Average Prism Specimen Height and Mortar Thickness (Metric Units)

Age days 14 28 42 56 90
Average Average Average Average Average
Grout . Average Average Average Average Average
Type Specimen Height Mortar Height Mortar Height Mortar Height Mortar Height Mortar
Thickness Thickness Thickness Thickness Thickness

# mm mm mm mm mm mm mm mm mm mm
1 401.24 12.30 400.84 13.10 396.08 13.10 402.83 10.72 399.26 11.91
hollow 2 399.65 12.30 402.83 12.70 399.26 11.91 400.45 11.91 402.43 11.51
3 400.45 13.10 400.05 11.91 401.24 13.89 400.84 12.70 400.05 11.11
4 - - 400.45 13.49 400.84 9.92 399.65 13.49 400.05 12.30
1 404.81 13.10 403.62 13.89 403.23 15.88 402.43 11.51 396.48 12.70
2 404.81 13.89 403.62 13.89 400.84 13.49 403.62 11.51 398.46 11.91
! 3 403.62 11.11 404.81 15.08 398.86 12.70 401.24 11.51 400.05 11.91
4 - - 403.62 12.70 400.84 11.91 402.03 11.51 400.84 11.11
1 400.05 12.70 398.86 11.30 398.46 9.53 399.65 9.92 400.84 12.30
5 2 399.26 10.32 404.42 13.49 397.67 13.49 400.84 11.11 399.65 11.91
3 404.02 10.72 400.84 12.70 400.05 12.70 401.36 10.32 398.07 12.30
4 - - 406.00 11.91 400.05 13.49 400.05 10.72 402.03 12.30
1 406.00 14.68 400.84 11.11 398.46 12.30 403.23 11.91 404.02 13.89
2 406.40 14.29 411.56 13.10 403.62 12.70 399.26 9.92 398.86 11.51
3 3 404.02 13.49 406.80 16.67 396.88 12.70 400.05 11.91 401.64 12.70
4 - - 403.62 14.68 400.84 12.70 400.05 11.51 398.07 13.89
1 381.79 9.53 401.64 13.89 392.91 14.29 401.24 10.32 404.02 11.11
2 403.23 13.10 403.62 13.10 398.46 13.49 402.83 12.30 403.23 11.91
4 3 404.81 12.30 403.62 15.08 397.27 11.91 399.65 12.30 400.84 12.70
4 - - 403.62 13.89 400.05 11.91 399.65 9.53 402.03 11.51

1 405.21 15.08 400.84 12.70 400.84 11.91 401.64 12.30 400.05 8.73

5 2 406.40 13.49 402.03 12.70 398.46 11.91 401.64 12.70 402.83 9.92
3 406.00 14.29 398.86 12.70 400.05 12.70 399.26 12.30 403.23 10.72
4 - - 403.62 12.30 401.24 13.10 402.83 12.30 402.43 13.10
1 403.62 13.10 400.45 12.70 400.84 10.32 402.43 11.51 401.64 10.72
2 402.03 9.53 403.23 13.10 402.43 11.91 402.43 12.30 401.24 10.32
6 3 405.21 10.72 400.84 11.11 402.83 11.11 400.45 10.32 401.24 11.11
4 - - 404.02 12.30 399.26 11.91 397.67 9.92 401.24 10.72
1 402.83 12.70 403.23 13.89 399.26 11.11 403.62 11.11 406.40 13.49
2 2 403.23 12.70 401.24 11.51 402.43 12.70 400.05 11.11 403.23 13.89
3 402.83 11.91 402.82 19.84 401.11 12.70 402.43 12.30 400.45 11.91
4 - - 404.02 11.91 401.64 11.11 402.43 12.70 401.64 13.10
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Table A-7: Average Prism Specimen Height and Mortar Thickness (English Units)

Age days 14 28 42 56 90
Average Average Average Average Average
Grout . Average Average Average Average Average
Type Specimen Height Mortar Height Mortar Height Mortar Height Mortar Height Mortar
Thickness Thickness Thickness Thickness Thickness
# in in in in in in in in in in
1 15.80 0.48 15.78 0.52 15.59 0.52 15.86 0.42 15.72 0.47
holl 2 15.73 0.48 15.86 0.50 15.72 0.47 15.77 0.47 15.84 0.45
e E 1577 | 052 | 1575 | 047 | 1580 | 055 | 1578 | 050 | 1575 | 044
4 - - 15.77 0.53 15.78 0.39 15.73 0.53 15.75 0.48
1 15.94 0.52 15.89 0.55 15.88 0.63 15.84 0.45 15.61 0.50
1 2 15.94 0.55 15.89 0.55 15.78 0.53 15.89 0.45 15.69 0.47
3 15.89 0.44 15.94 0.59 15.70 0.50 15.80 0.45 15.75 0.47
4 - - 15.89 0.50 15.78 0.47 15.83 0.45 15.78 0.44
1 15.75 0.50 15.70 0.45 15.69 0.38 15.73 0.39 15.78 0.48
5 2 15.72 0.41 15.92 0.53 15.66 0.53 15.78 0.44 15.73 0.47
3 15.91 0.42 15.78 0.50 15.75 0.50 15.80 0.41 15.67 0.48
4 - - 15.98 0.47 15.75 0.53 15.75 0.42 15.83 0.48
1 15.98 0.58 15.78 0.44 15.69 0.48 15.88 0.47 15.91 0.55
3 2 16.00 0.56 16.20 0.52 15.89 0.50 15.72 0.39 15.70 0.45
3 15.91 0.53 16.02 0.66 15.63 0.50 15.75 0.47 15.81 0.50
4 - - 15.89 0.58 15.78 0.50 15.75 0.45 15.67 0.55
1 15.03 0.38 15.81 0.55 15.47 0.56 15.80 0.41 15.91 0.44
4 2 15.88 0.52 15.89 0.52 15.69 0.53 15.86 0.48 15.88 0.47
3 15.94 0.48 15.89 0.59 15.64 0.47 15.73 0.48 15.78 0.50
4 - - 15.89 0.55 15.75 0.47 15.73 0.38 15.83 0.45
1 15.95 0.59 15.78 0.50 15.78 0.47 15.81 0.48 15.75 0.34
5 2 16.00 0.53 15.83 0.50 15.69 0.47 15.81 0.50 15.86 0.39
3 15.98 0.56 15.70 0.50 15.75 0.50 15.72 0.48 15.88 0.42
4 - - 15.89 0.48 15.80 0.52 15.86 0.48 15.84 0.52
1 15.89 0.52 15.77 0.50 15.78 0.41 15.84 0.45 15.81 0.42
2 15.83 0.38 15.88 0.52 15.84 0.47 15.84 0.48 15.80 0.41
6 3 15.95 0.42 15.78 0.44 15.86 0.44 15.77 0.41 15.80 0.44
4 - - 15.91 0.48 15.72 0.47 15.66 0.39 15.80 0.42
1 15.86 0.50 15.88 0.55 15.72 0.44 15.89 0.44 16.00 0.53
7 2 15.88 0.50 15.80 0.45 15.84 0.50 15.75 0.44 15.88 0.55
3 15.86 0.47 15.86 0.78 15.79 0.50 15.84 0.48 15.77 0.47
4 - - 15.91 0.47 15.81 0.44 15.84 0.50 15.81 0.52
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Table A-8: CMU Specimen Result Summary

Test
Period

Relative
Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa | psi

Compressive
Strength
Standard

Deviation
MPa psi

Compressive
Strength
Coefficient
of Variation
%

14

4063.0

3570.9

3415.2

25.4 (3683.0

2.3 338.1

9.2

28

3076.4

3027.6

4049.5

23.3 |3384.5

4.0 576.4

17.0

42

NA

3846.6

3855.6

3732.6

26.3 (3811.6

0.5 68.5

1.8

56

3787.5

3480.9

4373.0

3794.6

26.6 [3859.0

2.6 372.6

9.7

90

4127.1

4198.8

4037.6

BRIWIN|IRPIDRIWIN|IRIDR(WINIPWIN[RPTW[(N]|F |#®

3837.9

27.9 14050.4

1.1 156.3

3.9
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Table A-9: Hollow Prism Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa

psi

Compressive
Strenght
Coefficient of
Variation

%

14

3116.3

3364.7

3387.1

22.68 | 32894

1.04

150.3

4.569

28

3191.4

2688.6

2835.5

2678.6

19.64 | 2848.5

1.65

239.6

8.411

42

2834.9

3105.5

2136.1

3096.6

19.26 | 2793.3

3.14

455.8

16.317

56

3060.3

3418.8

3352.8

3541.6

23.05 | 33434

141

204.3

6.110

90

3854.3

3618.4

2912.2

AIWIN|IRP]IR[WIN|IRP]PIWIN|R]IRWINIPIWIN ([P ®

3968.3

24.74 | 3588.3

3.27

473.7

Table A-10: Prism Type 1 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa

psi

Compressive
Strenght
Coefficient of
Variation

%

14

3000.6

3335.7

3287.8

22.12 | 3208.0

1.25

181.2

5.649

28

3066.4

2776.4

2826.6

2963.9

20.05 | 2908.3

0.91

131.8

4.533

42

3459.2

3718.9

3385.1

3852.3

24.85 | 3603.9

151

218.9

6.074

56

3789.7

4181.9

3625.0

3600.5

26.20 | 3799.3

1.85

268.6

7.069

0

3553.7

3578.8

3710.8

PIWIN|IR]IR[WINIPIPIW[IN|R]IPIWIN(PIWIN|F]H®

3963.0

25.52 | 3701.6

1.29

187.4

5.1
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Table A-11: Prism Type 2 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa psi

Compressive
Strenght
Coefficient of
Variation

%

14

3000.6

3335.7

3287.8

22.12 | 3208.0

1.25 181.2

5.649

28

2348.0

2246.7

2461.2

2461.2

16.40 | 2379.3

0.71 103.3

4.340

42

2702.7

3002.2

3175.7

2991.7

20.46 | 2968.1

1.35 196.0

6.605

56

2756.8

3370.0

2947.8

3074.0

20.94 | 3037.1

1.77 257.4

8.475

90

3168.9

3722.8

3573.3

PIWIN|IR]IPAPWIN(RPIR[WIN]|R]PAPIWIN[IPIW[IN|FR]®

3559.5

24.17 | 3506.1

1.63 236.7

6.8

Table A-12: Prism Type 3 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa psi

Compressive
Strenght
Coefficient of
Variation

%

14

2184.3

1701.8

2543.9

14.78 | 2143.3

291 422.5

19.714

28

2279.8

2420.3

2150.3

2196.9

15.59 | 2261.8

0.82 118.5

5.238

42

2708.0

2689.6

2613.3

2431.9

18.00 | 2610.7

0.87 126.1

4.828

56

2360.5

2323.9

2641.0

2870.9

17.58 | 2549.1

1.77 257.1

10.086

90

3005.6

3219.9

3248.0

PIWIN|R]IPAPWIN[(PIR[WIN]|R]PIWIN[IPIWIN|FP®

3005.6

21.51 | 3119.7

0.91 132.3

4.2
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Table A-13: Prism Type 4 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa psi

Compressive
Strenght
Coefficient of
Variation

%

14

2184.3

1701.8

2543.9

14.78 | 2143.3

291 422.5

19.714

28

2266.7

2224.0

1966.3

1921.0

14.44 | 2094.5

1.21 176.0

8.403

42

2457.8

1883.1

2724.5

1912.0

15.47 | 22443

2.86 415.2

18.498

56

2458.3

2738.7

2830.7

2665.3

18.43 | 2673.2

1.09 158.4

5.927

90

2986.6

2194.9

2655.8

PIWIN|IRP]IR[WIN|IRP]PIW[IN|RP]IRWINIPIWIN ([P ®

2929.5

18.56 | 2691.7

2.49 361.3

Table A-14: Prism Type 5 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa psi

Compressive
Strenght
Coefficient of
Variation

%

14

2925.1

3055.6

3231.3

21.17 | 3070.7

1.06 153.7

5.004

28

3514.1

3445.4

2849.7

3001.1

22.08 | 3202.6

2.26 327.2

10.216

42

3691.7

3938.8

4062.0

NA

26.87 | 3897.5

1.30 188.6

4.839

56

3650.4

3511.4

3755.4

3864.2

25.48 | 3695.4

1.04 150.5

4.073

90

4262.1

3924.6

4035.3

PlWIN|R]IRWIN|R]PIWIN|R]IRWINPIWIN|(P®

4268.7

28.42 | 4122.7

1.18 170.9

4.1
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Table A-15: Prism Type 6 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa

psi

Compressive
Strenght
Coefficient of
Variation

%

14

2459.0

2845.6

2878.1

18.81 | 2727.6

1.61

233.1

8.548

28

2621.3

2751.0

2777.6

2580.9

18.50 | 2682.7

0.66

96.3

3.589

42

3671.8

3294.9

3362.7

3599.7

24.01 | 34823

1.25

181.8

5.220

56

3680.9

3229.8

2938.4

3475.0

2297 | 33311

221

320.2

9.613

90

3429.1

3725.9

3725.9

PIWIN|R]IPAPWIN(RPIR[WIN|R]|PIWINIPIW[IN|FR]®

3621.7

25.00 | 3625.7

0.96

139.9

3.9

Table A-16: Prism Type 7 Specimen Result Summary

Age

days

Specimen

Compressive
Strength

psi

Average
Compressive
Strength

MPa psi

Compressive
Strength Standard
Deviation

MPa

psi

Compressive
Strenght
Coefficient of
Variation

%

14

2677.0

2628.0

2534.4

18.02 | 2613.1

0.50

72.5

2.773

28

2258.6

2384.1

2265.8

2216.8

15.73 | 2281.3

0.50

71.8

3.149

42

3123.1

2868.2

2237.6

3046.4

19.44 | 2818.8

2.77

401.9

14.258

56

3141.8

3033.5

3356.0

3446.6

22.37 | 32445

131

190.0

5.857

90

3364.5

3437.3

3491.6

PIWIN|IR]IPWINIPIPIWIN|R]PIWIN[(RPIW[IN]|F]®

3645.0

24.03 | 3484.6

0.82

119.0

3.4
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Table A-17 Mortar Cube Specimen Result Summary

. Compressive
. Average Compressive
. Compressive . Strenght
Age | Specimen Compressive Strength Standard .
Strength L Coefficient of
Strength Deviation L
Variation
days # psi MPa psi MPa psi %
1 3157.5
14 2 2442.5 18.02 | 2614.2 3.32 481.0 18.402
3 2242.5
1 3090.0
28 2 2942.5 19.12 | 2773.3 2.95 427.2 15.402
3 2287.5
1 3522.5
42 2 3827.5 23.59 | 3421.7 3.20 464.5 13.576
3 2915.0
1 2905.0
56 2 2957.5 18.39 | 2667.5 3.15 457.6 17.154
3 2140.0
1 3015.0
90 2 3785.0 21.72 | 3150.0 3.99 579.4 18.4
3 2650.0
Table A-18: Grout Type 1 Specimen Result Summary
. . Compressive
Measured Amplified Average Compressive Strenght
Age | Specimen| Compressive| Compressive|] Compressive Strength Standard .
Strength Strength Strength Deviation Coeffl'C|e?nt of
Variation
days # psi psi MPa psi MPa psi %
1 3020.9 3353.2
14 2 2386.1 2648.6 22.0 3188.7 33 479.5 15.037
3 3211.1 3564.3
1 3288.3 3650.0
28 2 2950.6 3275.2 234 3396.5 1.5 219.7 6.467
3 2940.7 3264.2
1 3041.7 3376.3
42 2 4056.3 4502.5 26.9 3897.7 3.9 567.7 14.565
3 3436.4 3814.4
1 4186.0 4646.5
56 2 3714.6 4123.2 25.1 3637.8 10.2 1472.9 40.490
3 1688.5 1874.2
3520.0 3907.2
1 4204.3 4666.8
90 2 al7L7 4630.5 321 4656.6 0.7 102.0 2.2
3 4091.4 4541.5
4 4313.3 4787.7
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Table A-19: Grout Type 2 Specimen Result Summary

e . Compressive
Measured Amplified Average Compressive
. . . . Strenght
Age |Specimen| Compressive | Compressive| Compressive Strength Standard .
Strength Strength Strength Deviation Coeffl'cm?nt of
Variation
days # psi psi MPa psi MPa psi %
1 1119.0 1242.1
14 2 1230.0 1365.3 9.0 1305.2 0.4 61.6 4.720
3 1178.5 1308.1
1 1967.2 2183.6
28 2 2068.3 2295.8 14.4 2082.3 1.9 278.3 13.364
3 1592.4 1767.6
1 1255.2 1393.3
2 3008.1 3338.9
42 3 2193.5 24348 17.7 2560.0 6.0 865.4 33.805
4 2768.4 3072.9
1 3067.5 3404.9
56 2 2893.7 3212.0 23.0 3333.7 0.7 107.2 3.216
3 3099.7 3440.6
4 2952.6 3277.4
1 4686.1 5201.6
90 2 3699.3 4106.2 28.4 | 4123.1 5.7 820.5 19.9
3 3580.9 3974.8
4 2891.7 3209.8
Table A-20: Grout Type 3 Specimen Result Summary
Measured Amplified Average Compressive Cosr::er:s;;ve
Age | Specimen|Compressive| Compressive Compressive Strength Standard Coefficgient
Strength Strength Strength Deviation L
of Variation
days # psi psi MPa psi MPa psi %
1 933.9 1036.6
14 2 1257.2 1395.5 7.6 1103.1 1.8 265.5 24.066
3 790.3 877.2
1 1832.6 2034.1
28 2 1067.1 1184.4 11.9 1720.5 3.2 466.5 27.113
3 1750.4 1942.9
1 2313.8 2568.4
42 2 2331.2 2>87.6 17.8 2583.6 0.1 13.9 0.537
3 2322.3 2577.7
4 2343.1 2600.8
1 2302.0 2555.2
2 2493.6 2767.9
56 3 2603.0 58893 18.4 2672.2 13 190.0 7.109
4 2231.2 2476.6
1 3288.8 3650.6
90 2 3087.8 3427.4 24.2 3503.1 1.8 262.0 7.5
3 2856.5 3170.8
4 3390.8 3763.8
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Table A-21: Grout Type 4 Specimen Result Summary

e . Compressive
Measured Amplified Average Compressive
. . . . Strenght
Age |Specimen| Compressive | Compressive| Compressive Strength Standard .
Strength Strength Strength Deviation Coeffl'cm?nt of
Variation
days # psi psi MPa psi MPa psi %
1 515.9 572.7
14 2 482.3 535.3 4.0 582.8 0.4 53.2 9.130
3 576.9 640.3
1 820.0 910.2
28 2 724.4 804.1 6.4 925.6 0.9 129.8 14.029
3 957.1 1062.4
1 1262.6 1401.5
2 1460.7 1621.4
42 3 14209 1599.4 11.0 1597.3 1.0 150.2 9.406
4 1591.9 1767.0
1 1556.3 1727.5
56 2 1534.0 17027 12.4 1799.6 1.0 149.0 8.281
3 1573.6 1746.7
4 1821.2 2021.5
1 2236.1 2482.1
90 2 2186.1 2426.5 17.2 | 2500.8 0.4 64.8 2.6
3 2326.2 2582.1
4 2263.3 2512.3
Table A-22: Grout Type 5 Specimen Result Summary
Measured Amplified Average Compressive COSTrZTS;LVQ
Age | Specimen|Compressive| Compressive Compressive Strength Standard Coefficiint of
Strength Strength Strength Deviation L
Variation
days # psi psi MPa psi MPa psi %
1 2810.5 3119.6
14 2 1833.1 2034.7 18.4 2662.2 3.9 562.1 21.114
3 2551.5 2832.2
1 1521.1 1688.4
28 2 2692.6 2988.8 17.7 2572.9 5.3 766.5 29.790
3 2740.2 3041.6
1 4298.4 4771.2
42 2 3988.5 a427.2 31.6 4582.3 13 182.6 3.986
3 4240.0 4706.4
4 3986.0 4424.4
1 3710.2 4118.3
2 4456.4 4946.6
56 3 12682 47377 31.3 4539.0 2.6 372.8 8.214
4 3922.1 4353.5
1 4828.2 5359.3
90 2 2039.7 2>94.0 35.0 | 5079.6 5.2 749.1 14.7
3 3573.5 3966.6
4 4863.4 5398.4
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Table A-23: Grout Type 6 Specimen Result Summary

e . Compressive
Measured Amplified Average Compressive
. . . . Strenght
Age |Specimen| Compressive | Compressive| Compressive Strength Standard .
Strength Strength Strength Deviation Coeffl'cm?nt of
Variation
days # psi psi MPa psi MPa psi %
1 2579.2 2863.0
14 2 2355.4 2614.5 18.7 2713.7 0.9 131.6 4.850
3 2399.5 2663.5
1 2055.4 2281.5
28 2 2265.8 2515.1 17.6 2556.1 2.0 297.3 11.630
3 2587.2 2871.8
1 3180.4 3530.2
2 3075.9 3414.2
42 3 32581 3616.5 23.6 3429.6 1.4 199.4 5.814
4 2844.6 3157.6
1 3251.2 3608.8
2 3709.2 4117.2
56 26.3 3817.8 1.5 216.6 5.673
3 3362.1 3731.9
4 3435.4 3813.3
1 3991.4 4430.5
90 2 39157 43464 30.6 4435.6 0.9 135.2 3.0
3 4169.7 4628.3
4 3907.2 4337.0
Table A-24: Grout Type 7 Specimen Result Summary
Measured Amplified Average Compressive COSTrZTS;LVQ
Age | Specimen|Compressive| Compressive Compressive Strength Standard Coefficiint of
Strength Strength Strength Deviation L
Variation
days # psi psi MPa psi MPa psi %
1 1418.1 1574.1
14 2 1188.9 1319.6 10.1 1459.4 0.9 129.1 8.845
3 1337.4 1484.5
1 1709.8 1897.8
28 2 1545.9 1715.9 11.8 1717.6 1.2 179.5 10.448
3 1386.4 1538.9
1 1848.9 2052.3
42 2 2031.6 22551 14.9 2161.5 1.0 141.2 6.531
3 2080.1 2308.9
4 1828.6 2029.7
1 2175.7 2415.0
2 2249.5 2496.9
56 3 2050.9 2276.5 16.7 2428.4 0.8 111.4 4.589
4 2274.7 2524.9
1 2481.7 2754.7
90 2 24000 2664.0 18.3 2657.8 0.7 95.9 3.6
3 2275.7 2526.0
4 2420.3 2686.5
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Figure A-1: Hollow Prism Specimens 1-3 @ 14 Days Stress vs. Strain
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Figure A-2: Prism Specimens 1-3 Type 1 @ 14 Days Stress vs. Strain
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Figure A-3: Prism Specimens 1-3 Type 2 @ 14 Days Stress vs. Strain
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Figure A-4: Prism Specimens 1-3 Type 3 @ 14 Days Stress vs. Strain
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Figure A-5: Prism Specimens 1-3 Type 4 @ 14 Days Stress vs. Strain
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Figure A-6: Prism Specimens 1-3 Type 5 @ 14 Days Stress vs. Strain
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Figure A-7: Prism Specimens 1-3 Type 6 @ 14 Days Stress vs. Strain
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Figure A-8: Prism Specimens 1-3 Type 7 @ 14 Days Stress vs. Strain
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Figure A-9: Hollow Prism Specimens 1-4 @ 28 Days Stress vs. Strain
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Figure A-10: Prism Specimens 1-4 Type 1 @ 28 Days Stress vs. Strain
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Figure A-11: Prism Specimens 1-4 Type 2 @ 28 Days Stress vs. Strain
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Figure A-12: Prism Specimens 1-4 Type 3 @ 28 Days Stress vs. Strain
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Figure A-13: Prism Specimens 1-4 Type 4 @ 28 Days Stress vs. Strain
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Figure A-14: Prism Specimens 1-4 Type 5 @ 28 Days Stress vs. Strain
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Figure A-15: Prism Specimens 1-4 Type 6 @ 28 Days Stress vs. Strain
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Figure A-16: Prism Specimens 1-4 Type 7 @ 28 Days Stress vs. Strain
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Figure A-17: Hollow Prism Specimens 1-4 @ 42 Days Stress vs. Strain
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Figure A-18: Prism Specimens 1-4 Type 1 @ 42 Days Stress vs. Strain
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Figure A-19: Prism Specimens 1-4 Type 2 @ 42 Days Stress vs. Strain
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Figure A-20: Prism Specimens 1-4 Type 3 @ 42 Days Stress vs. Strain
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Figure A-21: Prism Specimens 1-4 Type 4 @ 42 Days Stress vs. Strain
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Figure A-22: Prism Specimens 1-3 Type 5 @ 42 Days Stress vs. Strain
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Figure A-23: Prism Specimens 1-4 Type 6 @ 42 Days Stress vs. Strain
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Figure A-24: Prism Specimens 1-4 Type 7 @ 42 Days Stress vs. Strain
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Figure A-25: Hollow Prism Specimens 1-4 @ 56 Days Stress vs. Strain
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Figure A-26: Prism Specimens 1-4 Type 1 @ 56 Days Stress vs. Strain
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Figure A-27: Prism Specimens 1-4 Type 2 @ 56 Days Stress vs. Strain
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Figure A-28: Prism Specimens 1-4 Type 3 @ 56 Days Stress vs. Strain
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Figure A-29: Prism Specimens 1-4 Type 4 @ 56 Days Stress vs. Strain

30
< 4000
25
20 | 3000
= =
- i
= =
a5 u
a - 2000 @
# a
10
- 1000
5
0 . 0
0 0.5 1
Strain (%)
Specimen 1 seeeeee Specimen?2  =-=-=-Specimen3 = = Specimen 4

Figure A-30: Prism Specimens 1-4 Type 5 @ 56 Days Stress vs. Strain
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Stress (MPa)

Figure A-31: Prism Specimens 1-4 Type 6 @ 56 Days Stress vs. Strain
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Figure A-32: Prism Specimens 1-4 Type 7 @ 56 Days Stress vs. Strain
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Figure A-33: Hollow Prism Specimens 1-4 @ 90 Days Stress vs. Strain
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Figure A-34: Prism Specimens 1-4 Type 1 @ 90 Days Stress vs. Strain
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Figure A-35: Prism Specimens 1-4 Type 2 @ 90 Days Stress vs. Strain
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Figure A-36: Prism Specimens 1-4 Type 3 @ 90 Days Stress vs. Strain
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Figure A-38: Prism Specimens 1-4 Type 5 @ 90 Days Stress vs. Strain
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Figure A-39: Prism Specimens 1-4 Type 6 @ 90 Days Stress vs. Strain
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Figure A-40: Prism Specimens 1-4 Type 7 @ 90 Days Stress vs. Strain
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Appendix B. Compressive Strength Specimen Pictures

(a) Facel (b) Face 2 (c) Face3 (d) Face4
Figure B-1: Hollow Prism Specimen 1 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-2: Hollow Prism Specimen 2 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-3: Hollow Prism Specimen 3 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-4: Prism Specimen 1 Type 1 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-5: Prism Specimen 2 Type 1 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-6: Prism Specimen 3 Type 1 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-7: Prism Specimen 1 Type 2 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-8: Prism Specimen 2 Type 2 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-9: Prism Specimen 3 Type 2 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-10: Prism Specimen 1 Type 3 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-11: Prism Specimen 2 Type 3 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-12: Prism Specimen 3 Type 3 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-13: Prism Specimen 2 Type 4 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-14: Prism Specimen 3 Type 4 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-15: Prism Specimen 2 Type 5 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-16: Prism Specimen 3 Type 5 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-17: Prism Specimen 1 Type 6 @ 14 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-18: Prism Specimen 2 Type 6 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-19: Prism Specimen 3 Type 6 @ 14 Days After Failure

Not Available

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-20: Prism Specimen 1 Type 7 @ 14 Days After Failure
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Not Available

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-21: Prism Specimen 2 Type 7 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-22: Prism Specimen 3 Type 7 @ 14 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-23: Hollow Prism Specimen 1 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-24: Hollow Prism Specimen 2 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-25: Hollow Prism Specimen 3 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-26: Hollow Prism Specimen 4 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-27: Prism Specimen 1 Type 1 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-28: Prism Specimen 2 Type 1 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-29: Prism Specimen 3 Type 1 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-30: Prism Specimen 4 Type 1 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-31: Prism Specimen 1 Type 2 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-32: Prism Specimen 2 Type 2 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-33: Prism Specimen 3 Type 2 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-34: Prism Specimen 4 Type 2 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-35: Prism Specimen 1 Type 3 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-36: Prism Specimen 2 Type 3 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-37: Prism Specimen 3 Type 3 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-38: Prism Specimen 4 Type 3 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-39: Prism Specimen 1 Type 4 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-40: Prism Specimen 2 Type 4 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-41: Prism Specimen 3 Type 4 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-42: Prism Specimen 4 Type 4 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-43: Prism Specimen 1 Type 5 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-44: Prism Specimen 2 Type 5 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-45: Prism Specimen 3 Type 5 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-46: Prism Specimen 4 Type 5 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-47: Prism Specimen 1 Type 6 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-48: Prism Specimen 2 Type 6 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-49: Prism Specimen 3 Type 6 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-50: Prism Specimen 4 Type 6 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-51: Prism Specimen 1 Type 7 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-52: Prism Specimen 2 Type 7 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-53: Prism Specimen 3 Type 7 @ 28 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-54: Prism Specimen 4 Type 7 @ 28 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-55: Hollow Prism Specimen 1@ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-56: Hollow Prism Specimen 2 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-57: Hollow Prism Specimen 3 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-58: Hollow Prism Specimen 4 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-59: Prism Specimen 1 Type 1 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-60: Prism Specimen 2 Type 1 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-61: Prism Specimen 3 Type 1 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-62: Prism Specimen 4 Type 1 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-63: Prism Specimen 1 Type 2 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-64: Prism Specimen 2 Type 2 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-65: Prism Specimen 3 Type 2 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-66: Prism Specimen 4 Type 2 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-67: Prism Specimen 1 Type 3 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-68: Prism Specimen 2 Type 3 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-69: Prism Specimen 3 Type 3 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-70: Prism Specimen 4 Type 3 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-71: Prism Specimen 1 Type 4 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-72: Prism Specimen 2 Type 4 @ 42 Days After Failure

Not Available

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-73: Prism Specimen 3 Type 4 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-74: Prism Specimen 4 Type 4 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-75: Prism Specimen 1 Type 5 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-76: Prism Specimen 2 Type 5 @ 42 Days After Failure

Not Available Not Available

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-77: Prism Specimen 3 Type 5 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-78: Prism Specimen 4 Type 5 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-79: Prism Specimen 1 Type 6 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-80: Prism Specimen 2 Type 6 @ 42 Days After Failure

133



(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-81: Prism Specimen 3 Type 6 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-82: Prism Specimen 4 Type 6 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-83: Prism Specimen 1 Type 7 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-84: Prism Specimen 2 Type 7 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-85: Prism Specimen 3 Type 7 @ 42 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-86: Prism Specimen 4 Type 7 @ 42 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-87: Hollow Prism Specimen 1 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-88: Hollow Prism Specimen 2 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-89: Hollow Prism Specimen 3 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-90: Hollow Prism Specimen 4 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-91: Prism Specimen 1 Type 1 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-92: Prism Specimen 2 Type 1 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-93: Prism Specimen 3 Type 1 @ 56 Days After Failure

;. 5

- / -
g el Ve, e

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-94: Prism Specimen 4 Type 1 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-95: Prism Specimen 1 Type 2 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-96: Prism Specimen 2 Type 2 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-97: Prism Specimen 3 Type 2 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-98: Prism Specimen 4 Type 2 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-99: Prism Specimen 1 Type 3 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-100: Prism Specimen 2 Type 3 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-101: Prism Specimen 3 Type 3 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-102: Prism Specimen 4 Type 3 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-103: Prism Specimen 1 Type 4 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-104: Prism Specimen 2 Type 4 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-105: Prism Specimen 3 Type 4 @ 56 Days After Failure

<

B ]
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-106: Prism Specimen 4 Type 4 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-107: Prism Specimen 1 Type 5 @ 56 Days After Failure

142



(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-108: Prism Specimen 2 Type 5 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-109: Prism Specimen 3 Type 5 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-110: Prism Specimen 4 Type 5 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-111: Prism Specimen 1 Type 6 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-112: Prism Specimen 2 Type 6 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-113: Prism Specimen 3 Type 6 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-114: Prism Specimen 4 Type 6 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-115: Prism Specimen 1 Type 7 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-116: Prism Specimen 2 Type 7 @ 56 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-117: Prism Specimen 3 Type 7 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-118: Prism Specimen 4 Type 7 @ 56 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-119: Hollow Prism Specimen 1 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-120: Hollow Prism Specimen 2 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-121: Hollow Prism Specimen 3 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-122: Hollow Prism Specimen 4 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-123: Prism Specimen 1 Type 1 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-124: Prism Specimen 2 Type 1 @ 90 Days After Failure

&

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-125: Prism Specimen 3 Type 1 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-126: Prism Specimen 4 Type 1 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-127: Prism Specimen 1 Type 2 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-128: Prism Specimen 2 Type 2 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-129: Prism Specimen 3 Type 2 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-130: Prism Specimen 4 Type 2 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-131: Prism Specimen 1 Type 3 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-132: Prism Specimen 2 Type 3 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-133: Prism Specimen 3 Type 3 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-134: Prism Specimen 4 Type 3 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-135: Prism Specimen 1 Type 4 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-136: Prism Specimen 2 Type 4 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face4
Figure B-137: Prism Specimen 3 Type 4 @ 90 Days After Failure
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Not Available

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-138: Prism Specimen 4 Type 4 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-139: Prism Specimen 1 Type 5 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-140: Prism Specimen 2 Type 5 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-141: Prism Specimen 3 Type 5 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-142: Prism Specimen 4 Type 5 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-143: Prism Specimen 1 Type 6 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-144: Prism Specimen 2 Type 6 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-145: Prism Specimen 3 Type 6 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-146: Prism Specimen 4 Type 6 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-147: Prism Specimen 1 Type 7 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-148: Prism Specimen 2 Type 7 @ 90 Days After Failure

(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-149: Prism Specimen 3 Type 7 @ 90 Days After Failure
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(a) Facel (b) Face 2 (c) Face3 (d) Face 4
Figure B-150: Prism Specimen 4 Type 7 @ 90 Days After Failure
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Appendix C. Supplemental Material Data Sheets

LAFARGE cement Test Report

CEMENT
Mill Test Report Number: SEA_NEWCEM_OCT10
YEAR: 2010
MONTH: October
PLANT: Seattle
CEMENT TYPE: Grade 100 NewCem
Reference Cement Slag
Fineness by Air Permeability 385 Fineness b\( Air Permeability 507
(m/kg; ASTM C204) (m“/kg; ASTM C204)
Fineness by 45 pm (No. 325) Sieve 389 Fineness by 45 pm (No. 325) Sieve 18
(% retain; ASTM C430) (% retain; ASTM C430)
Compressive Strength
(ASTHM C102/C108 M) psi Compressive Strength SAIl Limit
7-day 4,760 (ASTM C109/C109 M) psi sal Min
28-day (previous month's data) 5.550 7-day 4,340 91 75
28-day 6,340 114 85
Actual Max Limit
Total Alkalies (Na,O + 0.658 K,0) 088 08 Specific Gravity 288
(%, ASTM C114) (Mg!ms: ASTM C188)
Actual Max Limit
Slag Air Content of Mortar 71 12
CHEMICAL ANALYSIS Percent (%, ASTM C185)
Silica Dioxide (SiO; ASTM C114) 324
Ferric Oxide (Fe,O; ASTM C114) 1.01 Sulfide Sulfur Q.7 25
Aluminum Oxide (Al:Os: ASTM C114) 135 (% S, ASTM C114)
Calcium Oxide (CaO; ASTM C114) 438
Sulfur Trioxide (SO5; ASTM C114) 4.8 Sulfate lon 3.0 4
Magnesium Oxide (MgO; ASTM C114) 4.0 (% as SO3, ASTM C114)
Potassium Oxide (K.O; ASTM C114) 0.36
Titanium Oxide (TiO.. ASTM C114) 05
Loss on Ignition (L.O.1.; ASTM C114) 1.3

The ground granulated blast fumace siag complies with the current specification of the chemical physical requirement of ASTM C-8838, AASHTO
M-302 for grade 100 Ground Granulated Blast Furace Slag (GGBFS).

Certified by:
TN y, .
7 ) /
Y ol b oA
Daniel Waldron
Quality Control Laboratory Supervisor

November 15, 2010

Figure C-1: Ground Granulated Blast Furnace Slag Manufacturer Data Sheet
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EADWATERS

A MESOUNCES Atdine Vaueio Eqsmgy ™

ASTM C618 Testing of

Jim Bridger Fly Ash
Sanmple Type: 3200-ton Report Daie: 513/2011
Sanmle Date: 347-3/2141 MTRF ID 381JB
Sanple D; BR-0I8-11-R

ASTM Limits ASTM Test
Chemical Analysis ClassF Class C Method
Stlicon Diozde (S102) 6077 %
Alurmm Oxde(A1203) 1824 %
Irom Oxide (Fe203) 4.27 Ya
Sum of Constituents 8328 % 70.0%min 50.0% min 04326
Sulfur Trioxide (803) 048 Yo SPemax  5.0% max D4326
Calcitin Cride (Ca) 546 % 04326
Matsture 0.27 Yo 30%rmax  3.0%mas C311
Loszon Ignition 066 %  60%mex  6.0%max 311
Phygsical Analysis
Fineness, % retaned on #325 2580 % Hrmax  34%max 0311, C430
Strength Activity Index - 7 or 28 day requirement 311, ©109
7 day, % of cantrol 97 %  75%min  75%min
28 day, % ofcontyol 104 %  75%min  75%min
Water Fequirement, % control 96 Y 0% max 105 max
Autorlave Soundness 0on %  D8%max 08%max C311,C151
True Particle Density 134

Headwaters Resources cerlifies that pussuant to current ASTM C618 protocol for testing, the test data Gisted herem
was generated by applicable ASTM methaoits and meets the reguirements of ASTM C618 for Class F fly ash

/5 gl W

MTRF Manager

SESETO Mid

Materials Testing & Research Facliity
2650 Old State Highway 112
Taykrailie. Georgia 30178

PIVT0684 0102

Fi770.624.6114

www headwatérs.com

Figure C-2: Class F Fly Ash Manufacturer Data Sheet
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T
COMMERCIAL GRADE

— QUIKRETE

MASON MIX

Propuct No. 1136

PRODUCT DESCRIPTION

Masonry Mortaring
040513

QUIKRETE®™ Mason Mix is a contractor grade mortar mix designed for laying brick,

concrete masonry units and stone.

QUIKRETE®Mason Mix is a contractor grade mortar mix designed for
laying brick, concrete masonry units and stone. QUIKRETE® Mason
Mix is a pre-blended, sanded product. The standard formulation
meets ASTMC 270 and C 1714 as Type S mortar. Other types are
available by special request.

COLORS

QUIKRETE® Mason Mix is available in gray and additional colors by
special order. Color can also be added to the product as it is mixed by
adding QUIKRETE® Stucco and Mortar Color (#1319) to the mixing
water. Twenty standard colors are available.

SIZES
+ QUIKRETE® Mason Mix -
« 60 Ib (27.2 kg) bags
+ 80 Ib (36.3 ko) bags
YIELD

+ Each 80 Ib (36.3 kg) bag of QUIKRETE® Mason Mix will lay up to 37
standard bricks or 13 standard (8" x 8”x 16” [200 mm x 200 mm x
400 mm]) blocks.

TECHNICAL DATA

APPLICABLE STANDARDS

ASTM International

+ ASTM C 270 Specification for Mortar for Unit Masonry

+ ASTM C 387 Specification for Packaged, Dry, Combined Materials
for Mortar and Concrete

* ASTM C 1714 Specification for Preblended Dry Mortar Mix for Unit
Masonry

PHYSICAL/CHEMICAL PROPERTIES

QUIKRETE®Mason Mix meets or exceeds the propeity requirements
of ASTM C 270, ASTM C 387 and ASTM C 1714 for the type
selected. Refer to Appendix X| of ASTM C270 for guidance in
selecting the proper mortar type. See Table 1.

INSTALLATION

SURFACE PREPARATION

Surfaces to receive Mason Mix should be clean and free of dirt, loose
debris, grease, oil, etc., for the best possible bond.

MIXING

* For each 80 Ib (36.3 kg) bag, add 9 pt (4.3 L) of fresh water to mixer
* Turn the mixer on and begin adding bags of Mason Mix
« If the material becomes too difficult to mix, add additional water until
aworkable mix of trowelable consistency is obtained
Note - Final water content should be 9 - 14 pt (4.3 - 6.6 L) for each 80
Ib {36.3 kg) bag and 7 - 10 pt (3.3 - 4.7 L) for each 60 Ib (27.2 kg)

bag.
INSTALLATION

+ Apply a full bed of mortar onto the base, approximately 1/2" - 3/4'

(12.7 - 19.1 mm) thick

+ Push downward into the mortar bed and sideways against the
previously laid block with a slight twisting motion
+ Tool the mortar joints when they become thumbprint hard. This will
make the mortar joint watertight and provide a neat appearance

Table 1

Hydraulic Cement- Lime Mortars or Cement Mortars

Type Minimum Compressive
Strength, pst (MPa)

1 2800 (172)

S 1800 (124)

N 70 (.2)

0 320 (24)

Masonry Cement Mortars

Type Minimum Compressive
Strength, psi (MPa)

M 2000 (172)

S 1800 (124)

N 7062

0 350 (24)

Water Retention
Minimum %
B

i}
i)
i)

Water Retention
Minimum %

[
75
75

Air content

Mesamum %
12

12

141

14

Alr content
Meximum %

18

18

02

0

'When structural reinforcement is included, the: maximum aircontent shall be 12%
2WWhenstruztural reinforcement is inzluded, the meximum aircortentshall be 18%

CURING

Curing of masonry mortars is required only if conditions are very hot,
dry or windy. In such cases, a gentle mist of water applied to the

.
ORI AL CRADS

—(UIKRETE

[ ]

Figure C-3: Type M Mortar Manufacturer Data Sheet
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GENEVA ROCK FPRODUCTS, INC.

205 Vet AD0 WMo « PO, Box

AGGREGATE SUBMITTAL
Report of Physical Properties

w QML UT B @ (1501 TEE-To0k @ AN (301 ) 760-7030 & SRStk oo

GRP Matenial Descripiicn: Washed, Cenorsts Report Date: Manch 22. 2011
GRP Matsrial Coda: SAND Reviewed by Vicdor kehnson
Source Locafion/Code: Paint of the Mauntain I 525 Repori Na. 5155ANDODI11
TEGT RESULTS SIEVE ANALYSIS
e PHYSICAL PROPERTIES Rl ASTM GI30  AASHTD 127
ARTMEC 10 Uil Una Wergh, lbs fewtt =) 9 Sicve 5w “ Pamsmy
AASHTD IS Vieight Voids, %= 38 453 o [ 187
2 mogst [ noowe = macitent Famm (i)
ASTM DiE5ET Medified k. Gy, [ o i = 30 e (12
AASHED T180 Procio: Ot Motsiure, %= 250 o (1)
ASTIV Diicas Standand Mz densty, ledouft = 226 o [T
AASHTD TES Proctor Ciptimam Moiskwe, % = 200 mm |57
ASTM C4318 Litguid Limit Lipad Limi=| 0 153 mmm (7]
AASHTD TEWSD | Plestic Limit PastioLime=| 0 125 mm (5]
Plasticity Ind=x Plashily Indes=| NP 100 mm {47
ASTM C121 LA Sma Coarssloss %= 7500 mm (T
AASHTD T80 Blwasion Grading Resluiions = &30y (1T
ASTM C5E LA Large Coarse Loss. %= 5041 mm {77
Rhwasion SeangHeeniuions, = 3T S mm {1-1T)
Fine Bulk Specife Graudy (dryj = 2563 250 mmi {171
ASTMC 178 Specific Bull Specifc Grasiy, 550= 2593 0.0 rrm (347
AASHTD T4 Gty & Apparent Specific Graeny ={_2 64 125 mm {127
Absorpiicn Absorpion, %=| 117 8.5 mem {35
Coarse Bufic Specric Grawty {dry) = 8.3 mm 147
AETMC LT Specifie Bulk Specilic Graviy, S50= 4 75 mm [Hod) 100
ASSHTO TES Granvity & Apparent Specific Gy = 2,36 T (e E) T
Absorption Absompeon, = 200 mam {Ho. 10) BS
AGTHW 2410 Samd Sand Equivaient %= 90 118 mrm (o 18 1
sesHTOTITE | Squivalent [ 0600 mm (Fe.a) T
Seamdness Cosree Sounaress | nes W= 0425 mwm (M A0) n
ASTMCEE Miagresiom Mo of Dudes= 1. 30K0 rrare [ Mo 541) 20
AREHTO T Soundness Fine Soundness loss %= 3 0. 1B i { N BT
Sodum No. of Cyches =[5 01150 mm [ Mo 3 00) B
TASTM G 1258 | Fme Aggregae Unoarpscies Vods, = 463 [ OS e (Mo o) [E]
stceroTe | Ampulariy Method 0 {25 recsted makrial] [RSTM DD
ASTM C40 Orgamic Coar=e Apgregale %= Hypdiromstes =
AASHTD T2 Fine 2= _Lighter Plai= #1 AT G668 AT T255
ASTMICI42 | Clay/ Friabie Coas= Aggregte. = nisirs Content, %=
AASHEQ TI12 Pacticles Fine Agmegate %=| 0 [A5TM C13% AASHTD 127
ASTMCTZ Liggrwigint Coarse Aggregare, % = Fineness Modilis {Fi) =
AMSHTOTINZ Fisces Fine: & %= 0 85T s
ASTM D183 cpR Shrcharge = 10 ks EUT= Cla=sificafion of Soils =
AACHTOTIER e -0s BRgOT= ASTI D79 Fatin =
T AGTMLGEZ! | Frechssd Faes Tor 2 Facee= Flat & Blongated =
Fracured Face. %=
ASTM D27 | son comsmesion G Sy =
Gromi Marne =
AETM D328 | sod Deseription & Giroug Symiboi =
inrifcadon Fme Name =
GHP Maienaiz Apgregaie Physical Properiies Rapar WVersion 21108

Figure C-4: Fine Aggregate Manufacturer Data Sheet
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GENEVA ROCK FPRODUCTS, INC.

205 Vet AD0 WMo « PO, Box

AGGREGATE SUBMITTAL
Report of Physical Properties
GRP Matenal Descripion: Washed Starsdand 38" x 416

GHRFP Material Code: CHIF
Source Locafion/Code: Paint of the Mauntain I 525

w QML UT B @ (1501 TEE-To0k @ AN (301 ) 760-7030 & SRStk oo

Report Date: Manch 22. 2011
Reviewed by Vicior Jehnson
Report Na. SISCHIPGD11Y

TEGT RESULTS SIEVE ANALYSIS
e PHYSICAL PROPERTIES Raesll | Tast BNCE ASTM GI30  AASHTD 127
ARTMEC 10 Uil Una Wegh, I feitt =) 4 Sicve 5w “ Pamsmy
BASHTOTIG Wsight Voirs, %= a7 453 mm | 18]
2 mogst [ noowe = macitent Famm (i)
ASTM O1557 Mosdifiad Max demily, s o = 3T m (17}
AASHED T180 Procio: Ot Motsiure, %= 250 o (1)
ASTI Do Standand M densty, lheroutt = 755 mm (T}
AASHTD THE Proctr Cipsimum Meiskwe: % = 200 o ()
ASTMIM31E |  Liguid Limét Linpact Lirmie= 51 mm (]
ASSHTD TERNG0 | Plestic Lima Plastic Lime= 125 mm (5]
Plasticity Ind=x Prasticity Indee= 100 mm (4]
ASTMC131 LA St Comree Loss %= 947 750 mm 3]
AASHTD T8 Abrasion CatingFesiiiions. =) /a0 B30 mm -1}
ASTM GR35 LA Large Coarse Loss. %= 50.0 mm (7]
Rhwasion SeangHeeniuions, = 3T S mm {1-1T)
Fine Bk Specie Grauily {dry) = 250 v 1
ASTMC 128 Specific Budk Specic Grasiy, 550= 30,0V rrm (347
AASHTD T84 Gty & Apearent Speciic Gramiy = 125 mm {127
Absoticn Abeoition, %= 8.5 mm {VE) 00
Comrea Bus Specfe Grawty (dy)=| L5857 .3 mm [ 147
ASTMC tH Speeific Bulk Specific Graviy, S50=| 2613 4 75 mm (No.d) 2
AZSHTO TS Granity & Appatent Specific Sravity=|_ 2654 2,36 mim (M. E) 24
Absorption Absompeon, =] LA 200 mam (Mo 10}
AGTW D410 Camd Samd Equivaient, % = 1,18 mm (N 18] 5
sesHTOTITE | Squivalent [ 0600 mm (Fe.ad)
Seamdness Cosree Sognaress |oes =) 125 0425 mwm (£
ASTMT 8 Sodim Mo of Cudes=[ 5 13,3080 rm (o, 5 [
AREHTO T Soundness Fine Soundness Loss. %= 0. 1 B e { e BT
Magnesam Mo, of Cyshes = 0950 norm { N 400}
TASTM G 1258 | Fine Aggregae Uraereisctes Vos, % = TL075 rrem (Mo 200} 7
stceroTe | Ampulariy Method 0 {25 recsted makrial] [RSTM DD
ASTM C40 Orgamic Coar=e Apgregale %= Hypdiromstes =
AASHTD T2 Fine == AT G5 AT T255
T ASTMCI4Z | Clay Frisbie Comse Aggegee %=| O Moisiurs Conteni, %=
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Figure C-5: Coarse Aggregate Manufacturer Data Sheet
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Amcor Mesonry Products
223 South Aodwood Road
Motth Saly Lake, Liah 84054

CMU Compression, Absorption, Moisture Content & Shrinkage

Project
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Description

0520 - Labomiory Services
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ExBx 16" Regular Cidlis, Production Dafe: F2411
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Figure C-6: Concrete Masonry Unit Manufacturer Data Sheet



