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Abstract  

Power-actuated fasteners (PAFs) securing the cold-formed steel track to concrete slab 

connection in non-structural partition walls are a critical failure point in buildings in low 

to high seismic regions. Concrete composition is hypothesized to have a major effect on 

the performance of PAFs; however, guidelines currently available in the United States for 

the evaluation of PAF performance in concrete do not include clear specifications on 

concrete mixes or aggregates. Testing and evaluation criteria for seismic applications is 

also not available. The focus of this thesis is on the dependency of PAF performance, in 

terms of capacity, embedment, stiffness, and shank bending, with respect to concrete coarse 

aggregate properties. A survey of concrete aggregates across a wide range of locations in 

the United States and Canada was conducted, and a classification system with 

recommended parameters for defining the toughness of concrete coarse aggregates was 

proposed. A loading device and methods for testing the out-of-plane behavior of groups of 

fasteners in cold-formed steel tracks under shear loading were developed, and several 

combinations of fasteners and concrete aggregates were tested. Results of the out-of-plane 

track shear tests were compared to shear tests of single fasteners installed into the same 

concrete mixes. The detriment of increased aggregate toughness on stick rate, embedment, 

and bending of the fastener shanks was noted. Additionally, an inverse relationship 

between coarse aggregate toughness and fastener capacity, as well as a strong group effect 

that reduced variability and increased capacities per fastener, was observed.  
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Chapter 1. Introduction and Previous Research 

1.1. Project Background 

Power-actuated fasteners (PAFs) are nail-like connectors used in a wide variety of building 

construction applications, such as attaching steel decks to supporting joists and temporarily 

connecting wood forms to concrete. A specific application of current research interest is 

connecting cold-formed steel tracks to concrete to support non-structural partition walls, 

as shown in Figure 1-1. The application is commonly used in many buildings, and a focus 

on the seismic response of these walls is of interest due to their relatively high portion of 

the total building cost and the greater failure occurrence of these components than many 

structural building elements [1]. The specific interest in power-actuated fasteners is to 

ensure their reliable performance in the application and to allow for more widespread 

implementation that could lead to cheaper and faster construction than other post-installed 

concrete anchors [2]. More crucially, PAFs have been identified as a critical failure point 

of partition walls based on experimental data [3]. The PAF-to-concrete connection is 

important to study since a minor failure can be difficult to detect and may not be repaired 

while a major failure is particularly tough to fix following an earthquake [4], which can 

yield large direct repair costs as well as high indirect costs due to inoperability of a 

building.  

 
Figure 1-1 �± Non-structural track in concrete PAF application [2]  

PAFs used in non-structural track applications in concrete are typically made from 

galvanized carbon steel, embedded between 5/8ò and 1-1/4ò into the concrete, and used 
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with 26 to 12 gauge steel tracks. The shanks are either smooth or partially knurled and 

range from 0.101ò up to 0.177ò in diameter, and the fasteners can be installed with either 

powder-actuated, gas-actuated, or electro-mechanical-actuated tools [2]. A typical PAF for 

this application is shown in Figure 1-2. 

 
Figure 1-2 �± Typical PAF used in track-to-concrete connection [5]  

The overall construction of the partition walls of interest is generally as follows: cold-

formed steel tracks are connected to the structural concrete floors using PAFs. Steel studs 

are inserted into these tracks and then drywall is attached to the studs using self-tapping 

screws for both the stud-to-track and drywall-to-stud connection. Intermediate supports 

along the height of the studs are also common. Figure 1-3 shows a cut-away view of this 

type of construction. Thinner tracks and studs are typical for commercial buildings (e.g. 

office buildings), and thicker versions of these elements are often used in institutional 

buildings (e.g. hospitals) [6]. 

 
Figure 1-3 �± Common partition wall construction supported by PAFs [7]  
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1.1.1. Current practices 

For partition walls, the horizontal acceleration of walls and objects attached to them, such 

as cabinets or medical equipment, imposes loads out of the plane of the wall. Typically, 

story drift is not considered in practice for the design of track attachments. Therefore, out-

of-plane loading is the most relevant mechanism and is the primary consideration in this 

report, and it is transmitted between the building structure and the partition wall via 

shearing of the PAF connection. Also, a distributed horizontal static load of 5 to 15 pounds 

per square foot must be considered for attachment design per AISI S220 [8], AISI S916 

[9], or ICC-ES AC86 [10]. Due to the relatively large in-plane stiffness of the wall 

partitions and concrete floors, tension pull-out of the PAF is largely restrained in this 

application [1].  

For shearing of PAFs installed in concrete structures within seismic design categories D, 

E, or F, the acceptable practice in the United States is clear ï both ASCE/SEI 7 and ICC-

ES AC70 limit the service load on a single PAF to a maximum of 90 pounds [11]. 

Governing building codes, such as the California Building Code, also accept this 90-pound 

limi t [12]. In all cases, this is an absolute maximum value.  

1.1.2. Isolated strength and stiffness tests for PAFs 

After establishing the possibility of the PAF-to-concrete connection as a critical point in 

partition wall construction [3] and seeking to improve on the capacity requirements in 

codes [5], a specific interest was given to accurately determining the response of PAFs 

under both monotonic and cyclic loading. 

Prior to delving into specific research efforts, it is important to distinguish between the 

types of failures at the track-to-concrete connection. In a concrete base material, this 

usually occurs as a combination of fastener pull-out and a small concrete failure cone with 

a properly installed fastener as shown in Figure 1-4. In shear applications, this is not 

common [13]. Other failures are categorized as track failures, where the steel yields around 

the PAF as shown in Figure 1-5a and Figure 1-5b, or as fastener failures, where the track 

remains intact but the PAF shears or is pried from the concrete as in Figure 1-5c and Figure 

1-5d. 
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Figure 1-4 �± Concrete base material failure [13]  

 
Figure 1-5a (left) �± Track bearing failure mode; Figure 1-5b (middle-left) �± Track pull-through failure 
mode; Figure 1-5c (middle-right) �± PAF shear failure mode; Figure 1-5d (right) �± PAF pull-out failure 

mode [3]  

Some of the initial shear capacity investigations tested single fasteners installed with 

typical concretes, track thicknesses, and PAF properties for building construction. The 

study examined two different track thicknesses and, with the thinner tracks, only bearing 

(Figure 1-5a) or pull-through (Figure 1-5b) type failures were observed. Only the thicker 

of the two tracks considered had PAFs shear (Figure 1-5c) or pull-out (Figure 1-5d). These 

failures only occurred under cyclic loading, with monotonic tests in the thicker tracks 

having the same track failure mechanisms as the thinner tracks [3], so PAF shear strength 

did not often control. The average shear failure loads shown in Table 1-1 indicate that 

cyclic loading is more critical than monotonic loading.  

Table 1-1 �± Average single PAF shear capacity [3]  
Loading Protocol Approx. Track Thickness Avg. shear failure load (lbs.) 

Monotonic 22 gauge 839 

Cyclic 22 gauge 727 

Monotonic 26 gauge 1,247 

Cyclic 26 gauge 1,028 

In many real-world applications, PAFs are installed in groups in tracks and do not rely on 

the capacity of a single fastener. Therefore, redundancy and group effects of the rows of 

PAFs in the steel track should be considered. This has been investigated for in-plane (where 
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the ñplaneò is parallel to the drywall panels) shear loading of groups of at least four 

fasteners subjected to either monotonic or cyclic loading. Figure 1-6 shows a typical track 

installation. 

 
Figure 1-6 �± Track application of PAFs [11]  

One investigation varied embedment, spacing, diameter, and track thickness. As expected, 

the ultimate capacity of the connection increased as each of these variables was 

independently increased. Cyclic loading was considered by applying a load between 25% 

and 45% of the typical monotonic shear capacity and cycling it 30 times on the track prior 

to loading the tracks to their ultimate shear capacity. In these tests, the observed ultimate 

capacity was not drastically affected with the observed variation between the cyclic and 

uniaxial tests being within the range of variation of uniaxial tests alone. This phenomenon 

was observed regardless of the embedment, spacing, or other connection properties [5]. 

This contrasts with the previously mentioned cyclic tests, where the observed ultimate 

capacity was lower for cyclic tests than monotonic tests, a difference that can most likely 

be attributed to the cyclic loading protocol. The aforementioned cyclic tests were 

displacement-controlled and continually increased the magnitude of displacements until 

failure [3], which proved to be a more damaging protocol that yielded lower capacities. 

Another study of tracks tested fasteners from four different PAF suppliers, all of the same 

diameter and embedment into the same concrete and cold-formed steel tracks. The tracks 

were subjected to one of the same cyclic loading protocols as other tests (25% to 45% of 

monotonic shear capacity and cycled 30 times) [5]. An allowable load was calculated from 

the experimental results based on the procedure described in AISI S100-16 (North 
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American Specification for the Design of Cold-Formed Steel Structural Members) [14], 

and while the different products developed different allowable loads, they were all higher 

than the 90 pound code-prescribed limit. Combined with the other referenced tests, these 

results reinforce that the current code limits may be overly conservative [15]. However, 

statistical factors for track-to-concrete connections are not available in AISI S100 [16], and 

must first be determined to draw final conclusions.  

1.1.3. Performance of PAFs in seismic tests 

The performance of PAFs in standalone shear tests or in groups for track tests is valuable 

for determining capacity, but capturing their performance within the full wall system is the 

ultimate goal. Particularly relevant is their impact on the costly damage to partition walls 

seen in recent earthquakes [1].  

Full-scale non-structural partition walls using typical construction practice, including PAFs 

to connect the walls to concrete slabs, have been tested previously. These tests varied wall 

construction, such as introducing doorways and changing drywall panel thicknesses, and 

observed the various failure mechanisms within the wall as story drift was imposed on the 

specimens. The majority of the tests did not see any failure of the track-to-concrete 

interface, with drywall cracking, buckling, or crushing (all evident in Figure 1-7); buckling 

of the steel studs; or pull-out of the self-tapping screws being the primary failure modes. A 

few failures at the PAF connections were observed, but all of these were bearing failures 

of the cold-formed steel track around the PAF as shown in Figure 1-5a. In addition, in all 

cases the drywall cracked or crushed prior to this failure [4].  

 
Figure 1-7 �± Drywall failures in wall test [4]  

Another similar test of full-scale partition walls evaluated 18 different configurations that 

varied the wall heights, wall shape, and openings. Each of these configurations was 
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subjected to three different loading protocols that had non-linear ground motions applied 

to the structure that supported the partition walls. Of these combinations, only one had a 

failure at the PAF connection, which itself was bearing of the track rather than shearing of 

the fastener. It should also be noted that this bearing occurred in the thinner of the two 

tracks considered in the tests. In all other tests, damage to the drywall, stud-to-track 

connection, or to the stud itself occurred without failure at the PAF [6]. Therefore, the PAF 

connection, and particularly the shear capacity of the PAF, did not control the response of 

the wall system under the tested conditions. 

Tests on a full-scale five-story building reinforced these findings. When this test structure 

was subjected to a variety of seismic events that matched either the 1994 Northridge, 2010 

Maule, 2007 Pisco, or 2002 Denali earthquakes, significant amounts of damage were 

observed in the partition walls. In certain cases, the damage included full separation of the 

drywall from the steel studs or plastic deformation of the studs themselves; however, the 

PAF connections had only slight damage or none whatsoever [17].   

1.1.4. Modeling the seismic response of partition walls 

The research interest in capturing the behavior of individual components of non-structural 

walls and the full-scale partition wall tests has prompted the creation of computer models 

and simulations, which have proven to be reasonably accurate when compared with 

experimental observations. One of the most thorough of these compiled a full wall system 

model as a combination of individual models of the steel tracks, studs, drywall, and 

connections. This elaborate system was particularly dense due to the higher-level 

approximations chosen by the researchers ï the studs behaved non-linearly, the drywall 

was discretized into shell elements, and all connections and tracks were modeled as springs 

whose load and displacement history dictated their response [18].  

While effective from a research perspective, this method has a few practical issues. First, 

the non-linearity, large number of interacting elements, and time-influenced behavior of 

the system makes the model cumbersome to set up and analyze, thus making it impractical 

for many practitioners. Additionally, tests on individual components are required to 

calibrate the model. Certain responses of specific components have not been characterized, 
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requiring approximation of the response and leading to a possibly unrealistic behavior of 

the larger overall system. In particular for the PAF track-to-concrete connection, the 

individual component tests were based on single fastener tests [3], and the out-of-plane 

responses were assumed to be the same as the in-plane. The calibration tests also did not 

account for variation of the concrete base material [18]. With these approximations and 

assumptions, the model showed slight damage, albeit less than other components of the 

wall system, at the PAF connection following excitation of the system.  

1.2. Research Motivation 

1.2.1. Fastener capacities in various materials and isolated PAF 

tests 

PAFs installed into concrete are highly limited by current code requirements as mentioned 

in Section 1.1.1. In addition, codes such as AISI S100-16 [16], which are very specific for 

the design provisions of PAFs connecting two steel members, are mute regarding 

provisions for PAFs connecting a cold-formed steel member to concrete. For the steel-to-

steel connections, there are provisions for both the shear strength of the fastener, �2�á�é�ã, as 

determined in AISI S100-16 J5.3.1 and shown in Equation 1-1, and pull-out of the PAF, 

�2�á�â�æ, as determined in AISI S100-16 J5.3.3 ad shown in Equation 1-2.  
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The shear strength is dependent upon the fastener area and material strength, which is 

typical for dowel-type connectors. The pull-out strength is empirically-calibrated, and is, 

intuitively, a function of the embedment depth, base material thickness, material strength, 

and modulus of elasticity. Not shown here but also prescribed in the code are both upper 

and lower bounds on fastener embedment, diameter, and base material thickness. 
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Compared to the procedure for PAFs in steel-to-steel connections, the 90-pound across-

the-board limitation of PAFs in steel-to-concrete connections, such as tracks used to 

support partition walls, is simplistic. Capacities which are determined by either empirical 

tests, principles of mechanics and materials, or both, and which are dependent upon the 

geometries and material properties of the connection elements, should be introduced for 

PAFs installed into concrete. This is especially necessary since the concrete constituents 

are relevant for other concrete fasteners [19]. Post-installed adhesive anchors require that 

the aggregate shape, mineral composition, hardness, size, and gradation be reported in the 

qualification tests required by building codes [20]. 

A previous study investigated this relationship with post-installed mechanical anchors, 

where coarse aggregate properties were varied while keeping the fine aggregate, cement, 

and concrete constant. It was found that with the specific type of threaded studs used in 

these tests, the type of coarse aggregate did not influence either the size of the concrete 

cone formed at failure or the ultimate load of the connection [19]. However, unlike 

mechanical anchors, which use heads, expansion mechanisms, or other elements to bear 

against the concrete under shear loading, PAFs develop interface shear along the shank to 

resist the loads. This is enhanced via two mechanisms that occur during PAF installation. 

First, the concrete is displaced and compressed as the shank is driven, imposing 

compression stresses on the PAF. Second, the fastener generates enough heat to fuse the 

shank with the concrete as it is driven. Any material that impedes the ability of the fastener 

to embed fully with a straight shank hampers the ability of the PAF to develop these 

mechanisms [13]. The hardness and concentration of concrete coarse aggregates greatly 

affects the ability of PAFs to embed and engage the material. Soft and lightweight 

aggregates can be penetrated by the hardened steel fastener. Hard, round, or large 

aggregates lead to fasteners that bend, do not embed fully, or cause the concrete to spall 

during application [21]. These fasteners can have reduced or no resistance to applied loads. 

It is important to note that the extent of fastener bending is difficult to determine from 

surface inspections. 
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While there is a substantial amount of data for single fastener PAF shear tests, much of the 

reported data only shows capacities, failure modes, and displacements at failure and was 

produced as a byproduct of other studies not primarily concerned with the specifics of the 

PAF connection. Therefore, there was a need for a study where fastener types, embedment 

depths, failure modes, and concrete aggregates were deliberately varied and the response 

of the connection under the full range of service to ultimate loads was determined. 

Monotonic tests to establish the relationship was determined to be the most logical first 

step. With promising results, the more critical cyclic loading could be explored with a 

careful selection of the loading protocol. Combined with other available relevant tests, 

empirical relations based on parameters of the connection could be determined from these 

experiments and integrated into future code provisions. 

1.2.2. Full-scale seismic tests and modeling 

The several partition wall tests that were explored showed little evidence for PAFs 

controlling the failure of the partition walls. Even though the track-to-concrete connection 

can be difficult to detect and costly to repair following a seismic event, it did not often 

occur and was never the primary failure mechanism of the wall. In one perspective, this 

can be seen as the PAF requirements being too conservative and thus making the PAF 

connection unnecessarily strong and stiff for its application. On the other hand, the over-

design could be desirable since it limits failures in a seismic event to components such as 

the studs and drywall that are easier to replace than the cold-formed steel track, PAF, or 

concrete.  

Ultimately, this decision should be left to the structural engineer, which ideally requires 

that an accurate computer model be generated that can capture the wall behavior as the 

elements are modified. The model used in previous research could serve this purpose 

despite its complexity; however, a few gaps and assumptions need to be validated for this 

model. Primarily, out-of-plane tests of the PAF track-to-concrete connection should be 

performed to calibrate the model rather than assuming that the in-plane response and out-

of-plane response are the same. Additionally, the models for the hysteretic springs used for 
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the PAF connections should account for the material properties of the connections and be 

based on the group response of a track rather than a single fastener.  

1.3. Research Objectives 

Damage and response of partition walls during earthquakes is highly relevant due to the 

high repair cost and common failures seen in these building elements in recent earthquakes. 

The PAF track-to-concrete connection of these elements is limited by current code 

requirements, and recent studies have found these codes to underestimate PAF capacity 

and largely remove the connection from being a controlling failure mechanism even under 

the most extreme experimental conditions. The research motivation highlights several 

needs for additional research, particularly related to the PAF strength and stiffness based 

on fastener and concrete properties, the out-of-plane response of tracks in concrete and 

how they relate to the in-plane response and single fastener tests, and developing and 

calibrating a model that captures all of these parameters. 

Given the large and coordinated effort that is involved, this current research focused on 

capturing the isolated unidirectional out-of-plane response of groups of PAFs installed in 

concretes with different coarse aggregate properties. This research was performed in 

conjunction with tests of single fasteners to draw relationships between PAF performance 

in standalone and group applications. Additional research being performed in tandem with 

this project is related to computational modeling of the test setup that was considered in 

this research ï the results from this research will be used to validate and calibrate these 

models. Ultimately, developing criteria related to aggregate toughness that could be used 

in certification tests for PAFs, which demonstrate compliance of a fastener under a specific 

set of parameters, as a result of this research is desired.  
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Chapter 2. Concrete and Coarse Aggregate 

Properties Survey and Definition 

To properly define aggregates and concretes to be used in the testing portion of this 

research, a realistic and typical characterization of these materials for PAF applications 

was needed for several reasons. First, while PAF manufacturers identify that hard 

aggregates impact PAF performance, guidelines defining a ñhardò aggregate are not given 

[13] [21], and current PAF testing protocols do not address these parameters [22]. Second, 

available aggregates can vary by region. Third, not all concretes and construction 

aggregates available in a given area may be used in floor slabs, which are significant for 

PAF applications. A survey of concretes and aggregates was conducted and used to develop 

aggregate specifications and concrete mix designs that considered hardness parameters and 

regional variability. 

2.1. Concrete and Coarse Aggregate Overview 

Current ICC-ES acceptance criteria AC70 [22] and evaluation reports, such as ESR-2269 

[23], ESR-2024 [24], ESR-2138 [25], and ESR-1799 [26], for the use of power-actuated 

fasteners (PAFs) primarily define concrete compressive strength �:�B�Ö�ñ�;, relative concrete 

density (e.g. lightweight or normal weight), fastener type, and embedment depth to 

determine the allowable loads for PAFs installed in concrete for non-seismic conditions. It 

is hypothesized herein that performance of PAFs is not fully captured by the parameters 

currently used to reflect jobsite concrete and the impact of concrete composition on 

allowable loads. In particular, the composition, properties, and distribution of the coarse 

aggregate is believed to have a substantial impact on the capacity of a PAF installed in 

concrete; however, no concrete specification is provided for in ICC-ES AC70 [22] or 

ASTM E1190 [27] for the labs that perform qualification tests of PAFs. This chapter 

summarizes a typical characterization and categorization of coarse aggregates used in 

concrete in the continental United States. Specific focus is given to floor slabs, into which 

PAFs are most commonly installed to support other elements, including non-structural 

partition walls. This information is used to provide guidance for testing protocols using 

varied aggregates that encompass a realistic range for typical PAF applications.  
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2.2. Aggregate Parameterization 

2.2.1. General Mechanical Parameters 

Yearly certification tests are often performed on aggregates used in building construction. 

For coarse aggregates, these tests typically provide, at a minimum, the results from the 

American Society for Testing and Materials (ASTM) tests shown in Table 2-1. Depending 

on the typical uses of the aggregates and local requirements, aggregate suppliers may 

perform additional tests, such as aggregate angularity. 

Table 2-1 �± Typical ASTM test results provided for coarse aggregates by suppliers 
[28]  [29]  [30]  [31]  [32]  [33]  [34]  [35]  

Designation Test Results Provided 

ASTM C29 Unit Weight and Voids between Particles 

ASTM C88, C117, C123, C142 Deleterious substances 

ASTM C127 Specific Gravity and Absorption 

ASTM C131 Resistance to Degradation by Abrasion and Impact 

ASTM C136 Sieve Analysis 

 

2.2.2. Selected Hardness/Toughness Parameters Used to Classify 

Coarse Aggregates 

The typically available parameters from 21 annual testing reports of 18 different North 

American aggregate suppliers and reference information from other industries have been 

used to classify coarse aggregates within this report. Ultimately, the goal is to use these 

parameters to capture the hardness (resistance to abrasion), toughness (energy absorbed 

until failure), and/or resilience (energy absorbed while remaining elastic) of the material. 

These aggregate parameters are believed to influence the penetration and deflection 

behavior of PAFs in concrete. The explanation, justifications, and limitations on each of 

these parameters is described below. 

2.2.2.1. Diamond Tool and Mechanical Anchor Supplier 

Classifications  

Suppliers of rock drilling tools and mechanical anchors have general information regarding 

the types of minerals and rocks throughout the continental United States and parts of 

Canada. Because they are used only to provide guidance for selecting proper cutting and 
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drilling tools, these classifications are both qualitative and are at a very coarse scale. 

Additionally, there is inconsistency in certain areas, such as the upper Midwest, between 

different tooling companies as shown in the maps of Figure 2-1. This information is also 

for diamond tool applications, such as coring, not necessarily for aggregates used in 

concrete. Therefore, this information is not sufficient to classify aggregate hardness for 

concretes but can guide judgments and determine what materials may be expected to be 

encountered in a certain region. 

 

Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-1a (left) �± Reference hardness map from Advance Drills, Inc. [36]  and Diamond Products [37] ; 
Figure 2-1b (right) �± Reference hardness map from Industrial Diamond Association of America [38] , 

Tapcon [39] , Diamond Tools Technology [40] , and National Equipment [41]  

2.2.2.2. LA Abrasio n Test 

The resistance to degradation of small-size coarse aggregate by abrasion and impact in the 

Los Angeles machine test, commonly called the LA abrasion test and prescribed by ASTM 

C131 [34], is typically performed by aggregate suppliers and uses a rotating steel drum 

filled with the coarse aggregate and steel spheres to determine how much of the aggregate 

of a certain gradation has broken away due to impact and attrition. It is, therefore, a measure 

of both the surface characteristics as well as the internal strength and fracture presence of 

the aggregates. It is often used as a measure of aggregate quality for a given mineral or 

rock type, but it is limited in its ability to compare between different aggregate types.   

2.2.2.3. Gradation and Maximum Aggregate  Size 

Aggregate suppliers readily provide gradation and sizing information for their coarse 

aggregates and can tailor the distribution to conform to typical gradations required by the 

client or standards from ASTM or the American Association of State Highway and 
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Transportation Officials. While this information provides a necessary characterization of 

the aggregates and is currently used as a parameter to define concrete aggregates for 

fasteners and anchors in some testing guidelines [42], it cannot be a stand-alone toughness 

parameter as it does not account for the composition of the aggregate particles. 

2.2.2.4. Specific  Gravity  

Specific gravity is the most commonly reported measure of relative density of the 

aggregates. In addition, existing testing guidelines for concrete anchors and power-actuated 

fasteners use specific gravity as a parameter to define concrete aggregate [42]. Aggregate 

suppliers typically report more than one measure of specific gravity, including, but not 

limited to, apparent, bulk in an oven-dry (OD) condition, and bulk in a saturated-surface-

dry (SSD) condition. Some aggregate suppliers do not report all of these quantities, so SSD 

was used for evaluation of the aggregate data since it was the most prevalent aggregate 

condition available.  

2.2.2.5. Shape 

Aggregate suppliers sometimes provide results from the ASTM D5821 [43] test that 

measures the percentage of fractured particles in coarse aggregate. While the relationship 

between the prevalence of fractured faces and aggregate shape is not inherent, the 

correlation is strong. Crushed stone and other fractured aggregates are generally angular, 

while river rock is generally rounded. Certain river rock aggregates that are otherwise 

round may be fractured due to natural processes or shipment and handling, but the overall 

correlation trend is usable for classification purposes. Inherent geological differences of 

the river rock source material as well as fining and rounding processes act on river 

aggregates as they progress downstream [44]. This allows for comparisons based on 

quantifying the number of fractured pieces to be made not only between crushed stones 

and river rocks but also within the river rock designation. With minerals possessing 

differing relative resistances to abrasion, aggregate shape can give some information on 

the composition of the aggregates, but as with gradation and aggregate size, it cannot be 

the only parameter used to classify the aggregate.  
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2.2.3. Possible Additional Parameters 

Several additional parameters may provide valuable information for the aggregate 

classification and hardness characterization that may be directly related to the ability of 

PAFs to penetrate concrete and the capacity of PAFs installed in concretes using a 

particular coarse aggregate. These parameters are not commonly used in the United States 

and/or Canada for aggregates used in the construction industry. The current uses of the 

parameters and tests to determine them, along with the potential advantages and 

shortcomings of the tests as they relate to PAF usage are described below.    

2.2.3.1. Mohs Hardness  

The Mohs hardness test is a surficial scratch test that can be used to obtain a relative 

hardness rating. The Mohs test can be performed on either the coarse aggregate pieces 

themselves or the finished concrete surface. Advantageously, the results can be compared 

between different aggregate types, and while not commonly performed by aggregate 

suppliers, it is easy and economical to perform. The Mohs test is already specified in a 

European Assessment Document, where concrete aggregates must have a Mohs value of 

at least 5 for tests that characterize how well PAFs function in concretes made from ñhardò 

aggregates [45]. However, since the test only uses the particle surface, it does not account 

for properties within the aggregate that could affect the penetration of a fastener. For 

example, lightweight aggregates may have high Mohs hardness ratings, but the internal 

voiding due to the manufacturing processes that weaken the aggregate are not evident. No 

standard test method exists for the Mohs test, and the results of the Mohs test can also be 

misleading since the numerical results are still qualitative in nature and are not linearly 

proportional to other hardness measures, although this non-linearity is more significant for 

materials with Mohs hardness values higher than typical construction aggregates. Finally, 

the Mohs hardness scale encompasses all minerals and is very broad and coarse in scale, 

and it may not effectively differentiate between the types of coarse aggregates used in 

concretes.  
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2.2.3.2. Aggregate Crushing Value  

Aggregate crushing value (ACV) is a parameter typically used outside of the United States 

for pavement applications. It considers the resistance of aggregates to crushing under a 

gradually-applied compressive load. The test uses aggregates retained on a prescribed sieve 

size and applies a compressive load which increases at a linear rate to roughly 88 kips over 

10 minutes. The portion of material that has been crushed to approximately one-fourth of 

its original size or smaller is then compared to the original weight of the material to 

determine the ACV. Low ACVs have been shown to correlate to high quality pavements 

in other studies [46]. ACV could also correlate with PAF capacity, but insufficient tests 

exist to validate this relationship and the gradual loading of the aggregate is not 

representative of the sudden, powerful contact between the PAF and aggregate particles 

during installation. 

2.2.3.3. Aggregate Impact Value  

Similar to the ACV, the aggregate impact value (AIV) is not typically used in the United 

States. The test to determine the AIV subjects the aggregate to sudden impacts by dropping 

a hammer on the aggregate in a controlled setting, similar to the standard Proctor test used 

for determining compaction in soils. Specifically, the aggregate is subjected to 15 blows 

from a 30-pound hammer dropped from 15 inches. As with the ACV, the aggregate is 

passed through sieves before and after testing to determine the portion of material that 

becomes approximately one-fourth of its original size or smaller due to the hammer impacts 

[47]. The AIV is commonly used for the selection of satisfactory aggregates for pavements, 

and other countries, such as India, place limits on the AIV for various types of bituminous 

pavements and concretes [48]. Tests have not yet been done to correlate PAF capacity with 

AIV, but a conceptual relationship exists. The sudden shock imposed on the aggregates in 

determining the AIV is similar to the sudden impact aggregate particles may see when a 

PAF is installed in concrete. 

2.2.3.4. Indentation Hardness  

Indentation hardness measures are determined by impressing a non-deformable object onto 

the item of interest. Commonly used in manufacturing, metallurgy, and gemology, 
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indentation hardness parameters are quantified based on the applied load and geometry of 

the indentation. Multiple indentation hardness parameters exist, with the major differences 

being the shapes of the indenters and the formulas used to convert load and geometry into 

a hardness value. The Brinell and Meyer hardness numbers use a spherical indenter, as 

shown in Figure 2-2a, the Vickers hardness test uses a pyramidal indenter, as shown in 

Figure 2-2b, and the Rockwell hardness test and Shore durometer use either a spherical or 

conical indenter. Currently, aggregate suppliers do not typically perform any indentation 

hardness tests even though they correlate with material strength [49]. Specifically for 

determining aggregate hardness, performing one or more of these tests would be beneficial 

because it gives a more accurate and quantitatively substantial hardness measurement than 

the Mohs test, as shown by the comparison of the Vickers and Mohs hardness scales in 

Figure 2-3. This is particularly useful due to the non-linear relationship between Mohs 

hardness values and other hardness values. However, it is practically difficult because tests 

have to be performed on single aggregate pieces, complicating how aggregates whose 

mineral composition is heterogeneous would be considered. Additionally, there is a 

substantial equipment cost for these tests compared to the Mohs hardness test, and typical 

equipment requires samples to be of a particular size and shape that would not easily 

accommodate the irregular nature of aggregates. 

 

Figure 2-2a (left) �± Spherical indenter used in Brinell and Meyer hardness tests; Figure 2-2b (right) �± 
Pyramidal indenter used in Vickers hardness test [49]  
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Figure 2-3 �± Correlation between Vickers and Mohs Hardness values [50]  

2.2.3.5. Notched Specimen Impact Tests  

Determination of the toughness of metals and plastics is typically determined using notched 

specimens tested in a Charpy or Izod impact machine. These machines measure the 

absorbed energy, and therefore capture the true definition of toughness, when a specimen 

is fractured [51]. While the test is advantageous due to the quantitative toughness 

measurement that it gives, it would likely be difficult to implement for construction 

aggregates used in concrete as the individual particles would need to be sufficiently large 

to produce a notched test specimen. Additionally, the aggregates would need to be 

machined into the proper shape for testing, which would be particularly challenging for 

aggregates that are fractured or that are irregular in composition.  

2.3. Aggregate Properties across U.S. and Canada 

Using the aggregate hardness and toughness parameters outlined in Section 2.2.2, 

information from rock quarries and concrete suppliers across the United States and Canada 

was compiled. To combine and compare information from different sources, a few 

categorizations of rock types had to be made. The United States Geological Service 

(USGS) classifies aggregates as either crushed stone or sand and gravel [52]. The crushed 

stone category is then broken down into limestone, granite, trap rock, and ñotherò. For the 
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purposes of this report, the sand and gravel categorization is called gravel/river rock since 

only the coarse aggregates are being considered. Due to their relatively low proportion of 

all coarse aggregates used in the U.S. and the classifications given by the diamond tool 

suppliers comparing hardness to rock classification shown in Table 2-2, the granite and 

trap rock designations were combined in this report and three groups were developed: 

�x Limestone ï Carbonate crushed stones, including metamorphosed varieties 

�x Granite/Trap Rock ï Fine- or coarse-grained metamorphic/igneous non-carbonate 

crushed stones 

�x Gravel/River Rock ï Rocks of any base material transported via alluvial or 

glaciofluvial mechanisms. These rocks are typically harvested with sand. 

Typical examples of rocks within these designations are shown in Figure 2-4a-c. 

Table 2-2 �± Hardness classifications for example rock types [40]  

�&�O�D�V�V�L�I�L�F�D�W�L�R�Q Soft 
Medium-

Soft 
Medium 

Medium-

Hard 
Hard 

�(�[�D�P�S�O�H�V 

Soft 

Limestone, 

Sandstone 

Pit Gravel, 

Limestone, 

Dolomite 

Medium 

River Rock, 

Decomposed 

Granite 

Granite, 

Slate, 

Trap Rock, 

Basalt 

Quartz, 

Hard 

River 

Rock 

 

     
Figure 2-4a (left) �± Typical limestone [53] ; Figure 2-4b (middle) �± Typical gravel/river rock [54] ; Figure 

2-4c (right) �± Typical granite/trap rock [55]  

2.3.1. Quarry Data 

Twenty-one coarse aggregate specifications for use in normal-weight concrete were 

obtained, each from a unique quarry throughout the continental United States and Canada. 

Round robin tests, which are used to calibrate test results to account for regional variations 

in concrete, for adhesive concrete anchors require at least one concrete from each of the 
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four time zones [56], so it was ensured that this requirement was met. Figure 2-5 shows the 

full map of locations used, with Minnesota having a total of 7 locations throughout the 

state. The aggregate suppliers and/or concrete ready-mix companies provided available 

data sheets for a 1ò nominal coarse aggregate. These data sheets have been compiled in 

Appendix A. Intentionally, no additional tests were performed by the aggregate suppliers 

for this investigation as only readily available and publicly-distributable data was desired.  

This data provided numerous insights into the nature of the aggregate properties. For coarse 

aggregates used in normal-weight concretes, the gradations from all suppliers met or were 

very close to the ranges prescribed by ASTM C33 [57] size #57 or #67 as shown in Figure 

2-6 (note that distributions between ASTM-specified allowable percentages were assumed 

to be linear in the figure). All of the aggregates had between 45% and 91% of the coarse 

aggregate within the 3/8ò to 3/4ò size range. Additionally, all suppliers had an absolute 

maximum aggregate size of 1.5ò in diameter and the majority had a maximum size of 1ò. 

Overall, the maximum size and ASTM gradation were relatively uniform and did not vary 

widely between suppliers or regions. 

 
Figure 2-5 �± Locations of coarse aggregate quarry data 
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Figure 2-6 �± Quarry gradations compared to ASTM size ranges 

Test results quantifying the aggregate shape were sparse with the information provided, 

and hardness values were not provided from any quarry. This required that the majority of 

the comparisons between quarry data be made using LA abrasion loss and specific gravity 

values. As shown in Figure 2-7, density increases and abrasion loss decreases were 

generally correlated. Based on the process defined by ICC-ES AC308 for adhesive anchors, 

the variability across time zones was considered, but Figure 2-7 also evidences that there 

was little correlation between these properties and the time zone in which the quarry was 

located. Quarries in the central time zone had both the highest abrasion loss and second 

lowest relative density as well as the second lowest loss and highest density. The USGS 

and diamond tooling maps also substantiate that time zone regions are too broad and too 

geologically varied to give an accurate representation for the actual variations in concrete 

aggregates.  
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Figure 2-7 �± Relationship between specific gravity and LA abrasion loss for each time zone 

A more accurate and geologically-based classification based on the same typically-

available parameters was explored. The aggregates were categorized into the three groups 

that were defined previously ï limestones, granite/trap rocks, and gravel/river rocks. As 

shown by Figure 2-8, this system of classification produces more noticeable trends than 

the time zone classification even though the groups are not fully differentiated. There is 

significant overlap of the data for middling LA loss values and specific gravities between 

the different rock types, but the gravel/river rocks trend toward higher loss and lower 

relative densities, the granite/trap rocks trend toward lower loss and higher relative 

densities, and the limestones fall within a narrow range of abrasion loss percentages even 

when the relative densities vary. These phenomena are highlighted in Figure 2-9 and Figure 

2-10, which portray the specific gravity and LA abrasion loss, respectively, for each rock 

type.  
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Figure 2-8 �± Relationship between specific gravity and LA abrasion loss for aggregate groups 

 
Figure 2-9 �± Ranges of specific gravities for each rock type 

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

2.4 2.5 2.6 2.7 2.8 2.9 3

L
A

 A
b
ra

s
io

n
 L

o
s
s

Specific Gravity

Granite/Trap Rock Gravel/River Rock Limestone



25 

 

 
Figure 2-10 �± Ranges of LA abrasion loss percentages for each rock type 

As shown, the granite/trap rocks have both the highest specific gravity and lowest LA 

abrasion loss percentages and, on average, are the toughest aggregates in both 

categorizations. As noted in Section 2.2.2, the specific gravities can readily be compared 

between different rock types, while LA abrasion loss comparisons require more careful 

consideration. Due to the likely rounded shapes of the gravel/river rocks, comparisons with 

these aggregates should be taken very generally; however, the limestone and granite/trap 

rocks have similar gradations and crushed shapes, so comparisons between these two 

aggregate types may be more valid. 

2.3.2. Floor Slabs 

In addition to the general aggregate information obtained from a variety of aggregate 

suppliers and concrete companies throughout the continental United States and Canada, 

concrete suppliers were asked to provide aggregate information regarding which 

aggregates are typically used for floor slabs (slabs for elevated floors with interior exposure 

conditions) in commercial buildings since this is the PAF application being considered in 

this research. All suppliers were from the upper Midwest region of the U.S., and five 

concrete ready-mix suppliers provided six typical aggregates, each representing a unique 

quarry. Note that this data was included in the overall quarry data presented in Section 

2.3.1.  
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All of the aggregates had a maximum particle size of 1.0 inch, and all but one of the 

gradations conformed to ASTM size #67. All of the three rock classifications were 

represented, and there was an even distribution of crushed/angular and rounded shapes. In 

addition, the specific gravities and LA abrasion loss percentages matched well between the 

coarse aggregates used in floor slabs and those that were used for general concretes, as 

shown in Figure 2-11 and Figure 2-12. 

 
Figure 2-11 �± Ranges of specific gravities for each concrete use 

 
Figure 2-12 �± Ranges of LA abrasion loss percentages for each concrete use 
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2.3.3. Reference Maps 

Several entities have attempted to classify availability and type of rocks and aggregates 

across the United States. In addition to the drill tool and anchor supplier maps shown in 

Section 2.2.2.1, the USGS published a report in 2011 detailing the aggregates available 

throughout the U.S. Figure 2-13 shows the overall U.S. map developed by the USGS in 

their report.  

 
Figure 2-13 �± USGS map of U.S. aggregate sources [52]  

The report also summarizes the prevalence of the different types of aggregates by overall 

usage in the United States, which has been reproduced in Figure 2-14. It is important to 

note, however, that the USGS distribution does not make a distinction between coarse and 

fine aggregates. Additionally, since this data includes other aggregate uses, such as 

pavements and railroad track ballast, it is not necessarily indicative of the distribution of 

aggregates for reinforced concrete in commercial and industrial buildings.   
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Figure 2-14 �± Overall US Aggregate Production [52]  

For the diamond tool and mechanical anchor maps presented in Section 2.2.2.1, the rock 

types supplied by the rock quarries and ready-mix concrete plants aligned with the quarry 

aggregate categorization approximately 80% of the time. Figure 2-15 and Figure 2-16 show 

the approximate location of the quarries considered relative to the hardness categorizations 

for each map. 

 

Classification: Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-15 �± Quarry locations with respect to reference hardness map from Advance Drills, Inc. [36]  and 
Diamond Products [37]  
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Classification: Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-16 �± Quarry locations with respect to reference hardness map from Industrial Diamond 
Association of America [38] , Tapcon [39] , Diamond Tools Technology [40] , and National Equipment [41]  

The USGS map had a stronger correlation of 90%. In both cases, the coarse scale of the 

maps and the location of certain quarries on the boundary between regions of differing rock 

type or hardness made it difficult to classify the expected properties with certainty. The 

reference maps, along with the USGS report showing a large portion of aggregate to be 

either sand and gravel or limestone, provide insight on large scales and are useful for 

determining trends and expected aggregate types within a region, but they cannot supplant 

the more specific quarry data for properly classifying aggregates. 

2.3.4. Lightweight Concrete 

Lightweight concretes are common for floor slabs in commercial buildings due to their 

reduced unit weight. Four samples from several lightweight aggregate producers were 

obtained. Maximum particles were typically İò but were as high as Ĳò, bulk specific 

gravities in the SSD condition ranged from 1.57 to 1.72, and ASTM C330 gradations [58] 

were either 12.5 mm to 4.75 mm or 9.5 mm to 2.36 mm. These particle sizes are 

substantially smaller than those for the coarse aggregates, and the comparatively small 

specific gravities are needed to achieve the lightweight properties of the aggregate. LA 
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Abrasion loss values were not readily provided by the material suppliers. Lightweight 

coarse aggregates are less critical for PAF applications due to their smaller relative size 

and density compared to normal-weight coarse aggregates as well as their engineered 

nature that gives more uniform and predictable properties. 

2.4. Aggregate Categorization 

Based on the investigations described in Section 2.3, the most accurate toughness 

classifications based on readily-available data are from the USGS classification based on 

location, the quarry rock type classification, and specific gravity and LA abrasion loss 

percentages reported on the aggregate supplier data. This data has been used to select 

aggregates for testing PAFs and for proposing parameters for an acceptance criterion. 

2.4.1. Testing Aggregates 

It was desired to obtain representative aggregates across the spectrum developed in Section 

2.3 of the report. Three normal-weight concrete aggregates were obtained and evaluated as 

shown in Table 2-3. In addition to the specifications provided by the quarry, a Mohs 

hardness test was performed and the percentage of fractured particles was determined in 

accordance with ASTM D5821 [43].   

Table 2-3 �± Properties of selected aggregates 

Supplier 
Aggregate 

Industries 
Orca Falkstone 

Quarry  St. Croix Orca Trenhaile 

Quarry Location 1 Shafer, MN Port McNeill, BC Northwood, IA 

Classification2 
Gravel/River 

Rock 

Granite/Trap 

Rock 
Limestone 

Shape (%>1 fractured face)2 41% 60% 100% 

LA Abrasion Loss1 16% 8% 22% 

Specific Gravity (SSD)1 2.72 2.88 2.77 

ASTM C33 Gradation1 #67 #57 #57 

Maximum Particle Size1 1.0ò 1.0ò 1.0ò 

Mohs Hardness2 5 to 6 5.5 to 7 3 to 4 
1Provided by aggregate supplier 2Determined for this report (tested at University of 

Minnesota) 
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Figure 2-17a (top left) �± St. Croix gravel; Figure 2-17b (top right) �± Orca granite; Figure 2-17c (bottom 

left) �± Trenhaile limestone; Figure 2-17d (bottom right) �± Baton Rouge lightweight 

As seen in the aggregate photos in Figure 2-17, and based on the results of the various tests, 

aggregates can be difficult to classify in a single group and may appear tougher or weaker 

depending on the parameter being considered. As shown in Table 2-3, the aggregate from 

the Orca quarry has a high specific gravity, low loss due to abrasion, and a high Mohs 

hardness parameter when compared to the overall quarry data presented in Section 2.3.1. 

It is therefore a realistic representative for some of the toughest aggregates that may be 

readily used in floor slabs for buildings. While classified as a granite/trap rock, it has some 

rounded gravel pieces mixed with the crushed stone as shown with the percentage of 

fractured faces and in Figure 2-17b. The aggregates from the St. Croix and Trenhaile 

quarries have mixed properties for the toughness parameters considered. As with the Orca 

aggregate, the St. Croix aggregate has a mix of rounded and angular pieces, but the rounded 

pieces predominate. Additionally, it has a low percentage loss due to impact and abrasion 

as well as a high Mohs hardness. The specific gravity is not particularly high, but the 

aggregate is tough compared to the overall aggregate distribution shown in Figure 2-8. In 
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certain regions, such as the upper Midwest, it is representative of some of the toughest 

aggregates readily available for ready-mix concrete construction. 

As shown in Figure 2-9 and Figure 2-10, the specific gravity and LA abrasion loss 

percentage ranges are relatively compact for limestones, and the limestone from the 

Trenhaile quarry aligns well with those from other quarries. The aggregate is fully a 

crushed stone, as shown in Figure 2-17c, and the Mohs hardness is typical of most 

limestones. Due to the abundance of limestone as a construction aggregate as well as its 

middling toughness parameters, the Trenhaile limestone was determined to be a 

representative aggregate typical of floor slab construction.  

2.4.2. Concrete Mix Designs for Testing 

With several representative coarse aggregates selected to vary concrete properties, concrete 

mixes were prepared to achieve similar compressive strengths of the concretes and control 

other variables of the concrete. Two mixes used aggregates described in Section 2.4.1, and 

one mix used a typical lightweight coarse aggregate. All of the mixes shown in Table 2-4 

had the same target compressive strength. The full mix designs are shown in Appendix B.  

Table 2-4 �± Concrete mix designs used for testing 
Mix Designation Tough NWC Standard NWC Sand LWC 

Mix Properties 

Target Strength 4,000 psi 4,000 psi 4,000 psi 

Cement Type Type I/II Type I/II Type I/II 

Unit Weight 148 pcf 149 pcf 120 pcf 

Admixtures None None None 

Water-cement 

ratio 
0.57 0.68 0.64 

Fine/Coarse Agg. 

Weight Ratio 
0.79 0.92 2.08 

Coarse Aggregate Properties 

Supplier Aggregate Industries Falkstone Trinity 

Quarry or Plant St. Croix Trenhaile Baton Rouge 

Location Shafer, MN Northwood, IA Baton Rouge, LA 

Classification Gravel/River Rock Limestone Expanded Shale/Clay 

ASTM Gradation  #67 (See Table 2-5) #57 (See Table 2-5) 9.5 mm to 2.36 mm 
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The gradations of the normal-weight coarse aggregate constituents of the mix designs are 

shown in Table 2-5 and are based on the most recent sieve analysis provided by the 

aggregate supplier. The table also shows the ASTM gradation ranges for #57 and #67 size 

designations. As shown, the #57 Trenhaile limestone used in the standard NWC very nearly 

meets the #67 gradation requirements (the mass percent passing on the 3/4ò sieve is 3% 

from the requirement). Note that this given information is not necessarily for the quarry 

certification test for the current year and is not performed on a batch-specific basis.  

Table 2-5 �± Gradation of normal-weight coarse aggregates in mix designs 
Mix 

Designation 

Tough 

NWC 

Standard 

NWC 

#57 Range 

[57] 

#67 Range 

[57] 

Passing 1ò 100% 100% 95%-100% 100% 

Passing 3/4ò 99% 87% --- 90%-100% 

Passing 1/2ò 70% 55% 25%-60% --- 

Passing 3/8ò 54% 33% --- 20%-55% 

Passing #4 8.3% 3% 0%-10% 0%-10% 

 

  


































































































































































































































































































































































































































