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SECTION THREE  

PROJECT GOALS AND EXPERIMENTAL PROGRAM

3.1 PROJECT GOALS

The objective of research in beneficial reuse applications is to provide a technical basis for promoting markets in which by-products can be used instead of being landfilled.  Flowable fill has been determined to be a material in which numerous by-products can be utilized and perhaps make a material superior to one using conventional materials (Javed and Lovell 1994).  Examples of by-products that have been studied for use in flowable fill include foundry sand, fly ash, crushed glass, and phosphogypsum.  Abichou et al. (1998b) state that flowable fill is an attractive application for foundry sand reuse since sand is usually the major component of flowable fill.  

The experimental program in this study focused on flowable fill that maximized the use of foundry sand, while performing like conventional flowable fill.  Therefore, neither low-density mixes that take advantage of lightweight aggregates nor mixes with high volumes of fly ash were considered.  Also, the use of concrete additives, such as superplasticizers and air entraining agents, was not considered because they were not required to design a successful mix and their addition would increase the cost of flowable fill.  

The Wisconsin Department of Transportation (WisDOT) specification for flowable fill was used for guidance in designing mixes that would meet all required criteria.  These requirements are summarized in Table 3.1.  The 

Table 3.1.  Controlled Low Strength Backfill Specification

Requirements (WisDOT 1998)

Property
Test Method
Target value(s)

Flow
ASTM D 6103-97
225 mm (minimum)

Compressive Strength
ASTM D 4832-95e1
140 kPa – 280 kPa @ 14 days

280 kPa – 550 kPa @ 28 days

550 kPa – 830 kPa @ 90 days

Hardening Time
None specified
Must support weight of a “normal person” within 24 hours

WisDOT specification specifically refers to foundry sand as an acceptable component, as long as environmental standards stipulated in NR 538 are satisfied.

3.2 MATERIALS

A wide variety of materials can be utilized in flowable fill, which is a main reason that flowable fill is an attractive market for beneficial reuse of by-products.  However, most mixes have four components:

· Cement

· Fly Ash

· Fine Aggregate

· Water

Cement ensures the slurry will gain sufficient strength.  Fly ash works in combination with cement (non-cementitious ash) or alone (cementitious ash) to add strength and to increase the density of the slurry so it can suspend heavier particles.  Also, most fly ash particles are spherical, which helps to increase the flowability of the mixture by reducing friction between more angular particles.  

Most fly ashes can be classified as either Class F or Class C as defined by ASTM C 618.  Class F ash is usually non-cementitious ash and Class C is usually cementitious ash.  Fly ash failing to meet specifications of ASTM C 618, called "off-spec" or "non-spec" fly ash, could find a niche in flowable fill because they often have low pozzolanic/cementitious activity and therefore are a good choice for low strength materials (Dockter 1998).  

Fine aggregate is used as an inert filler material, making up a majority of the mixture.  Having a high percentage of granular material will minimize risk of future settlements due to consolidation.  Most by-products used in flowable fill are to replace concrete sand as fine aggregate.  

Water creates the slurry and permits the cement and fly ash to hydrate.  Other minor ingredients are often included, such as concrete admixtures (water reducing agents, plasticizers, air entraining agents, etc.), coarse aggregates, and low density aggregates.  This research program focused on the four main components and also explored flowable fill without fly ash.

3.2.1 Foundry Sands

The University of Wisconsin-Madison (UW) has an extensive collection of foundry sands from Wisconsin and surrounding states, built up from previous research on beneficial reuse of foundry sand in other geotechnical applications (Kleven 1998, Abichou et al. 1998a, Goodhue 1998).  Foundries usually supplied 210-L drums of dry foundry sand.  The sand was not usually processed and therefore contained small percentages of cores, metal pieces, and other debris.  In this study, four green sands, covering a wide range of bentonite contents, were used for most of the testing.  One chemically bonded sand was also tested.  For flow testing, several other foundry sands were used to provide a more detailed analysis of the effects of bentonite content on flow.  Relevant index properties for most UW foundry sands are shown in Table 3.2.  Particle size distribution curves for the main foundry sands (four green sands and the chemically bonded sand) are shown in Fig. 3.1.  The following abbreviations are used to denote these foundry sands (corresponding foundry sand numbers from Table 3.2 are shown in parentheses):

Sand L = Low Bentonite Green Sand (Foundry Sand 13); 4.7% Active 

     Clay

Sand M = Medium Bentonite Green Sand (Foundry Sand 5); 7.5% Active 

      Clay

Sand H = High Bentonite Green Sand (Foundry Sand 11); 10.2% Active 

      Clay

Sand VH = Very High Bentonite Green Sand (Foundry Sand 15); 13% 

        Active Clay

Sand CB = Chemically Bonded Sand (Foundry Sand 16); 0% Active Clay


Water leach tests (ASTM D 3987) conducted on each of these foundry sands indicate that the sands are classified as Category 2 by-products per Wisconsin Administrative Code Chapter NR 538.  Category 2 by-products can be used in any geotechnical fill applications above the groundwater table.  If leach tests on flowable fill containing foundry sands showed improved leaching qualities that meet Category 1 criteria, these flowable fills could also be used in applications below the groundwater table.  Research in this area is needed to evaluate the leaching properties and the possibilities for expanded reuse opportunities.
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Fig. 3.1  Particle Size Distribution Curves of Predominant

 Foundry Sands Used in This Study

3.2.2 Reference Sands

To compare foundry sands with more typical sands, a uniform silica sand and a concrete sand (meeting specifications for use in concrete) were tested.  The uniform silica sand is a so-called “base sand” used in making foundry sands.  This sand was obtained from a mining company that supplies nearly all Wisconsin foundries.  Most Wisconsin foundries use the same sand gradation (Grain Fineness Number 65) as well.  The American Foundryman’s Society standardizes certain gradations of silica sand, denoted with a Grain Fineness Number (GFN), that have optimal properties for metal casting processes.  The concrete sand, known as Torpedo Sand, was obtained from the Wisconsin Laboratory for Structures and Materials Testing and is commonly used by ready mix concrete producers in the area.  Torpedo Sand is more broadly-graded and has some larger particles relative to those in base sand.  Base sand was used for flow and strength tests, while Torpedo Sand was only used to evaluate the effect of sand gradation on flow.  Index properties and particle size distribution curves for these two reference materials are shown in Table 3.3 and Fig. 3.2.

3.2.3 Fly Ash

Fly ash is a by-product of the coal combustion process and consists of fine, non-combustible particles that are captured as gases exit the stack of an electric power plant.  Different sources of coal, different combustion processes, and other factors can lead to fly ash that has inconsistent chemical and/or physical properties.  These inconsistencies, when fly ash is used in flowable fill, 

Table 3.3.  Properties of Reference Sands

Property
Base Sand (Kleven 1998)
Torpedo Sand

Specific Gravity
2.66
2.65

Coefficient of Uniformity (Cu)
1.4
3.3

Coefficient of Curvature (Cc)
1.1
0.76

D50 (mm)
0.2
0.5

P200 (%)
1.1
1.3

USCS Classification
SP
SP

AASHTO Classification
A-3(0)
A-1-b
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Fig. 3.2.  Particle Size Distribution Curves for Reference Sands
can lead to changes in the amount of water required for flow, the amount of fly ash required to prevent segregation, and the intensity of pozzolanic reaction with portland cement.  Since this project was focused on the fine aggregate component of flowable fill, chances for variability in the fly ash were minimized.  Four 210-L drums of dry “non-spec” fly ash were acquired from a Wisconsin power generating station.  This power station usually burns coal from a Montana coal mine, but occasionally blends a small percentage of Southern Illinois coal and/or tire derived fuel (TDF) during times of high electricity demand.  Although coal from the western United States often produces highly cementitious Class C ash, this particular material has properties that fail to meet requirements for Class C or Class F ash (Pollek 1999).  

Each drum was tested to quantify the variability between drums.  Table 3.4 is a summary of characteristics of this fly ash determined in the laboratory.  Only two drums (F-2 and F-3) were used during testing.  Drum F-3 was used first and then F-2 was chosen because its properties (compared to the other drums) were the most similar to those of F-3.

3.2.4 Cement

Type I portland cement was used as a binder for all mixes.  To minimize variability in the cement, all cement was taken from the same bag.  Since the source remained consistent for all testing, and because good quality control of cement production is typical, no cement properties were determined.

Table 3.4.  Fly Ash Index Properties

Property
Fly Ash ID


F-1
F-2
F-3
F-4

Gravimetric Water Content (%)
0.5
3.0
0.6
0.9

Loss on Ignition (%)
15.8
16.9
13.9
31.4

Pozzolanic Index, portland cement @ 7 d (%)
84.8
90.0
106.1
88.3

Pozzolanic Index, portland cement @ 28 d (%)
67.2
71.1
83.1
67.8

Water requirement (% of control)
119.8
115.7
115.7
124.0

P325 (< 45 m) (%)1
69.7
67.7
71.8
56.5

P200 (%)2
71.8
72.8
77.9
61.9

Specific Gravity3
2.53
2.53
2.53
2.53

1From hydrometer analysis

2From wet sieve analysis

3Average, provided by generator

3.2.5 Water

Madison tap water was used for every test.  No testing was performed to determine water chemistry parameters.

3.3 METHODS


The methods used to test flowable fill are relatively new, with relevant ASTM standards being adopted in the mid-to-late 1990s.  Researchers have tried adaptations of both soil and concrete tests for use with flowable fill.  In the future, these methods will most certainly be modified as further studies show which tests are most appropriate for this unique material.

3.3.1 Strength

The procedures for measuring strength of flowable fill are nearly identical to those for concrete.  The process involves making cylinders, curing them under high humidity conditions for set periods of time, then testing them under undrained unconfined conditions.  An ASTM standard (ASTM D 4832-95e1) originally made for preparing and testing soil-cement was revised for flowable fill.  Unconfined compressive strength was determined according to this standard.  

Mixing of the flowable fill was done by hand due to the small volumes being mixed.  The constituents were added and mixed as follows:  majority of the water, portland cement, fly ash (if required), fine aggregate, and remainder of water.  Some water was not added until the end to ensure the flow would not be too high.  

Polypropylene cylinder molds (76 mm diameter and 152 mm long) were used for all specimens.  The standard recommends larger molds measuring 150 mm in diameter and 300 mm in length, but allows for other sizes if the length to diameter ratio remains 2 to 1.  Each mold was brushed on the interior with a small amount of form oil to prevent the cylinders from sticking to the mold.  A small hole was made in the bottom of each mold so that air pressure could be used to remove the specimens after hardening.  Removal of the molds with air pressure was preferred to stripping the molds because using air pressure prevented damage to the fragile specimens that may occur during stripping.  Also, molds removed with air pressure could be re-used.


Flowable fill was scooped out of the mixing bucket and into the mold until it was overflowing.  No rodding or compaction was used to densify the material.  Each cylinder was allowed to stand for approximately 10 minutes to see if free water would appear at the top of the mold.  If water did appear, another small scoop of material was placed on top to displace the water.  The molds were struck off with a straightedge and lids were placed loosely on the tops of the molds.  Lids were only used to prevent dripping water from hitting the upper surfaces of the specimens while in the humidity room.  The filled molds were then placed in the humidity room to cure.  After three to four days, the cylinders were strong enough to be removed from the molds.  Air pressure was used to remove the molds and the cylinders were immediately returned to the humidity room.  


Unconfined compressive strength was tested at various curing times.  On the day of a test, cylinders were removed from the humidity room to dry for 4 to 8 hours.  Usually, three specimens from the same mix were tested at each curing time of interest.  The cylinders were capped with sulfur mortar in accordance with ASTM C 617 to provide flat and parallel ends for compression testing.  


Unconfined compressive tests were performed at a constant displacement rate using a screw-driven loading frame (Fig. 3.3).  The load frame was equipped with a 22.2 kN load cell.  A hydraulically driven load frame with constant loading rate was used when it was suspected that the strength of a specimen would exceed the normal operating capacity of the screw-driven machine (about 11.1 kN).  The hydraulic load frame was equipped with a 224 kN load cell.  The rate of loading was chosen such that failure would occur in not less than 2 minutes.  The rate was sometimes different for different cylinders (ranging between 0.75 and 1.5 mm/min), but was never adjusted during an individual test.  The peak load, displacement rate, time to failure, and failure mode (as defined in ASTM C 39) were recorded for each test.


Early in the testing program, cylinders containing high-bentonite foundry sand (BC > 10%) were found to be riddled with tiny cracks after the molds were removed.  The first batch to exhibit this cracking had airtight lids placed on the molds immediately after filling.  According to ASTM D 4832, the use of airtight lids has caused low strength materials to crack, although there is no definitive explanation for the cracking.  To determine if this was the cause of the severe cracking, an identical batch was mixed and placed in molds with lids placed loosely on each mold to protect the cylinders from dripping water.  These specimens also exhibited cracking upon demolding.  
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Fig. 3.3.  Screw-Driven Load Frame Used for Unconfined Compressive 

    Strength Testing

Another hypothesis was that the cracking was caused by desiccation due to incomplete hydration of the bentonite fraction of the flowable fill.  Kleven (1998) showed through Atterberg limit testing that the bentonite in foundry sand will continue to hydrate for periods of more than one week.  Another batch of the same flowable fill with high-bentonite foundry sand was prepared, except that the foundry sand had been pre-hydrated for one week.  Upon removing the specimens from their molds, some cracking was observed, but not to the extent previously demonstrated.  

To alleviate the cracking, water was allowed access at points other than the top of the cylinder mold while in the humidity room.  A series of tiny holes were drilled in the plastic molds prior to filling them with flowable fill.  The holes were small enough that solid material would not leak from the mold, but sufficient for allowing water vapor from the humid atmosphere to be absorbed by the flowable fill.  The use of porous cylinders for subsequent mixes containing high-bentonite foundry sands was successful in preventing cracking, although it was not proven that incomplete hydration was the sole cause of the cracking.

3.3.2 Flow Tests

The flowability of all mixes was determined according to ASTM D 6103, “Standard Test Method for Flow Consistency of Controlled Low Strength Material,” herein referred to as a flow test.

In these tests, the open-ended cylinder was made of Schedule 40 PVC pipe, and a 305-mm2 piece of glass was used for the non-porous smooth surface. 


Flow testing methods similar to those used by Bhat and Lovell (1996) were employed.  They used a process by which numerous combinations of aggregate, water, portland cement, and fly ash could be tested for flow without having to create a new batch of material for each test.  Batches were mixed by hand in a 19-L bucket.  Initially, 500 ml of tap water was placed in the bucket.  Then 80 g of Type I portland cement was mixed with the water for approximately one minute.  Next, 2000 g of fine aggregate (reference sand or foundry sand) was mixed with the water and cement.  Water was added if the mix was obviously too stiff to meet flow requirements.  

Segregation was identified visually in two different ways.  First, segregation was assumed if free water bled to the surface when mixing ceased.  Second, when raising the open-ended cylinder, segregation could be identified when the lower portion of the material did not flow and the upper portion was very thin.  In such cases, the coarse particles settled to the bottom of the cylinder after placement, leaving a thin cement-fly ash paste at the top of the cylinder.  To counteract segregation, fly ash was added in small increments, until the paste was able to suspend all coarse particles in the mix.  

Once segregation was eliminated, water was added until the target flow (usually 230 mm ± 5 mm) was achieved.  Afterwards, 100 g of fly ash was added and the process used to reach the correct flow was repeated.  The mass of fly ash added during each step was increased when it was evident that the relationship between amount of fly ash added and amount of water required was linear.  Fly ash addition was usually continued until approximately 1900 g to 2500 g had been included.  Higher percentages of fly ash were not evaluated since the objective is to maximize the percentage of the mix made up by foundry sand rather than fly ash.

The flow curve method is supposed to determine the relationship between the relative proportions of fly ash and sand and the water required to reach a constant flow diameter.  The numerous data points that define a flow curve are found by incrementally increasing the water and fly ash contents of a single batch, instead of mixing individual batches for each combination of ingredients.  

While this is a convenient way to save time and materials by mixing a single batch, the method assumes that there are no temporal changes in the mixture during the test.  It usually took 70-90 minutes to build a flow curve with 8-10 data points.  Flow loss tests (Sections 3.3.2 and 4.1.3) showed that the flow decreased significantly in this period of time.  Therefore, the amount of water needed to reach the target flow during the later stages of a flow curve test is greater than if the mixture had been mixed up fresh.  If a flow curve were constructed by mixing a new batch for each point, the points at higher fly ash contents would shift to the left since less water would be needed.

3.3.3 Loss of Flowability

A procedure used by Meyer and Perenchio (1980) to examine slump loss of concrete containing chemical admixtures was modified to examine “flow loss” of flowable fill.  Two types of flowable fill were evaluated:  mixes containing no fly ash and mixes containing a high proportion of fly ash (MF/(MF+MS) = 20%).  The material was mixed by hand in a 19-L bucket, with cement first being added to a portion of the water expected to meet the flow requirements.  Next, fly ash (if included) was mixed into the cement-water slurry.  Sand or foundry sand was then added, followed by the final mixing water necessary to reach the desired flow, usually 230 mm.  The mixing procedure was always completed within 10 minutes to eliminate mixing time as a variable.  

Once the initial target flow was achieved, a lid was placed on the bucket to minimize evaporation until the flow was again tested.  Prior to each re-test, the material was thoroughly re-mixed for 1 minute.  Periodic measurement of flow was continued until approximately 90 minutes had elapsed since the initial flow test.  At this time, additional mixing water, known as re-tempering water, was added until the flow was increased back to its target value.

3.3.4 Setting Time

Designing for and/or testing the set time for flowable fill is the least critical of the three major properties (flow, set time, and strength).  A field index test for determining setting time is ASTM D 6024-96 (Standard Test Method for Ball Drop on Controlled Low Strength Material (CLSM) to Determine Suitability for Load Application), in which a “Kelly-Ball” is repeatedly dropped on the surface of the flowable fill.  If the diameter of indentation caused by the ball is less than 76 mm, then the material is deemed suitable for load application, such as placing of pavement over the fill.

The equipment used in this field test is large and is not suitable for lab scale testing, and there is no standardized method for testing setting time in the laboratory.   Many researchers have used a mortar penetrometer test (ASTM C 403/C 403M-97) that was developed for concrete testing (Bhat and Lovell 1996, Nantung 1993, Pons et al. 1998).  Others have devised their own index tests that rely on other types of penetration resistance to compare set time for different mixes (Naik and Singh 1997a).  A mortar penetrometer was not available for this study, so a soil pocket penetrometer was used as an alternative.  

Setting time was measured in the following manner.  While mixing batches of flowable fill for compressive strength cylinders, small cylindrical, metal containers were filled with leftover flowable fill.  These containers were placed in the humidity room along with the cylinders until they were tested with the pocket penetrometer.  A testing time of 24 hours was chosen since the WisDOT specification calls for a minimum strength at 24 hours of age.  The containers were removed from the humidity room, free water (if present) was removed from the surface and several pocket penetrometer tests were performed.  

Bhat and Lovell (1996) found an empirical correlation between pocket penetrometer readings and the so-called “walkability” strength.  They defined walkability strength as the strength at which an average person can walk on the flowable fill without deforming the surface more than 2-3 mm.  While crude, the pocket penetrometer test is simple, can be done in the laboratory and field, and uses a piece of common equipment.

3.3.5 Environmental Effects

Consensus has not been developed regarding proper test methods for evaluating environmental effects on the performance of flowable fill.  A method was sought that could aid in evaluating the strength of flowable fill after subjecting it to freeze-thaw cycles or wet-dry cycles.  Similar tests for concrete durability are far too strenuous for low strength materials like flowable fill (Nantung 1993).  Standard methods for freeze-thaw durability such as vacuum saturation (ASTM C 593) have been suggested by some (Dockter 1998), while others have developed their own methods that use styrofoam boxes to moderate the rate of freezing (Nantung 1993).  No existing studies were found that evaluate durability of flowable fill subjected to wet-dry cycles.  

ASTM has standards for freeze-thaw and wet-dry durability of soil-cement mixtures (D 560 and D 559), although the methods only evaluate changes in volume and mass, not strength.  Hoopes (1998) followed D 560 to test freeze-thaw durability of air entrained flowable fill.  Methods D 559 and D 560 were considered applicable, since soil-cement is similar to flowable fill.  

Cylinders used for unconfined compressive strength testing were used for testing environmental effects.  The cylinders were capped with sulfur mortar prior to freeze-thaw or wet-dry cycling because capping was believed to be easiest when the cylinders were the correct size for the capping template and when they were strongest (i.e., the material was assumed to lose strength with cycling).  For freeze-thaw cycles, tiny holes were drilled though the sulfur caps to allow the cylinders to pull water through the bottom of the specimens during thawing.  Freeze-thaw cycling commenced in general accordance with ASTM D 560, and changes in volume and mass were recorded after each cycle.  Wet-dry cycles were performed in general accordance with ASTM D 559.  After a specified number of cycles were completed, cylinders were tested for unconfined compressive strength.  Stresses at failure were corrected for any changes in the average diameter of the specimens compared to fresh specimens.


Methods D 560 and D 559 proved to be problematic for testing low strength flowable fill.  The standards call for specimens to be brushed after thawing or drying cycles to remove any material spalling from the outside of the cylinders.  The cylinders that were subjected to freeze-thaw cycles did not exhibit spalling, but instead developed a soft outer zone that made handling the cylinders difficult.  This soft zone would deform during handling and impede the ability to measure dimensions accurately.  This soft zone was scraped off after each thaw cycle and is a sign that this test is not suited for such soft materials.  Cylinders that were subjected to wet-dry cycles lost large amounts of material upon immersion in water.  When immersed, the outside of the specimens immediately began to disintegrate into a granular material and settle to the bottom of the basin.  Often, the sulfur caps would pop off because some of the material to which they were bonded would disintegrate.  After a few wetting-drying cycles, the specimens would totally disintegrate.


Use of cylinders was ultimately considered inappropriate because edge effects were dominating the behavior of the flowable fill, whereas all applications for the material are in confined settings where edge effects would be minimal.  Thus, a test on larger samples was developed to avoid problems with edge effects.  Large plate samples (320 mm x 230 mm x 50 mm) were formed in metal pans and allowed to cure in a humidity room for 14 days.  The bottom of each pan was lined with a nonwoven geotextile and small holes were punched through the bottom of each pan to allow drainage and/or uptake of water.  Short nails were also driven through the bottom of each pan to counteract shrinkage forces.  Photos of unfilled and filled pans are shown in Fig. 3.4.  

The plates of flowable fill were left in the pans for testing.  A surface penetration test was developed to examine softening or weakening of the surface after freeze-thaw or wet-dry cycling.  A standard Vicat needle apparatus (ASTM C 191) was modified to accept a large dead load and a standard needle for determining the setting time of mortars (ASTM C 807).  The needle has a diameter of 2 mm and a length of 50 mm.  Each plate was first tested for needle penetration prior to any cycling.  The needle was set just above the surface of the specimen and then released to fall under the weight of the movable plunger and additional dead weight.  When the specimens were fresh, the weight was incrementally increased and the specimen was retested at many locations on the plate until the average penetration was about 3 mm.  Each plate required a 
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Fig. 3.4.  Pan Used for Freeze-Thaw and Wet-Dry Plate Specimens (a) and

         Cured Plate Specimen (b)

different amount of weight, and this weight was used for all subsequent testing of a specific plate.  After each thawing cycle or drying cycle, the penetration was determined at numerous locations on the block.  The penetration apparatus and block specimen are illustrated in Fig. 3.5.


A wetting cycle consisted of ponding water on top of the specimen and allowing it to percolate through the specimen and drain out of the geotextile in the bottom of the pan.  All specimens were wetted for 24 hours per cycle.  A drying cycle consisted of letting the block air dry at room temperature for 24 hours.  A freezing cycle consisted of placing the entire plate and mold into a freezer which was kept at -23° C for 24 hours.  Thawing consisted of removing the plate from the freezer and letting it thaw for 24 hours at room temperature.  While thawing, the base of the mold was submerged in water to allow access to free water, similar to the ASTM D 560 procedure.  Freeze-thaw cycles were also conducted on additional containers without access to free water during thawing.  One block of each mixture was kept as a control specimen.  Control specimens were cast and cured in the same manner as those subjected to freeze-thaw and wet-dry cycles.  However, control specimens were left in the laboratory at room temperature while the other specimens were cycled.  Control specimens were tested at the same time freeze-thaw and wet-dry specimens were tested.


Some specimens eventually became soft enough to test with a pocket penetrometer.  Therefore, pocket penetrometer readings were made for all subsequent cycles, in addition to the needle penetration readings described 
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Fig. 3.5.  Modified Vicat Apparatus (a) and Apparatus with Added Mass

  During Penetration Test (b)

previously.  This softening also led to tests where the needle fully penetrated the specimens, making it impossible to quantify strength using the Vicat apparatus.
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