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SECTION FOUR

RESULTS AND ANALYSIS


A wide variety of mixtures were tested to determine compressive strength, flow, setting time, and degradation due to environmental stresses.  Several foundry sands were used to cover the range of foundry sands that are generated in Wisconsin.  Different amounts of sand, fly ash, cement, and water were used to investigate how variations in each of these components affect the characteristics of flowable fill.

4.1 COMPRESSIVE STRENGTH

4.1.1 Effect of Cement on Compressive Strength

A series of tests were conducted to evaluate how cement content and water-cement ratio (W/C) affect the compressive strength of flowable fill prepared with foundry sand.  In concrete, the amount of cement is not as important as W/C because a certain quantity of water is necessary to make each unit of cement react and harden.  Excess water, beyond what is necessary to hydrate all the cement, will dilute the cement paste and decrease the strength of concrete.  

Typical water-cement ratios for concrete are usually less than 0.8.  In contrast, the W/C of excavatable, non-air entrained flowable fill is usually greater than 6.  Within the normal range of strengths, the compressive strength of concrete is inversely related to W/C and is approximately linear  (Kosmatka and Panarese 1988).  Bhat and Lovell (1996) found a similar inverse, but non-linear, relationship for flowable fill containing portland cement.  However, Bhat and Lovell (1996) concluded that the decrease in strength with increasing W/C is not due to dilution of the cement paste.  The decrease in strength is due to a transition from strength that is dominated by cementation (low W/C, higher strength) to strength that is dominated by frictional characteristics of the particulate matter (high W/C, lower strength).  


Twenty-six mixes were tested for 7 day and 28 day unconfined compressive strength (UCS) according to ASTM D 4832.  Table 4.1 is a compilation of all of the mixtures.  The water-cement ratios ranged from approximately 4 to 11.  Most mixtures were designed with W/C ratios above 6, with the intent of achieving a 28 d UCS close to the range specified by WisDOT (0.28 MPa to 0.55 MPa).  

The 28 day UCS is graphed against water-cement ratio in Fig. 4.1.  Similar data from Bhat and Lovell (1996) and Naik and Singh (1997a) are also shown on the graph for comparison.  The upper and lower bounds of 28 day UCS, per WisDOT specifications, are graphed to indicate the target strength range.  A drop in strength as W/C increases from 4 to around 6.5 is evident for data from Bhat and Lovell (1996) and from this study, but for W/C > 6.5, the strength is nearly insensitive to W/C ratio.  

The insensitivity to W/C could be due to insufficient cement being present to form a continuous cement matrix that encapsulates granular particles.  If the cement matrix is discontinuous, cement alone is less likely to control the strength.  Frictional characteristics of the granular materials (sand and fly ash) are probably important factors affecting the strength when the cement matrix is 
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Fig. 4.1.  28 day UCS vs. Water-Cement Ratio

discontinuous and grains are in contact with one another.  Also, the high W/C typical of flowable fill ensures that there is abundant water to hydrate all the cement, so incomplete cement hydration should not be a factor.


Another way to examine the effect of cement on compressive strength is to consider cement content (mass of cement per total volume) instead of water-cement ratio.  A graph of compressive strength versus cement content for all mixtures (Fig. 4.2) shows a general trend of increasing strength with increasing cement content.


Mixture combinations were selected with the intent of making pairs of similar mixtures that bracketed the target strength, as recommended by Bhat and Lovell (1996).  Two mixtures were usually made that had the same type of sand and the same sand, fly ash, and water contents, but different cement content.  Strength always decreases as cement content decreases for these pairs (sometimes trios) of mixtures (Fig. 4.3).  However, the slope of each line is different.  Some mixtures are more sensitive to cement content than others, with increased sensitivity indicated by a steeper slope.  

For mixtures containing fly ash, the sensitivity is approximately constant for mixtures with bentonite contents < 5% but increases linearly for bentonite contents between 7.5% and 13% (Fig. 4.4).  Apparently, as bentonite content increases, a critical point exists where small changes in cement content lead to large changes in strength.  

There are only three data points for mixtures without fly ash.  Thus a similar trend cannot be established for the mixtures without fly ash. 
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Fig. 4.2.  28-day-Unconfined Compressive Strength vs. Cement Content for All

       Mixtures
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Fig. 4.3.  Effect of Cement Content on 28 day UCS for Groups of Similar

 Mixtures -- Legend Indicates Type of Sand, Presence of Fly Ash,         

 and Mixture Numbers from Table 4.1
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Fig. 4.4.  Sensitivity Index of Strength vs. Bentonite Content

4.1.2 Effect of Bentonite on Compressive Strength

For mixtures with W/C > 6.5, the relationship between compressive strength and bentonite content of the sand is shown in Fig. 4.5.  There are no discernable trends in these data.  Thus, bentonite content does not seem to affect compressive strength.  However, as explained in Section 4.2.1, bentonite content does seem to affect the sensitivity of strength to changes in cement content.

4.1.3 Effect of Fly Ash on Compressive Strength

For mixtures with W/C > 6.5, the effect of fly ash content on the compressive strength is shown in Fig. 4.6.  Fly ash and compressive strength seem to be unrelated in this range of interest.  However, all mixtures without fly ash and with W/C > 6.5 have strength above the minimum strength specified by WisDOT (0.28 MPa) and below 1.03 MPa, often considered the upper limit for strength if excavatable flowable fill is desired.  As fly ash content increases, the scatter becomes greater and some mixtures develop strength at 28 days that is considered non-excavatable (greater than 1.03 MPa).  All mixtures with W/C > 6.5 and fly ash content > 400 kg/m3 have 28 day strength in excess of 1.03 MPa.  For this specific type of fly ash, this mass is apparently sufficient to consistently cause excessive strength gain.
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Fig. 4.5.  28 day UCS vs. Bentonite Content for Mixtures with

Water-Cement Ratio > 6.5
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Fig. 4.6.  28 day UCS vs. Fly Ash Content, Mixes with

      Water-Cement Ratio > 6.5
4.1.4 Effect of Retempering Water on Compressive Strength

Water that is added to flowable fill just before placement is called retempering water.  Retempering water is added to recover losses in flowability that occur during transport from the batching plant.  While improving the flowability of the mixture, the addition of retempering water may affect other properties, such as compressive strength.  

Mixes 7 and 8 (see Table 4.1) are identical, except Mix 7 has more water per mass of solids because the foundry sand used in Mix 7 was allowed to pre-hydrate for one week prior to mixing and casting of cylinders.  After the pre-hydration period, the amount of water in Mix 7 was no longer adequate for proper flow and additional water was necessary.  Adding water after the pre-hydration period is similar to adding retempering water prior to pouring at a project site because in both cases, additional water is necessary to recover flowability that has been lost due to bentonite hydration and/or cementation.  

The water-solids ratio of Mix 7 was 6% higher than that of Mix 8, whereas the 24 hour strength of Mix 7 was 0.06 MPa lower than that of Mix 8.  The 28 day UCS of Mix 7 was also 0.27 MPa lower than that of Mix 8.  

When designing flowable fill, the amount of retempering water should be estimated prior to selecting a cement content, so that the cement content can be increased to compensate for any decrease in strength that may be associated with addition of water.  Since strength is fairly insensitive to water-cement ratio (as explained in Section 4.1.1), these changes in strength should be fairly small if the amount of retempering water is small.

4.1.5 Strength Gain With Time

The rate and magnitude of strength gain of flowable fill must be understood to design proper mixes.  Lack of understanding of long term strength gain was a major problem for flowable fill that was thought to be excavatable, but later hardened to the point where jackhammers were required to remove the material (Hitch 1998).  Long-term strength testing is time consuming and often not feasible depending on the time constraints of a particular project.  The ability to predict long term strength from early strength data can be a valuable tool.


Fig. 4.7(a) shows the relationship between UCS at 28 days and at 7 days for all mixtures.  The linear trendline forced through the origin indicates that there is a 31% increase in UCS between 7 and 28 days for all the mixes tested.  For mixes with W/C > 6.5, the same trendline fits (31% increase in strength at 28 days, Fig. 4.7(b)).  The degree of scatter for all mixtures (R2 = 0.96) is less than for mixtures with W/C > 6.5 (R2 = 0.81), but this is due to only one or two data points in Fig. 4.7(b).  In general, 7 day UCS closely predicts 28 day UCS for all mixtures.

Four mixtures were chosen for long-term strength testing.  Their mix proportions are shown in Table 4.2 and the strength gain for each interval of time is shown in Table 4.3.  These mixes were designed with the intention of producing a 28 day UCS that was considered excavatable (UCS < 1.03 MPa).  UCS versus time is shown in Fig. 4.8.  All four mixes show the most significant strength gain from 0 to 28 days (based on percentage gain between time increments), as is expected.  The three mixtures containing foundry sand 
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Fig. 4.8.  Long-Term Strength Gain

(Mixtures 23, 25, and 26) continued to gain strength, but at a very slow rate compared to Mixture 24, which contained base sand and a large amount of fly ash (Fly Ash Content = 449 kg/m3).  Also, the two mixtures containing fly ash (Mixtures 24 and 26) exhibited greater strength gain between 90 and 120 days than did the two mixtures without fly ash (Mixtures 23 and 25).  These results indicate that long-term pozzolanic reactions between fly ash and cement caused more significant strength gains than did purely cementitious reactions.

4.1.6 Statistical Analysis of Compressive Strength Data

There were no obvious trends that explained which factors controlled the strength of each mixture, especially for mixtures in the excavatable range.  Therefore, a statistical analysis was performed to examine the significance of many different variables on 28 day UCS.  StatView®, commercial statistical analysis software, was used to perform multivariate stepwise linear regression analyses on 28 day UCS data and numerous mix proportioning variables.  Six data sets were considered:  (1) all mixtures, (2) mixtures with fly ash, (3) mixtures without fly ash, (4) mixtures with W/C greater than 6.5, (5) mixtures with fly ash and W/C greater than 6.5, and (6) mixtures without fly ash and W/C greater than 6.5.  The threshold F-statistic was set at 4, which corresponds to a significance level of 0.05.  The following variables were included to evaluate their effect on strength:  (1) bentonite content, (2) water-solids ratio, (3) water-cement ratio, (4) water-(cement+fly ash) ratio, (5) presence of fly ash (yes or no), (6) mass of sand per total volume, (7) mass of fly ash per total volume, (8) mass of water per total volume, and (9) mass of cement per total volume.  

Very few variables were found to be significant.  The variables are shown in Table 4.4, along with their degree of significance for each data set.  Four data sets had at least one significant variable and the most influential variable was always mass of cement per total volume.  As the mass of cement within a volume of flowable fill increases, the likelihood of forming a continuous cement paste or film (i.e., a cement coating around all granular particles) also increases.  Presence of a continuous cement phase reduces the chance of having regions that are purely granular and therefore weaker than cemented regions.  The dependence of strength on cement content is illustrated in Fig. 4.2 for all mixtures tested in this study.

4.2 FLOW

4.2.1 Achieving Flow Requirements

The mass of water needed to make a flowable mixture is a function of the surface area of all solids in the mixture.  Once all surfaces have been wetted, additional water acts to reduce friction between the solid particles.  The required mass of water can be normalized by dividing by the mass of solids, yielding a water-solids ratio.  

Data from flow tests (per ASTM D 6103) were compiled to find the water required to achieve the target flow of 230 mm ± 5 mm.  This target was chosen to be just above the minimum flow required by WisDOT specifications (225 mm).  

The water-solids ratio needed to achieve the target flow is shown as a function of bentonite content (BC) in Fig 4.9.  Bentonite content is defined as the percentage (by mass) of the foundry sand that is bentonite, and was determined by the participating foundries using the methylene blue test (ASTM C 837).  Data are shown for flowable fill prepared with foundry sands (Fig. 4.9(a)) and flowable fill prepared with reference sands that were mixed with various percentages of powdered bentonite (Fig. 4.9(b)).  

Trendlines between water-solids ratio and bentonite content are shown for mixtures containing no fly ash (solid lines) and mixtures containing a relatively high percentage of fly ash (dashed lines, 500 g of fly ash for every 2000 g of sand-bentonite or foundry sand).  Trendlines for mixtures with no fly ash do not reach the ordinate, meaning that sands with no bentonite fraction and no fly ash cannot be mixed to flow properly.  Lack of fines prohibits formation of a cohesive mixture, leading to a segregated mix.  The importance of fines is discussed in Section 4.2.2.

As the bentonite content increases, mixtures require more water to achieve the target flow.  More water is required since some water is bound to bentonite particles instead of reducing the friction between particles and lowering the viscosity of the mixture.  However, if bentonite simply reduced the amount of water available for flow, the trend would be linear (assuming each bentonite particle has an equal affinity for water).  For foundry sand mixtures (Fig. 4.9(a)), there is a bilinear trend with a change in slope at approximately 12% bentonite.  

One explanation for this change in slope is that bentonite binds up water and lubricates particles at bentonite contents less than approximately 12%.  As a result, the slope is shallower than if bentonite only served to bind up water that would otherwise be used to lubricate particles.  For bentonite contents in excess of 12%, there are diminishing returns in terms of particle lubrication, while the demand for water to hydrate additional bentonite remains the same, causing the steeper slope.  

This bilinear trend is non-existent for reference sands mixed with powdered bentonite (Fig. 4.9(b)).  Over the range of bentonite content tested, powdered bentonite either has a consistent balance between particle lubrication and water demand or, due to its high degree of swell, only a small percentage of bentonite (less than 2%) is required to provide maximum lubrication of particles.

Another explanation for the bilinear trend in Fig. 4.9(a) is that the bentonite in the foundry sands with BC > 12% may have a greater affinity for water than those with BC < 12%.  Each foundry uses different types or grades of bentonite and discards their foundry sand at various stages of thermal degradation.  As a result, some sands will have greater affinity for water than other sands.  However, liquid limit tests conducted by Abichou et al. (1998a) on the foundry sands used in this study show that liquid limit increases linearly with bentonite content (between 6% and 16%), indicating that the sands have the same affinity for water.

Some mixtures used for flow testing contained a blend of two different foundry sands or a blend of foundry sand and base sand.  A composite bentonite content was calculated based on total mass of bentonite in the blended sands.  Table 4.5 is a list of mixtures using blended sands and their properties that were graphed in Fig. 4.9.

Data from these flow tests were included in Fig. 4.9, and indicate that the water requirements for mixtures containing multiple foundry sands can be predicted using the same trend as mixtures with only one type of sand, as long as the composite bentonite content is known.  The ability to predict the water requirement of blended sand mixtures can be helpful to foundries seeking to jointly market their foundry sands and/or if flowable fill generators are interested in using foundry sands from several sources to increase the quantity of sand available.

4.2.2 Effect of Bentonite Content on Fines Required to Prevent Segregation

Flowable fill must contain an adequate amount of fine-grained material for two reasons.  First, fines retain water that would otherwise drain out of the mixture.  This water is necessary to reduce friction between particles and allow the material to flow.  Second, fines combine with water to form a paste that suspends heavier particles, thus eliminating segregation.  If there are not enough fines in relation to the amount of heavier (and usually coarser) particles, the paste will not be dense enough to resist segregation.  

Type of fines is also a factor in preventing segregation.  Plastic fines, such as bentonite, are capable of binding up greater amounts of water than an equal mass of non-plastic fines.  Therefore, plastic fines can more efficiently provide 

Table 4.5.  Mixtures Containing Blended Sands (Graphed in Fig. 4.9(a))

Sand Mixture (Total Mass of Sand = 2000 g)
Composite Bentonite Content
Fly Ash Content (g)
Water-Solids Ratio at Target Flow

Sand M + Base Sand
1%
500
0.337

Sand M + Base Sand
3%
500
0.328

Sand H + Sand CB
3%
500
0.36

Sand M + Base Sand
4.7%
0
0.30

Sand M + Base Sand
4.7%
500
0.35

Sand H + Sand CB
5.1%
0
0.279

Sand H + Sand CB
5.1%
500
0.33

Sand H + Sand L
7.5%
0
0.313

Sand H + Sand L
7.5%
500
0.37

the slurry density required to suspend heavier particles.  For example, in drilling mud, bentonite is added to water to create a high density slurry capable of keeping cuttings suspended in a borehole.

Fig. 4.10 shows the amount of fly ash fines required for foundry sand mixtures and sand-powdered bentonite mixtures with various bentonite contents.  The mass of fly ash fines is normalized by the total mass of fly ash and sand.  Cement fines were not included in the normalization because the cement content of each mixture was identical (80 g), and a portion of the cement dissolves into solution.  Thus, the amount of cement fines that remains as particulate matter is difficult to estimate.

Fig. 4.10 shows that foundry sands with less than 6% bentonite require additional fines to prevent segregation.  The amount of fines necessary increases as the bentonite content of the foundry sand decreases from 6% to 0%.  Powdered bentonite is slightly more effective than the bentonite in foundry sand at reducing segregation.  Only 2%-5% bentonite was required to eliminate the need for fly ash fines in the sand-powdered bentonite mixtures.  In contrast, 6% bentonite was required for the foundry sand mixtures.

The trend in Fig. 4.10 is not unique for all types of fly ash because the coarse fraction will vary with fly ash type.  If a fly ash has coarse particles (particle diameter > 0.075 mm) that are smaller than the coarse particles in the fly ash used in this study, then less fines may be necessary to prevent segregation.  Conversely, if another fly ash has coarse particles that are larger than those in the fly ash used in this study, more fines may be required to prevent segregation.


Fig. 4.10.  Minimum Fines Requirement to Avoid Segregation

4.2.3 Flow Loss

Flow loss refers to the reduction of flow over time due to bentonite hydration or cementation.  Flow loss can be an important consideration in mix proportioning because the flow at the batching location may be greater than the flow at the project site.  Various factors that can contribute to flow loss were evaluated, as were several methods to minimize flow loss or to recover flow after a given period of time.

4.2.3.1 Effect of Cement


Hydration of the bentonite in foundry sand reduces the water available for flow over time.  Kleven (1998) demonstrated through Atterberg limit testing of foundry sand that bentonite hydration can continue for up to one week.  The same phenomenon is likely to affect flowable fill.  Formation of cement bonds in the mixture also contributes to flow loss as the material begins to harden.  Flow loss due to cementation bonds is a common problem for flowable fill containing Class C fly ash, which has a tendency to “flash set” in only a few minutes (Green et al. 1998).  

To separate the contributions of bentonite hydration and cementation to flow loss, two identical mixtures were made, except that one mixture did not contain cement.  Foundry sand with high bentonite content (10.2%) was used to eliminate the need for fly ash.  Fig. 4.11 is a graph of flow versus time elapsed since the target flow was first achieved.  The cement and cement-free mixtures exhibit the same rate of flow loss until about 60 min, when flow of the mixture 


Fig. 4.11.  Effect of Cement on Flow Loss

with cement begins to decrease faster than that of the cement-free mixture.  This is an indication that cementation effects eventually predominate over bentonite hydration effects.  

A similar mixture with the same type of foundry sand (BC = 10.2%) and fly ash was also tested for cementation effects.  Fig. 4.11 shows that the cement and cement-free mixtures containing fly ash drop below the acceptable flow within ten minutes.  Any late cementation effects are masked by the absence of flow (i.e., flow diameter nearly equals the cylinder diameter) at later times.

4.2.3.2 Effect of Bentonite Content


The amount of bentonite in foundry sand has an effect on the rate of flow loss.  For a fixed volume of sand, sand with a greater percentage of bentonite requires more water to fully hydrate.  Therefore, flowable fill with more bentonite should exhibit a greater rate of flow loss.  

In Fig. 4.12, flowable fill prepared with Sand M (BC = 7.5%) shows greater flow loss than flowable fill prepared with Sand H (BC = 10.2%), which is opposite of what is expected.  However, flowable fill with Sand VH (BC = 13%) behaves as expected for the foundry sand with the highest bentonite content, falling below the minimum acceptable flow diameter faster than the other two mixtures.  

Rate of flow loss is defined as the decrease in flow diameter per time, until the flow diameter becomes constant with time.  For mixtures with fly ash, shown in Fig. 4.13, increasing bentonite content tends to increase the rate of flow loss until the bentonite content reaches 10.2%.  Beyond 10.2%, a lower rate of flow 


Fig. 4.12.  Effect of Bentonite on Flow Loss; Fly Ash-Free Mixtures


Fig. 4.13.  Effect of Bentonite Content (BC shown in blocks) on Flow Loss; 

 Mixtures with Fly Ash

loss was obtained.  An additional mixture containing foundry sand (labeled H2, BC = 12.2%) with bentonite content between that of Sand H and Sand VH was used to confirm this trend.  The effect of bentonite content on the rate of flow loss for mixtures with and without fly ash is shown in Fig. 4.14.

Flowable fills containing foundry sands having BC > 10.2% may have had a lower rate of flow loss because the bentonite bound up more water.  This reduces the amount of water available for cement and fly ash reactions, slowing down the cementing reactions that cause flow loss.

4.2.3.3 Effect of High Initial Flow

Two mixtures were made with identical amounts of the same foundry sand (Sand H, BC = 10.2%) and cement, but different amounts of water.  The initial flow diameters of each mixture were 275 mm and 230 mm.  Results of flow loss tests with these two mixtures are shown in Fig. 4.15.  The mixture with higher initial flow maintains appreciably higher flow until 45 minutes into the test, when the two data sets merge and end at nearly the same flow.  

The data in Fig. 4.15 suggest that approximately 45 minutes was needed for the bentonite to bind up the additional water that was added at the beginning of the test.  Once this water was no longer available for flow, the two mixtures behaved identically.  The mixture with high initial flow did not require as much water to return to the target flow (5.3% increase in water-solids ratio versus 6.0% for normal mixture), but this difference in required water was small and less than the initial difference in water-solids ratio of the two mixtures.


Fig. 4.14.  Rate of Flow Loss vs. Bentonite Content


Fig. 4.15.  Effect of High Initial Flow on Flow Loss

4.2.3.4 Recovery of Initial Flow

The ability to recover flow that has been lost due to bentonite hydration and/or cementation was evaluated to develop mixing and delivery guidelines that will ensure that flowable fill performs as desired in the field.  As shown in Section 4.2.3.3, beginning with higher initial flow will not provide higher flow after about 50 to 60 minutes.  Addition of water just before placement, called retempering, can be used to quickly regain original flow characteristics.  However, depending on how much water must be added, other properties of flowable fill, such as strength, may be affected (See Sec. 4.1.4).

At the end of each flow loss test (usually 90 to 100 min), water was added to the mixture until a target flow of 230 mm ± 5 mm was achieved.  Fig. 4.16 shows the mass of retempering water per mass solids required to return to the target flow.  For mixtures containing fly ash, there is an increase in the amount of water required as the bentonite content of the sand increases.  However, for bentonite contents > 10.2%, the amount of retempering water required drops dramatically.  Less retempering water was required for the mixtures with sands having higher bentonite contents because these mixtures did not experience as much flow loss during the given time period.  Therefore, the amount of recovery required to reach the target was not as great and less water was needed.

For mixtures without fly ash, the water requirement decreases as the bentonite content increases from 7.5% to 10.2%, which is followed by an increase in the water requirement as the bentonite content increases further.  The explanation for this dip in the water requirement trend is similar to that for fly 


Fig. 4.16.  Retempering Water Needed to Increase Flow to Target after

 
    Flow Loss Test 

ash-bearing mixtures.  The mixture with the lowest water requirement (BC = 10.2%) had the highest flow diameter at the end of the test, thus requiring less water to return to the target flow.  In general, most fly ash mixtures required more water than the non-fly ash mixtures at the same bentonite content.

4.3 SETTING TIME

Setting time is the least standardized parameter in most flowable fill specifications.  For example, the WisDOT standard only requires that flowable fill be able to support the weight of a "normal person" within 24 hours.  No testing method nor acceptable strength or deformation is specified.  As stated in Section 3.3.4, field performance can be tested using the Kelly Ball apparatus according to ASTM D 6024.  Laboratory conditions are often tested using a mortar penetrometer following ASTM C 403.  However, these tests are not commonly specified and the judgement of setting time tends to be experience based.  

Bhat and Lovell (1996) correlated mortar penetrometer readings and pocket penetrometer readings to a fixed deformation caused by the weight of an average person and defined the "walkability" strength as the strength at which a mortar penetrometer reading of 448 kPa is achieved.  For the pocket penetrometer used in this study, this correlated to 2.75 kg/cm2 (0.27 MPa).  

The relationship between 28 d UCS and 24 hr strength (measured with pocket penetrometer) is displayed in Fig. 4.17.  The "walkability" criterion is also shown in Fig. 4.17, along with the desired range of 28 d UCS reported in the WisDOT specification.  The "ideal zone" in Fig. 4.17 is for mixtures having 24 hr 


Fig. 4.17.  Relationship Between 28 day UCS and Pocket Penetrometer 24 hour 

       Strength (Mixtures with 24 hour Strength = 0.44 MPa not included)

strength above the walkability strength (0.27 MPa) and 28 d UCS within the WisDOT acceptable range (0.28 MPa to 0.55 MPa).  Some mixtures had 24 hour strength that exceeded the testing range of the pocket penetrometer (0.44 MPa) and therefore could not be graphed.  All mixtures with 24 hour strengths > 0.44 MPa had 28 d UCS above 0.55 MPa, the upper bound of the WisDOT target range.  Several mixtures did not reach the walkability strength at 24 hours, while those that did had 28 day strengths above the specified threshold.  

A necessary compromise appears to exist between quick-setting mixtures and those that have sufficiently low 28 d UCS.  However, the specimens were cured in a humidity room in containers that had no drainage outlets.  Setting would be accelerated if better drainage and less humid conditions were provided because excess water would leave the material more readily.  Bhat and Lovell (1996) used containers lined with geotextiles to provide better drainage, which may have led to shorter setting times.

4.4 ENVIRONMENTAL EFFECTS

4.4.1 Freeze-Thaw Cycles

Degradation of flowable fill undergoing freeze-thaw cycling was evaluated by measuring needle penetration and/or pocket penetrometer resistance after each thawing cycle.  Pocket penetrometer readings could not be obtained from two of the mixtures because their strength exceeded the limit of the penetrometer (0.44 MPa).  Needle penetration readings for each mixture are shown in Fig. 4.18 and pocket penetrometer readings (when available) are shown in Fig. 4.19.  

Needle penetration distance was sometimes limited by the thickness of the specimen or, in one case, by the length of the needle (50 mm).  The needle penetration test cannot evaluate changes in degradation after the needle fully penetrates the specimen.  In such cases, pocket penetrometer readings could usually be taken to compensate for the lack of needle penetration readings.


Mixture 24, containing base sand (BC = 0%) and a high amount of fly ash (449 kg/m3), was the most resistant to deterioration caused by freeze-thaw cycling (Fig. 4.18(a)).  After nine cycles, the freeze-thaw specimen made with Mixture 24 had softened relative to the control specimen of Mixture 24, but was still very strong relative to specimens made with Mixtures 23 and 25.  The resistance to freeze-thaw cycles may be due in part to the higher strength of this mixture compared to others tested.  Nantung (1993) concluded that strength is an important factor controlling freeze-thaw durability, because higher strength can resist interior degradation caused by ice lenses.  In this study, resistance due to high strength and resistance due to the type of materials in the mixture could not be distinguished.


The other two mixtures (Mixtures 23 and 25) had the same initial strength (based on 28 day UCS (0.68 MPa)), but contained different types of foundry sand.  Mixture 23, which had foundry sand having a moderate bentonite content (7.5%), exhibited significant softening after only one freeze-thaw cycle (Fig. 4.18(b)).  The needle completely penetrated the specimen of Mixture 23 after four cycles.  Mixture 25, with higher bentonite content (13%), behaved similarly but degraded at a slightly faster rate (Fig. 4.18(c)).  

Pocket penetrometer readings aid in discerning between the two mixtures.  Mixture 23 consistently had a pocket penetrometer resistance twice that of Mixture 25.  Both specimens also swelled slightly in the vertical direction, due to frost heave or swelling of bentonite in the foundry sand.


The susceptibility to freeze-thaw cycling does not appear to be a function of bentonite content alone.  Needle penetration data from freeze-thaw cycles without access to free water during thawing indicate that all mixtures without access to free water had minimal surface softening.  In fact, for the water-restricted freeze-thaw tests, the greatest amount of needle penetration occurred in the mixture with no bentonite.  

The presence of additional water, coupled with bentonite with an affinity for water, appears to cause severe loss of strength in flowable fill.  The additional water turns the flowable fill into a spongy mass, apparently breaking down cementation bonds that formed during curing.


The testing method that was used may be severe compared to what might occur in the field.  The thin specimens provided short pathways for water to reach the upper surface of a specimen.  Also, temperature variations and the rate of temperature change would be moderated in the field.  However, in the field, flowable fill could draw water from below (groundwater) and above (percolation), so sufficient access to water could occur in the field depending on the environment.  Flowable fill placed below the groundwater surface could be saturated throughout its service life.  Despite these limitations, this testing program does serve as a qualitative indicator of how different flowable fills will react when subjected to freeze-thaw cycles with and without access to free water.

4.4.2 Wet-Dry Cycles

Wet-dry cycles had little to no effect on the three mixtures tested.  Needle penetration was similar to that of the control specimens after each cycle (Fig. 4.18).  The only substantive effect of wetting the specimens was to erode a thin layer from the top of each specimen while pouring water onto the surface.  This erosion is similar to the surface disintegration observed when flowable fill cylinders were immersed in water during the initial attempts at wet-dry cycling (Section 3.3.5).  Since flowable fill will almost always be overlain by another material (pavement, soil, etc.), there will be limited potential for erosion.

4.4.3 Control Specimens

Two of the control specimens (Mixtures 23 and 24) behaved as expected, showing almost no change in needle penetration over time (Fig. 4.18).  In contrast, Mixture 25 (BC = 13%) became very weak after about 8 days sitting at room temperature in the laboratory.  The specimen also became very dry and powdery.  This specimen may be an anomaly, since it is the only one out of three that exhibited such behavior, or it may be an indicator that low strength mixtures with high percentages of bentonite lose a great deal of strength when dried.
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