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SECTION FIVE

CONCLUSIONS AND DESIGN RECOMMENDATIONS
5.1 CONTROLLING COMPRESSIVE STRENGTH

Over a wide range of water-cement ratios, the compressive strength can be roughly predicted using W/C.  However, in the strength range of excavatable flowable fill, strength is fairly insensitive to water-cement ratio.  Mixtures designed with W/C < 6.5 will have excessive strength.  Statistical analyses demonstrate that the mass of cement per total volume is actually a more significant factor than water-cement ratio.  Specifications based on cement content rather than W/C may be beneficial.

For two mixtures containing the same type of sand, same sand, fly ash, and water contents, the strength will be controlled by the mass of cement.  In this respect, the mix design procedures suggested by Bhat and Lovell (1996) that recommend bracketing the target strength and interpolating between them to find the ideal water-cement ratio should be successful.

Bentonite content does not affect strength noticeably, although bentonite content does have an indirect effect in that higher bentonite content requires more water to flow, which will affect strength.  Increasing bentonite content will increase the sensitivity of strength with respect to cement content.  Introducing fly ash into the mixture tends to increase scatter in the strength data and also leads to some mixtures having excessive strength.  Mixtures with fly ash contents above 400 kg/m3 consistently had excessive strength.  These conclusions only apply to the fly ash used in this study, as the chemical properties of various fly ashes will certainly lead to varying results.  Nevertheless, fly ash should be used with caution when excavatable flowable fill is desired.

Strength testing at 7 days and even as early as 24 hours can roughly predict the 28 day strength of the mixture.  Such tests can be valuable in developing a mix design because unsatisfactory mixtures can be modified without waiting 28 days to test the material.

Long-term strength testing shows that mixtures with fly ash gain significant strength beyond 28 days, even beyond 90 days, while mixtures without fly ash gain very little strength after 28 days.  The maximum allowable strength at 28 days may be increased for fly ash-free mixtures since they will not gain much strength at later times.  Designers can then focus on raising the early strength and shortening the setting time with less risk of creating flowable fill that will not be excavatable in the long term.

5.2 CONTROLLING FLOW

The only method of controlling the flowability in this study was to vary the amount of water in the mixture.  This is the simplest and probably most cost-effective method of changing flow.  The amount of water required to achieve adequate flow is predominantly a function of the bentonite content of the foundry sand.  Mixtures of multiple foundry sands or foundry sand and base sand follow the same water requirement trends as mixtures with only one type of sand.  Both the activity and amount of bentonite are important, which is evident in the comparison for mixtures prepared with the bentonite in foundry sand and those prepared with fresh powdered bentonite.  The gradation of the sand does not play a very important role.  The fine uniform base sand and the coarser more broadly-graded Torpedo sand had nearly equal water requirements when mixed with the same percentages of powdered bentonite.  The type and amount of fly ash have some effect, although for the relatively low fly ash contents evaluated in this study, bentonite is far more influential in determining the water requirement for proper flow.

Foundry sands with bentonite content less than 6% require additional fines to prevent segregation of the mixture.  Fly ash is usually added to provide fines.  The fly ash must have sufficient fines to be capable of suspending both coarse fly ash and coarse sand particles in the mixture.  Otherwise, the addition of fly ash could be self-defeating because the additional coarse fly ash particles will also segregate from the mixture.

The decrease in flowability over time, due to both bentonite hydration and cementation effect, should be evaluated when designing flowable fill.  Both mix proportions and mixing methods may be modified so flowable fill will perform as needed at the project site.  For flowable fill without fly ash, cementation effects are negligible compared to bentonite hydration effects during the first 45 minutes.  After 45 minutes, cementation effects dominate and reduce flowability further.  For mixtures with fly ash, flowability sharply decreased after only 10 minutes, showing the self-cementing properties of the fly ash that was used.  The effect of bentonite content is different for mixtures with and without fly ash.  Mixtures without fly ash tend to exhibit a greater rate of flow loss as bentonite content increases.  Mixtures with fly ash follow this trend until sands with bentonite contents above 10% are used.  Mixtures containing foundry sands with high bentonite content and fly ash had the lowest rate of flow loss of all mixtures.  It is not clear why this is the case; perhaps the high amount of bentonite acts as a retarding agent and slows down cementitious reactions.

Two methods were evaluated for counteracting the loss of flowability.  Adding too much water at the outset, creating a mixture with extremely high flowability, does not appear to delay the time at which flowability drops below an acceptable level.  Adding water immediately before placing the flowable fill is simple and effective.  However, adding more water could have side effects such as increased setting time and decreased strength.  These effects should be evaluated for each situation to determine if they are significant.

The flow curve method proposed by Bhat and Lovell (1996) should not be used if flow loss occurs within the time that would be required to run enough tests to construct the flow curve.  The flow curve method assumes there are no temporal effects on the mixture and, except for the first point on the curve, will overestimate the amount of water required to reach the target flow diameter.

5.3 CONTROLLING SETTING TIME

No mixtures tested in this study were able to satisfy both setting time and 28 day UCS criteria.  When the strength of a mixture at 24 hours met the “walkability” requirement, the 28 day UCS was always in excess of the upper limit specified by WisDOT.  When the 28 day UCS was within the acceptable range, the strength at 24 hours was too low.  Although not investigated in this study, accelerator admixtures or quick-setting cements may be helpful in creating mixtures that satisfy both of these criteria.  

5.4 RESISTANCE TO ENVIRONMENTAL EFFECTS

Plate specimens subjected to wet-dry cycles and freeze-thaw cycles without access to free water showed no signs of surface weakening for 9 cycles.  Control specimens of flowable fill containing base sand and foundry sand with 7.5% bentonite content showed no signs of surface weakening.  However, a control specimen of flowable fill made with foundry sand having high bentonite content (13%) became very weak after approximately 8 days in the laboratory at room temperature.

Freeze-thaw cycles in which specimens were allowed to draw in water during thawing severely weakened specimens containing bentonite.  The specimen with base sand and fly ash did not weaken, but it is not known if the resistance of this mixture can be attributed to the lack of bentonite or to the relatively high strength that this mixture had compared to the other mixtures.  

This test also may not be a fair representation of field conditions.  Consensus must be achieved regarding testing apparatus and procedures before judging mixtures as resistant or non-resistant to environmental effects.  However, this testing program does aid in showing the relative behavior of different types of flowable fill exposed to environmental distresses.

5.5 MIX DESIGNS

Foundry sands with bentonite content > 6% can be used to make flowable fill without the need for fly ash because the bentonite is sufficient to prevent segregation of the mixture.  

Flowable fill that does not contain fly ash has several advantages over flowable fill that does contain fly ash:  (1) long-term strength gain will be lower, (2) designing mixtures that have excavatable strength is easier, (3) mixtures will be less viscous and easier to work with, (4) flow loss will be less severe (except for BC > 10%), (5) fewer ingredients are required and fewer interactions between ingredients will occur that can be difficult to characterize, (6) maximize quantity of foundry sand (the cheapest ingredient) in the mixture, and (7) avoid need to use Class C fly ash in flowable fill (and expensive admixtures that may be needed to offset self-cementing properties of Class C fly ash).  Despite these drawbacks associated with using fly ash, flowable fill remains a suitable application for utilization of fly ash, provided that measures are taken to offset the above mentioned problems.  Also, fly ash with self-cementing properties (e.g., Class C fly ash or certain non-spec fly ashes) could be used as a replacement for portland cement, creating flowable fill made entirely of industrial by-products.  

The mix designs in Table 5.1 are guidelines that can act as a starting point for optimizing mix proportions for flowable fill containing foundry sand.  At this point, mix designers should still prepare trial mixes and test relevant properties.  The results of this study will assist in determining how various foundry sands can 

Table 5.1.  Mix Designs

Mixture Description
Water (kg/m3)
Foundry Sand (kg/m3)
Cement (kg/m3)
Fly Ash (kg/m3)

No Fly Ash, BC = 6%-10%
475
1300
50
0

No Fly Ash, BC = 10%-13%
500
1225
45
0

Fly Ash, BC = 0%-6%
475
1000-12501
402
150-4003

1Depends on the fly ash content

2Depends on the pozzolanic index of the fly ash

3See Fig. 4.10 for additional refinement

successfully be incorporated into flowable fill.  Different input components can change flow, set time, strength, and other characteristics of the end product.  These mix designs are intended to have adequate flow and 28 day strength within the range specified by WisDOT (0.28-0.55 MPa).  Volumes are approximate and may vary depending on specific gravity of each constituent and other factors.
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