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3.  Problem 

Downdrag is the ground settlement, or downward soil movements, relative to a pile. According to the AASHTO LRFD (2017), downdrag causes two effects on piles: 1) an additional compression axial load (called downdrag load), and (2) lost geotechnical resistance.  Downdrag often occurs under the influence of construction fill placement near the pile group. According to the AASHTO LRFD Bridge Design Specifications, (10.7.1.6.2), the downdrag effect should be considered in the design of all deep foundations at all limit states.

Practices of State Highway Agencies in evaluation and consideration of downdrag in the design of deep foundations are often inaccurate and conservative, leading to increased foundation costs and inconsistent design. Recent computational modeling and field testing is showing that methods other than the neutral plane method do not characterize downdrag load well and are often overly conservative. It is also becoming clearer that downdrag acts in more cases than previously considered, however the effect is often small when calculated correctly, which helps explain why failures attributable to downdrag have been historically uncommon. With the move to reliability based LRFD design, it is becoming more important to develop and implement accurate procedures to evaluate and consider downdrag effects in the LRFD design of deep foundations.   

4.  Goal 

The 2016 FHWA manual for driven piles presents new guidance (Section 7.3.6) to improve the approach for evaluation and consideration of downdrag effects in the design of deep foundations by using the neutral plane method permitted in AASHTO 3.11.8. The goal of this GSN is to supplement this guidance for use by designers to perform accurate evaluation and consideration of downdrag effect in the design of deep foundations. 

5.  The Neutral Plane Concept 

A key concept in the Neutral Plane method, is that the soil and the deep foundation are moving relative to one another after installation; the system is dynamic in nature. The neutral plane occurs along a deep foundation element at the depth where soil and pile settlements are equal, resulting in zero mobilized side resistance at that location.  Below the neutral plane, settlement of the pile, due to loading, is greater than settlement of the adjacent soil leading to transfer of pile loads to soil through side shear and end bearing. Above the neutral plane, settlement of the surrounding soil is greater than settlement of pile leading to the development of negative side resistance and transfer of downdrag axial compression loads (DD) from soil to the pile through side shear. Compute the maximum downdrag loads (DD) as the nominal geotechnical side resistances of the soil layers located above depth of neutral plane
 
The most accurate procedure to locate depth of neutral plane is to determine and compare settlement for both:   
· The pile, using the service limit state permanent loads (unfactored dead load, DL)
· The soil adjacent to the pile. 

There are two general scenarios for locations of the neutral plane and considerations of downdrag in the design. In the first scenario, the pile is fully bearing in soils and soft rock such that the application of axial compressive load results in settlement at the pile tip.  In the second scenario, the pile is founded in a dense/hard bearing stratum (e.g., hard rocks), such that the application of pile axial compressive load will not cause settlement at the pile tip. The dense/hard bearing stratum is often hard rock considered in this GSN. Both scenarios are discussed next.  

6.  Evaluation and Design Consideration of Downdrag Effect in Soils and Soft Rock

When piles are fully bearing in soil or soft rock, as axial compression  load at the pile top increases, pile settlement increases, and two phenomena occur: 1) additional resistance is mobilized to resist the top load both in end bearing and positive side shear resistance, and 2) downdrag effects reduce as neutral plane shifts upward due to increased pile settlements relative to the adjacent soil.  As the pile compression load approaches the nominal geotechnical resistance (strength limit state), where pile settlement is very large, downdrag reduces toward zero and the neutral plane moves to the top of the pile. Hence, downdrag effects should not be considered at the geotechnical strength limit state but should be considered at the service limit state for settlement.  

If the more rigorous approach to determine location of neural plane described in the previous section is not used, the neutral plane may be approximately located at the depth of the lowest soft soil layer contributing to downdrag using conservative technical judgement. 

6.1   Consideration of Downdrag at the Geotechnical Strength Limit State 

The geotechnical resistance available at the strength limit state is calculated in the same manner whether or not the deep foundation experiences the downdrag effect. The geotechnical resistance is the sum of all side resistances and the end bearing.   
· Downdrag effect is zero at the geotechnical strength limit state.
· All side resistance is positive and available to support the pile. 

6.2   Consideration of Downdrag Effect at the Service Limit State for Settlement Analysis 

Consider downdrag effect in the foundation settlement analysis as follows:
1. Loads: Include the unfactored axial compression downdrag loads (DD) determined as described in Section 3. 
2. Geotechnical resistances: Ignore side resistances from soil layers above the neutral plane. The soil contribution of the soil above the neutral plane is calculated as a load. Keep the stress effects on the soil layers below the neutral plane that resist applied loads (contribute positive side resistance).

7.  Evaluation and Design Consideration of Downdrag Effect in Hard Rocks

[bookmark: _Hlk522793483]When a pile tip bears in hard rock, as compression top load increases, the pile tip does not settle because it is founded in hard rock. Thus, the neutral plane stays very near or at the depth of hard rocks, which leads to very large downdrag loads that should be considered in the design. The geotechnical strength of the bearing stratum is high enough that the structural strength limit state will control axial resistance of the pile. Therefore, the larger downdrag loads developed in this case should be considered in evaluation of the structural strength limit state as described next. 

7.1   Consideration of Downdrag Effect at the Structural Strength Limit States   

[bookmark: _Hlk524080044]Downdrag will impact the pile structural strength limit state for axial compression of a pile per the following equation: 

Qf + γp DD ≤ c Pn ……………………………………………. ………………..  1 

Where Qf is the factored structure compression load applied to the top of the pile, DD is the downdrag load determined as described in Section 3, γp is the downdrag load factor, Pn is the pile nominal structural axial compression resistance, and c is the pile structural resistance factor. The Minnesota DOT adopted a downdrag load factor of 1.1 with the neutral plane downdrag procedure (described in Section 3) while a local calibration effort is in progress.

In this case, the pile structural compression resistance, not the pile geotechnical resistance, would control the maximum factored compression load that can be applied to the top of the pile, Qfmax, which can be computed as str Pn - p DD.

8.  Summary, Conclusions, and Recommendations 

[bookmark: _Hlk500234596]The 2016 FHWA manual for driven piles presents new guidance for evaluation and consideration of downdrag effects in the design of deep foundations. This GSN is developed to supplement this guidance. The 2016 FHWA manual and this GSN will help the state highway agencies implement more accurate and economical procedures for evaluation and consideration of downdrag effect in the design of deep foundations.  

Consider also the following recommendations:   
· Downdrag can be also be induced by liquefaction settlement (called seismic induced downdrag), which should not be combined with downdrag induced by consolidating settlements called static downdrag. 
· If the calculated downdrag effects (either load or induced movement) are significant, consider measures discussed in the 2016 FHWA manual (7.3.6.2) to reduce the downdrag.
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