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ABSTRACT

Deep foundation elements are typically used to transfer structural loads for multi-story
buildings and large-span bridges to a competent soil layer when 1) the soil close to the ground
surface has no sufficient bearing capacity, and when 2) liquefiable soils are encountered. The
majority of the bridges constructed within seismic zones rely upon the stability of earthen
embankments and deep foundation that are installed above or within liquefiable soil deposits.
Despite large factor of safety values or different load and resistance factors being used to
adequately design deep foundations within seismic areas, soil liquefaction may cause extensive
damage to the structure by 1) reducing the axial geotechnical resistances, 2) reducing the lateral
load capacity, 3) adding additional loads to the foundation (dragload), 4) inducing excessive
foundation settlements (downdrag), and 5) causing lateral spreading on the soil surrounding the
foundation.

The compressive movement of the soil caused by liquefaction affects the distribution of
the load along a deep foundation. Dragloads are developed when the amount of the soil
settlement is larger than the amount of foundation settlement. According to Muhunthan et al.
(2017), the developed dragload may exceed the structural axial strength of the deep foundation in
the extreme events. This additional load can significantly impact the axial behavior of a deep
foundation. In addition, the liquefaction-induced settlements may affect serviceability of the
structure by causing downdrag on the installed deep foundation element.

Many of the existing design methods to address dragload and downdrag are based on the
consolidation phenomenon. Therefore, there is an immediate need for research to evaluate the
impact of liquefaction-induced dragload and dragload on the performance of deep foundation

elements constructed in earthquake prone areas. Full-scale axial load tests and full-scale blast-



induced liquefaction tests were performed around three drilled shaft foundations and three driven
pile foundations to 1) evaluate the existing design methods, and 2) investigate the effects of
liquefaction-induced dragload and downdrag on deep foundations. The tested foundations were
constructed at the Turrell Arkansas Test Site (TATS), located within the New Madrid Seismic

Zone (NMSZ), and Mississippi Embayment.
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CHAPTER 1: Introduction

1.1. Background
Liquefaction in loose, saturated sands has caused extensive damage to infrastructure (e.g.,

bridges abutments and embankments, roads, buildings, power, and water supplies) in nearly
every historical earthquake event. In addition, soil liquefaction and the resulting loss of shear
strength have led to landslides, lateral spreading at the location of bridge abutments and wharfs,
and have caused failures of earthfill dams, loss of vertical and lateral bearing support for
foundations due to excessive settlement. These catastrophic failures have caused economic losses
in various areas in the world. For instance, more than 250 bridges were damaged by soil
liquefaction phenomena during the 1964 Alaska earthquake. Most of the damage observed after
the 1964 Alaska earthquake and after other earthquakes, including the 1964 Niigata earthquake,
the1989 Loma Prieta earthquake, the 2010 Maule earthquake, and the 2011 New Zealand
earthquake was attributed to the soil liquefaction (Gallagher et al. 2007).

1.2. Need for the Research Study

The current knowledge regarding the development of dragload and downdrag that is
presented in several standard design codes, is based on the soil settlement related to
consolidation phenomena. For instance, several designers and researchers have performed field
and laboratory tests (e.g., Bjerrum et al. 1969, Endo et al. 1969, Bozozuk 1972, Bozozuk 1981,
Broms and Silberman 1964, Long and Healy 1974, Fellenius and Broms (1969), Fellenius 1972,
1979, and 1988, Davisson 1993, Briaud and Tucker 1997, Poulos 1997, Dumas 2000, Hannigan
et al. 2005, Fellenius 2006, Fellenius and Siegel 2008, Siegel et al. 2013, Hannigan et al. 2016,
Tan and Fellenius 2016) to address consolidation-dragload and downdrag in deep foundation
design. Only a few research studies have been conducted to evaluate the liquefaction-induced

dragload and downdrag (Boulanger and Brandenberg 2004, Rollins and Strand 2006, Fellenius



and Siegel 2008, Vijayaruban et al. 2015, Rollins and Hollenbaugh 2015, and Muhunthan et al.
2017).

The research discussed herein was required because there is an absence of test results to
validate different aforementioned analytical and empirical methods that were developed to
determine the behavior of deep foundations subjected to the dragload and/or downdrag induced
by soil liquefaction. In addition, the analysis of post-liquefaction axial geotechnical resistance, of
deep foundation elements in Northeast Arkansas, will provide insight into deep foundation
behavior following an earthquake event. A comparison of the measured and predicted pre- and
post-liquefaction axial geotechnical for full-scale driven pile and full-scale drilled shaft
foundation elements will be presented and discussed in this document. Most importantly, the
findings from this research will be transferred into suitable recommendations and approaches
that the Arkansas Department of Transportation (ARDOT), and other state agencies, can use to
design for liquefaction-induced dragload and downdrag.

1.3. Research Objectives

The main objective of this research study is to determine the amount of liquefaction-
induced dragload and/or downdrag, and utilized to quantify the effects of an earthquake on deep
foundation elements installed within a potentially liquefiable soil deposit. The following specific
tasks were to be completed to accomplish this research objective.

- Conduct a pilot blast-induced liquefaction test program to determine the blasting layout
(the appropriate amount of explosive charges, the detonation delays, and the charge
spacing) required to produce soil liquefaction for full-scale blast tests.

- Design different types of driven piles, including: the steel H-pile, steel pipe pile and pre