MECHANICS OF SHOALING AT THE HOUSTON SHIP CHANNEL’S BAYPORT FLARE 

Patrick Corbitt Kerr, US Army Corps of Eng. (USACE) at Galveston District, patrick.c.kerr@usace.army.mil
Michael Ritz, US Army Corps of Eng. (USACE) at Galveston District, michael.e.ritz@usace.army.mil
Lori Brownell, Port of Houston, lbrownell@porthouston.com
Tim Dellapenna, Texas A&M University at Galveston, dellapet@tamug.edu
Jens Figlus, Texas A&M University, figlusj@tamu.edu
Jennifer McAlpin, US Army Corps of Eng. (USACE) at ERDC, jennifer.n.mcalpin@erdc.dren.mil
Coraggio Maglio, DCCM, cmaglio@dccm.com
Jacob Garrett, US Army Corps of Eng. (USACE) at Galveston District, jacob.garrett@usace.army.mil


INTRODUCTION
The Houston Ship Channel (HSC) is one of the most vital and busiest deep-draft navigation channels in the United States. In 2019 in partnership with the Port of Houston, the U.S. Army Corps of Engineers Galveston District (SWG) completed a five-year award-winning mega feasibility study for the HSC Engineering Channel Improvement Project (ECIP), also known as Project 11, and in 2020 the Chief of Engineers signed the final Chief’s Report. It was authorized by the Water Resources and Development Act of 2020 and on January 19, 2021, SWG was awarded “new start” designation and initial funds to begin construction. As part of the 2019 HSC ECIP Feasibility Report Environmental Impact Statement (FREIS) and, through ongoing and repeated maintenance events, the Bayport Flare (Flare) was noted as an area of concern due to chronic shoaling that disrupts traffic and requires continuous dredging. The Flare is the intersection of the HSC and Bayport Ship Channel (BSC) (see Figure 1.) This study seeks to (1) improve our understanding of the source and mechanisms for generation of shoaling and (2) develop and assess conceptual alternative countermeasures for shoaling mitigation.    
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Figure 1: Overview of HSC ECIP Project 11

BACKGROUND
Much work has been performed in the HSC and Galveston Bay area by the Estuarine Engineering Branch at the Engineer Research and Development Center (ERDC) Coastal Hydraulics Lab using the Adaptive Hydraulics (AdH) model. As part of the FREIS, ERDC developed and validated a 3D AdH model of the Galveston Bay, Houston Ship Channel, and Tributaries (McAlpin et al. 2019). This model was used to evaluate changes to currents, salinity, and sediment transport, particularly shoaling in the HSC during the feasibility phase to assess alternatives and during the engineering and design phase to assess the final design (McAlpin and Ross 2021). It was also used to assess the implementation of Bay Aquatic Beneficial Use System (BABUS) Cells as part of planned baseline future conditions (not included in Project 11), which would be placement areas for maintenance material as shown in Figure 2. 
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Figure 2: Bayport Flare and Planned BABUS Cells

Also performed as part of the ECIP efforts was a historical dredging assessment using the Corps Shoaling Analysis Tool (CSAT), which involved compiling data from historical condition surveys and dredging operations to compute annual shoaling rates (see Figure 3). The average annual shoaling rates in the Flare were 3.7 ft per year (2011-2015) and 5.4 ft per year (2016-2020), with maximum rates exceeding 10 ft per year along the curves causing dredge cycles to be less than 1 year; whereas in contrast the HSC (between Bayport and Morgans Point) had average annual shoaling rates of 1.4 ft per year (2011-2015) and 1.7 ft per year (2016-2020), with a 3 year dredge cycle.
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Figure 3: Observed Shoaling at Bayport (2016-2020)

The Project 11 improvements widen the HSC main channel at Bayport from 530 ft to 700 ft and the BSC from 400 ft to 455 ft. The existing HSC and BSC have authorized depths of 46.5 ft (MLLW) with an additional 2 ft of advance maintenance and 2 ft of over depth. Under existing conditions, the high shoaling in the BSC Flare requires frequent dredging and based on AdH modeling of the Project 11 improvements, and associated hydrodynamic and sediment transport impacts, the average shoaling is projected to raise to 9.4 ft per year, a 110% increase. 

To address and reduce dredging frequency at the Flare under Project 11 conditions, SWG performed an investigation of advance maintenance modifications, which are an additional channel depth below the authorized depth that provides capacity for shoaling in between maintenance dredging allowing for a longer dredge cycle. After evaluation of the projected shoaling rates and target dredge cycle, the advance maintenance depth for the BSC at the Flare was set to 7-ft and the HSC at the Flare was set to 5-ft. This advance maintenance depth is still expected to result in frequent dredging, so per recommendations from the 2019 FREIS, the PHA and SWG partnered to study the mechanics of shoaling at the Flare and evaluate the feasibility of countermeasures or additional advance maintenance.

METHODOLOGY
To assess and isolate the sources and mechanics of shoaling in the Flare, a multiple layer approach was applied, which included both field and numerical investigations. Shoaling in this area is caused by a complex combination of mechanics, such as vessel-induced waves, wind-driven waves, salinity wedge transitions, and Bay currents, all uniquely interacting with the Bay and HSC geometry and bed changes. Understanding the origin of source material of shoaling is also an important factor. Material can originate as watershed sediment yield or shoreline erosion, but the timeframe at which material enters the Flare can be variable as material can be deposited and/or circulated within the Bay prior to entering the channel. To isolate the mechanics and sources of shoaling, three analytical/numerical approaches were applied:
1) Sediment Trend Analysis
2) Salinity and Hydrodynamic Circulation
3) Vessel-Induced and Wind-Driven Waves
Prior to performing the modeling and analysis, a robust and spatially extensive data collection effort across Galveston Bay and tributaries was performed by Texas A&M Galveston that included bed and suspended sediment, as well as hydrodynamic data collection that was used to parameterize and validate the models. 
The work will utilize and advance the validated AdH and FUNWAVE numerical models of Galveston Bay so that they can be modified to investigate shoaling mitigation-based alternatives. 

SEDIMENT TREND ANALYSIS
Using new samples post Hurricane Harvey (2017), sediment grain size analysis techniques were used to inform a sediment trend analysis (STA) that illustrates sediment transport pathways (see Figure 4).  
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Figure 4: STA Sediment Transport Vectors

The STA pathways illustrate a general focalization northwest of the Flare with stronger vectors on the outskirts and smaller vectors at the center. From this analysis, a key finding is the path of material from the southeast to the Flare, which suggest that a dominant source of the material is from the south and mid bay area.  

SALINITY AND HYDRODYNAMIC CIRCULATION
The previously developed Galveston Bay and HSC model (McAlpin 2021) was updated to incorporate additional field data collection. It was validated for a representative year (2010) and Hurricane Harvey (2017) and simulated for future sea level conditions (2029 and 2079). Simulations were investigated to assess salinity, currents, and erosion/deposition. The HSC is a partially mixed system with minor stratification (see Figure 5) and the salt wedge is dynamic and cycles up and down the channel during ebb and flood with highest currents south of the Bayport Flare. In general, during typical ebb and flood conditions, currents are greatest within the HSC compared to the rest of the Bay, and within the shallow portion of the Bay, currents are greatest near the inlet; however, during storm conditions, the entire Bay has the potential to exhibit strong currents and complex circulation patterns. The bottom half of the Bay is considered more erosional due to the high tidal currents, whereas the top half of the Bay is considered more depositional, with the Bayport Flare demarcating that halfway point. The material that is eroded in the south is likely material deposited during episodic events like Hurricane Harvey. Of note is that within the Flare, the simulations showed spit development (i.e., inner bar) at the bifurcation caused by differential shear.
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Figure 5: HSC Salinity Profile (with and without project)

VESSEL-INDUCED AND WIND-DRIVEN WAVES 
A Boussinesq model, FUNWAVE-TVD (Shi et al. 2012), was developed to evaluate sediment transport caused by vessel-induced and wind-driven waves. Various deep-draft vessel tracks were simulated and the mechanics of the waves around the Flare and the deposition and transport of material in the Flare were assessed. Vessel-induced waves were highly erosive near the channel and caused shoreline erosion but reduced in impact with distance from channel due to shoaling. As vessels pass through the Flare, the waves refracted and diffracted due to the expansion of channel geometry, thus causing a complex chain of reactions that lead to focalized shoaling. In addition, 1D transects of wind-driven waves from various directions were simulated to evaluate the transitional effects of shallow-water waves over deep-water and the impact to the sediment entrainment and accompanying deposition. As waves propagated over the channel, they decreased in amplitude due to diffraction and were highly depositional.
    
IMPACT ANALYSIS
A cumulative assessment of the analytical approaches was performed to evaluate the mechanics and sources of shoaling in the Bayport Flare. Shoaling in the Bayport Flare is nearly a magnitude higher than shoaling in the adjacent HSC or BSC. The higher shoaling is focused near the curves of the Flare. The STA highlighted that material moves into the Flare from the south (inlet). The AdH simulations corroborates this interpretation as the typical ebb and flood cycle erodes material from the south and transports it north up the channel, with velocities dissipating both in the channel and on the shallow Bay near the Flare, and that the bifurcation at the Flare leads an inner bar or spit development. The FUNWAVE simulations illustrated that wind-driven waves entering the deep water of the channel from the shallow Bay diffract and deposit material, and that the geometry of the Flare causes a complex response of wave refraction and diffraction from vessel-induced waves leading to focalized shoaling.

COUNTERMEASURES
A workshop was held to develop alternative countermeasures based on the understanding of system dynamics. Previously validated AdH and FUNWAVE numerical models were utilized and advanced to evaluate the conceptual countermeasures. Alternatives will (1) be optimized based on cost-benefit considerations; (2) have no-adverse impact on navigation nor require revision, to the point practicable, of ongoing ship simulation studies; and (3) may be structural, non-structural or O&M based.
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