St. Anthony Falls Bridge Foundation Monitoring

Introduction

On August 1st, 2007, the I35W Bridge over the Mississippi River in Minneapolis, Minnesota collapsed in the middle of rush hour. The collapse killed 13 people and opened the eyes of policy makers and engineers alike to the serious nature of America’s failing infrastructure. A tremendously cooperative effort to quickly and safely replace the bridge resulted which harnessed today’s technologies and provides insight into bridge performance and long-term health.  To that end, the goal of the program was to show how internal instrumentation could be used to increase quality assurance, monitor construction loads and subsequently show traffic and wind load effects on the long-term pier performance. 
This was the first of a larger program involving the entire bridge, and pertained only to one of the three elevated piers, specifically, the South Bound Pier 2 columns and foundations. Therein, two types of strain gages and thermocouples were installed to monitor three phases of the bridge/foundation system: (1) internal concrete curing temperature of the foundation elements, (2) construction loads, and (3) long-term health monitoring.  
Instrumentation Overview

Foundation Gages: Four levels of 6 strain gages were installed in two of the eight, 100 ft deep drilled shaft foundation elements (48 gages total).  Gage levels were designated so as to identify load carrying contributions from various soil layers.  These levels were at the top of shaft (ground surface), top of soft rock, top of competent rock, and bottom of shaft. Gage levels were denoted as GL1 to GL4 from top to bottom, respectively.  Accompanying pairs of thermocouples at each gage level were also installed although not discussed herein.
Each gage level consisted of 4 vibrating wire (VW) strain gages positioned at quarter points around the circumference of the shaft cross section.  Two of the four VW gages at each level were coupled with a resistance type strain gage situated at opposite sides of the shaft.  This scheme provided the long-term stability associated with VW gages along with the capability or taking instantaneous readings from dynamic events associated with resistance type gages.

Column Gages: Two levels of 4 VW strain gages were installed in the two columns supporting the two southbound concrete box girders (16 total VW gages).  The first level was at the mid height of the columns; the second was at the base of the column.  Mid level gages were duplicated with resistance type gages again for measuring short duration transient events.

Data Collection System: Two disparate monitoring / logging systems were used to collect data from the VW and resistive strain gages.  VW gages were connected to the Campbell Scientific AVW-200 frequency / spectral analyzer logged with the CR1000 data logger complete with thermistor recording; the resistive gages were monitored with the CR9000 high speed data acquisition system.  Therein, VW gages were limited to a maximum sampling period of 2 minutes and where eventually sampled on 15 minute intervals.  Resistive gages were sampled at 100 Hz, but only stored every 15 minutes wherein the average, maximum, minimum, and instantaneous readings over that time period were logged.  Both systems were designed to be self-powered via solar panels and deep cell batteries and uploaded data to a remote host server using cellular modems.  This independence allowed these systems to recording while construction proceeded without interfering with normal day to day activities.  Both systems offered remote programming and configuration modification as increased detail was required or relaxed.
Project Phases

Phase 1 Internal Concrete Temperature Monitoring: It has been long understood that excess differential temperature in curing concrete can induces cracking stresses upon cooling that in turn degrade the durability of structure.  More recently, concerns about the magnitude of the peak internal temperature have arisen with regards to delayed ettringite formation (DEF).  Therein, curing temperatures in excess of 160F (70C) have been shown to cause problems with long-term durability.  The embedded thermistors coupled to vibrating wire type strain gages provided one means of assuring concrete temperatures stayed within acceptable ranges.  Figure 1 shows the internal shaft temperature at each of the gage levels over the course of shaft and footing construction.  The peak recorded temperature occurred near the top of shaft at the center of the cross section (from thermocouple).  The temperature shown from strain gage thermistors corresponds to the more peripheral reinforcement cage location. A slight increase in temperature was noted in the upper most gages once the massive footing was poured and the associated heat was transmitted into the supporting shaft and soil.
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Figure 1. Temperature traces from VW strain gage thermistors.
 
Phase 2 Construction Load Monitoring: Many of the design assumptions made by the engineer are based on probabilistic statistics wherein margins of error are used to either inflate the predicted loads or reduce the estimated capacity of the structure.  As a result, the worst case scenarios controlling the design may never occur and hence the structure’s design is never fully verified.  Once way of providing insight is to confirm the magnitude of load as it is applied and determine how the load is being withstood.  In this case, the loads due to construction were monitored as increased load was applied and distributed down the length of the shafts. Figure 2 shows the load on one of the shafts beneath the Pier 2 footing along with construction milestones.  This tells the designer that almost 800 kips of the 3500 kip total shaft load was resisted in end bearing and that about half the remaining load was carried by the rock layers in side shear. Between May 29th and July 9th, load steps are clearly evident showing the placement of each of the 15 box girder segments.
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Figure 2.  Load generation on drilled shaft beneath Pier 2 footing.

Load on Pier 2 was somewhat complicated by indeterminate reactions from falsework used to support the cast-in-place Span1 box girders (from End Bent 1 to Pier 2).  As a result the total load from Span 1 was not felt by Pier 2 until the bridge was almost completed and as the falsework was removed.  Pre-cast box girder sections (timeline indicated in Figure 2) were installed almost daily extending from Pier 2 toward Pier 3 cantilevered out over the Mississippi River. However, by correlating the number of box sections and their respective weights to the measured strain in each column, the column strain gages were calibrated with increased confidence.   Figure 3 shows the computed load from strain, concrete modulus and area as a function of the logging as well as the theoretical reaction due to the known concrete box girder weights using lever arm.
Unlike the shaft gages located beneath the footing, column loads were subject to daily temperature fluctuations which can be seen in Figure 2.  Additionally, the stark difference between the calculated segment load effects on the overall column load was caused by relaxation of the false work support as the cantilevering load provided uplift throughout Span 1.  
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Figure 3.  Measured and known applied load on Pier 2 from the onset of precast segment installation to the completion of Span 2.

Phase 3 Long-Term Health Monitoring: Using the calibrations/correlations developed during Phase 2, variations in shaft and column loads can be used to identify aberrant conditions that can then be used to alert officials to take appropriate actions.  Just prior to the opening of the bridge, truck load tests were conducted with 8 - 50 kip trucks (400 kip total) located at various locations along the bridge deck.  Figures 4 and 5 show the truck loading and the strain gage response in the interior and exterior columns, respectively.  Although the compressive strain on the 8ft x 20ft column cross-section caused by 400 kips alone is small (3 - 4 micro strain), the flexural response of the entire bridge camber caused bending in the column which was maximum when the 400 kip line of side-by-side trucks were at mid span of Span 2.
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Figure 4.  Five of the eight trucks (400 kip total load) being staged at predetermined location.

For this series of tests the data was uploaded to the server every two minutes and could be monitored on line by interested parties.  The host website updated the data graphs every 5 minutes (Figure 5).  Given the load test took ten hours to complete while other systems involving the superstructure instrumentation (by others) were also verified, steps in the strain are clearly delineated corresponding to one hour stops at various locations on the bridge.  Not that as the columns were either pushed north or south, readings from opposing gage locations appear to complement each other.
Long term monitoring of these gages provides a normal baseline of diurnal temperature effects as well as peak traffic loading.  While Figure 5 shows a slight drift in the strain directly associated with cooling of the bridge deck, Figure 6 shows a 4.5 day period extended from the Figure 5 data.  Therein, the effects of a daily temperature cycle are commensurate to the 400 kip truck testing.  Note that as the air temperature increases compressive strains are developed on the south side of the column (positive = comp) and tension on north.  This is due to the main span expansion pushing the pier to the south.
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Figure 5.  Column strains from one cycle of the10 hour truck load test.
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Figure 6.  Live load effects on the interior column over 4.5 day period.
