MICROPILE RESPONSE TO HECTOR MINE EARTHQUAKE 

Walter E. Vanderpool, Kleinfelder, Inc., Las Vegas, Nevada

ABSTRACT:  Observations are reported on the response of 55 micropiles to a 7.1 Mw earthquake.  The micropiled site was located 195 km from the earthquake epicenter.  The changes in the loads on the tops of these micropiles ranged from 17 kN tension to 126 kN compression one to two hours after the earthquake.  The changes were greatest in the upper 1/3 of the micropile length and in micropiles near the group perimeter.

INTRODUCTION

Type 1B micropiles (Bruce and Juran, 1997) have been used for seismic retrofitting to improve foundation resistance to ground motion.  Micropiles are ductile and elastic with a minimum of tip resistance, thereby limiting stress concentrations while providing high capacity in both compression and tension (Misra, et al., 1999).  Micropile response to earthquakes has been modeled (Sagara, ET al., 1999) and analyzed (Kishishita, Saito, and Miura, 1999); however, micropile response to earthquake movements and the resulting forces have been monitored or observed in very few cases.  

The micropiles were installed to improve foundations that had experienced unanticipated ground movement during construction of the Mandalay Bay Hotel/Casino in Las Vegas, Nevada.  A group of 536 micropiles was installed to a depth of 61 meters on a site 41 meters by 43 meters between July, 16 and October 9, 1998, and each micropile was load tested (Vanderpool, et al., 2002).  

A load of 224 kN was applied to each micropile by November 12, 1998, and the micropiles were attached to the foundation mat.  A monitoring program was initiated to gauge foundation performance and measure changes in the micropile loads (Figure 1). 
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Figure 1 Micropiled Area

Vibrating wire strain gages were mounted at the tops and embedded within the micropiles. 
Hydraulic jacks were mounted on each micropile to adjust the micropile loads, if it became necessary.  Construction continued to completion on schedule, and the facility opened on March 3, 1999. 

On October 16, 1999, the Hector Mine earthquake occurred at 2:46:44 am PDT.  The epicenter was located at 34o-36’ North Latitude, 116o-16’ West Longitude and approximately 195 km southwest of the micropiled site.  The magnitude of the earthquake was 7.1 Mw and a 5.2 Mw, after-shock occurred at 2:49 AM.  The maximum surface offset was 5.2 meters (www.SCECDC.SCEC.ORG/HECTOREQ.HTML).  

Many people in Las Vegas, Nevada observed the ground motion.  The locally-observed motion by the author consisted of being awakened from sleep, pets became agitated, windows and glassware rattled, hanging plants and lights began to sway, and motion sensor alarm systems were activated.  There was no significant documented damage to property in the Las Vegas valley attributed to the earthquake.

The instrumented micropiles detected and recorded the ground motions, and small changes in the loads.  The instrumentation system was not intended to monitor response to an earthquake event, and the sequence and frequency of data acquisition could not provide a record of peak response or the pattern of motion.  The information only characterizes the micropile and micropile group response preceding and following the ground motion.

SITE CHARACTERISTICS AND SOIL INDEX PROPERTIES

The Las Vegas valley is a sediment-filled basin located in a desert environment (Matti and Bachhuber, 1985).  The alluvial sediments are more than 300 m thick in much of the valley and more than 100 m thick at the micropiled site.  Groundwater was present at the elevation of the micropile cap.  

The sediments of the Las Vegas valley contain frequent thin (10 mm) to thick (3 m) carbonate-cemented, altered, and aged alluvial soils in layers and lenses.  The development of the carbonate-cemented soil is a result of the arid environment, the parent limestone rock, shallow groundwater, temperature, pressure, and hydrologic and geochemical environments (Reeves, 1976).  

The soils penetration resistance and strength were measured by standard penetration test (SPT), cone penetration test (CPT), and unconfined compressive strength tests (qu) on N size core samples.  Penetration resistance ranged from N = 7 to N > 50/0.  Undrained shear strength interpreted from cone penetration tests (CPT) ranged from less than 20 kPa to greater than 1000 kPa.  Unconfined compressive strength as measured on 50-mm diameter core samples ranged from 25.1 MPa to 47.6 MPa. 

INSTRUMENTATION AND DATA AQUISITION

A pair of vibrating wire strain gages were mounted at the top of each micropile (n = 536 pair).  Vibrating wire sister bar strain gages (n = 129) were embedded at various depths in 58 of the micropiles.  The embedded instruments were located 8.2 to 61 m below the tops of the micropiles.

Preceding and following the earthquake, the surface mounted strain gages were interrogated hourly and 498 pairs of the surface-mounted strain gages were functioning.  There were 118 embedded sister bar strain gages functioning at hourly intervals when the earthquake occurred.  The instrument system was programmed to record each gage value once each hour.  

Data collection was accomplished with nine data loggers.  Each data logger interrogated a varying number of gages (101 to 187) beginning at the start of each hour.  The data were collected during the first one-half of each hour.  The Hector Mine earthquake and one large after-shock occurred during a period between data acquisition cycles.  

Only the micropiles with functional embedded strain gages (55) were considered in this case study.  Column (letter) and row (number) coordinates on Figure 1 and Figure 10 identify these micropiles.  The strain gage pair at the top of nine micropiles in this set (55) were not functioning reliably both before and after the earthquake.  The data from the tops of the micropiles were limited to 46 micropiles.  

The data were typically parsed to the largest compressive load during a 24-hour period for weekly, monthly, and annual analyses.  The load history of two micropiles (P-15 and H-5) are presented in Figures 2 and 3.
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Figure 2 Micropile P-15 Load History
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Figure 3 Micropile H-5 Load History
Changes in the load on micropiles P-15 and H-5, referenced to the value on 10/15/1999, are plotted on Figure 4 and 5.  
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Figure 4 Micropile P-15 Load History, Fall of 1999
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Figure 5 Micropile H-5 Load History Fall of 1999

Changes in the load on micropiles P-15 and H-5, referenced to the 1:00 AM, 10/16/1999 are plotted on Figures 6 and 7 for a period of 28 hours preceding and 42 hours following the earthquake.  These changes in load (kN) one and two hours preceding and following the earthquake, sorted by micropiled quadrant, are also presented in Tables 1 through 4.
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Figure 6 Micropile P-15 Load History, Oct. 15-18, 1999
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Figure 7 Micropile H-5, Load History, Oct. 15-18, 1999

As previously noted, each micropile was load tested.  In addition, a set of 60 micropiles were loaded to 1340 kN for a period of 70 days prior to the final loading of the 536 micropiles to the 224 kN load.  Seven of the micropiles in the set of 60 were also part of the set of 55 considered in this case study.  These seven micropiles are identified on Tables 1 through 4 by a shaded background.  

OBSERVATIONS

The micropiles were installed more than one year before the earthquake occurred.  The structure was completed more than 7 months before the earthquake occurred.  The loads within the micropiles were still interacting with the soil and progressing toward a steady state condition when the earthquake occurred.  

The load history for micropiles P-15 (Figures 2, 4, and 6) and H-5 (Figures 3, 5, and 7) were selected for the number of instruments monitored and their locations near the grid centroid and group perimeter, respectively.  The response pattern was not the same in any two of the instrumented micropiles.  

The magnitude of the micropile response to the Hector Mine earthquake generally decreased with increased depth in the soil profile.  The response was small for most strain gages embedded more than 15 meters below the top of the micropiles (Figure 8).  
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Rates of change in the load within the micropiles were relatively uniform preceding the earthquake and returned to the pre-earthquake loading rates within 6 hours to 10 days following the Hector Mine earthquake (Figures 4 and 5).  

Figure 8 Earthquake Induced Load Change vs Depth
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Figure 9 Earthquake Induced Load Change vs Distance from Group Centroid

Top-mounted strain gages typically did not return to the load condition preceding the event.  Embedded strain gages located more than 22 m below the tops of the micropiles typically responded by returning to loading rates consistent with the patterns preceding the event.
Settlement monitoring points throughout the micropiled (12) and non-micropiled (54) areas of the mat foundation did not detect permanent movement exceeding 1.5 mm from the earthquake event.  

CONCLUSIONS

The general trends of micropile location relative to the micropiled grid centroid and the decreasing response with increasing depth appear significant.  Although the 163 instrumented locations on the 55 micropiles recorded a response to the earthquake, the data contain scatter.

The maximum observed change in load (compression) at the tops of the micropiles was approximately 13 percent of the pre-existing load.  

The ground motion was not strong in the Las Vegas valley, and structures with both shallow and deep foundations were not damaged by the event.  There was a general pattern of surface load increase on micropiles oriented on a north, northwest to south, southeast axis approximately parallel to the direction of ground motion at the earthquake epicenter (Figure 10).  

Figure 10 Dominate Load Change Pattern
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Changes in the micropile loads were greatest for micropiles located in the northwest quadrant of the group.  The changes were also greatest for micropiles located near the perimeter of the group.  The rocking motion induced by the Hector Mine earthquake caused some soil-micropile interface yielding, and non-elastic response.  

Earthquake-induced loads on the tops of the micropiles appeared in the first data set following the event and typically did not change in later data sets.  

The peak changes in micropile loads at depths greater than 15 meters were occasionally delayed until one to two hours after the event.  The redistribution of earthquake-induced load within the micropiles typically occurred over a period of 6 hours to 10 days, and pre-existing load patterns were re-established without apparent earthquake effects.  

An annual cyclic pattern of fluctuating load in micropiles P-15 and H-5 is greater than the response to the earthquake.  This cyclic pattern has been observed in the load history of many of the instrumented micropiles.
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	Table 1:  Northeast Quadrant Micropiles
	

	Micropile
	Gage
	Micropile radial
	Load change Hr. 
	Load change 2 Hr. 

	ID
	Depth
	distance from
	before to Hr. after
	before to 2 Hr. after

	
	(m)
	 grid centroid (m)
	earthquake (kN)
	earthquake (kN)

	V-16
	0.0
	4.6
	-0.62
	-0.93

	V-16
	18.3
	4.6
	-0.47
	-0.31

	V-16
	24.4
	4.6
	0.00
	0.00

	U-10
	0.0
	9.6
	0.16
	-2.65

	U-10
	51.4
	9.6
	1.56
	-53.71

	U-10
	57.9
	9.6
	0.00
	0.00

	U-9
	0.0
	10.8
	0.00
	0.00

	U-9
	21.3
	10.8
	-0.19
	-0.56

	U-9
	48.8
	10.8
	0.00
	0.00

	BB-17
	0.0
	11.6
	0.00
	0.00

	BB-17
	29.0
	11.6
	0.31
	0.62

	BB-17
	47.9
	11.6
	-0.47
	-0.31

	DD-16
	0.0
	14.1
	0.16
	0.62

	DD-16
	9.1
	14.1
	0.16
	-0.62

	DD-16
	12.2
	14.1
	0.00
	0.00

	Y-7
	0.0
	15.1
	0.16
	0.31

	Y-7
	35.7
	15.1
	1.09
	1.40

	Y-7
	51.8
	15.1
	-0.62
	-0.62

	EE-12
	0.0
	16.7
	-0.44
	0.00

	EE-12
	47.9
	16.7
	0.00
	1.40

	EE-12
	48.8
	16.7
	0.00
	0.00

	FF-13
	0.0
	17.3
	0.00
	0.47

	FF-13
	21.3
	17.3
	0.00
	2.02

	FF-13
	27.4
	17.3
	0.00
	0.00

	FF-13
	51.8
	17.3
	0.44
	-0.44

	DD-8
	0.0
	18.2
	0.00
	0.00

	DD-8
	21.3
	18.2
	-0.19
	-0.56

	DD-8
	45.7
	18.2
	0.00
	0.00

	FF-11
	0.0
	18.3
	0.00
	-1.56

	FF-11
	21.3
	18.3
	-0.16
	-1.56

	FF-11
	33.5
	18.3
	0.00
	0.00

	FF-11
	48.8
	18.3
	0.00
	0.00

	EE-8
	0.0
	19.1
	0.00
	-0.93

	EE-8
	9.1
	19.1
	0.00
	-0.93

	HH-14
	0.0
	19.4
	0.00
	1.09

	HH-14
	19.8
	19.4
	0.00
	-0.78

	HH-14
	32.0
	19.4
	0.00
	0.00

	HH-11
	33.5
	20.5
	-0.31
	-34.10

	HH-11
	51.8
	20.5
	0.00
	0.00

	HH-10
	0.0
	21.0
	-0.16
	-13.08

	HH-10
	21.3
	21.0
	0.00
	1.71

	HH-10
	45.7
	21.0
	0.00
	0.00


	
	
	Table 2: Southeast Quadrant Micropiles
	
	

	Micropile
	Gage
	Micropile radial
	Load change Hr. 
	Load change 2 Hr. 

	ID
	Depth
	distance from
	before to Hr. after
	before to 2 Hr. after

	
	(m)
	 grid centroid (m)
	earthquake (kN)
	earthquake (kN)

	W-22
	0.0
	7.8
	49.90
	50.43

	W-22
	8.5
	7.8
	0.00
	-6.38

	X-23
	0.0
	9.5
	6.44
	6.29

	X-23
	27.4
	9.5
	-1.09
	-1.09

	X-23
	33.5
	9.5
	-3.74
	-3.58

	Y-25
	0.0
	12.1
	0.00
	0.00

	Y-25
	9.1
	12.1
	-6.85
	-6.07

	Y-25
	21.3
	12.1
	6.85
	6.85

	W-28
	0.0
	13.9
	57.68
	-0.15

	W-28
	15.2
	13.9
	0.62
	0.00

	W-28
	24.4
	13.9
	-0.16
	-0.62

	EE-25
	0.0
	17.8
	-0.10
	0.00

	EE-25
	36.6
	17.8
	-4.67
	-4.36

	GG-22
	0.0
	18.5
	0.00
	0.00

	GG-22
	30.5
	18.5
	1.56
	1.87

	GG-22
	36.6
	18.5
	1.87
	2.18

	Z-31
	0.0
	18.8
	0.16
	2.34

	Z-31
	39.6
	18.8
	0.16
	-2.02

	W-33
	0.0
	19.7
	0.47
	-1.87

	W-33
	21.3
	19.7
	0.47
	-0.16

	W-33
	27.4
	19.7
	0.00
	0.00

	AA-33
	0.0
	21.6
	-0.16
	8.10

	AA-33
	21.3
	21.6
	0.78
	-11.99

	AA-33
	27.4
	21.6
	0.00
	0.00


	
	
	Table 3: Southwest Quadrant Micropiles
	
	

	Micropile
	Gage
	Micropile radial
	Load change Hr. 
	Load change 2 Hr. 

	ID
	Depth
	distance from
	before to Hr. after
	before to 2 Hr. after

	
	(m)
	 grid centroid (m)
	earthquake (kN)
	earthquake (kN)

	P-20
	0.0
	5.2
	-3.58
	-3.58

	P-20
	15.2
	5.2
	0.62
	0.78

	P-20
	18.3
	5.2
	0.00
	0.00

	L-19
	0.0
	8.1
	-3.89
	-4.05

	L-19
	27.4
	8.1
	-0.47
	-0.16

	L-19
	33.5
	8.1
	0.00
	0.00

	L-21
	0.0
	9.0
	-5.29
	-5.29

	L-21
	30.5
	9.0
	0.62
	0.78

	L-21
	36.6
	9.0
	0.00
	0.00

	J-18
	0.0
	10.4
	0.00
	0.00

	J-18
	45.7
	10.4
	-3.11
	-3.27

	J-18
	51.8
	10.4
	0.00
	0.00

	J-18
	57.9
	10.4
	0.00
	0.00

	J-19
	0.0
	10.5
	0.93
	0.78

	J-19
	21.3
	10.5
	0.00
	0.31

	J-19
	33.5
	10.5
	0.00
	0.00

	J-19
	48.8
	10.5
	-0.44
	-0.44

	F-18
	0.0
	12.8
	0.00
	21.80

	F-18
	9.1
	12.8
	-1.71
	-0.62

	F-18
	27.4
	12.8
	-2.34
	-2.34

	F-18
	51.8
	12.8
	-0.93
	-0.93

	M-27
	0.0
	14.0
	-0.07
	0.00

	M-27
	36.6
	14.0
	0.00
	0.16

	M-28
	0.0
	14.5
	1.21
	1.06

	M-28
	30.5
	14.5
	3.74
	3.58

	M-28
	36.6
	14.5
	-3.58
	-3.43

	G-21
	0.0
	14.7
	0.00
	0.00

	G-21
	9.1
	14.7
	-0.19
	-0.56

	G-21
	15.2
	14.7
	0.00
	0.00

	G-22
	0.0
	15.1
	6.69
	7.63

	G-22
	9.1
	15.1
	0.16
	-0.16

	G-22
	15.2
	15.1
	0.00
	0.00

	G-24
	0.0
	16.1
	-0.08
	0.00

	G-24
	12.2
	16.1
	3.27
	3.43

	G-24
	18.3
	16.1
	0.16
	0.31

	E-18
	0.0
	16.5
	0.00
	0.00

	E-18
	33.5
	16.5
	-4.20
	-4.05

	N-31
	0.0
	17.3
	1.79
	1.66

	N-31
	21.3
	17.3
	-3.27
	-1.71

	N-31
	24.4
	17.3
	-1.87
	-2.02

	D-18
	0.0
	17.7
	1.33
	1.33

	D-18
	21.3
	17.7
	-2.02
	-1.71

	D-18
	27.4
	17.7
	-1.56
	-1.40

	D-18
	48.8
	17.7
	-84.85
	-85.63

	J-30
	0.0
	18.4
	0.00
	0.00

	J-30
	9.1
	18.4
	-0.19
	-0.56

	J-30
	15.2
	18.4
	0.00
	0.00

	M-32
	0.0
	18.9
	0.31
	-17.13

	M-32
	30.5
	18.9
	0.62
	-11.99

	M-32
	36.6
	18.9
	0.00
	0.00


	
	
	Table 4: Northwest Quadrant Micropiles
	
	

	Micropile
	Gage
	Micropile radial
	Load change Hr. 
	Load change 2 Hr. 

	ID
	Depth
	distance from
	before to Hr. after
	before to 2 Hr. after

	
	(m)
	grid centroid (m)
	earthquake (kN)
	earthquake  (kN)

	P-15
	0.0
	5.2
	-0.62
	-0.47

	P-15
	8.7
	5.2
	0.00
	0.00

	P-15
	20.7
	5.2
	16.90
	16.46

	P-15
	33.0
	5.2
	-11.37
	-10.74

	P-15
	40.1
	5.2
	-12.77
	-13.23

	G-16
	0.0
	11.7
	0.00
	0.00

	G-16
	11.7
	11.7
	-10.12
	-10.43

	G-16
	23.9
	11.7
	-9.65
	-9.50

	G-16
	30.0
	11.7
	-1.25
	-1.25

	G-16
	36.1
	11.7
	-2.02
	-1.87

	O-8
	21.3
	12.8
	0.00
	0.00

	O-8
	45.7
	12.8
	0.00
	0.00

	N-7
	21.3
	13.9
	0.00
	0.00

	N-7
	33.5
	13.9
	-4.20
	-4.67

	M-6
	36.6
	15.5
	-0.31
	-0.31

	M-6
	51.8
	15.5
	-0.16
	-0.47

	E-16
	9.1
	16.6
	-27.71
	-25.69

	E-16
	33.5
	16.6
	-1.40
	-1.25

	E-16
	45.7
	16.6
	-0.78
	-0.62

	E-16
	54.9
	16.6
	0.93
	1.25

	L-4
	0.0
	18.3
	0.44
	0.89

	L-4
	27.4
	18.3
	-1.56
	-1.56

	L-4
	51.8
	18.3
	-2.18
	-3.27

	J-5
	0.0
	18.4
	126.33
	126.33

	J-5
	9.1
	18.4
	-12.92
	-13.23

	J-5
	48.8
	18.4
	-0.62
	-0.78

	F-7
	18.3
	19.9
	-3.43
	-3.11

	F-7
	21.3
	19.9
	-35.03
	-34.41

	H-5
	0.0
	19.9
	33.81
	33.81

	H-5
	12.2
	19.9
	9.34
	9.65

	H-5
	30.5
	19.9
	-2.34
	-2.80

	H-5
	48.8
	19.9
	-3.11
	-2.96

	H-5
	61.0
	19.9
	-0.62
	-1.09

	E-8
	0.0
	20.1
	51.15
	51.15

	E-8
	12.2
	20.1
	-42.50
	-41.26

	E-8
	21.3
	20.1
	-4.51
	-4.51

	C-11
	27.4
	20.5
	-3.27
	-2.96

	C-11
	33.5
	20.5
	-7.32
	-7.32

	B-13
	0.0
	20.9
	0.00
	-0.44

	B-13
	9.1
	20.9
	-4.05
	-2.80

	B-13
	21.3
	20.9
	-5.76
	-5.92

	J-2
	0.0
	21.6
	0.00
	0.00

	J-2
	9.1
	21.6
	12.90
	13.34

	J-2
	27.4
	21.6
	1.09
	1.56

	A-13
	9.1
	22.0
	-37.05
	-35.96

	E-5
	9.1
	22.4
	-28.80
	-28.02

	E-5
	21.3
	22.4
	0.47
	0.47








