
1111111111111111111 
PB96-143961 

CONSTRUCTION RELATED VIBRATIONS 
FIELD VERIFICATION OF VIBRATION INDUCED 
SETTLEMENT MODEL 

NORTH CAROLINA STATE UNIV. AT RALEIGH 

DEC 95 

U.S. DEPARTMENT OF COMMERCE 
National Technical Information Service 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

PBSS-143961 
111111111111111111111111111111 

CONSTRUCTION RELATED 
VIBRATIONS: FIELD VERIFICATION 

OF VIBRATION INDUCED 
SETILEMENT MODEL 

by 

Roy H. Borden 
Lisheng Shao 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1. Report No. 

FHWA/NC/95-008 
4. Totle and Subtotle 

2. PBSS-143961 
1111111111111111111111111111111 

Construction Related Vibrations: Field Verification 
vf Vibration Induced Settlement Model 

Roy H. Borden and Li~heng Shao 
9. Performong Organo zatign Name and Address 

Center for Transportation Engineering Studies 
Department of Civil Engineering 
North Carolina State University 
Raleigh, NC 27695 

Technical Rc;Jort Documentation Pag• 

3. Recopoent" s Catolog No. 

5. Report Core 

December 1995 
6. Performong Orgonozohon Code 

10. Worlc Unot No. (TRAIS) 

II. Contract or Grant No. 

23241-95-5 
13. Type of Report and Perood Covered 

~1~2.~5-po-n-so-,-,n-g-A~,-e-nc_y_N_a_m_e_a-nd--A~dd~r-es-s------------------------------~ Final Report 
North Carolina Department of Transportation July 1, 1994-June 30, 199: 
Raleigh, NC 27611 
Federal Highway Adtninistration 
Raleigh, NC 27611 

15. Supplementary Notes 

16. Abstruct 

14. Sponsorong Agency Codw 

The objective of this research is to provide field verification of an 
analytical model for predicting g~ound surface settlement due to construction 
induced vibration. This model was proposed by Borden, Shao, and Gupta in the 
report "Contruction Induced Vibrations" (1994) to NCDOT and FHWA. 

Three test sites with residual soil profile were investigated. At one of the 
sites, in Selma, North Carolina, both settlement of the residual soil profile and 
the characteristics of the vibration source, ~nd the wave propagation behavior 
were monitored during pile driving. Laboratory resonant column and torsional 
shear tests were performed on samples obtained from the field test site. Based 
on a comparison between the measured field settlement at this site and that 
predicted based on laboratory test results, the proposed analytical model is shown 
to be somewhat conservative. 

Vibration attenuation with depth in the residual soil profile was investigated 
for the first time. The vibration time histories of the field test were analyzed 
and the peak velocities at various depths and surface distances were obtained. In 
addition, the ground vibration frequency and Rayleigh wave velocity were calculated 
The Rayleigh wave attenuation function in the soil profile agreed well with the 
field tests records. The approach to evaluate the wave attenuation on the ground 
surface was confirmed to be conservative. 

11. Key Vlo,·cb 

Construction vibrations, settlement, 
densification, cyclic loads, shear 
modulus, damping ratio, shear strain 
amplitude 

18. Oistributran Statement 

19. Security Clauif, (of this repart) 20. Security Clusif, (of this pofe) 

Unclassified Unclassified 

Form DOT F 1700.7 !B-72l Reproduction of :omplet•d page authorized 

21· No. of Pages 22. Price 

197 

-----~----______________ _j 



I 
I 
I 
I 
I 
,I 
I 
I 

,I 

11 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CONSTRUCTION RELATED VIBRATIONS: 
FIELD VERIFICATION OF VIBRATION INDUCED 

SETTLEMENT MODEL 

by 

Roy H. Borden 

Professor 

Lisheng Shao 

Graduate Research Assistant 

Department of Civil Engineering 
North Carolina State University 

in Cooperation with 
The North Carolina Department of Transponation 

and 
The Institute for Transportation Research and Education 

Center for Transponation Engineering Studies 
North Carolina State University 

Raleigh, North Carolina 

December, 1995 

PROTECTE.D UNDER INTERNATIONAL COPYRIGHT 
ALL RIGHTS RESERVED. 
NATIONAl. TECHNICAL INFORMATION SERVICE 
U.S. DEPARTMENT OF COMMERCE 

..; .• 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

•• 
I ,, 
'I 
I 
il 
II 
I 

DISCLAIMER 

The contents of this report reflect the views of the authors who are responsible for 

. the fact and accuracy of the data presented herein. The contents do not necessarily reflect 

the official views or policies of the North Carolina Department of Transportation or the 

Federal Highway Administration. This report does not constitute a standard, specification 

or regulation. 
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ABSTRACT 

The objective of this research is to provide field verification of an analytical model 

for predicting ground surface settlement due to construction induced vibration. This 

model was proposed by Borden, Shao and Gupta in the· report "Construction Induced 

Vibrations" (1994) to NCDOT and FHW A. 

Three test sites with residual soil profile were investigated. At one of the sites, in 

Selma, North Carolina, both settlement of the residual soil profile and the characteristics 

of the vibration somce, and the wave propagation behavior were monitored during pile 

driving. Laboratory resonant column and torsional shear tests were performed on samples 

obtained from the field test site. Based on a comparison between the measured field 

settlement at this site and that predicted based on laboratory test results, the proposed 

analytical model is shown to be somewhat conservative. 

Vibration attenuation with depth in the residual soil ~rofile was investigated for the 

first time. The vibration time histories of the field test were analyzed and the peak 

velocities at various depths and surface distances were obtained. In addition, the ground 

vibration frequency and Rayleigh wave velocity were calculated. The Rayleigh wave 

attenuation function in the soil profile agreed well with the field tests records. The 

approach to evaluated the wave attenuation on the ground surface was confmned to be 

conservative. 
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CONSTRUCTION RELATED VIBRATIONS: 

FIELD VBRIFICATION OF VIBRATION INDUCED SETTLEMENT MODEL 

CHAPTER I 

INTRODUCTION 

The research program described in this repon was undenaken to provide field 

verification of an analytical model developed to predict ground surface settlement due to 

construction induced vibrations. In order to accomplish this verification, three test sites 

with re.sidual soil profile were investigated. At one of the sites, in Selma. Nonh Carolina, 

settlement of the residual soil profile was ·monitored during pile dri~g. The 

characteristics of the vibration source and the propagating waves were recorded. Utilizing 

the database of resonant column/torsional shear data developed at NCSU and a 

knowledge of the intended vibration sources and site geometry, pre-test ptedictions of 

settlement versus number of vibration source events (i.e. pile strikes) were made. Based 

on a comparison of predicted and measured particle velocity and settlement as a function 

of d !pth below the loaded footings, the existing model was modified. 

In response to the need for a quantitative basis for evaluating the potential 

settlement of structures as the result of soil densification due to construction vibrations, a 

two-year investigation, Highway Research Project 93-7, was perfonned from July 1, 1992 

to June 30, 1994 (Borden, Shao and Gupta, 1994). The objective of this 2-year project on 

"Construction Related Vibrations" was to develop a procedure for evaluating soil response 

1 



to both impulse and steady state consttuction induced vibrations. Resonant column and 

torsional shear tests on a wide range of soils including silty and clayey sands were 

perfonned to develop an experimental data base. The settlement potential of these soils 

was evaluated based on both frequency and amplitude response. Analytical modeling 

techniques were developed to predict ground-surface settlement as a function of soil type 

and vibration source characteristics and location. 

In May, 1994, an additional phase of research was approved by NCDOT to 

provide verification of the analytical methods developed on actual consttuction projects 

from July 1, 1994 to June 30, 1995. This repon provides a detailed description of the 

accomplishments of the project 
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CHAPTER:.! 

BACKGROUND AND SUMMARY OF RESEARCH DURING 1992-1994 

2.1 Literature Review 

Construction vibrations are of three different types: (1) transient or impact 

vibration; (2) steady-state or continuous; and {3) pseudo-steady-state vibrations. 

Examples of transient construction vibrations are those that occur from blasting with 

explosives, impact pile drivin&. demolition, and wrecking balls. Steady-state vibrations 

may be generated by vibratory pile drivers, large pumps used in jacking underground 

pipes, and compressors. Pseudo-steady-state vibrations are so called because they are of a 

random nature or a series. of impact vibrations that are at short enough intervals to 

approach essentially a steady-state condition. Examples of these are jackhammers. 

pavement breakers, trucks, and scrapers. The relative intensities of construction vibration 

are shown in Fig. 2.1. (Wiss, 1981) 

Some typical vibration data characteristics of vehicular induced ground motion in a 

sandy gravel proflle were given by Bameich (1985) and Taniguchi (1979). The vibration 

amplitude and frequency are dependent on wheel base, speed of vehicle and road 

roughness. Frequencies are generally in the 3 to 30 Hz range with most data in the range 

of 10 to 30 Hz. The time history and Fourier spectra of a truck induced vibration are 

shown in Fig. 2.2 and Fig. 2.3 respectively. Horizontal vibration amplitude is one-half to 

two-thirds of vertical amplitude in the same frequency range. 
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Figure 2.2 

Figure 2.3 

:!s« 

Wave Motion Record (1 0 Mg Truck, Speed 60 km/hour, 18 
mm Bump, Vertical Component) (Taniguchi and Sawada, 1979) 

Fourier Spectra (10 Mg Truck, Speed 60 krnlhour, 18 nm 
Bump, Vertical Component) (Taniguchi and Sawada, 1979) 
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Dowding a comprehensive evaluation of 

dominant frequency of impact motion is dependent upon driving conditions 

and hammer properties, but will range between 10 and 50 Hz for typical 1Wrm1e1rs. 

Vibratory hammers produce ground motions at the hammer frequency, which typially il 

in the mnge between 15 to 30 Hz. 

The above data are needed in the field verification phase to enable proper selection 

of vibration monitoring instrumentation, i.e. geophones and data acquisition sysaem 

characteristics 

In the study of soil settlem~nt during vibration, it becomes necessary to detenni.ne 

the eq\livalent number of significant unifonn stress or strain cycles for construction 

vibrations that have an irregular time history. The effect of the stress or strain ~ on a 

given soil deposit should -be same as the equivalent number of uniform cycles. 1be basic 

procedure included in developing the equivalent stress cycle method has been described by 

Seed et al (197 5,1976, 1979) from the point of view of soil liquefaction during earthquake. 

Fig. 2.4 is generated using the results of the soil liquefaction study by simple sllear tests. 

Equivalent numbers of uniform stress cycles for several earthquakes with magnitudes of 

5.3 - 7.7 are shown in Fig. 2.5. Similar relations need to be developed to evaluate 

construction induced vibrations at different energy levels as explained above . 

As shown in Fig. 2.6, vibratory ground motion during pile driving can be as high as 

100 mm/sec within 1.5 m of the pile, but decreases rapidly to 25 mm/sec at 3 m. Dowding 

(1991) found that densification can extend approximately as far as the piling is long. 

Dowding ( 1991) noted that densification and thus settlement results from a complex 
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combination of vibration amplitude. number of repetitions, soil propenies, and position of 

the water table. ''The number of repetitions or pulses depends upon the number of piles, 

their length, and the number of blows or vibratory cycles required per unit penetration." 

Even though the magnitude of single or shon term vibration is not enough to result in a 

considerable settlement, long-term accumulative vibration effects may result in settlement 

causing damage to adjacent buildings and therefore must be investigated in order to 

establish safe design guidelines. In addition, the ground motion attenuates very rapidly 

with distance from source. As a consequence, the differential settlement caused by 

differential ground motion is much more dangerous for building. It is needed to 

emphasize that all of the above cases concentrated on the settlement of sand There is no 

published data describing the response of silty or clayey sandy, residual soils or slightly 

cemented soils und~r construction vibrations. 

2.2 Research During 1992-1994 

From July 1, 1992 to June 30, 1994, a two year project on "Construction Related 

Vibrations" (Borden, Shao and Gupta, 1994) developed a procedure for evaluating soil 

response to both impulse and pseudo-steady-state construction induced vibrations. The 

settlement potential of 33 residual soil specimens obtained from 8 different sites was 

evaluated by resonant column and torsional shear tests. These tests included an evaluation 

of the effect of confining pressure from 25 kPa to 100 kPa, shear strain amplitude from 1 

x 10""'% to 1 x 10"1 %, frequency of vibration from 0.2 to 10Hz and number of cycl~s up 

to 1 million on the dynamic densification of residual soil. This research also studied the 
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influence of confining pressure. shear strain amplitude, and number of cycles on the shear 

modulus and·namping ratio of residual soil specimens. The dynamic settlement of the 

residual soil tested was observed to be small, especially in comparison to that reported in 

the literature for sands. 

2.2.1 Data base of laboratory RC!fS tests 

Residual soil samples were collected from eight different sites in North Carolina. 

The Shelby tube samples from these sites were supplied by NCDOT. The site details of 

the specimens tested, their engineering properties, and uses classification are listed in 

Table 2.1, Table 2.2 and Table 2.3, respectively. 

Vibration induced settlement tests was investigated by resonant column and 

torsional shear tests which concentrated on the influence of: 

• number of cycles (for a given confming stress and amplitude of shear strain); 

• amplitude of shear strain ( for a given value of nonnal stress and number of 

cycles); 

• confining pressure ( for a given amplitude of shear strain and number of cycles); 

• soil samples with different grain size distribution and densities recovered from 

different sites and at different depths; 

• cyclic frequency; and, 

• degree of soil saturation. 

10 
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Tabl~ 21 ~ite Details of the Specimens Tested 

Site No. Couaty NCDOT Specimen Stadoa 
Proiect No. No. 

Phtzse I 
I-1 Frmldial 6..399001T RC-1 344-+00 lOS' RT 

Vance RCG2 344+00 lOS' RT 

I-2 Frmldial 6.399001T RC-3 330+00 163' RT 
Vance RC-4 330+00 163' RT 

RC-5 330+00 163' RT 

I-3 Guilford 8.1S7C601 TS-1 320+00 140' L T 
TS-2 320+00 140' L T 
TS;.J 320+00 140' L T 

Phase II 
n-1 Rockhinabam S.S1Sl 1ST#4 13+90 -L· 31' LT 

II-2 Wake 4.6321302 2STI1 22+92 • L· 3l'LT 
(M-220) 2STJ2 22+95 • L· 31' LT 

2STI3 22+95 • L- 31' LT 
2STtiS 81...00 -L~ C. L. 
2STtl7 81+00 -L· C. L. 
2STt18 81+00 ·L· C. L. 
2STI#9 22+95 - L- 32' L T 
2ST#HO 22+95 • L· 32' L T 
2STtlll 22+95 • L- 31' LT 

n-3 Wake 6.409003T 3ST#2 4+50 72' LT 
3ST#2L 4+50 72' LT 
3ST#3 4+50 72' LT 
3STt14 4+50 15' LT 
3ST#SL 4-+-00 60' L T 
3ST#6 4+00 60' LT 
3ST#8 4+00 
3ST1#9 4+00 
3ST#lOL 4+00 
3ST#llA 4+00 
3ST#llB 4+00 
3ST#l2 4+00 

U-4 Wake 8.T401704 4ST#l 143+00 2SO'L T 
4STt14 143+00 250'LT 

II-5 Wake 8.U401710 SST In 627+00 C.L. 

11 

Depch GWT SFl' 
(ft) (ftl {Nl 

I 

2.7-4.2 Drv . 
2.7-4.2 Dry -
3.0- s.o Drv -
3.o;.s.o Drv -
3.0- s.o Drv -
9.0- 11.2 27 -
9.0. 11.2 27 . 
9.0- 11.2 27 . 

13.3- 15.3 DrY 6 

3.0- s.o N/A 10 
3.0. 5.0 N/A 10 
3.0- s.o N/A. 10 
s.o -7.0 N/A 1S 
s.o. 7.0 N/_IL 15 
7.0-9.0 . N/A IS 
3.0. s.o N/A 10 
3.0-5.0 N/A 10 
3.0. 5.0 N/A 10 

4.1. 6.1 N/A 14 
4.1-6.1 N/A 14 
7.7- 9.0 N/A 14 

4.8-6.8 Nl_A 14 
4.0-6.0 N/A 11 
6.0-8.0 N/A 12 
4.1 • 6.0 N/A 11 
2.9-4.9 N/A -
3.3. 5.3 NJA -
5.8-7.8 N/A . 
5.8- 7.8 N/A . 
3.8. S.8 N/A -

l3.2- 15.2 11 9 
15.4-17.4 11 9 

11.0- 13.0 1.0 s 



Table 22 Engineering Properties of the Specimens Tested 

Specimeu Water IDitiaJ Specific Saturadoa Initial wtiaJ 
No. Coateut Void Gravity Len em Diameter 

(%) R.ttio (•/e) lial (ia) 

RC-1 24.6 0.89 2.74 75 5.81 2.87 
RC-2 30.5 1.00 2.74 84 5.88 2.87 

RC-3 39.2 1.25 2.81 88 5.96 2.87 
RC-4 40.7 1.31 2.81 87 5.91 2.87 
RC-5 41.9 1.35 2.81 87 5.83 2.87 

TS·l 37.8 1.50 2.69 68 S.99 2.85 
TS-2 36.8 1.42 2.69 70 5.92 2.85 
TS-3 29.6 1.18 2.69 61 5.94 2.86 

lST#U 20.7 0.60 2.67 92 ~.91 2.88 

2ST#l 33.5 1.41 2.79 66.0 5.87 2.86 
2ST#2 33.1 1.43 2.85 65.9 5.88 2.86 
2ST#3 38.9 1.64 2.79 66.2 5.79 2.88 
2STt5 14.8 0.79 2.60 48.4 5.71 2.85 
2ST#7 12.6 0.84 2.60 39.1 5.67 2.83 
2STIII8 15.0 0.87 2.60 45.0 5.82 2.83 
2ST#9 26.2 1.01 2.69 69.8 5.72 2.86 
2ST#l0 29.6 1.12 2.75 72.9 5.82 2.86 
2ST#ll 29.6 1.14 2.71 70.6 5.89 2.86 

3ST#2 23.9 1.32 2.75 49.7 5.89 2.85 
3ST#2L 22.9 1.24 2.75 S0.6 5.58 2.85 
3ST#3 26.8 1.14 2.67 63.0 S.18 2.87 
3STN4 23.6 1.17 2.66 53.6 5.72 2.86 
3ST#SL 18.4 1.16 2.69 42.7 5.72 2.87 
3ST#6 19.5 0.93 2.75 51.5 5.84 2.92 
3ST#8 22.8 1.24 2.72 50.2 5.51 2.87 
3ST#9 15.3 0.86 2.74 48.8 5.84 2.85 
3ST#lOL 34.8 1.42 2.76 61.5 5.86 2.85 
3STN11A 50.3 1.78 2.74 77.6 5.78 2.86 
JST#llB 36.6 1.48 2.74 67.7 5.15 2.87 
3ST#l2 35.6 1.43 2.72 67.7 5.87 2.85 

4STNt 16.6 0.49 2.81 96.1 5.78 2.88 
4STN4 24.7 0.72 2.79 96.6 5.80 2.90 

SST#2 50.9 1.48 2.86 98.7 5.79 2.88 

12 



----

-~ 

------ -- .. ............ 

Table 2.3 USCS Classification of Each Specimen Tested 

SpediDCII Gnw!Siu Coanc Saod Slu Medium Saud Size Flac Saud Slu SOtSiu CbrSiu 
No. >14 141ol 10 I IOio I 40 I 41 to I 100 (1.11Uo (< I.Hlaua) U. PL PI uses 

It> 4.75 mm) lllo 4.75 mmi f0.4llo 1 mm) I (0.174 to 1.41 mm) O.OOliDIII) 

RC-1 0 l 0 I u.s I 36.5 I 2S I 21 I 41 I 40 I I I SM-ML 
RC-2 I 0 I 0 I IS.5 I 36.5 I 25 I 21 I 48 I 40 I I I SM-ML . ' 
RC-3 I 0 -. 0 I u I I.S I 61.7 I 28 I 57 I ~l I 14 I Mil 
RC-4 I 0 l 0 I 1.1 I I.S I 61.7 I 28 I 57 I o I 14 I Mil 
RC-S I 0 I 0 -, u _I I.S I 61.7 I 21 I S7 I 41 I 14 I Mil 

TS-1 I 0 0 IS.S _I 26.5 I 44 I 14 I 44 14 I 10 I Ml 
-TS-2 I 0 I 0 IS.S . I 26.5 I 44 I 14 I 44 I 14 I 10 I MI. 
TS-1 I 0 0 IS.S I 26.5 I 44 I 14 I 44 14 I 10 I ML 

ISTI4 I 0 I 0 l . I 46 I 31 I 20 10 I 19 I II I se-a. 

2STII 0 0 0.6 22 47.4 10 15 46 29 Mil 
2STII2 0 0 I 15.4 51.6 10 15 48 27 Mil 
2STI3 0 0 o.s 27.2 44.1 28 92 61 31 Mll 
2STIS 0 0 IS 54.6 19.4 II . . NP SM 
2STI7 0 0 14 60.1 19.7 6 . NP SM 
2STI8 0 0 14 56.6 11.4 II . . NP SM 
2STI9 0 0 0 35.6 4CU 24 . NP SM-Ml 
2STIIO 0 0 2 41.6 4U u . NP SM-MI. 
2STIII 0 0 o.s us « 20 . NP SM-MI. 

lSTI2 0 0 4 ,.,_. 41.2 s 29 . NP SM-MI. 
1ST IlL 0 0 4 41.1 41.2 5 29 . NP SM-ML 
lSTI3 0 0 3 27.2 67.1 2 14 . NP -Mi. 
lSTI4 0 0 I 31.9 65.1 2 lS NP MI. 
3STISL 0 0 I 35.2 62.1 I 37 NP MI. 
3STI6 0 0 I 21.1 69.9 I 33 . NP MI.. 
3STQ 0 0 0.8 34.2 61.9 1.1 16 . NP MI. 
lSTI9 0 0 6 16.1 69.7 • 3S 30 s MI. 
3STIIOL 0 0 2.2 u.s 75.3 9 S2 46 6 Mil 

lSTiiiA & B 0 0 0.6 S.2 14.2 10 78 56 22 Mil 

1STII2 0 0 I.S II 72.S I 56 41 11 Mil 

.eSTill 0 I 0 I 10 70.4 I II. I I I.S • INP _JM_ 
4ST14 J. S.l 6.9 I 6.9 I 7-U I 9.1 I 0.2 I • I • I NP SP-SM 

SSTI2 1 0 ] () I 0.4 I I.S I 16.1 I s I 59 I 45 I 14 I Mil 

• NP .. Nonplasc.ic 



Table 2.4 lists detailed test conditions for each of the 33 specimens. In addition to 

investigating -che settlement potential of the specimens, the shear modulus and damping 

ratios are obtained in the resonant colullUl and torsional shear tests. Table 2.4 provides 

maximum shear modulus and basic soil properties of an the specimens tested. 

2.2.2 Modeling to evaluate vibration induced settlement 

The modeling of vibration induced settlement includes three major steps. Fast, the 

vibration amplitude and number of cycles based on characteristics of the sources need be 

determined. Secondly, it is necessary to assess the peak particle velocity, and therefore, 

shear strain amplitude in the soil profue which is influenced by the attenuation of vibration 

waves. And, finally, the resulting soil densification as a function of the soil properties, 

confining pressure, .shear strain amplitude, and number of cycles can be evaluated. 

To evaluate the potential settlement of a foundation under construction induced 

vibration, it is very difficult to describe the characteristics of sources. For example, the 

dump truck induced vibration depends on the trucks weight, wheel base, type of 

suspension, tire pressure, road condition, speed, soil properties, etc. Therefore, we 

proposed a simplified method to estimate the equivalent number of cycles for a moving 

line source (i.e., truck or bulldozer). The detailed procedures are presented in the repon 

"Construction Related Vibration" by Borden, Shao and Gupta, 1994. It is necessary to 

emphasize that construction induced vibrations are very complicated and depend on type 

of equipment, road condition, operating condition of equipment, and soil profile. The best 

way to estimate the equivalent number of cycles is from field measurement and the above 
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Table 2.4 T~st Conditions for Each Specimen Tested 

SpecimeD Coalb:Uac Estimated 
No. Pressure• Shear Strain AmpUtude•• 

(kPa) (~) 

Ph4st I 
RC-1 2S 0.001-0.25 

so 0.0005-0.1 
100 0.0005 - 0.075 

RC-2 2S 0.001-0.25 
so o.ooos -0.1 
tOO 0.001-0.1 

RC-3 2S 0.()()2j - 0.25 
so 0.001- O.lS 
100 0.0001S - 0.25 

RC-4 25 0.001S - 0.25 
so o.cxns - o.1s 
100 O.OOtS - 0.15 

RC-5 2S 0.0015 - 0.2S 
so 0.001-0.15 
100 0.0001S - 0.1 

TS-1 2S 0.001-0.15 
so 0.0015 - 0.075 
100 0.0075 - 0.075 

TS-2 2S 0.0075-0.1 
so 0.0075-0.1 
100 0.0005 - 0.075 

TS-3 100 0.0005-0.1 
Phast II 

1ST#4 2S 0.001 0.0025 o.oos. 0.01. 0.02S. 0.05, 0.1 
50 0.001, 0.0025 0.005 0.01 0.025, 0.05 
100 0.001. 0.0025 o.oos. 0.01. 0.025 

2STI#l so 0.0025_._ 0.005, 0.01 0.025 0.05 
2STN2 100 0.005. 0.01. 0.025. 0.05 0.075 
2STI3 2S 0.0025 0.005, 0.01, 0.025. 0.05.0.1 

so 0.00~.0.01, 0.02S. o.os. 0.01S 
100 0.005, 0.01. 0.025. 0.05 

2STN:5 so 0.0025. 0.005_, 0.01_._ 0.025 0.05 
100 0.005. 0.01 0.025 

2ST##7 2S 0.005 0.01. 0.025 o.os 0.1 
so 0.005 0.01 0.025_._ 0.05 0.075 
100 0.005 0.01 0.()25~ 0.05 

2ST#8 100 0.005, 0.01. 0.025 0.05 
so 0.005 0.01, 0.025. o.os 

• Confining pressures were applied in the order as presented bere 
•• Attempt was made to apply these shez strains 

Number 
ot 

Cvdes••• 

---------------
100 
100 
100 
100 
100 
100 
100· 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
!000 
1000 
1000 
1000 

••• Number of cycle! for each shear strain amplilllde at the given confming pressure 
•• •• Cyclic frequeocy for each test 
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Cydlc 
Frequency•••• 

(Hz) 

Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 
Resonant 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



Table 2.4 (Continued) 

Spedmea CoaftaiDc Estimated 
No. Pressure• Shear SCraia Amplitude•• 

(kPa) (C!{,) 

2STM9 2S 0.002S. 0.005. 0.01. 0.02S. o.os. 0.1 
so 0.002.S o.oos. 0.01. 0.~. O.()j 
100 o.oos. 0.01. 0.~. o.os 
2S o.oos. 0.01. 0.02S. o.os 

'!STI10 100 0.002S 0.005 0.01. 0.025 
2STI11 so 0.002.S O.OOS~ 0.01. 0.02S 

so 0.05 
3ST#12 2S O.OOS. 0.01. 0.02S O.OS._ 0.1 

so 0.005. O.Ol._ 0.~._ O.OS 
100 o.oos. 0.01. 0.02S. o.os 0.075 

3STd. 2S 0.01S 
3STI3 so o.oos. 0.01, 0.02!5. 0.05, 0.1 

100 o.oos. o.ot. o.02S. o.os._ o.ms 
3STI#4 2S o.oos. 0.01. 0.~._ o.os. 0.1 

so o.oos. 0.01.,_ 0.02S. o.os. 0.1 
100 O.OOS._ 0.01. 0.02S. 0.05 0.075 

JSTNSL 2S 0.1 
3ST#f6 50 0.005. 0.01. 0.02S. o.os. 0.1 

100 0.005 0.01. 0.02S O.OS 0.01S 
3STi8 2S o.oos. 0.01. 0.025 0.05 0.1 

so 0.005. 0.01. 0.02.5. 0.05. 0.1 
100 0.005,0.01. 0.02S 

3ST##9 so 0.005. 0.01~0.02S, o.os. 0.1 
100 0.005. 0.01. 0.025. o.os 

3~1110L 2S 0.1 
3STi11A 2S 0.01, 0.025 o.os 

2S 0.1 
3STillB 2S 0.01. 0.~. o.os. 0.1 

so 0.01 0.02S. O.OS~ 0.1 
100 0.01. 0.02S o.os 
100 0.1 

3STI12 2S 0.005. 0.01. 0.025. o.os. 0.1 
so o.oos. 0.01. 0.02.5. o.os. 0.1 
100 o.oos. 0.01. 0.025. o.os. 0.075 
so 0.05._0.1 

4STI1 so 0.005, 0.01, 0.025, O.OS, 0.1 
100 o.oos. 0.01. 0.025_. o.os. 0.1 

4ST##4 so o.oos. 0.01. 0.02.5. o.os. 0.1 
100 o.oos. 0.01_._ 0.025. 0.0~~ 0.1 

SSTI2 50 0.01. 0.02S 0.05 
so 0.1 

• Coafming JnSSures were applied in the order as ~nted here 
•• Attempt was made to apply these shear strains 

Number 
ol 

CYde!S··· 

1000 
1000 
1000 
1000 
1000 
1000 

420000 
1000 
1000 
1000 

180000 
1000 
1000 
1000 
1000 
1000 

180000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1050 
1000 

1000000 
1000 
1000 
1000 

1000000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1000000 

••• Number of cycles far each she3J' strain amplitude at the given confuting ~ssure 
•••• Cyclic frequency for e:ICh test 16 

Cydlc 
Frequency•••• 

lHzl 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1-
1 
1 
1 
1 
1 
10 
10 
10 
10 
10 
10 
1 
1 
1 
1 
l 
1 
1 
1 
10 
10 
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simplified method only provides a preliminary estimate when field records are not 

available. 

Vibrations lose energy during wave propagation through the ground. The decay of 

amplitude of vibrations with distance can be attributed to geometrical damping and 

material damping. From the evaluation of wave propagation theory and the field tests 

reported in the literature, it has been concluded that for surface vibration sources such as 

trucks, heavy equipment and dynamic compaction, Rayleigh waves dominate the energy 

transfer in the ground. For a point source, like pile driving near the ground surface, the 

swface vibration amplitude can be expressed as : 

( )

1/2 

A= A1 ; exp(-a(r -r1)] (2.1) 

where A is the amplitude of particle velocity at a distance r from the source, A
1 

is the 

amplitude of particle velocity at a reference point, at a distance rh from the source, and a 

denotes the coefficient of material damping. The coefficient of material damping, a, can 

be obtained from field measurements or can be calculated by : 

(2.2) 

w~ere f is the vibration frequency, VR is the Rayleigh wave velocity and 11 is the material 

damping ratio, which can be obtained from resonant column/torsional shear tests. 

Frequency of traffic-induced vibrations is mainly detennined by soil conditions. 

Equation 2.1 is the wave attenuation expression for a point source. However. 

bulldozers, pans and trucks are fmite line sources for which the point source equation is 
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not strictly valid. For this case, no exact solutions are available. Wahls (1981). developed 

the following: approximate analysis method in 1981 based on geometric damping and 

energy conservation theory : 

(2.3) 

where L is the length of ihe source. 

The preponderance of experimental studies reponed in the literature here 

concentrated on wave propagation along the ground surface in sand or clay profiles. Only 

one report (Taniguchi and Sawada, 1979) provided the vibration amplitude distribution 

with depth in the sandy gravel profile as shown in Fig. 2.7. As this is the only data of its 

kind known to be in the literature, the substantiation of this function should be a 

significant component of field verification 

The attenuation of construction induced vibrations as a function of depth below 

the ground sutface depends on type of soil and vibration amplitude. The peak panicle 

velocity distribution can be calculated by Rayleigh wave propagation theory. Taniguchi 

and Sawada (1979) concluded that the Rayleigh wave is dominant in the traffic-induced 

vibration. They measured the soil particle velocity at different surface distance and two 

depths. From the theoretical analysis of wave propagation in an elastic half-space, the 

Rayleigh wave carries 67% of total vibration energy, as shown in Fig. 2.8. The 

attenuation of Rayleigh waves is much slower than S-waves and P-waves. Therefore, for 

practical purposes, the Rayleigh wave controls the shear strain amplitude distribution in 
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WAVE ATTENUATION 
-~ 1 E-4 ~-----------------, 

0 5 1 0 15 20 25 30 35 40 45 50 
DISTANCE TO CENTER LINE (m) 

Figure 2.7 Wave Attenuation Profile for a Loaded Truck (20 Mg) over a 
18 mm Thick Plank at 60 krn/haur (Calculated from the_ Field 
Test Data Reported by Taniguchi and Sawada, 1979) 

c.re:.~tar ='oor•nq 
~ 
• 

Figure 2.8 Distribution of Displacement Waves from a Circular Footing on 
a Homogeneous, Isotropic, Elastic Half-Space (after Woods, 
1968) 
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wave propagation theory. For a homogeneous soil profile and Poisson's ratio to 

0.25, the attenuation of the vertical component of a Rayleigh wave can be expressed as : 

A ( -U9Ss.!. -o.716~) 
_z_ =1.366 -e A + L732e l. 

Az-o 
(2.4) 

where Az is the vertical amplitude at depth z, and A. is the wave length of the Rayleigh 

wave (see Fig. 2.9). To simplify the calculation, we conservatively estimate tbe 

attenuation of peak particle velocity with depth by the equation for the venical 

component. The peak particle velocity decreases rapidly with depth. When the depth 

equals one Rayleigh wave length, the particle velocity amplitude is only lOCI; -2QCI, of the 

ground surface amplitude. Below this depth, the magnitude of vibration induced 

settlement is unlikely to be significant. For example, the ground vibration frequency 

caused by a loaded truck is in the range of 15 Hz to 30 Hz. The Rayleigh wave length of 

a residual soil profile is around 5m - 8m for this frequency IaDge. For this reason, the 

cyclic torsional shear tests were performed using confining pressures of no more than 100 

kPa. 

After the peak particle velocity profile is obtained, the shear sttllin amplitude 

proflle can be calculated as : 

(2.5) 

The Rayleigh wave velocity,"~· can be calculated as a function of shear wave velocity and 

Poisson's ratio as shown in Fig. 2.10. The shear wave velocity, Vs, can be obtained from 
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amplitude and confining pressun:. By using an iteration procedure to obtain coravcrz,eamce 

of the relationship between -y-VR-Vs-G-y as shown in Fig. 2.11. the correct shear 

amplitude is obtained. 

I Calculating Shear Strain-Amplitude j 

v.-(GJp)w 

vR-v. 

Shear 
Strain 

Amplitude 

Fig. 2.11 The Flow Chan of Calculating the Shear Strain Amplitude 
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After the peak particle velocity as a function of horizontal and vertical distance is 

obtained as 1Jteviously described, the soil profile can be divided into several layers and 

shear strain amplitude can be calculated as a function of depth. The resultant ground 

sunace settlement will be calculated as the cumulative settlement of each of the layers. 

The relationship between densification and shear strain amplitude, number of cycles, and 

confining pressure are determined from the data base obtained from resonant column and 

torsional shear tests. 

From the torsional shear test results, the volwne change caused by static isotropic 

consolidation and that resulting from dynamic torsional shear are considered separately. 

This relation can be modeled by regression analysis as : 

6E.,01 = c(log Nt (2.6} 

where AE.,
01 

is the dynamic volumetric strain under N cycles of torsional shear, b is the 

constant which depends only on the confining pressure and type of soil, and c is the 

parameter controlled by the shear strain amplitude, confming pressure and type of soil. 

The factor c is a function of shear strain amplitude. The relationship between c 

and shear strain amplitude can be modeled by regression analysis as: 

c = a ( -y - -y c ) (2. 7) 

where the factor a is only influenced by type of soil and confining pressure, lc is the 

threshold shear strain amplitude (in %) of the specimen at each confining pressure and 1 is 

the current shear strain amplitude (in % ). If the shear strain amplitude is below lc' 

dynamic settlement is unlikely. Combining Eq. 2.6 and 2.7, one can obtain: 
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(2.8) 

This model for dynamic settlement incorporates the influence of shear strain amplitude, 

number of cycles, empirically detennined factors a and b, and threshold shear strain 

amplitude, which is a function of confining pressure and soil type. By using the model 

(Eq. 2.8), one can predict the settlement caused by cyclic shear strain. 

For the same kind of dynamic load (shear strain amplitude and number of cycles), 

the dynamic settlement is a function of the soil properties and confining pressure. The 

finer the particle size, the smaller is the settlement observed. Figure 2.12 provides the best 

fit lines for the dynamic volumetric strain at 1000 cycles for MH, ML SM-ML, and SM 

soils. Table 2.5 lists factors a. b, and 'Yc for different classifications of residual soil under 

confining pressures of 25 kPa, 50 kPa, and 100 kPa. When site-specific data is not 

available, one can ·match the soil at different depths to Table 2.5 by the nearest soil 

classification and grain size distribution, and then select values for factors a, b, and lc· By 

using Eq. 2.8, an estimate of potential settlement induced by construction vibration can be 

made. 

Figure 2.13 compares the dynamic settlement for tlle tests results on dry sand 

obtained by Youd ( 1972) and the residual soils tested in this project. It is clear that the 

residual soil tested densified much less than dry sand. Figure 2.14 shows the comparison 

of the dynamic volumetric strain between the test data of specimen 3ST#llB and the 

results from the model. 
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Figure 2.12 Effect of Soil Type on Dynamic Settlement (1000 Cycles) 
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Figure 2.13 Comparison between Dynamic Volumetric Strain as a Function of 
Shear Strain Amplitude for Dry Sand (Youel, 1972) and Residual 
Soils for 1000 Cycles 
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Figure 2.14 Comparison between Measured and Predicted Volumetric Strain (fest 
results for specimen 3ST#11B are shown by points. The results from the 
model are shown by curves) 
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Table 2.5 Factors for Dynamic Soil Densification Modeling 

T_y(lE! of Soil SM ML ML 
Specimen Number 4ST#4 3ST#3 3ST#8 
Factors a b rc (%) a b rc (%) a b rc (%) ~ 

Confining Pressure (Kpa) 
25 0.002812 1 0.00683 
50 0.00344 1.3 0.0052 0.00597 1.75 0.00725 0.00113 1.5 0.00375 
100 0.00333 1.7 0.0023 0.00242 2.5 0.003 

Type of Soil ML MH MH 
Specimen Number 2ST#3 3ST#11B 5ST#2 
Factors a b re-i%} a b rc (%) a b rc (0k\ 
Confining Pressure (Kpa) 

25 0.00534 1.5 0.0071 0.00144 1.6 0.00705 
50 0.00232 1.8 0.003 0.00111 1.6 0.004-40 9.9E-05 3.5 0.01692 

~ 100 0.00112 3 0.0121 0.0012 2 0.0109 

Type of Soil SM-ML ML 
Specimen Number RC-1 2 RC-3 4,5 
Factors G1 ml%) G1 lm (%) 
Confining Pressure (Kpa) 

25 0.382 0.00136 0.416 0.00412 
50 0.400 0.00134 0.400 0.00405 
100 0.409 0.00192 0.384 0.00448 

-



In the above sections, the attenuation of construction induced vibrations, the 

evaluation of-equivalent number of cycles, and the modeling of dynamic settlement and 

shear modulus of residual soil from NCSU exper:---_tental data base were discussed. Based 

on these considerations, we can evaluate the construction vibration induced settlement 

using the following procedure : 

1. Detennine the source characteristics of the construction induced vibration from 

field measurement or literature, such as presented in Fig. 2.1; 

2. Detennine the peak particle velocity on the ground surface at the site of the 

building foundation by field measurement, or surface wave attenuation theory from 

Eq. 2.1 or 2.3; 

3. Estimate the equivalent number of cycles of each event by field time history 

records or by the sin1plified method; 

4. Calculate the particle velocity amplitude at different depths (for example, 1.5 m, 

3.0 m and 6.0 m) by the Rayleigh wave attenuation theory; 

5. Find the shear strain amplitude at different depths; 

6. Calculate the dynamic settlement by Eq. 2.8 for the equivalent number of cycles 

for the appropriate shear strain amplitude in each layer; and finally, 

7. Obtain the total vibration induced settlement by adding the settlement from each 

layer. 

Wahls (1994) has presented a comprehensive review of criteria for tolerable 

movements of buildings and bridges. There are basically three criteria which have to be 
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satisfied when considering limitng settlements: (i) visual appearance, {ii) serviceability or 

function, and""{iii) stability. 

The popularly used recommendations on allowable differential settlement of 

structures were initially proposed by Skempton and MacDonald (1956) and later 

systematically reviewed by Burland et al. (1977). Table 2.6 is provided following their 

recommendations. It needs to be emphasized that the tolerable foundation settlement in 

this table is total settlement, i.e., settlement during and after construction. The 

construction vibration induced settlement is just one mechanism potentially responsible for 

the post-construction settlement and therefore, the design criteria for detennining tolerable 

levels for this component must be based on engineering judgment 

Table 2.6 Guidelines for Tolerable Foundation Settlement 

Sands Clayey Soils 

Isolated Foundation: 

Total Settlement 40mm 65mm 

Differential Settlement 25mm 40mm 

Relative Rotation 1/500 1/500 

Tilt Determined in Design Detennined in Design 

Raft Foundation: 

Total Settlement 40-65 m.'ll 65 mm-lOOmm 
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2.3 Scope of Present Study and Organit.ation of Report 

Cha~r 3 presents the fiel1 verification test program. It includes the site 

geometry, soil's properties, test equipment and procedure, as well as settlement 

predictions by using the existing modeL 

Chapter 4 provides results and discussions of field experiments. The records of 

settlement and vibration amplitude were reported. The measured vibration attenuation 

along surface distance and with depth were compared with analytical results. 

Chapter 5 shows the laboratory resonant column and torsional shear test results. 

From these test data, the vibration induced settlement and shear modulus of specimens 

were obtained as a function of confining pressure, shear strain amplitude, and number of 

cycles. 

Chapter 6 provides the wave attenuation function, a modified model for predicting 

shear modulus and damping ratio, and the dynamic densification model. The analytical 

results were verified with that obtained in the field tests. 

Fmally, the conclusions and recommendations are made in Chapter 7 and the 

implementation and technology transfer are provided in Chapter 8. 
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CHAPTERJ 

-:FIELD VERIFICATION EXPERIMENTAL PROGRAM 

3.1 Site Details 

Three field test sites were selected for potential verification of the construction 

vibration induced settlement model previously described. It was detennined that the test 

sites should be in residual soil with profiles deeper than 10 meters, have undisturbed 

ground surfaces and be easily accessible by heavy equipment. A deep ground water table 

(more than 10 m) although not required, would make easy installation of the monitoring 

system~ 

At one of the tests sites, in Selma, North Carolina, (Fig. 3.1 and Fig. 3.2) 

settlement of the residual soil profile was monitored dwing pile driving. The 

characteristics of the vibration source and the propagating waves were investigated. 

Resonant column I torsional shear tests were performed on Shelby samples obtained from 

this site. The results from this test site were compared with those previously obtained 

from laboratory tests and predicted by the NCSU analytical model. 

At two other tests sites in Raleigh, NC (Fig. 3.1 and Fig. 3.3), exploration bore 

holes were drilled up to 9m, and SPT tests were perfonned. Split spoon samples were 

obtained from these sites, and their Atterberg limits and particle size distribution were 

detennined. By comparing their engineering properties with those of soils in our data base 

and using our analytical model, we predicted that no measurable settlement would occur 
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Figure 3.1 Location of the Piedmont Province and Test Sites (After Sowers,l954) 
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Figure 3.2 Detailed Map of Test Site 1 (Selma, NC) 
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Figure 3.3 Detailed Map of Test Site 2 and Site 3 (Rayleigh, NC) 
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under construction vibrations. Therefore, dynamic vibration tests were not performed at 

these two site; 

As shown in Fig. 3.1, site 1 is located in the NCDOT bridge maintenance yard near 

Selma, Johnston County, Nonh Carolina. This site is at the edge of what is commonly 

mapped as the Piedmont area. Figure 3.2 shows in detail that the test site is two miles 

west of Selma along NC-70A and 2.5 miles from the intersection of Interstate 95 and NC-

70A. The boring log is shown in Table 3.1. The ground surface is covered with grass. 

Below the surface to 0.5 m is a sand and gravel layer. From 0.5 to 1.0 m depth, the soil is 

stiff fine sandy clay with SPT number 9. From 1.0 m to 3.0 m, the soil is stiff fine sandy 

silt with SPT number around 15. Below 3.0 m, there is very stiff sandy silt and slighdy 

weathered rock. (The SPT N-value exceed 100) The ground water table et the time of 

testing in March was found at a depth of 9.7 m. 

The boring log for test site 2, located on Trenton Road, Raleigh, near dle 

intersection of Interstate 40 and Wade Avenue (Fig 3.3), is shown in Table 3.2. The 

geologic history and soil profile are the same as that at Nonh Carolina State University 

(NCSU) Research Farm, 500 m away from the test site, and described by Heartz (1986), 

Wilson (1988), and Wang (1995). The top 2m of the soil is silty clay with SPT N-value 

around 10. From depth 2.0 m to 3.0 m, the soil is clayey silt with SPT number around 12. 

Below 3m, the soil is mainly sandy silt with some rock fragments. The ground water table 

is deep and the bore hole remained dry for 24 hours later. 

Test site 3 is located on the planned Ramp A of the intersection of Edward Mill 

Road Extension and Wade Avenue (Fig. 3.3). Two bore holes were drilled at a separation 
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Table 3.1 Soil Profile of Selma Site 

Project No. : NCSU 

Test Site: NCS 

Boring Location (Sta.): Salt Sin Yard. Johnston Co. Maint. 

Boring No.: SPT Geologist C. D. Pender 

Date started: 3-13-95 Dril Equipment: BK-51, Hollow Slams. SPT 

Total Depth: 9m (29.6ft) Dale comphited: 3-13-95 

Sample 
P,!eth im! f2:2th ift! No. Soil Description 

0 0 

0.75 2.5 6STI2 sandy. silty day ~: : : : : 6STI2A I I I I I 

1.50 5.0 6STM sandy silt 8. I I I I 

S5-3 -5 ·--- ~-- -·--- & -- -·---
I I I I I 

2.25 7.5 ST·2 sandy silt IS : : : : 55-4 
ST-3 

I I I I 

I I I I I 

3.00 10.0 sandy silt ,18 • • • • 
-10 • - - - - - - - - - r . . . . 

1.5 

4.11 13.7 sandy silt I=" 
~ 
I= ·15 . 
~ w .100+ 
0 

5.61 18.7 WR SWR 

·20 - - -·- - - ! - - -.- - - ! - - - - - - -6.0 

7.11 23.7 WR SWR 
-25 

8.61 28.7 WR 
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Table 3.2 ... Soil Profile of Trenton Road Site 

Pro;.ct No. : NCSU 

T•t Site: Vibration Study 

Boring l.oallion (StL): y,.._,.. Ao.s 

Boring No.: SPT a.o&ogiat: T.LVarguan GWT: Dry @24.2 Hrs 

Tot.al)epth:8.3m(31.2ft) Data~: 

S.mpla 
Depth lm! Depth f!9 No. Soil Description 

0 0 

]
9: : : I 

9
1 I I 

"l - I• • • I • • •I • • ,! • • !. • • •1.5 

0.60 2.0 ss-1 Stiff brown clayey lilt. nicacaaus 
SS.2 r78'/ 8Md lens 2T-2T, qCZ.,... 

1.35 4.5 ss-3 Stiff tan si!!y clay «S!U!Oiitic, micacaoul -6 

M-3 wl same qtz grawf 
2.10 7.0 55-4 Stiff lin & gray clayey lilt 13 

(saproli1ic. high nicacaous) • I I I I 

2.85 9.5 ss-5 Stiff tan & brown silt -10 • 12. • • I • • •I • • ~ • • ~ • • -3.0 
I I I I 

within (O.CX)1ft) fine sand layers 

[ 
4.41 14.7 SS-6 Med. dense tan silty fine sand ~-15 

w1 0.05' qez layers c.. 
w 
Q 

------1 I 

~ 
I I :J: 

--;--;---~ 

I I ~ 

1

19 

Tan line grain SWR (gnlnik) 
~.91 19.7 wt rock !ragemenrs of qanita -20 - _11:1_:--=-_ -:.~1 '='"-""'!:-~-~""'!:-~--:,~--::.-tlOO+ ~.0 

7.41 
Stiff tan fine sandy lilt 12 I 100. 

24.7 ss-7 gtz gravel layer 0.1'@ 25.8' -25 -·- - -·- - -·- - .. - - - -7.5 

Stiff brown silt 
11 

8.91 29.7 55-8 (highly micaceous) wet -30 -9.0 
Boring laminated@ 31.2' 

0 20 .a 60 80 100 
SPTNUMBER 
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Table 3.3a Soil Profile of Edward Mill Road Extension Site (Sta. 5+00) 

F'teld Verif"ecatlon Test in Raleigh North Carolina 

Praiect No. : 1.2402801 Countr : Wake 

T .. t Site: ~A. Edward~ M• Rd. Edlnsion I Wade Ave. 

Boring Lacation (Sta.) S.OO 

Boring No.: SB1 Geologiat: 0. B. 01i 

Geologic Province: Piecmont 

GWT: Dry @25.5 Hrs 

Date atarted:7·17-95 DriU Equipment: BK-51, Holloatema. SPT 

Total Depth: 8m (29.8ft) Date completed: 7-17·95 

Sample 
Depth fml P,th f!ll No. Soil Dncription 

0.99 3.3 88-1 Tan-brown rnicaceoua undy lilt. s&p. 

2.49 8.3 88-2 Tan-brown micaceoua Iandy lilt. up. 

3.99 13.3 S8-3 Tan-brown micaceoua sandy lilt. up. 
w/ gtz minor lense 

5.49 18.3 S8-4 Tan brown sandy silt 
w/ trace of micaceous. sap. 

6.99 23.3 ss-5 Red-tan-brown micaoaous 
sandy sill sse. 

8.49 28.3 .SS-6 Red-tan-brown micaceous 
sandy sill sap. 
Boring terminalld @ 29.8' 

o~----------------------~o 

-5 

-•o 

[ 
r-15 
Q. 
iJJ 
c 

-20 -

-25 

-30 

0 
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Table 3.3b.: Soil Profile of Edward Mill Road Extension Site (Sta. 7+00) 

Field Verification Test In Ralelsh. North Caroline 

Project No. : 8.2402801 County : Wake Geologic Province: Piedmont 

Test Sla.: Ramp A, EdWards Mill Rd. Extension I Wade Ave. 

Boring Location (S ... ): 7+00 

Boring No.: SB2 

ea .. started: 7-17-95 

Total Depth: 9m (2i.Sft) 

Sample 

Offset 40+1-

Geologist: O.B.Oti GWT: Dry @26 Hrs 

Drill Equipment: BK-51 1 Hollostemsl SPT 

o. .. completed: 7-17-95 

Depth fml Depth (ft} No. Soli Description 
o~----------------~--~--~0 

0.93 3.1 SS-7 RecHwown sandy silty 
-5 - - ~ - - J - - - -1.5 clav. residual I 

2.43 8.1 ss-8 Tan4:Hown micaceous sandy 
sill, sap. I I 

-10 . - -·-- -·---.--.--- -3.0 

f ~ 
3.93 13.1 SS-9 Tan«own micaceous sandy sil, i" 281 I I I 

~ 
w/~lense,sap. ~-15 I • - -I' - - f' - - , - - -1-a.. a.. w w c c 
Tan-brown micaceous sandy sil, 
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distance of 65 m. The soil profiles at these two locations are very similar, as shown in 

Table 3.3a aTid Table 3.3b, respectively. There is a 1 m thick silty clay cap near the 

surface, and below that is sandy silt The SPT. number is between 15 and 30. Because of 

the high SPT number and some quartz particles, Shelby tube sampling would be difficult 

~.2 Engineering Characteristics 

The engineering properties of the soils at test Site 1 (Selma, NC) were evaluated, 

which included: initial water content, void ratio, degree of saturation, and specimen 

dimensions, as shown in Table 3.4. These values were obtained from sample trimmings 

before RC/TS tests. Specific gravity and grain size analyses were perfonned on test 

specimens after RCffS tests. Table 3.5 gives the percentage of gravel, sand, silt, and clay 

size particles, the Atterberg limits, and the USCS soil classification for each specimen 

tested. The soil particle size distribution is also shown in Fig. 3.4. 

Table 3.4 Specimens Characteristics of Site 1 (Selma, NC) 

Specimen Water Initial Specific Saturation Initial Initial 
No. Content Void Gravity Length Diameter 

(%1 Ratio (%) (in) (in) 

6ST#2 22.4 0.70 2.71 87 5.82 2.87 

6ST#2A 22.4 O.i5 2.69 80 5.80 2.89 

6ST#4 24.8 0.74 2.78 93 5.76 2.90 
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Table 3.5 Soil Particle Size Distribution, Atterberg Limits, and USCS Oassification of 

Soils from Site 1 

Specimen Gravel Coarse Medium Fine Sand Silt Clav A _L uses 
No. >#4 #4 to# 10 # 10 to#40 #4Gto#200 LL PL PI 

>4.75mm l·4.75mm 0.41·1mm 0.074 • 0.42 DUD .074-.001 fc.001m 

6ST#2 0 4 3 24 59 10 34 35 NF ML 

6ST#2A 0 0 3 23 62 12 38 35 NF MI.. 

6ST#4 0 0 0 26 72 3 34 33 NF ML 

*NP = Nonplastic 

TI1e Atterberg Limits, the soil particle size distribution, and AASHTO 

classification of the specimens from Site 2 are listed in Table 3.6. The data provided in 

Table 3.6 were provided by NCDOT. Predicted dynamic densification of the soil at Site 2 

is analyzed in the Section 3.3. The intended dynamic field test was canceled because the 

predicted settlement was so small and it did not exceed our equipment resolution. 

Table 3.6 Engineering Properties of Specimens from Site 2. 

Sample No. SS-1 SS-2 SS-3 SS-4 SS-5 SS-6 SS-7 SS-8 

Depth 0.73 0.96 1.60 2.36 3.12 4.71 7.76 9.28 

Coarse Sand #60 (%) 14.1 10.6 5.3 3.1 6.5 28.7 14.9 12.6 

Fine Sand #270 (%) 38.7 19.6 26.1 45.8 47.3 48.5 46.5 52.5 

Silt 0.05-0.005 mm (%) 18.6 16.9 20.2 26.7 36.0 18.7 32.5 28.7 

Clay <0.005 mm (%) 28.6 53.0 48.5 24.4 10.2 4.1 6.1 6.1 

LL 40 65 65 46 48 27 32 38 

PI 19 34 29 16 9 NP NP NP 

AASHTO A-6(6) A-7-5(25) A-7-5(24) A-7-5(8) A-5(4) A-2-4(0) A-4(0) A-4(0) 
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3.3 Predicted Densitication Using the Existing Model 

Before the field test at Site 1 (Sel~ NC), the preliminary site exploration was 

performed by NCDOT. Based on the information provided, including soil classification, 

particle size distribution and Atterberg limits, anticipated ground surface settlement due to 

construction vibration was predicted by the existing model. By matching the engineering 

propenies, specimen 3ST#8 in the NCSU data base was found to be the soil most close to 

that at the Selma site (Table 3.7). 

Table 3.7 Comparison of Engineering Properties between Site 1 and the Data Base 

Site 1 (Selma, NC) Data Base 3ST#8 

Coarse Sand #60 7.6% 0.42-2mm 0.8% 

Fine Sand #270 21.1% 0.074-0.42 mm 34.2% 

Silt 0.05-0.005 mm 53.1% 0.074-0.002 mm 61.9% 

Clay <0.005 mm 18.1% <0.002nun 3.1% 

LL=44 PI=8 LL=36 PI=---

The dynamic properties of specimen 3ST#8 can be obtained from Chapter 5 of the 

report "Construction Related Vibrations" (Borden, Shao and Gupta, 1994). It was 

assumed that the further tests would use a pile driving energy on the order of 24.4 KJ 

(18,000 ft*lb) with 1000 blows; the peak particle velocity resulted on the ground surface 

would be 50.8 mm/sec; and that the dominant frequency would be 30 Hz. To produce a 
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conservative estimate, it was asswned that there was no load on the ground surface and 

that the resid\Jal soil profile was as deep as 10 meters. By using the computer program, 

CVIS (Construction Vibration Induced Settlement), the settlement of the ground surface 

was predicted to be 1. 7 mm. 

In order to maximize the measurable settlement, it was decided that the model 

footing on the ground surface would not be necessary. Form the previous study by 

Borden~ Shao and Gupta (1994), it is clear that dynamic settlement is reduced by 

increasing confining pressure. At the Selma test site, the predicted ground settlement was 

very small, so there was no loading on the ground surface in the field test design. 

Following the same procedure just outlined for Site 1, the dynamic settlement at 

Site 2 (Trenton Road, Raleigh) was predicted only 0.6 nun. It was again asswned that the 

pile driving energy would be 24.4 KJ (18,000 ft*lb) with 1000 blows; the peak particle on 

the ground surface would be 50.8 mm/sec; and that the dominant frequency iS 30 ~· The 

analysis assumed no load on the ground surface and that the soil profile was divided to 

three layers as shown in Table 3.8. The top layer is basically a silt clay, which is wilikely 

densified under dynamic load. Because the predicted settlement is less than the resolution 

of the extenso meter, the dynamic verification tests at this site were not perfonned. 
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Table 3.8 Prediction of Dynamic Settlement on Site 2 (Trenton Road, Raleigh) 

-- Layer 1 Layer2 Layer 3 

Depth (m) 0.0-2.0 2.0-4.5 4.5-7.5 

Sample No. SS-3 SS-5 SS-7 

Data Base 5ST#2 3ST#8 4ST#4 

Shear Strain Amplitude (%) 0.040 0.017 0.0027 

Settlement (mm) 0.27 0.31 0.07 

3.4 Test Equipment 

In the field tests, the settlement in the soil profile is observed by an extensometer. 

The vibration time history is monitored by geophones on the ground surface and in a bore 

hole. The vibration signal is recorded by a computerized data acquisition system. Each of 

these systems are discussed in the following sections. 

3.4.1 Extensometer 

The extensometers used in this study can measure the settlement at different 

depths below the ground su.rface. As the vibration amplitude and over burden pressure 

vary with depth, the dynamic densification through out the soil profile should be expected 

to vary. As shown schen1atically in Fig. 3.5, the extensometer has spider magnets fiXed in 

the bore hole at desired depths. These spider magnets are free to move with the soil as 

consolidation or densification occurs. A PVC access tube sits on the datum, which is 

placed at a location where no settlement is anticipated below this depth. Inside the access 

tube, a tnagnet reed switch probe can give the elevation when it passes through the spider 
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Figure 3.5 Magnet Extensometer System 
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magnet. By monitoring the elevation cf spiders before and after construction activities, 

one can calcalate the dynamic settlement at different depths. The resolution of this device 

is 2 mm, proved by the manufacturing company. The extensometer can measure the 

settlement both above and below the ground water table. 

3.4.2 Geophones 

A total of eight geophones were used to measure vibrations in the soil profile. 

They are made by Mark Product and West Atlas Inc. Among them, one three dimensional 

lafld geophone package and two vertical land geophones were used to evaluate the 

construction wave propagation along the ground surface, and one 3-D bore hole 

geophone package was used to record vibrations within the soil proflle. 

Geophones with a natural frequency of 4.5 Hz were selected to measure vibrations 

on the ground surface. They have linear response outputs within the frequency ranges of 

construction induced vibrations. The calibration curves of 4.5 Hz geophones have 

constant factor values in the frequency range larger than 10Hz. One three dimensional 

borehole geophone system with pneumatic packer includes three geophones (two 

horizontal and one vertical) with 10Hz natural frequency. The pneumatic packer can be 

inflated by compressed air and push the geophone case against the wall of the bore hole. 

The parameters of geophones used in the field test are listed in Table 3.9. 
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Table 3.9 Geophone Parameters 

Geophnne Model Natural 
,.. -~~ - ·~ 

Frequency V/mm/s 

Mark Product 

1-D Surface Geophone L-1 OB Vertical 4.5Hz 0.0312 (0.793) 0 

Western Atlas 

1-D Surface Geophone SM-6B Vertical 4.SHz 0.0288 (0.730) l 

Western Atlas 

SM-6B Vertical 4.5Hz 0.0288 (0.730) 2 

Western Atlas 

3-D Surface Geophone SM-6B Horizont.ll 4.5Hz 0.0288 (0.730) 3 

Western Atlas 

SM-6B Horizontal 4.5Hz 0.0288 (0.730) 4 

Mark Product Model 410 

Vertical lO.OHz 0.0220 (0.560) s 
Mark Product Model 410 

3-D Bore Hole Geophone Vertical lO.OHz 0.0220 (0.560) 6 

Mark Product Model 410 

Horizontal lO.OHz 0.0220 (0.560) 7 

3.4.3 Data acquisition system and computer softwar~ 

To record and analyze construction induced vibrations, a computerized data 

acquisition system was developed in the Department of Civil Engineering, NCSU. This 

system includes a Toshiba 486-DX4 notebook computer, National Instrument DAQCanl-

700 data acquisition card! and Lab View software package as shown in Fig. 3.6. 

The Toshiba notebook computer provides the platfonn to drive the data 

acquisition card, to record data, and to analyze the vibration wave fonns. It has an Intel 
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Fig. 3.6 Computerized Data Acquisition and Analysis System 

486-DX4 75 MHz CPU, 8MB RAM, 520MB hard disk, 29 em active matrix LCD 

monitor, and PCMCIA slots. 

National Instrument DAQCard 700 is a Type II PCMCIA mud-function I/0 board 

for notebook computer. It has a 12-bit ADC with 16 single-ended or 8 differential analog 

inputs, an 8-bit TIL-compatible digital input pon, an 8-bit TIL-compatible digital output, 

and two 16-bit counter/timer channels for timing 1/0. The PCMCIA interface has 16-bit 

data paths with interrupt generation circuitry. 
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In the 

each input h!d its own ground reference. Noise errors 

common-mode noise picked up by the leads was canceled We 

supply generated considerable noise to the data acquisition system. 

AC power supply were turned off and the computer was only powered by 

battery. 

An internal mutiplexer of the data acquisition card provides the capacity to 

measure 8 channels with a single ADC. The maximum sampling rate of DAQCard 700 is 

100 K/Sec. Because the same ADC is sampling many channels instead of one, the 

effective rate of each individual channel is inversely proportional to the number of 

channels sampled When all the eight channels are used, the maximum sampling rate 

reduces to 12.5 K/Sec. The frequency of the construction induced vibration is in the range 

of 20 - 50 Hz, therefore, a sampling rate larger than 1 KHz is considered enough to record 

peak vibration amplitude. Higher sampling rate is desired for frequency analysis. A 512-

word FIFO (First In First Out) buffers the data during multiple AID conversions to 

prevent data loss due to bus latency of the host notebook computer. The inter-channel 

delay can be calculated as: 

Sampling Period 
Inter Channel Delay = ------~--­

Number of Channels 
(3.1) 

Before the field tests, the sampling rate and the inter-channel delay are measured and 

calibrated in the lab. 
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The ranges of analog inl,)ut signal are software selectable to ±lOV, ±SV. ±2.SV. 

The gain is a!\Vays one for all channels. The output of geophones is usually in the 

±2.5V. The vibration signal can be connected to the data acquisition card directly without 

any amplification or conditioning. The range, resolution, and gain on a DAQ card 

detennine the smallest detectable charge in voltage. 1bis charge in voltage represents 1 

LSB of the digital value, which is often called the code width. In the range of ±2.5V, the 

ideal code width of the 12-bit DAQ card is: 

±2.5V 
1 LSB = 

212 
= ±0.61 mV (3.2) 

The relative accuracy of DAQCard 700 is ±1 LSB typical and ±1.5 LSB maximum. The 

nonlinearity deviation (DNL) is ± 0.5 LSB typical and ± 1.0 LSB maximum. 

Conservatively, the accuracy of the input signal sampled is considered as ± 1.5 LSB 

typical (±0.92 m V in the range of ± 2.5V}, and ± 2.5 LSB maximwn (± 1.53 m V). Also, 

because the input impedance of the data acquisition card is 1 on, there is little 

interference between the geophones and the input ports of the cald. Compared with the 

geophones output signal range, DAQCard 700 provides satisfactory resolution. 

The data acquisition system is controlled by the program, GEOPHONE.VI, which 

is written in G language under the Lab View environment. It can config hardware, set up 

ranges for each input channel, select sampling frequency, and record data. It uses 

software to assemble programmable hardware instruments to function as a digital 

oscilloscope, operational amplifiers, and disk drivers, etc. The user can set up trigger 

channel and trigger voltage, and the comput~r can savP- data automatically if the input 
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signal exceed the threshold value. The data file is written in the spread sheet formal 

saved in the 11ser defmed name and directory. After the tes~ the data file can be euily 

processed in LabView working environment or by other spread sheet programs. 

GEOPHONE. VI is a graphical based interactive program. The front panel of the program 

has a muti-channels digital oscilloscope, which shows vibration wave fonns for each 

channel (Fig. 3.7). All the parameters can IY~ adjusted during data acquisition session and 

the operation is very straight forward. Because the Lab View is a window based software 

package, all the data and figures in the GEOPHONE. VI program can be ttansfemd 

through any window based software. The user can copy and paste data and figures to 

desired word processing or spread sheet programs. 

MS DOS and MS Wir.Jow (V3.1) operating systems have a 55 ms barrier to 

response control signals. To solve this problem, GEOPHONE.VI uses an advanced 

computer technique, muti-bufft!rs, to record data at high speed. The FIFO buffer in the 

DAQCard 700 and the cornputer chache prevent data loss due to bus latency. To 

accelerate the data recording speed, the data acquisition function and the data analysis 

function are performed in separate programs. GEOPHONE. VI records the incoming 

voltage signals from eight channels. READW AVE. VI, PREANA. VI and SASW. VI can 

view the data, convett voltage signals into vibration velocities, pick up peak vibration 

amplitude, and perfonn FFf and cross power spectrum an&lysis. 

52 



---~-~-~~·~--~-~-~-

It of ChanneJSJI[J) ~points 111024 I) ~0 hlghllmlt(10V) 

!Channels I lo,1,2,3,4,5,6,7 IJisampling Ratelii1024oOO II i~ooo 11 

!Actual Scan Rate 1111023.54 lj low limit (-10V) 

11-2.oo 11 

!Particle velocity-~ 

1.0-r----r--r---,-------,~---.----1 I 

Oo10-

o.oo-

-0.11 = 

0 EJ isTOPI 
!Directory and File Name I 
l\~:\shao\junk5.txt · ' II 

:::~~::- !:: -·: l ::::1 ~ 
0,4-1 I I I ~ 0 200 400 600 800 1023 

0.2-

ootOOh!IIO/\thO A r ~ 611 ~ hA II~ 
., 

0 

II V V v V V VV VV \1\J V V V 1 WV ~ 
w I I -0.2- I I 

.:

0

:] II I ,, ,' II ]] 
.I§TI 0 200 400 600 800 1 023 0 200 400 600 800 1000 1200 

-0.00-r- . . . . . . . " .. . 
la2l o 200 4oo 6oo 8oo 1 o23 

_::::~E I I I II ::::?- ---r~ r -I;::Jl 
1.00 I 0.42 .--- ____...- ---,- 1 11 

~ 0 250 500 750 1023 ~ 0 250 500 750 1023 

~:~~~cr=r-1--1-ijWI ::::1 I I I II ~::JH ·t-t til 
•1o00 ~--!- I •1o00-1 o I 0o51 , 
~ 0 200 400 600 80~- 1023 ~ 0 250. 500 750 1023 ~ 0 250 500 750 1023 

L---------"~-------··- -----· -~- ._ .. , 

Figure 3.7 Front Panel of the Data Acquisition Program 



3.5 Experimental Procedure 

The procedure of the field verification test included the filed exploration (SPT. 

split spoon sampling, etc.), Shelby tube sampling, installation of the extensometer and 

geophones casing, pile driving, vibration time history recording, and settlement 

monitoring. 

3.5.1 Site design 

The test site in Selma located in a open field behind the salt dome in the NCOOT 

bridge maintenance yard in Johnston County. Two piles, Pile A and Pile were driven at 

3.66 m (12ft) and 2.44 m (8ft), respectively, from the extensometer. As shown in Fig. 3.8 

and Fig. 3.9, the geophone hole and the extensometer hole located on a circle, on which 

the distance from piles to the geophone hole and the extensometer hole were the same. 

The vibration amplitude at these two holes were considered identical. The 3-D bore hole 

geophone package was placed in the geophone hole to record vibration time history inside 

soil profile. A 3-D surface geophone (marked as S3 in Fig. 3.8) was placed on the same 

circle, on which geophone hole and extensometer hole were located (Fig. 3.10). Two 

vertical surface geophones, MV and WV, were placed at different distance from the piles. 

Pile A and Pile B were 10.67 m and 10.36m long timber piles, respectively, and 23 em in 

diameter at the tip; and 40.4 em at the end 
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Figme 3.8 Field Test Design at Site 1 (Selma, NC) 
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Figure 3.10 Picture of 3-D Surface Geophone and lhe Gcophone Casing 

Figure 3.11 
Picture of the Access Tube. Reference Ring and Spider Magnet 

of the Extensometer 
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3.5.2 Installation of extensometer and geophone casing 

The e-xtensometer hole was drilled to 10.3 m deep by a 10.0 em diameter( 4 inch) 

auger. Due to cave in of soil, the final depth of the bore hole was 10.0 m. The access 

tube was assembled from six 1.5 m PVC tube sections. At the end of each section, there 

were flush coupling connections. An end cap was affiXed to the bottom length of access 

tubing using PVC cement. One datum ring was installed 30 em from the tube bottom and 

one reference ring installed 15 em from the top with PVC cement and screws. Four spider 

magnets were positioned along the access tubing at depths of 0.3 m, 0.9 m, 2.1 m, and 5.8 

m. They were temporarily secured by masking tape and all the leaf springs were wrapped 

by w~ loops which attached to a trigger cable. The access tube sections and spider 

magnets were lowered down into the bore hole along with a grouting tube._ After the 

access tube settled finnly on the bore bottom, the elevation of each spider magnet was 

verified by the reed probe. The leaf springs were release by pulling out the trigger cable, 

so they could firmly hold the sidewall of the boring and suppon the magnet. The bore 

hole was grouted from bottom up with cement I bentonite slurry while the grouting tube 

was pulled up carefully. The grouting sluny was prepared with a slurry pump using 

82.6% of water, 12.4% of cement and 5.0% of bentonite by weight. The picture of the 

access tube, the reference ring and a spider magnet are shown in Fig. 3.11. This picture 

was taken after the field test was completed and the equipment was excavated. 

The geophone bore hole was drilled with a 12.5-cm (5 inch) auger to the depth of 

10.30 tn (31 ft) and the real depth measured was 9.70 m (29 ft) due to cave in of soil. 

Two sections of PVC tube (inside diameter, 10 em) were connected as a 10-m (30 ft) 
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length geophone casing. An end cap was affiXed to the bottom length of the tube using 

PVC cement:: After half of the bore hole was filled with thick cement slurry, the casing 

was pushed into the bore hole by the drilling equipment (Fig 3.12). The gap between the 

bore hole and the casing was filled with grout slurry to provide required continuity 

between the geophone inside the casing and adjacent soil. 

3.5.3 Pile driving procedure 

Two timber piles were driven at the Selma site. As shown in Fig. 3.13, the pile 

driving equipment is mounted on a heavy crane. A 1350 kg (3000 lb.) steel hanuner was 

lifted by the crane to the height of 1.83m (6ft) for the pile A, 3m (10ft) for the pile B, 

and then released to strike the pile cap. Because the height of the hanuner lifted was 

estimated by the crane driver and the impact location on the pile cap was variable, the pile 

driving energy varied for each blow. Therefore, the ground vibration amplitude was also 

not constant. The settlement in the soil profile was measured after desired number of 

blows and the vibration time histories on the ground surface and in the soil profile were 

recorded. 
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Figure 3.12 Installation of Geophone Casing 

Figure 3.13 Picture of Field Test Site 1 (Selma~ NC) 
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CHAPTER4 

RESULTS AND DISCUSSION OF FIELD EXPERIMENT 

4.1 Settlement Induced by Pile Driving Vibrations 

At the field test Site 1 (Selma, NC), the settlement of the soil profue during pile 

driving was measured using the extensometer system previously described. Four spider 

magnates were installed at depths of 0.3m, 0.9m, 2.lm, ana 5.8m. The location of each 

magnet was measured by a reed probe after installation of the extensometer, before pile 

drilling, during pile driving, and after pile driving. Table 4.1 shows the elevation readings 

of each spider magnet. There are two magnetic rings in each spider magnet, which result 

in two elevation readings from the upper ring and the lower ring, respectively. The 

average of the upper and lower reading gives the elevation of the spider magneL The 

elevation of each spider magnet was measured twice to prove the accuracy of the data. 

As shown in Table 4.1, there was no measurable settlement due to the vibrations 

caused by pile driving. The average elevation of each spider magnet and their 

corresponding standard deviation are listed in Table 4.2. The variation of elevations is less 

than 2 nun, which is within the resolution of the extensometer system. 

4.2 Pile Driving Vibrations 

The pile driving induced vibrations were monitored by geophones. The sensitivity 

and channel connection of each geophone is presented in Table 3.9. The geophone 

locations are shown in Fig. 3. 7. The location of a 3-D surface geophone system lmarked 
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Table 4.1 Extensometer Records at Site 1 (Sebna, NC) 
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Table 4.1 Continued 

Location 1st Pile 303 Blows 

UpJ)8r 

M1 @0.3m11ftl 0.255 0.256 

M2@ 0.9m 13111 0.934 0.934 

M3@ 2.1m {7ft} . 2.146 _2~ 146 

M4 @ 5.8m (19ft) 5.856 5.857 

Datum@ 8.7m 129111 8.734 8.732 

Location 2nd Pile 20 Blows 

UpJl8r 

M1 @0.3m(1ftl 0.255 0.255 

M2@ 0.9m (3ft) 0.934 0.934 

M3@ 2.1m {7ft) 2.145 2.146 

M4@ 5.8m (19ft) 5.856 5.856 

Datum@ 8. 7m (2911) 8.733 8.733 

Lower 

0.264 

0.943 

2.154 

5.865 

8.741 

Lower 

0.265 

0.943 

2.154 

5.865 

13.741 

2nd Pile 1 Blow 

averaae :JpJ)8r I Lower 

0.264 0.260 0.254 0.254 0.264 

0.943 0.939 0.933 0.933 0.942 

__2..155 __2.15.0 __2..145 2.145 2.154 

_5.866 5.861 5.856 5.855 5.865 

8.741 8.737 8.732 8.732 8.740 

2nd Pile 50 Blows 

averaae Uooer Lower 

0.264 0.260 0.255 0.254 0.264 

0.943 0.939 0.933 0.933 0.942 

2.155 2.150 2.145 2.145 2.154 

5.865 5.861 5.856 5.855 5.865 

8.741 8.737 8.732 8.732 8.740 

--.-. ---

12~ Dile 5 Blows 2nd Pile 11Uilowa 

averaaa Uoaer I Lower average IUJ>per I~ --0.263 0.259 0.255 0.256 0.265 0.264 0.260 0.255 0.254 JU64 0.263 I:USt 

0.942 0.938 0.934 0.933 0.943 0.942 0.938 0.934 0.933 0.942 0.942 o.ne 
2.154 2.150 2.145 2.146 2.154 2.155 2.150 2.145 2.1 1~5 2.154 2.~ __2,~ 

5.865 5.860 5.857 5.856 5.866 5.865 5.861 5.856 5.855 11:.865 _5_M5 -~ 

8.740 8.736 8.732 ft133 8.741 8.741 8~1_37 - 8.732 8.732 8.740 8.740 8.7:K 

2nd oile 100 Blows 4 dava attN oile drivina 3124195 

av~raaa Uooer Lower averaae Upper I lower ~~-
0.263 0.259 0.255 0.255 0.264 0.264 0.260 0.256 0.256 0264 0.264 0260 

0.942 0.938 0.933 0.933 0.943 0.942 0.938 !).934 0.934 0.943 (),943 Ot~ 

2.154 2.150 2.145 2.145 2.155 2.155 2.150 2.146 2.145 2.155 2.155 2.150 

5.865 5.860 5.857 5.856 5.866 5.866 5.861 5.857 5.857 5866 5866 5862 

8.740 8.736 8.733 8.732 8.741 8.740 L-.8._737 8.73.3. L_8_.7_3_3 _8.741 8.741 8 737 



Table 4.2 Elevation Changes of Magnet Targets 

Location 311011995 B 3110/1995 A 03113195 03117195 Before Pile Dr. 3J2w. 
M1 @ 0.3m_(1ft} 0.286 0.275 0.259 0.259 0.259 
M2 @ 0.9m (3ft) 0.954 0.951 0.940 0.938 0.938 
M3@ 2.1m C7ft} 2.158 2.157 2.149 2.149 2.151 
M4 @ 5.8m (19ft) 5.866 5.866 5.860 5.860 5.861 
Datum@ 8. 1m (29ft 8.736 8.735 8.735 8.736 8.737 

location PA1B. PASS. PA 10 B. PA20B. PA50B. 
M1 _@ 0.3m (1ft) 0.259 0.261 0.260 0.260 0.260 
M2 @ 0.9m (3ft) 0.938 0.939 0.939 0.939 0.938 

M3 _@ 2.1 m (7ft) 2.150 2.151 2.151 2.151 2.150 
M4 @ 5.8m (19ft) 5.860 5.862 5.861 5.861 5.861 
Datum @ 8. 7m (29ft 8.736 8.738 8.737 8.737 8.737 

location PA 100 B. PA200 B. PA303 B 2P81B. PB58. 
M1 @ 0.3m (1ft) 0.260 0.259 0.260 0.259 0.260 
M2 @ 0.9m (3ft) 0.939 0.938 0.939 0.938 0.938 

M3@ 2.1m (7ft) 2.151 2.150 2.150 2.150 2.150 

M4@ 5.8m (19ft) 5.862 5.860 5.861 5.860 5.861 

Datum @ 8. 7m C29ft 8.738 8.736 8.737 8.736 8.737 

Location PB 108. PB 20 81. PB 50 B. PB 100 E 4 days after 3124195 AVG STD 
M1 @ 0.3m (1ft) 0.259 0.260 0.259 0.260 0.260 0.260 0.0006 

M2@ 0.9m(3ftl 0.938 0.939 0.938 0.938 0.939 0.938 0.0005 

M3 @_2.1m {7ftl 2.150 2.150 2.150 2.150 2.150 2.150 0.0004 

M4 @ 5.8m (19ft) 5.861 5.861 5.860 5.861 5.862 5.861 0.0005 

Datum @ 8. 7m (29ft 8.737 8.737 8.736 8.737 8.737 8.737 0.0005 
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as S3 in Fig. 3.6) was fixed during pile driving. A vertical geophone u wu 

always 0.9lm (3 ft) from the pile being struck. Another vertical geopbone u 

WV) was placed at different distance from the pile to evaluate the wave attenuation on the 

ground surface. The 3-0 bore hole geophone package was positioned at different depths 

within the profile to evaluate the wave attenuation with depth. The location of these 

geophones, pile blowing number, peak panicle velocity, and file names are listed in Table 

4.3. 

In each file, the vibration time histories of eight geophones are recorded at a time 

step of 1/1024 second. One typical vibration time history on the ground swface is shown 

in Fig. 4.1. Channel 2, 3~ and 4 represent Z, X, and Y directions, respectively, of the 3-D 

surface geophone system (S3). Based on these vibration time histories, we can use our 

data processing software developed in the Lab View environment was used to calculate the 

peak particle velocity. 

The 3-D surface geophone sysem (S3), the bore hole geophone, and the 

extenso meter were located on the sarr.e radius from the pile as shown Fig. 3. 7. On this 

circle, the vibration time history should be essentially the same. Therefore, the vibration 

time . history recorded by S3 is considered as the ground surface vibration at the 

extensometer position. In addition, the data recorded by bore hole geophone system (H3) 

is considered to be representative of the vibration experienced within the extensometer 

profile, at same depth .. 

The position of S3 was unchanged during pile driving. Table 4.4 lists the statistical 

result of peak particle velocities recorded by S3. The 3-D value is calculated from the 
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Table 4.3 Records of Pile Driving Vibrations 

Date: 3/20/95 Pile: A Energy 24.2 KJ 

1 

Blow Pile Location of Geophones (m) 
Number Depth(m) Mv Wv S3 H3 

5 0.914 5.486 3.658 0.305 
21 1.06"7 0.914 3.048 3.658 0.305 
25 0.914 3.048 3.658 1.524 
26 0.914 3.048 3.658 1.524 
29 1.524 0.914 3.048 3.658 6.096 
30 0.914 3.048 3.658 6.096 
50 1.829 0.914 3.0~8 3.658 3.962 
51 0.914 3.048 3.658 3.962 

103 0.914 2.438 3.658 3.962 
104 0.914 2.438 3.658 3.962 
105 0.914 5.486 3.658 1.524 
106 0.914 5.486 3.658 1.524 
107 0.914 5.486 3.658 0.610 
108 0.914 5.486 3.658 0.610 
110 0.914 2.438 3.658 7.620 
200 3.200 0.914 2.438 3.658 7.620 
203 0.914 5.486 3.658 0.610 
204 0.914 5.486 3.658 0.610 
207 0.914 5.486 3.658 3.962 
208 0.914 5.486 3.658 3.962 
209 3.231 0.914 5.486 3.658 6.096 
210 0.914 5.486 ' 3.658 6.096 
303 3.556 0~14 2.438 3.658 0.305 

co C1 
51.38 2.06 
79.76 6.32 
79.76 7.14 
79.76 6.48 
79.76 7.72 
79.76 8.15 
79.76 10.97 
79.76 10.44 
79.76 22.12 
79.76 20.85 
79.76 4.50 
79.76 5.18 
51.41 1.80 
52.04 1.78 
79.76 24.46 
79.76 27.66 
79~76 4.06 
79.76 4.62 
79.76 4.67 
79.76 4.42 
79.76 4.62 
79.76 4.50 
22.71 7.62 

Peak Partical Velocit Cmm/Sec) Vector Sum of 30 GO' ,.., .. vue 

C2 C3 C4 C5 C6 C7 S3 A S3 H H3 A H3 H 
5.18 4.98 3.48 4.27 3.99 3.05 5.56 5.00 4.55 5.18 
5.77 6.38 5.99 5.44 5.44 7.44 8.13 7.24 7.59 8.74 
5.92 6.60 5.82 5.08 6.12 4.17 8.74 7.67 6.25 7.87 
6.22 7.32 6.15 5.03 6.22 4.57 8.38 7.82 6.45 8.18 
6.55 9.12 6.15 1.27 0.91 2.54 9.75 9.37 2.57 2.82: 
6.96 8.15 6.32 1.22 0.74 2.49 9.09 8.46 2.49 2.79 
9.02 10.19 9.22 2.82 2.01 4.98 13.82 13.61 5.13 5.46 
9.04 10.62 10.41 3.00 2.26 5.54 15.01 14.86 5.59 5.84 

10.64 14.05 13.64 2.95 3.07 6.71 17.35 17.35 6.73 7.09 
11.00 14.02 11.35 3.23 3.45 6.07 16.59 15.49 6.12 6.27 
10.80 14.96 11.94 7.09 10.26 5.03 18.34 16.10 10.26 11.53 
10.80 14.48 12.34 8.08 10.34 5.18 17.20 15.93 10.44 12.04 
3.23 8.66 4.27 3.81 2.36 9.30 9.91 9.65 9.47 9.93 
3.02 7.14 4.24 3.53 2.54 8.08 8.28 8.03 8.18 8.56 
9.25 17.40 11.96 1.55 1.04 3.48 20.19 18.31 3.51 3.61 

10.62 22.17 16.54 1.68 1.45 3.99 27.48 25.70 3.99 4.01 
11.63 21.13 16.00 9.30 12.83 9.83 26.39 24.84 15.57 15.70 
11.23 21.23 17.30 8.94 14.10 9.30 24.66 23.24 16.89 17.09 
11.58 22.28 16.00 4.34 3.05 7.85 27.94 26.44 7.95 8.36 
11.51 20.62 14.76 4.17 3.71 7.57 25.35 24.05 7.62 8.03 
11.73 25.86 18.06 2.59 3.35 6.71 30.84 28.63 7.11 7.57 
11.02 22.58 17.75 2.54 2.87 6.22 27.25 25.48 6.60 7.01 
3.07 8.20 5.38 5.36 6.76 8.13 8.53 8.48 9.86 9.88 



---~---~~----~-----

Table 4.3 Continued 

Date: 3/20/95 Pile: B Energy 39.7 KJ 

Blow Pile Location of Geophones (m) Peak Partical Velocity mm/Sec) Vector Sum of 30 Geor: hones 
Number Deoth(m) Mv Wv 53 H3 co C1 C2 C3 C4 C5 C6 C7 53 A 53 H H3 A H3 H 

1 0.274 0.914 3.048 2.438 0.305 79.76 4.98 9.12 13.67 6.20 8.53 10.26 6.53 16.03 14.17 11.51 13.00 
2 0.914 3.048 2.438 0.305 51.74 6.22 13.77 19.20 7.54 8.84 13.97 8.71 20.27 19.89 16.33 17.96 
3 0.914 3.048 2.438 0.610 58.85 7.06 14.61 20.24 6.78 8.36 8.53 7.72 21.62 20.83 10.72 10.82 
5 0.762 0.914 3.658 2.438 1.524 14.76 1.52 1.32 3.10 1.57 0.99 1.55 1.17 3.12 3.10 1.55 1.63 

I 6 0.274 0.914 3.658 2.438 3.962 79.76 6.10 15.54 20.68 10.97 1.68 1.55 2.36 22.58 20.70 2.77 2.87 
8 0.274 0.914 3.658 2.438 6.096 30.96 7.16 17.20 14.86 7.16 1.22 1.04 1.40 21.13 15.09 1.47 1.50 

13 0.914 6.096 2.438 6.096 39.50 2.92 20.42 21.51 11.63 1.73 2.36 3.05 24.56 23.19 3.05 3.05 
15 0.914 6.096 2.438 3.962 41.48 2.90 19.94 20.22 10.64 5.99 16.87 10.52 23.85 22.02 19.51 19.69 
20 0.914 6.096 2.438 0.610 42.90 2.t4 17.58 17.91 9.35 8.71 5.72 8.20 21.59 19.96 9.07 11.13 
21 1.067 0.914 6.096 2.438 0.305 49.48 2.36 18.92 15.77 7.98 10.11 6.30 7.21 21.82 17.65 7.24 10. 13' 
41 0.914 6.096 2.438 0.305 29.11 2.44 5.05 9.47 7.52 5.77 8.20 9.75 12.12 11.73 11.35 12.04 
42 0.914 6.096 2.438 0.305 29.34 2.51 4.22 1u.16 7.72 4.85 8.84 10.34 12.04 11.61 11.58 11.791 
47 2.438 0.914 6.096 2.438 0.305 77.75 3.40 20.19 19.25 17.91 15.34 18.92 13.87 23.50 20.78 19.25 20.73 

~ 48 0.914 6.096 2.438 0.305 38.25 1.02 6.55 12.07 8.46 5.99 8.03 9.58 14.73 14.48 12.12 12.17 1 

49 0.914 6.096 2.438 0.610 79.65 2.95 20.73 26.70 21.89 13.84 11.07 10.29 31.55 26.70 11.25 15.06 
50 0.914 6.096 2.438 0.610 33.27 6.20 7.16 10.92 6.15 5.84 6.53 10.26 12.01 11.25 10.90 10.90 
51 0.914 6.096 2.438 1.524 79.65 '3.61 19.08 19.63 16.54 10.21 28.17 10.39 ·21.97 19.94 28.22 ~lU 

52 0.914 6.096 2.438 1.524 79.76 3.58 18.92 22.68 17.75 9.70 14.73 11.53 24.54 22.91 16.43 1U 
53 0.914 6.096 2.438 3.962 79.76 3.66 19.20 19.10 18.24 4.32 5.26 5.54 23.47 19.63 7.37 ".~ 

55 0.914 6.096 2.438 6.096 79.76 3.28 21.62 20.24 20.90 3.86 2.59 3.00 26.82 21.77 3.86 ... ~ 
56 0.914 6.096 2.438 7.620 79.76 3.51 22.38 21.74 20.22 2.77 1.91 2.95 26.87 22.35 2.95 4.()4 

57 0.914 6.096 2.438 7.620 79.76 1.91 7.98 18.92 7.34 1.32 0.99 1.50 19.43 18.92 1.50 1.80 
98 0.914 3.048 2.438 0.305 47.45 3.02 6.38 10.80 6.78 6.63 11.25 6.22 11.40 11.20 11.25 11.76 

100 2.996 _0.914 3.048 2.438 1.524 23.16 3.23 4.70 8.64 5.26 5.31 2.31 2.67 8.97 8.84 3.05 EU2 



3 ~------------------------------~ 
RECORS OF GEOPHONE SJ (2.4 M FROM Pn..E B) 

2 

-2 
-z-- X-Y 

PileB 
#47Biow 

-3 ~~~~~~~~~~~~~~~~ 

0 0.05 0.1 0.15 0.2 0.25-

Time (sec) 

Figure 4.1 Vibration Time Histories on the Ground Surface Recorded by 
Geophone S3 
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vectors sum of three directional velocities at every time step. From this rable, it an be 

seen that the standard derivation (STD) is relatively large. This is reasonable because the 

pile driving energy varied for each blow and the hammer impact position on the pile cap 

was variable. During field tests, the input range of the data acquisition system was set to 

±2.5 volt for all channels. The surface vertical geophone, MV, which is 0.91 m (3ft) from 

the pile, sometimes experienced very high vibration velocity (larger than 79.8 nun/sec), 

and its output signal surpassed the voltage range. Thus, input channel 1 was saturated and 

outputted as 2.5 volt. 

Table 4.4 Statistic Results of Peak Particle Velocity Recorded by the 3-D Surface 

Geophone, S3 

Peak Particle Velocity {mm/sec) 

Location 30 STD Vertical STD Horiz. STD 

Pile A @3.66m 15.11 8.69 7.67 3.63 14.20 8.13 

Pile B @ 2.44m 18.19 7.59 12.93 7.16 16.36 6.48 

4.2.1 Vibration attenuation on the ground surface 

As with all vibrations, those induced by pile driving attenuate with distance. By 

comparing the vertical vibration amplitude recorded with geophones MV, WV, and S3 on 

the ground surface, the attenuation curves are plotted in Figures 4.2A and 4.2B for Pile A 
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Figure 4.2 Vibration Attenuation on the Ground Surface 
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and Pile B, respectively. Because the pile driving energy is not constant for each the 

venical velochy amplitude was nonnalized The vibration amplitude reconled at different 

distances from the pile was divided by that amplitude recorded by geophone MV, 0.19m 

(3 ft) from the pile. As stated above, the geophone (MV) closest to the pile, produced an 

output that sometimes saturated the channel. These saturated signals was neglected in 

calculating the nonnalized ground surface vibration amplitude. 

The venical vibration amplitude is seem to attenuate much faster than that shown 

in Fig 2.1 and that calculated from Equation 2.1. This is because Equation 2.1 and Fig. 

2.1 are based on Rayleigh wave theory in a linear elastic half space. The reference 

geophone is 0.9lm (3 ft) from the pile, which is much shorter than the Rayleigh wave 

length. At this distance, the Rayleigh wave is not well developed and the soil's behavior B 

nonlinear. This field test proves that Fig 2.1 and Equation 2.1 based on Rayleigh theory ~ 

conservative, especially when the reference point is near the vibration source. 

4.2.2 Vibration attenuation with depth in soil profile 

The vibration amplitude also attenuates with depth in the soil profile. The bore 

hole geophone package was positioned at different depths during pile diving and the 

vibration time history recorded in three directions. Tne wave attenuation with depth is 

shown in Fig. 4.3 and Fig 4.4 for Pile A and Pile B driving, respectively. In these two 

figures, the venical and horizontal velocity components are nonnalized by the 

corresponding components recorded by the reference surface geophone, S3. In addition, 

the attenuation of both vertical and horizontal components were calculated by Rayleigh 
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Figure 4.3 Vihration Attenuation along with Depth for Pile A 
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Figure 4.4 Vibration Attenuation along with Depth for Pile B 
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wave theory, which assumes that the Rayleigh wave is wen developed a 

half space and the Poissons's ratio equals 0.25. 

The test results for the vertical component agree wen with that predicted 

Rayleigh wave theory. When the penetration depth was less than 1.5 m (5 ft), 

vibration impact of the pile appears to be reasonably considered as a surface source dw 

satisfies the Rayleigh wave theory assumption. As the pile penetrates deeper into the 

profile, the vibration source is not a surface source. For simplicity, the data generated 

when the pile tip elevation were deeper than 1.5 m are shown as open ciicles. 1be 

vibration amplitude recorded below 6 m is seem to be higher than that predicted by the 

Rayleigh wave theory. At this depth, the confining pressure is higher than that near the 

ground surface, and the vertical vibration amplitude is around 20 to 30% of _that on the 

ground surface. Therefore, the settlement at this depth is very small compan:d with that 

near the ground surface. For most practical purpose, this deviation can be neglected when 

the Rayleigh wave theory is employed to calculate the dynamic settlement in a soil profile. 

The shown as the horizontal component is calculated from the vector sum of the 

vibration velocities in the X and Y direction at each time step. The peak horizontal 

particle velocity is obtained from this vector sum time history. As shown in Fig 4.3 and 

Fig 4.4, the field tests results are much higher than that horizontal component calculated 

from Rayleigh wave theory. There are three reasons for this disagreemenL Fmt, the pile 

driving vibration not only generates Rayleigh waves, but also generates P-waves and S-

waves. Although the P-wave and S-wave component attenuate faster than a Rayleigh 

wave, their amplitudes are relatively high in the area near the pile. Secondly, the distance 
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between the geophone hole and the pile is leu than the Rayleip wave -·A• .. •· 

Rayleigh wave is not well developed. Fmally, when the pile penetrates into the it 

pushes soil around the pile tip hoth vertically and horizontally. Therefore, the VJblrab(Nl 

source has both venical and horizontal components. The Rayleigh wave theory ooly 

considers the venical vibration source, so mat its value is considerably less than that 

obtained from field te:::~s. 

From Fig. 4.3 and Fig 4.4, tlle nonnalized horizontal velocity of the field tests 

agrees well with the value of the vertical component calculated by Rayleigh theory. This 

suggests that the attenuation of the vertical component along with depth obtained by 

Rayleigh wa;re theory can be used to calculate both the vertical and horizontal vibrations 

in the soil piofile. This method is conservative because the Rayleigh wave contains two 

thirds of the generated vibration energy, and its horizontal component attenuates much 

faster than does the venical componenL 

4.2.3 Char2cteristics of Rayleigh wave 

The dominant frequency is calculated from vibration time histories by the Fast 

Fourier Transform (FFT) method. The FFf method establishes the relationship between a 

signal and its representation in the frequency domain. The definition of the Fourier 

transfonn, V(f), of a velocity time history v(t) is: 

V{f)= F(v{t})= J:v(t)e-j211ftdt (4.1) 

The frequency resolution, .M, can be calculated as: 
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where f, is the sampling frequency, which is 1024Hz in all the field tests, a is 

number of data points in both time and frequency domain. To pedonn FFr, it is ~ 

that the number of data points, n, is a valid power of two. An analylica! propam. 

SASW. VI~ was developed in the Lab View enviromnent to perfonn FFr in a quiet aad 

memory efficient manner (Fig. 4.5). The dominate frequency was calculated for each 

vibratinn time history from Channel2, which was connected to the venical component of 

the surface geophone S3. The average dominate frequency is 29.6 Hz for Pile A. and 30.5 

Hz for Pile B. 

There are two methods to calculate the Rayleigh wave speed. The easiest method 

is to find the time difference of a wave peak traveling from one geopbone to another as 

shown in Fig. 2.2. The Rayleigh wave speed is the ratio of the distance between two 

geophones and the wave travel time. This method is inaccurate because the wave peak 

sometimes is hard to reco~;nize when Rayleigh wave travels in distance. and the time 

difference is h:ml to measure accurately, especially when the sampling rate is low~ 

An-~ ther method to calculate Rayleigh wave speed is to perfonn cross power spectrum 

analysis. This method is more precise than the first method because all the data points of 

the wave form are used to calculate the wave traveling time. The wave fonns from 

geophone wv· and the venical component of geophone S3 were recorded by channel 1 

and channel2 of the data acquisition syscem, respectively. The time for the Rayleigh wave 
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to propagate from S3 to WV can be detected by the phase difference between two input 

signals which ·can be calculated by cross power spectrurn as: 

(4.3) 

where Sxy represents the complex output sequence in the frequency dcmain, F•{X)and 

F { Y} are the Fourier transfonnation of two input signals, and n is the number of data 

points. When n equals a valid power of two, the program can perfonn the cross power 

spectrum analysis very efficiently in both execution time and memory. From the complex 

sequence, Sxy, the phase difference, Ac;,(f), can be calculated in the frequency domain. The 

phase difference between two input channels changes with frequency, thus, the Rayleigh 

wave velocity is a function of frequency. The Rayleigh wave velocity at the dominate 

frequency is defined as: 

(4.4) 

where AL is the distance between geophone S3 and WV, Aq, is the phase difference of the 

signals obtained from cross power spectrum analysis, and ft is the primary frequency of 

Rayleigh wave. From Table 4.5, the average Rayleigh wave velocity is 142m/sec (465.8 

ft/sec) at dominant frequency 30.5 Hz obtained during Pile B driving. The Rayleigh wave 

length can be calculated as: 

'\ - VR 
1\,1-

f. 

where 11 is the Rayleigh wave length at the dominant frequency ft. 
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Table 4.5 Frequency Analysis on the Time Histories of Pile B 

Blow Pile B Primary Frequency Phase Angle Rayleigh Wave Velocity 
Number Depth(m) (Hz} (rad.) (m/sec) (ft/sec) 

47 2.438 32 4.94 148.3 488.3 
48 32 
49 28 5.04 127.6 418.7 
51 32 4.74 155.1 508.8 
52 31 5.04 141.3 463.6 
53 30 4.94 139.5 457.7 
55 30 4.94 139.5 457.7 
56 30 4.94 139.5 451.1 

The accuracy of the Rayleigh wave velocity depends on ilie distance between two 

geophones, the sampling rate, signal amplitude, and characteristics of the data acquisition 

system. At the sampling rate 1024 points/sec, the maximum inter-channel delay is 1 1m 

for the data acquisition board. For example, when the distance between geophone S3 and 

WV is 3.66 m, it takes 25.7 ms for Rayleigh wave to propagate. The influence of inter-

channel delay is only 4% of wave travel time. When the distance between geophones 

decreases, the phase resolution of the cross power spectrum analysis reduces rapidly. 

From all the time histories recorded from field tests, while the geophone space is larger 

than 3m, a consistent phase difference can be obtained from wave analysis. In addition, in 

the area near the pile, the Rayleigh wave is not well developed. The geophone output 

from MV, 0. 9 m from the pile, can not be used in the cross power spectrum analysis. To 

calculate the Rayleigh wave speed, we only perfonned cross power spectrum analysis on 
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the time histories from geophone S3 and WV where the geophone space was larger than 

3m. 
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CHAPTERS 

RESULTS OF LABORATORY TESTS 

S.J. Resonant Column Tests 

Resonant column tests were perfonned on Shelby tube samples obtained from field 

test Site 1 (Selma. NC). Because the samples were obtained from shallow depths (less 

than 2 m), resonant column tests were perfonned with confining pressures in the range of 

12.5 kPa to SOkPa. The shear strain amplitude in the tests was always below 0.001'*', and 

the soil specimens behaved in a linear elastic manner. The acceleration amplitude was 

recorded by an accelerometer on top of the specimen at the resonant frequency. From 

these daca presented in table 5.1, the shear wave velocity, shear modulus, and shear strain 

amplitude can be calculated. Detailed test procedure and analysis methods are discussed 

by Borden, Shao and Oupta (199·4). 

From Table 5.1, it can be seen that the shear modulus of specimens increases with 

confininJ pn:ssures. This trend was also observed in the resonant colunvt tests perfonned 

in the previous two years. An analytical model of shear modulus as a function of confinin& 

pressure wW be pn:senled in Chapter 6. We believe that the shear modulus of specimen 

6ST#I2 wu hiJher than the other two specimens because. of the presence of some quartz 

frapncnu. Detailed resonant column tests results are included in Appendix 1.1. 
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Table 5.1 Shear Wave Velocity and Shear Modulus from Resonant Column Tests. 

Specimen Depth Confming Accel. Resonant Specimen Shear Wave Shear Shear Sir. 
(m) Pressure Amp. Freq. Length Dfam. Velocity Modulus Amp. 

(kPa) JmV) (Hz) i!!!.m>. (mm) (m/sec) {MPa) (%) 
~ST#2A 0.6-0.9 12.5 71 82 147.1 73.3 152.3 43.72 0.00058 

25.0 51 84 146.8 73.2 156.0 46.07 0.00045 

12.5 54 90 147.7 72.9 165.9 54.12 0.00036 

6ST#2 0.9-1.2 2.5.0 56 106.6 147.4 72.7 196.5 76.36 0.00027 .. 
50.0 58 117.37 147.2 72.7 216.3 92.85 0.00023 

~ST#4 l.S-1.9 25.0 65 70 146.2 73.6 125.3 31.36 0.00074 

50.0 61 82 145.9 73.4 146.8 43.26 0.00051 

5.2 Torsional Shear Tests for Dynamic Densiftcation 

After resonant clumn testing, torsional shear tests were perfonned on each of the 

three specimens described in Table S .1. The dynamic volumetric chanae was measured as 

a function of confining presswe, shear strain amplitude, and number of cycles. A 

summary of parameters investigated is listed in Table .5.2. Detailed test procedure and 

analysis are discussed by Borden, Shao and Gupta (1994). 

During testing. the confining pressures were increamented as shown in Table .5.2. 

At each confining pressure, the specimen was torsionally sheared at shear strain levels 

nmging from 0.00.5% to as high as 0.1%. Because the Stokoe's device is stress 

controlled. the shear strain amplitude in the table represented those nominal values which 

were the test objective. The real shear strain amplitude was calculated from the actual 

specimen defonnation and it is the value that is listed in the following section for each test. 

At each shear strain amplitude, 1000 cycles were applied to the specimen. The cyclic 
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frequency was 10 Hz for all the torsio!lal shear tests. For specimen 6ST#4, only 0.005% 

shear strain step was tested under 50 kPa confining pressure, because the screws on the 

driving plate became loose and the test was terminated. 

Table5.2 Parameters Investiga~d in Torsional Shear Tests for Specimens Obtained from 

Site 1 (Selma, NC) 

Specimen No. ICoofmin& !Estimated Shear Strain Number of ~lie 
IPreuure(kPa) ~mplitude(fl,) Cycles [Ereql ...... uencytnzJ 
12.5 0.005. 0.01. 0.02S. o.os. 0.1 1000 10 

~STI2 :Z!S O.OOS. 0.01. 0.025, O.O!S, 0.1 1000 10 

.so ~.oos. o.o1. o.o2S. o.os 1000 10 

~TI2A 12.S p.oos. o.o1. o.o25. o.os. 0.1 1000 10 

~ o.oos. 0.01. 0.025. o.os. 0.1 1000 10 

6ST#14 25 O.OOS, 0.01, 0.025, O.O!S 1000 10 

The torsional shear tests were controlled and monitcnd by the computerized data 

acquisitiC'n system (Borden, Shao and Gup~ 1994). The torque moment. twist angle. 

hei&ht and diameter of' the specimen were recorded at a sampling frequency 200 Hz. 

These records were processed and the relationship between the dynamic volume changes 

of the specimens and number of cycles, shear strain amplitude. and continina pressure are 

presented in Appendix 1.2. 

Fia 5.1, Fi& 5.2, and FiJ. 5e3 show that the volumetric strain chanaes with 

respected to number of cycles and shear strain amplitude at each confininl pressure for 
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specimen 6ST#2, 6ST#2A and 6ST#4, respectively. The initial volume was measured at 

atmospheric pressure before the torsional shear test. Then, the specimen was fully 

consolidated under the specified confining pressure over night. This static volumetric 

strain at each confining pressure is shown in these figures as the f1rst cycle of the first 

shear strain step Oowest shear strain amplitude). In the torsional shear test, the height and 

diameter of specimen changed due to the cyclic shear. Each line in these figures 

represents the volumetric strain over 1000 cycles for each shear sttain ampliwde. The real 

shear strain amplitude was calculated from twist angles 'm the top of the specimen 

recorded by the data acquisition system. It was observed by Borden, Shao and Gupta 

( 1994) that the dynamic volumetric change followed a same trend for up to one million 

cycles. For tests on these three specimens, 1000 cycles were applied. 

The influ~nce of confining pressure on the dynamic volumeaic strain was 

investigated by tests at different confining pressures. The relation between the dynamic 

volumetric strain at 1000 cycles and shear strain amplitude will be plotted and analyzed in 

Chapter 6. It can be observed that the dynamic volumetric strain reduces when the 

confining pressure increases. nus trend was also reported in our previous research. 

Because depths from which the samples were obtained were shallow and the confming 

pressures were low, the disturbance during Shelby tube sampling could be expected to be 

relatively substantial. 
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5.3 Shear Modulus Changes with Shear Strain Amplitude and Conrming Pressure 

The residual soil behaves as an elastic material at low shear sttain ampliwde. and 

behaves as a nonlinear material at high shear strain. The shear modulus obtained from 

resonant column tests at small shear strain amplitude, o_ is considered as an elaslic 

modulus. The shear modulus decreases as the shear strain amplitude increases, as shown 

in Table 5.3. The ratio between the shear modulus at different shear sttain amplitudes 

obtained from torsional shear tests and o_ is called normalized shear modulus. The 

normalized shear modulus versus shear strain amplitude is plotted in Fig. 5.4. Besides 

torsional shear tests in a range of 0.005% to 0.1 'I> shear strain, triaxial tests were also 

performed at even higher shear strain amplitude. The specimens for triaxia1 tests came 

from the same Shelby tube samples from which the torsional shear tests specimens were 

trimmed. 

The modeling of the dynamic volumetric change and shear modulus will be 

discussed in the next chapter. 
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Table 5.3 Relationship between Shear Modulus and Shear Strain Amplitude 

Specimen ~essure Estimate Twist Angle Shear Strain(%) G(MPa) 
(kPa) Strain% (rad) 

C max from RC test 54.14 

12.5 0.005 3.509E-04 0.007 33.87 

0.010 6.635E-04 0.013 27.11 

0.025 1.468E-03 0.029 19.09 

0.050 2.659E-03 0.052 14.97 

0.100 4.672E-03 0.092 10.85 

Gmax from RC test 76.38 

25.0 0.005 3.079E-04 0.006 53.53 

0.010 6.248E-04 0.012 38.33 

6ST#2 0.025 1.316E-03 0.026 30.32 

0.050 2.074E-03 O.C\41 25.20 

0.100 3.308E-03 0.065 20.47 
~ 0 

Gmax from RC test 92.87 

50.0 0005 2.161Eft04 0.004 74.84 

0.010 4.913E-04 0.010 61.56 

. 0.025 1.487E-03 0.029 40.52 

0.050 2.233E-03 0.044 34.85 

Gmax from RC test 43.72 

12.5 0.005 2.875E-04 0.006 33.85 

0.010 5.082E-04 0.010 28.63 

0.025 1.669E-03 0.033 17.46 

0.050 2.558E-03 0.051 15.06 

0.100 4.189E-03 0.083 11.47 

6ST#2A Gmax from RC test 46.08 

25.0 0.005 1.865E-04 0.004 51.95 

0.010 3.916E-04 0.008 44.19 

0.025 1.248E-03 0.025 28.29 

0.050 2.242E-03 0.045 22.04 

0.100 4.348E-03 0.087 16.41 

Gmax from RC test 31.37 

6ST#4 25.0 0.010 2.411E-04 0.005 47.66 

0.025 1.547E-03 0.031 24.70 

0.050 2.879E-03 0.058 19.92 
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1.000 
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CHAPTER6 

MODELING 

6.1 Attenuation of Construction Induced Vibrations in Soil Profile 
I 
I 

Vibration amplitude attenuates with distance from the source and there is a 

theoretical solution for a vertical impact on the ground surface. As shown in Fig. 2.8, the 

body waves (P-waves and S-waves) travel through the soil profile with henlisphcrical 

wave fronts, while Rayleigh waves propagate radically outwards along a cylindrical wave 

front When body waves spread out along a hemispherical wave front, the energy is 

distributed over an area that increases with the square of the radius: 

£• oc ..!_ 
rl (6.1) 

where E' is the energy per unit area and r is the radius. The vibration amplitude is 

proportional to the square root of the energy per area and therefore the amplitude of body 

waves are proportional to 1/r. 

Body Wave Amplitude oc.! 
r 

(6.2) 

Similarly, the amplitude of Rayleigh waves, which spread out in a cylindrical wave 

front, arc proportional to .Jr . Thus the attenuation of the amplitude of Rayleigh waves is 

much slower than that for the body waves. 

The loss of the vibration amplitude of waves due to spreading is called geometrical 

damping. In addition, there is another type of loss, tenned material damping, that from 
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absorption of energy in soil. Thus, accounting for both types of damping, the attenuation 

of Rayleigh waves can be given by the relation: 

(6.3) 

where A is the amplitude of particle velocity at a distance r from the source, A
1 

is the 

amplitude of particle velocity at a reference point a distance r1 from the source, and a 

denotes the coefficient of material damping. The coefficient of material damping, a, can 

be obtained from field measurements or can be calculated by : 

21t /Tl 
a =-----v, (6.4) 

where f is the vibration frequency, V1 is the Rayleigh wave velocity and 11 is the material 

damping ratio, which can be obtained from resonant column/torsional shear tests. 

Because Rayleigh waves carry 67CJJ of the total vibration energy and attenuate 

much slower than body waves, Equation 6.3 is widely used in enJineering practice to 

calculate wave propagation along the ground surface. Figure 6.1 compares the vibration 

attenuation of pile driving from our field tests with that published in the literature. As 

discussed in Chapter 4, the pile driving energy for each blowing varies, so that the 

vibration amplitudes recorded on the ground surface for individual impacts are not the 

same. Some typical blows are plotted in Fig. 6.1 to show the trend of the wave 

attenuation. Tests results from Wahls (1981) and Woods (1980) arc presented in the 

figure by using Eq. 6.3. From Fig. 6.1, it can be observed that the wave attenuation of our 

field tests is faster than that from the literature. If Eq. 6.3 was used to fit the tests point as 
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shown in Fig. 4.2, the calculated coefficient of material damping, ~ would be 0.15. This 

is because the geophones were placed near the pile (0. 9 an to 6.0 m) and the measured 

Rayleigh wave length was 4. 7 m. Within this disWlce, the body wave components were 

still relatively large and the Rayleigh wave was not well developed. The field verification 

tests suggest that Eq. 6.3 is conservative for the piedmont residual soils. Therefore, we 

recommend that it be used in calculatina the vibration auenuation on the ground surface. 

For rwre line sources, such as bulldows, pans and CI'UCks. one mi&ht use Eq. 6.S 

proposed by Wahls (1981): 

L 
-+ra 

.4 • A1 ~ exp(-a (r-r1)] 

-+r 
K 

where L is the Jenath of the source. 

(6.5) 

Attenuation of the vertical component with depth in the soil profile is given by 

Raylei&h wave theory u: 

+ L73le 1 ...... ..!.) (6.6) 

where .4, is the venical amplitude at depth :, A is the wave lenph of the Rayleigh wave. 

and Poisson • 1 ratio is astumed to be 0.2S. 

The field verificadon daca apes very well with that pmticted by Eq. 6.6. In Fi& 

4.3 and FiJ4.4. the normalized velocitia from the field tests are compared with RayleiJh 

wave theory. The test daca points are marked for the different pile penetnuion depth. In 

the vertical direction, when the penetration depth was lea than l.S m. the data points 
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agree well with theory. The pile is considc=d as a smfacc vibradon source, which 
-

coincides wilf! Rayleigh wave cheory assumption. When the pile penetrated deeper than 

1.5 m. the vibration amplitude on the &round surface diminished. Thus, the data points of 

normali%cd velocity locale on the ri&ht side of the theoretical curve. If the reference 

velocity on the sround SUJfacc wu sc1ected when the pile penetration depth less than l.S 

m, these clara points would qree wcU with abe curve. 

... '~ However. the nonnalizcd borizollla1 ¥Clodcy points arc far away from those 

... calculated by Raylclp wave theory on borizollla1 ditcction. The n:a.son is discussed in 

... . . . . 
tho curvo obaln by Rayleip wave theory for the ~ ditcction. This sugcstcd that 

U Modification or the Shear Modulus Model 

From July 1. 1992 co June 30. 1993. a data base was bulle up based on reso.w1t 
. •' 

colmm and tonioaal shclt ICit n:sulu of 33 specimens. Borden, Sbao and Gupta (1994) 
. 

,...mled a bi-Unar model to dacribc tho n1adon bctwccn nonnalizcd shear modulus and 
::-• ~ • ~ e 

._ anJn amplitude. Jn this add.ltioftal phuc of mcan:h. the shclt modulus model for 
... ' ~ .. ® 

~ soils Jw been modJflcd II.; .Daiftcd modeL 1b1s modele. ~kJm tho Influence o( 
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6.2.1 Modeling or maximum shear modulus 

The law shear suain amplitude or maximum shear modulus, (G...), is listed in 

Table 6.1 on the basis of soil type. These values were obtained by resonant column &est at 

shear strains less than O.OOlCJ,. For each soU type in Table 6.1, the ~ulls ~presented in 

lhe order of incn:asina percent sand contenL The IVCI3JC of aU dlc G..a data at each 

ccnfinina pressure was determined for each soU type. The averqe curve shown in Fi1. 
t 

6.2 (solid Une) Is the best fit curve for these avaap 0... at each con1ininc pressure. Tho 

object function of these averap curves rcladn1 maximum shear modulus, 0... (MPa) to 

dfecdve conflnln1 prwum ( ir.) is : 

(6.7) 

when: p and q are conswus pn:scnled in Table 6.2 for each soil type. Fiprc 6.3 shows 
. . 

these averap curves (u per lhc above model) for piedmont raidual soDs on the basis of 

soil cypc. 

lc can be obsctvcd that conftain1 pmswc bas 1 Jipiflcant iN1uence on the 

nulmum shear modulus and &hat 0... 1ncrcucs with conftnln1 prasurc (Fia. 6.2). 

However, for moSt of the spcdmens, 0... Ylricd with confininl PftU&n to a power less 

tb&n o • .s. usually 0.3S to 0.4. wUh IUJhct values bcina usocialcd with lhc more coarse 

pained soils. Specimens 4STI I and 4STI4 wen: obcaincd from depths below the pouftd 

water table and exhibited much lower lhcar moduJ1 (Fis. 6.20). Tb1s sugats that decree 

ol uturadon hu 1 slpl(acan& inllucnec on shear modulus of these soils. It wu also 

96 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 6.1 Maximum Shear Modulus and Minimum Damping on t!le Basis of 

Soil Types 
c Us s u. 

RC...t 0.9 • 1.5 40.7 I.JI 2,11 17 57 43 14 10.3 61.7 

MH RC·5 0.9. 1.5 41.9 1.35 2.11 17 57 43 14 103 61.7 
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Table 6.1 Continued 

Sail Sp. Dcpdl W/C • 0. s LL PL PI Sud Silt Clay Con. Gmu Dmin 
Tn- No. Pr • 

.. (USC$)_ (m) ('I.) (ini) ('I.) ('I.) ('1.) ('fp) (kPa}_ (MPa)_ ('1.) 

lSTI9 0.9- l.S 26.2 1.01 2.69 69.8 . . NP 35.6 40.4 24 25 63.71 1.27 
so 76.36 1.91 
100 88.8S 2.75 
25 65.55 2.67 

.lSTIIl 0.9. 1.5 Z9.6 1.14 2.71 70.6 . . NP 36 44 20 so 68.31 2.26 
2STIIO 

! 0.9. "' 29.6 1.12 2.75 72.9 . . NP •0.6 41.4 15 100 97.61 2.50 
3STI2 1.2. J.l 23.9 1.32 2.75 49.7 29 . NP 46.1 41.2 5 25 33.31 1.96 

SM·ML so 42.76 2.12 
100 57.17 1.97 

lSTI21 1.2 ~ 1.1 22.9 1.24 I 27S S0.6 29 . NP 46.1 41.2 s 25 34.52 1.62 
IC·I 0.8. 1.3 24.6 0.11) 2.74 75 41 40 • 52 25 23 25 43.42 3.90 

so 67.15 3.40 
100 89.41 4.00 

IC·l OJ· 1.3 JO.S LOO 2.74 84 41 40 I 52 25 23 25 43.01 4.50 
50 66.69 3.70 
100 15.15 3.40 

SM 

10.4 11.1 

14.7 9.1 
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observed that upo!l unloading, Gmax was slightly higher at the same confining pressure 

(specimens 3ST#l2 and 2ST#9). 

Table 6.2 Values of the Constants and Square of Coefficient of Regression for the Model 

ofGmax. 

Soil Type r q R2 (%) 

MH 8.87 0.342 96.2 

ML 9.31 0.395 98.9 

SM-ML 12.60 0.413 99.8 

SM 18.23 0.395 98.8 

6.2.2 Shear modulus as a function of confining pressure, shear strain, and soil type 

For all specimens tested, shear moduli at various shear strain amplitudes were 

obtained. The value of shear modulus obtained by torsional shear tests is reported as the 

average for all the cycles of applied. Shear moduli at higher shear strain amplitudes were 

normalized with respect to Gmax (measured at y<0.001 %) for respective specimens. Figure 

6.4 shows the decrease in this nonnalized shear modulus with increasing shear strain 

amplitude at the three confining pressures on the basis of soil type. All the values of 

normalized shear modulus fall into a narrow band. Thus, if Gmax is estimated or measured 

in the field, the shear modulus at any higher shear strain amplitude can be reasonably 

estimated. The threshold strain (shear strain below which G is almost equal to GIDM) for 
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these residual soils was observed to be in the range of 0.001 to 0.002%. It was also 

observed that· at same shear strain amplitude, nonnalized shear modulus for SM is lower 

than that for MH. This suggests that the normalized shear modulus of coarse grained soils 

decays at a faster rate with increase in the shear strain amplitude. 

The data presented in Fig. 6.4 were modeled using best fit curve by least square 

method at the three confining pressures for each soil type. The curves represent 

normalized shear modulus (on a linear scale) plotted against shear strain amplitude (in 

percent) on a logarithmic scale. The object function for the best fit curves is : 

(6.8) 

where 'Y = shear strain amplitude in percent. The values of the constants p., fh, (}3, and 

square of coefficient of regression (Rz) are presented in Table 6.3. 

From Fig. 6.4, it can be observed that these models represents the data reasonably 

well. Further, in general, the nonnalized shear modulus curves shift to the right as 

confining pressure increases with the shape of these curves remaining almost the same. 

Similar results have been reported by Stokoe et al. (1980) for offshore soils (clayey silts 

and silty clays). 
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Table 6.3 Values of the Constants and Square of Coefficient of Regression for the 

Normalized Shear Strain Modulus Model (Eq. 6.8) 

Soil Type Confming J31 J32 J33 Rl 
Pressure (kPa) (%) 

25 733 1.43 0.28 97.1 

MH 50 120 1.19 0.40 97.0 

100 101 1.17 0.37 94.5 

25 1.13e+4 1.76 0.18 94.6 

ML 50 1.47e+4 1.73 0.17 95.4 

100 9.50e+3 1.65 0.14 94.0 

25 530 1.23 0.35 97.8 

SM-ML 50 235 1.14 0.42 96.4 

100 54 0.97 0.54 95.2 

25 7.63e+3 1.47 0.24 99.9 

SM 50 5.0le+3 1.43 0.22 97.8 

100 617 1.12 0.25 98.0 

6.2.3 Comparison with other studies 

The results of all tests performed in this study are plotted in Fig. 6.5. For 

comparison purposes, results from Seed and Idriss (1970}, Stokoe and Lodde (1978}, 

Isenhower (1979), and Stokoe et al. (1980) have also been included Seed and ldriss 

presented results for sands and saturated clays, Stokoe and Lodde and Isenhower 

conducted tests on San Francisco Bay Mud, and Stokoe et al. reported these median 

curves for tests conducted on offshore marine soils (clayey silts to silty clays). It can be 
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Figure 6.5 

Stokoe et at. (1980) 

Isenhower (1979) 

I 

0.001 0.01 0.1 

SHEAR STRAIN AMPLITUDE (%) 

-----, 

Seed·tdriss (1970) 
(Saturated Clays) 

Seed·tdrisa (1970) 

(Sands) \ 

All Tests in This Study 

0.001 0.01 0.1 

SHEAR STRAIN AMPLITUDE {0/o) 

Comparison of All the Test Results in this Study with Other 
Studies in the Literature 
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observed that the nonnalized shear modulus and damping of piedmont residual soils are in 

the same range as reponed by other authors. 

6.2.4 Modeling of material damping 

The minimum damping ratio values for all the specimens tested in this study are 

presented in Table 6.1. These damping ratio values were obtained by resonant column 

tests at shear strain amplitudes less than 0.001%. It was observed that the influence of 

confming pressure is less pronounced on damping ratio than on shear modulus. 

Figure 6.6 shows the damping values obtained at various shear strain amplitudes 

for all the specimens tested on the basis of soil type. Hysteretic damping ratios ( obtained 

by torsional shear tests) reported he1e are those obtained for the first fe~ cycles of 

loading. The damping values increased with increase in shear strain amplitude. The 

influence of shear strain amplitude is more pronoWlced on damping ratio than it is on shear 

modulus. The threshold shear strain for these residual soils was observed to be around 

0.0005 to 0.001%. For all the test data in Fig. 6.6, the dashed lines show the approximate 

upper bound and lower bound whereas the solid line represents the average relationship. 

This average rehationship should provide damping ratio values for piedmont residual soils 

with sufficient accuracy for many practical purposes. 

The nonnallzed shear modulus and damping ratio versus shear strain amplitude 

plots are shown in Fig. 6.4 and Fig. 6.6, respectively. Comparing these two fiaures. the 

damping ratio data are seen to be more scattered than that of normalized shear modulus. 

A very interesting relationship between the normalized shear modulus and the damping 
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ratio can be presented by plotting these two values in one figure. All the data point fall in 

a reladvely narrow band as shown in Fig. 6. 7, and the best fit curve, obtained by the least 

square method, can be expressed as: 

(6.9) 

It was observed that the confinins pressure does not have an affect on the damping ratio 

and nonnallzed shear modulus relationship. Also, the four typeS of residual soil tested, 

MH, ML, SM-ML, and SM have almost the same best ftt curves. Therefore. Equation (4) 

can be UJCd to estimate the dampins ratio from the normalized shear modulus at any pven 

shear IU'ain amplitude. The relationship between the nonnallzed shear modulus and shear 

sualn amplitude are well defined by Seed (.1970), Hardin and Dmevich(1972) for sands 

and clay, and residual soils in this research. It is usually difficult to establish a model to 

express the ndadonship between the dampina ratio and shear strain amplitude direcdy, 

because the data points are very scattered. It appears that the relationship between 

nonna1ized shear modulus and dampina ratio can be conveniendy used u a bridp to 

calculate dampina from the model of normalized shear modulus. 

Fipre 6.8 shows the relationship between normalized shear modulus and dampina 

ratio obuined from our research and that reported in the literature. In pneral, these 

results sugest that the dynamic behavior of these residual soils is intennediate of that 

exhibited by sands and clays ... the normalized shear modulus decreases and dampina ratio 

increases at a rate faster than that for clays but slower than that exhibited by sands. 
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6.3 Verification of Dynamic Settlement Model 

From the torsional shear test results, the volume change caused by static isotropic 

consolidation and that resulting from dynamic torsional shear are considered separately. 

The dynamic volumettic strain can be expressed as a function of confining pressure, shear 

strain amplitude and number of cycles for different soil types. This relation can be 

modeled by rearession method as : 

AEN~ •a('y -y c )(log N)• (6.10) 

where A£• is the dynamic volumetric strain under N cycles of torsional shear, factors a· 

and b are functions of soil type and confining pressure, 'Ye is the threshold shear strain 

amplitUde (in ~) of the specimen at each contininl pressure and 1 is the current shear 

strain amplitude (in %). If the shear strain amplitude is below let dynamic setdement is 

unlikely to happen. 

A comparison between meuured and modeled test results for specimens 6STI2, 

6STI2A and 6ST14 are plotted in Fia. 6.9. Fig. 6.10. and Fig. 6.11, respectively. Factors 

used in modelinl the dynamic settlement are listed in Table 6.4. 

Figure 6.12 shows the dynamic volumettic strain venus shear strain amplitude at 

1000 cycles. For the same number of cycles, the dynamic volumetric strain increases 

linearly with shear strain amplitude. The data are plotted in conjunction with best-fit linear 

functions. In addition. dynamic densif1eation is seen to decrease with increasing of the 

conrminJ pressure. 

111 



0.0000~~=~~~ E ~~~AR STAAl 
·0.0002 AMPLUTUDE (o/o) 

• 0.007 
·0.0004 

• 0.013 

• 0.029 

• 0.052 

• 0.092 12.5 Kpa 

25Kpa 

10 
0.0000 

• 0.010 

·0.0008 • 0.029 

• 0.044 50Kpa 

10 100 1000 

NUMBER OF CYCLES 

PiJW'C 6.9 Modelin& of Dynamic Volumetric Slnlin as a Function of Shear 
Strain Amplitude and Number of Cycles for Specimen 6STI2 

112 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0.0000 

SHEAR STRAIN 
·0.0002 MPLITUDE 0/e) 

• 0.006 
·0.0004 

• 0.01 
z 

~ 
..0.0006 .. 0.033 • 

• 0.051 

en ..0.0008 
• 0.083 

(..) 12.5 Kpa - ·0.0010 

~ 1 10 100 1000 

0.0000 
::E 
:::;) HEAR STRAIN __, ..O.U002 

~ 
AMPLITUDE %} 

..0.0004 • 0.004 
(..) • 
:i • 0.008 

·0.0008 

~ .. 0.025 

> ..0.0008 • 0.045 
0 

• 0.087 25Kpa 
·0.0010 

10 100 1000 

NUMBER OF CYCLES 

Plpre 6.10 Modelinl of Dynamic Volumetric Strain u a Function of Shear 
Suain Amplitude and Number of Cycles for Specimen 6STI2A 

113 



• 0.031 • 

.. 0.058 

• 0.199 25 KPA 

10 100 1000 
NUMBER OF CYCLES 

Fipre 6.11 ModelinJ of Dynamic Volumetric Strain as a Function of Shear 
Strain Amplitude and Number of Cycles for Specimen 6STI4 

z 
~ 0.0000 r~-===;;;;:===-------1 

~ ..0.0005 

~ 
:E ·0.0010 
3 
g 
0 ·0.0015 

• 

CONFINING 
PRESSURE 

• 12.5Kpa 

• 25Kpa 

12.5Kpa 

25Kpa 

6ST#2A ~ > ..0.00~ ~_.--~._~_.~._--~--~--~~~--~~~ 
c 0.00 0.02 0.04 0.06 0.08 0.10 

SHEAR STRAIN AMPLITUDE (0/o) 

Fipre 6.12 Dynamic Volumelric Strain Venus Shear Strain Amplitude at 
1000 Cycles for Specimen 6ST##2A 

114 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 6.4 Modeling of Dynamic Settlement for Sa.-nples Obtain from Site 1 (Selma, NC) 

Specimen 6ST#2 A 6ST#2 6ST#4 

Factors a b Ye{%) a b Yc{%) a b Ye(%} 

Confinim~ Pressure 
12.5 (kPa) 0.00152 1.6 6.29e-3 0.00122 1.6 1.92e-3 

25.0 (kPa) 0.00097 1.6 5.85e-3 0.00122 1.6 1.00e-3 0.00256 1.6 2.97e-3 

50.0 (kPa) 0.00210 1.6 8.83e-3 

6.4 Comparison between Experimental Results and Model Predictions 

The dynamic settlement in the field tests was monitored using the extensometer 

system described in Chapter 4. The dynamic volumetric strain of specimens was measured 

in laboratory. torsional shear tests and modeled according to Eq. 6.10. The analytical 

model presented in Section 6.3 can be used to calculate the foundation settlement under 

construction induced vibration based on soil properties resulting from laboratory test. 

For the field verification test at Selma, NC, the peak particle velocities recorded by 

surface 3-D geophone are listed in table 4.4. These vibration records obtained at the same 

distance from the source as was the extensometer. The average peik particle velocity 

(vector sum of velocities in three directions) induced by Pile B driving was 18.2 mrn/sec 

with a standard deviation of 7.6 mm/sec. At 95% confidence level, the peak particle 

velocity would therefore be 33.4 mm/sec. In the following analysis, both the average 

veiocity and velocity for 95% confidence level are considered 
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To prepare the input data for the analytical program, CVIS, the dominant vibration 

frequency was selected to be 30.5 Hz, as measured in the field. As presented in Chapter 

4, the Rayleigh wave velocity was detennined in the field to be 142m/sec. Thus, the shear 

~ . 

wave velocity can be calculated as V s= _R_ = 154.6 (m I sec). It was asswned that the 
0.919 

vibration amplitudes are the same for each pile strike and that the total number of blows 

was 400. The soil profile was divided into three layers of thickness 2m, 2.5m and 3m, in 

which the dynamic soil properties were representf!d by specimens as listed in Table 6.5. 

Table 6.5 Calculation of Dynamic Settlement on Site 1 (Selma, NC) 

Layer 1 Layer2 Layer 3 

Depth (m) 0.0-2.0 2.0-4.5 4.5-7.5 

Specimen Number 6ST#2A 6ST#2 6ST#2 

Average Amplitude Shear Strain Amplitude (%) 0.012 0.0056 0.0012 

18.2 (mm/sec) Settlement (mm) 0.06 0 0 

95% Amplitude Shear Strain Amplitude (%) 0.023 0.011 0.002 

33.4 (mm/sec) Settlement (mm) 0.26 0.03 0 

The shear strain amplitude and dynamic settlement were calculated by using the 

program, CVIS, with the values provided in Table 6.5. Under the pile ch;ving induced 

vibration, the cumulative ground surface settlement is 0.06 nun and 0.29 nun for the 

average and 95% confidence ground vibration, respectively. 
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The ground surface settlement and the settlement with depth within the soil profile 

were monitored by the extensometer. No significant settlement on the ground surface or 

within the soil profile was measured. The resolution of the extensometer is 2 mm 

Detailed records of measurement can be found in Section 4.1. 

The pile driving induced settlement in the field verification test was very small. 

The previous analysis shows that the model prediction based on laboratory tests and field 

measured settlement was in good agreement. The very small magnitude of both measured 

and predicted settlement are the result of several factors: (1) the soil at the test site has a 

relatively high shear modulus. Thus, the soil defonnation (i.e. the shear strain amplitude) 

was correspondingly small and (2) the average peak particle velocity recorded was only 

18.2 mm/sec at the distance of 2.4 m from the pile; of cause large energy level and 

increased number of hammer blows would be expected to produce increased settlement 

Compared with the settlement prediction in Chapter 3 before the field test, the 

post-test settlement predictions presented in Table 6.5 based on actual resonant column I 

torsional sheur test data on site specific specimens are smaller. Tills is because the soil in 

the test site was found more stiff than that initially anticipated. The shear modulus of 

specimen 6ST#2 is 50% higher than that of 3ST#8, upon which the pre-test prediction in 

Chapter 3 was based. Further more, the vibration amplitude and number of pile driving 

blows were smaller in the field test than that estimated prior to the test The settlement 

measured in the field agreed well with that calculated by our proposed analytical model. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The objective of this research described in the report was to provide field 

verification of an analytical model developed to predict ground surface settlement due to 

construction induced vibrations. · This work was performed as a second phase to a 

previous project entitled "Construction Induced Vibrations" conducted during 1992 and 

1994. 

Three test sites with residual soil proflle were investigated. At one of the sites, in 

Selma, North Carolina, settlement of the residual soil profile was measured during pile 

driving. In addition, the char~cteristics of the vibration source, as well as the wave 

propagation behavior were monitored. Laboratory resonant column and torsional shear 

tests were perfom.ed on samples obtained from the site. Predicted settlement based on an 

laboratory densi.fication behavior compared well with that measured in the field 

The vibration attenuation and dynamic densification within the residual soil profile 

were investigated for the f:trst time. The following specific conclusions can be derived 

from the research work: 

• Vibration attenuation with distance on the ground surface can be conservatively 

estimated by Rayleigh wave theory. 
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• Attenuation of both vertical and horizontal vibration components as a function of 

depth in the soil profile agrees well with Eq. 6. 6. 

• By using the proposed analytical model and existing data base, the predicted vibration 

induced settlement on the g:ound surface before the field test coincided with that 

measured 

• Laboratory resonant column and torsional shear tests were performed on specimens 

obtained from the test site. The post-test settlement prediction based on these 

laboratory data also agreed well with the field observation. The analytical model was 

shown to provide a conservative estimate of ground surface settlement. 

• The dominant vibration frequency monitored during pile driving was around 30 Hz. 

• The Rayleigh wave velocity ineasured during the test agreed well with that obtained 

from resonant column test results. This suggests that the propagation of Rayleigh 

wave can be predicted based on laboratory test l'esults. 

119 



CHAPTERS 

IMPLEMENTATION AND TECHNOLOGY TRANSFER 

The researeh do~umentcd in this repon and repon FHW A/NC/94-CXYT has resulted 

in the development of a procedure for predicting the around surface settlement induced by 

construction vibrations. This procedure is outlined below: 

1. The source characteristics of construction induced vibrations can be detennined 

from field measurement or literature, such as plotted in Fig. 8.1 or Fig 8.2 (FiJ. 2.1 

and FiJ. 6.1). These characteristics include vibration amplitude, number of events 

(i.e., number of pile drivinl blows, number of tn'ck passes, etc.), and dominant 

frequency. 

2. The peak particle velocity on the JI'Ound surface at the site of the building 

foundation can be obtained by field measurement, or RayleiJh wave attenuation 

theory (Eq. 8.1 [Eq. 6.3 bi.r] or Eq. 8.4 [Eq. 6.S bls]). For a point source, like 

pile drivins near the around smface, the surface vibration amplitude can be 

expressed as : 

A·~(;f exp(-a(r-r1)] (8.1)(6.3 bis) 
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where A is the amplitude of particle velocity at a distance r from the source, A
1 

is 

the amplitude of particle velocity at a reference point, at a distance rh from the 

source, and a denotes the coefficient of material damping. The coefficient of 

material damping, a, can be obtained from field measurements or can be calculated 

by: 

a = _21t_.f ..... D_ 
v, (8.2)(6.4 bis) 

where I is the vibration frequency, V1 is the Rayleigh wave velocity and D is the 

material damping ratio, which can be obtained from Eq 8.3 (6.9 bis). · 

(8.3)(6.9 bis) 

For a finite line soW'Ce (i.e., bulldozer, pan and truck) , the surface vibration 

amplitude at a distance r from the soun:e can be expressed as : 

L -+r, 
A=A1 ~ exp[-a(r-r1)] 

-+r 
1t 

where L is the length of the soun:e. 

(8.4)(6.5 bis) 

3. The equivalent number of cycles of each event can be estimated by field time 

history records or by the simplitied method proposed in the research report 

14HWA/MC/94-007; Two computer progams, TRUCKPAS and BULLD, can 

calculate the equivalent number of cycles for trucks and bulldozers passing by, 
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respectively. It is necessary to emphasize that construction induced vibrations are 

very complicated and depend on type of equipment, road condition, operating 

condition of equipment, and soil profile. The best way to estimate the equivalent 

number of cycles is from field measurement and the simplified method only 

provides a preliminary estimate when field records are not available. 

4. The particle velocity amplitude at different depths (for example, 1.5 m, 3.0 m and 

6.0 m) can be calculated by the Rayleigh wave attenuation theory as: 

A ( -s.m.,! .;.o.7N.!) e •l366 -e a. + L732e A (8.5)(6.6 bis) 

where A, is the vibration amplitude at depth z, and 1 is the wave length of the 

RayleiJh wave. The peak panicle velocity decreases rapidly with depth. When the 

depth equals one Rayleigh wave length, the particle velocity amplitude is only 10% 

-201J of the ground surface amplitude. Below this depth, the magnitude of 

vibration induced settlement is unlikely to be significant The Rayleigh wave 

length of residual soil proflles is around Sm - 8m for the frequency ranging from 

15 Hz to 30 Ht.. 

S. The shear strain amplitude at different depths can be found by; 

(8.6)(2.5 bis) 
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The Rayleigh wave velocity, VR, can be calculated as a function of shear wave 

velocity and Poisson's ratio as shown in Fig. 2.10. By using an iteration procedure 

to obtain convergence of the relationship between "f-VR-V,-GJ\f as shown in Fig. 

8o3 (Fig 2.11 bis), the correct shear strain amplitude is obtained. 

I Calculating Shear Strain Amplitude j 

v,.-v. 

'Y• AIV,. 

Shear 
Strain 

Amplitude 

Fis. 8.3 The Flow Chart of Calculating the Shear Strain Amplitude. (Reprint 

of Fig. 2.11) 
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The shear modulus of residual soils is a function of shear strain amplitude, which 

can be expressed as: 

(8.7)(6.8 bis) 

where 'Y ~ shear sttain amplitude in percent The values of the constants p., ~. p3, 

and square of coefficient of ft;gtession (R2
) are presented in Table 8.1 (Table 6.3 

bis). 

Table 8.1 Values of the Constants and Square of Coefficient of Regression for the 

Normalized Shear Strain Modulus Model (Reprint of Table 6.3) 

SollType ConftninJ p, ~ p, Rz 
Pn:sswe (kPa) (if,) 

2$ 733 1.43 0.28 97.1 

MH so 120 1.19 0.40 97.0 

100 101 1.17 0.37 94.S 

2S 1.13e+4 1.76 0.18 94.6 

ML so 1.47c+4 1.73 0.17 9S.4 

100 9.S0e+3 1.6S 0.14 94.0 

2S 530 1.23 0.35 97.8 

SM-ML 50 235 1.14 9.42 96.4 

100 S4 0.97 O.S4 9S.2 

2S 7.63e+3 1.47 0.24 99.9 

SM so S.Ole+3 1.43 0.22 97.8 

100 617 1.12 0.25 98.0 
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The low shear strain amplitude or maximum shear modulus, (Gmax), is listed 

in Table 6.1 on the basis of soil type. The average maximum shear modulus, Gmax 

(MPa), is a function of the effective confining pressure (a c) for each type of 

residual soils, which is expressed as : 

(8.8)(6.7 bis) 

where p and q are constants presented in Table 8.2 (Table 6.2 bis) for each soil 

type. 

Table 8.2 Values of the Constants and Square of Coefficient of Rearession for the Model 

of Omax (Reprint of Table 6.2). 

SoU Type p q Rz (~) 

MH 8.87 0.342 96.2 

ML 9.31 0.395 98.9 

SM·ML 12.60 0.413 99.8 

SM 18.23 0.39S 98.8 

6. In each layer, tho dynamic settlement can be obtained as a function of the 

equivalent number of cycles at the appropristc shear strain amplitude from the 

following expression. 

(8.9)(2.8 bis) 
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where &vo, is the dynamic volumetric strain under N cycles of torsional shear, a 

and b are constants which depends only on the confining pressure and type of soil, 

'Yc is the threshold shear strain amplitude (in %) of the specimen at each confiDing 

pressure and y is the current shear strain amplitude (in % ). If the shear strain 

amplitude is below "fc, dynamic settlement is unlikely. By using the model (Eq. 8.9 

[Eq. 2.8 bu]), one can predict the settlement caused by cyclic shear strain. 

For the same kind of dynamic load (shear strain amplitude and number of 

cycles), the dynamic settlement is a function of the soil properties and confining 

pressure. The finer the particle size, the smaller is the observed settlement. Table 
. . 

8.3 (Table 2 . .5 bls) lists factors a, b, and 'Yc for different classifications of residual 

soil under confining pressures of 2S kPa, .SO k:Pa, and 100 k:Pa. When site-specific 

data is not available, one can match the soil at different depths to Table 8.3 (Table 

2.5 bu) by the nearest son classification and srain size distribution, and then select 

values for factors a, b, and Yeo 

7. Obtain the total vibnuion induced settlement by adding the settlement from each 

layer. 

A computer program, CVIS, was developed to. perform the analysis of the 

construction vibration induced settlement from step 4 through step 7. The user needs to 

follow steps 1, 2, 3, and provides the input data including the vibration amplitude on the 
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Table 8.3 Factors for the Dynamic Soil Densification Modeling (Reprint of Table 2.5) 

Type of Soil SM 
Specimen Number 4STtl4 
Factors a b 
Confining Pressure (Kpa) 

25 
50 0.00344 1.3 
100. 0.00333 1.7 

Tvoe of Soil UL 
Specimen Number 2STI3 
Factors a b 
Confinino Pressure· (Kpa) 

25 0.00534 1.5 
50 0.00232 1.8 
100 0.00112 3' 

Tvoe of Soil 
Specimen Number 
Factors 
Confinin 

0.3821 0.00136 
0.4001 0.00134 
0.4091 0.00192 

rc (%) a 

0.0052 0.00597 
0.0023 0.00242 

rc (%) 8 

0.0071 0.00144 
0.003 0.00111 

0.0121 0.0012 

0.4161 0.00412 
0.400 0.00405 
0.384 0.00448 

UL 
3STI3 
b rc (%) a 

0.002812 
1.75 0,00725 0.00113 

2.5 0.003 

UH 
3STt11B 
b rc (%) a 

1.6 0.00705 
1.6 0.004-49 9.9E-05 

2 0.0109 

ML 
3ST#8 
b rc(%J 

1 0.00683 
1.5 0.00375 

MH 
5ST#2 
b rc(%) 

3.5 0.01692 



ground surface, equivalent number of cycles, dominant frequency, as well as soil dynamic 

properties. Some example problems are included in Appendix 2.1 of Report 

FHW A/NC/94-0CYT with this program for different kinds of construction vibrations and 

different types of residual soils. 

The popularly used recommendations on allowable differential settlement of 

structures are provided in Table 8.4 (fable 2.6 bis) following the recommendations 

proposed by Skempton and MacDonald (1956) and Burland et al. (1977). It needs to be 

emphasized that the tolerable foundation settlement in this table is total settlement, i.e., 

settlement during and after construction. The construction vibration induced settlement is 

just o~e mechanism potentially responsible for post-construction settle.nent and therefore, 

the design criteria for detennining tolerable levels for this component must ~ based on 

engineering judgment 

Table 8.4 Guidelines for Tolerable Foundation Settlement (Reprint of Table 2.6) 

Sands Clayey Soils 

Isolated Foundation: 

Total Settlement 40nun 65mm 

Differential Settlement 25mm 40mm 

Relative Rotation 1/500 1!500 

Tilt Detennined in Design Determined in Design 

Raft Foundation: 

Total Settlement 40-65mm 65 mm-lOOmm 
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The field verification conducted as part of the work reported herein confirmed at 

one residual soil site that the predicted settlement due to pile driving was quite small and 

on the order of that predicted by the procedure outlined above. Increased confidence in 

the proposed approach will be enhanced by the evaluation of observed settlements at 

future sites. 
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A1.2 Data Summary of Torsional Shear Tests Results 
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SAMPLE: 6STII2 

INITIAL LENGTH 5.822 INCH 
INmAL DIAMETEF 2.873 INCH 

12.5Kpa SHEAR STRAIN AMPUTUDE {%1 
0.0069 

CYCLES LVOT 11 12 13 SETTLEMENl 
1 -6.842 0.459 0.443 0.417 0.00713 

50 -6.840 0.463 0.441 0.417 0.00728 
100 -6.840 0.463 0.441 0.417 0.00734 
200 -6.839 0.463 0.440 0.418 0.00739 
400 -6.839 0.462 0.440 0.417 0.00740 
600 -6.839 0.464 0.439 0.417 0.00741 
800 -6.838 0.463 0.439 0.417 0.00744 

_1000 -6.838 0.463 0.439 0.417 0.00747 

12.5Kpa SHEAR STRAIN AMPLITUDE(%) 
0.0289 

CYCLES LVDT 11 12113 SEITLEMENl 
1 -6.830 0.464 0.439' 0.417 0.00807 

50 -6.821 0.469 0.437 0.416 0.00875 
100 -6.818 0.469 0.435 0.416 0.00899 
200 -6.814 0.473 0.435 0.416 0.00927 
400 -6.811 0.474 0.435 0.416 0.00952 
600 -6.809 0.474 0.435 0.417 0.00966 
800 -6.808 0.474 0.435 0.416 0.00972 
1000 -6.807 0.474 _0.435 0.416 0.00981 

12.5Kpa 
0.0922 

CYCLES LVOT 11 12 13 SETILEMEN1 
1 -6.773 0.493 0.420 0.415 0.01242 

50 -6.170 0.494 0.417 0.414 0.01261 
100 -6.763 0.499 0.412 0.413 0.01315 
200 -6.749 0.505 0.405 0.413 0.01427 
400 -6.736 0.510 0.403 0.413 0.01520 
600 -6.731 0.512 0.401 0.413 0.01564 
800 -6.728 0.513 0.401 0.412 0.01588 
1000 -6.725 0.515 0.401 0.413 0.01607 

VERT.SllWfl 
-0.00122 
-0.00125 
-0.00126 
-0.00127 
-0.00127 
-0.00127 
-0.00128 
-0.00128 

VERT. STAAl" 
-0.00139 
-0.00150 
-0.00154 
-0.00159 
-0.00163 
-0.00166 
-0.00167 
-0.00169 

VERT. STRAit~ 
-0.00213 
-0.00217 
-0.00226 
-0.00245 
-0.00261 
-0.00269 
-0.00273 
-0.00276 

eO· 0.70 
vo. 37.74 INCHA3 Vs- 22.27 INCHA3 

0.0131 
HORISTRAIN Ewl LVDT 11 12 13 SETTLEMEN VERT. STRAit HORISTRAIN Evol 

-0.00239 -0.00600 -6.839 0.464 0.440 0.416 0.00741 -0.00127 -o.00238 -0.00603 
-0.00242 -0.00610 -6.837 0.464 0.439 0.416 0.00758 -0.00130 -0.00239 -0.00608 
-0.00241 -0.00608 -6.835 0.464 0.439 0.416 0.00768 -0.00132 -0.00239 -0.00609 
-0.00241 -0.00609 -6.834 0.464 0.439 0.417 0.00776 -0.00133 -o.00239 -o.00611 
-0.00237 -0.00601 -'3.832 0.464 0.439 0.417 0.00790 .0.00136 -o.00239 -0.006141 
-0.00240 -0.00601 -6.831 0.464 0.439 0.416 0.00799 -o.00137 -o.00239 -G.00614! 
-0.00238 -0.00603 -6.831 0.464 0.439 0.417 0.00799 -0.00137 -0.00239 -0.006151 
-0.00237 -0.00603 -6.831 0.464 0.439 0.417 0.00801 :().00138 ..0.00239 -0.00616 

0.0524 
HORISTRAIN Evol LVDT 11 12 13 SETTLEMEN VERT. STRAit HORISTRAIN Evol 

-0.00239 -0.00617 -6.808 0.474 0.435 0.416 0.00973 -0.00167 -0.002~& -0.00662 
-0.00242 -0.00635 -6.800 0.479 0.430 0.416 0.01037 -0.00178 -o.002-4_8 -0.00674 
-0.00239 -0.00633 -6.793 0.483 0.425 0.415 0.01089 -0.00187 -0.00243 -0.00673 
-0.00247 -0.00653 -6.786 0.487 0.420 0.415 0.01144 -0.00196 -o.00240 -o.00676 
-0.00248 -0.00660 -6.779 0.489 0.420 0.416 0.01193 -o.00205 -0.00244 -G.00692 
-0.00249 -0.00664 -s.m 0.490 0.420 0.415 0.01213 -0.00208 -o.00245 -o.00698 
-0.00248 -0.00663 -6.775 0.492 0.420 0.415 0.01228 -o.00211 -o.00246 -0.00703 
-0.00249 -0.00667 -6.774 0.492 a.41P 0.415 0.01236 -0.00212 ·.0.00247 -0.00707 

HORISTRAIN Evol 
-0.00250 -0.00713 
-0.00242 -0.00701 
-0.00239 -0.00705 
-0.00238 -0.00721 
-0.00243 -0.00748 
-0.00243 -0.00755 
-0.00243 -0.00758 
-0.00246 -0.00769 



----~----~~~---~---

SAMPLE: 6STI2 

25Kpa SHEAR STRAIN AMPLITUDE (%) 
0.0061 0.0123 

CYCLES LVDT 11 12 13 ,SETTLEMEN1 VERT. STRAit~ HORISTRAIN Evol LVDT 11 12 13 SETILEME~ VERT. STRAit HOAISTRAIN Evol 
1 -6.690 0.537 0.409 0.430 0.01871 -0.00321 -0.00346 -0.01013 -6.688 0.538 0.410 0.430 0.01890 -0.00325 -0.00346 -0.01017 

50 -6.689 0.537 0.410 0.430 0.01884 -0.00324 ·0.00347 -0.01017 -6.685 0.538 0.410 0.430 0.01908 -0.00328 -0.00348 -0.01023 
100 ·6.688 0.537 0.410 0.430 0.01888 -0.00324 -0.00345 ·0.01015 -6.686 0.538 0.410 0.430 0.01906 -0.00327 -0.00347 -0.01021 
200 -6.688 0.537 0.410 0.430 0.01887 -0.00324 -0.00346 -0.01017 -6.685 0.538 0.410 0.430 0.01909 -0.00328 -0.00347 -0.01021 
400 -6.688 0.537 0.409 0.430 0.01889 ·0.00324 -0.00346 -0.01017 -6.686 0.539 0.409 0.430 0.01905 -0.00327 -0.00349 -0.01024 
600 -6.688 0.538 0.410 0.430 0.01889 -0.00325 -0.00347 -0.01018 -6.685 0.538 0.410 0.430 0.01910 -0.00328 -0.00347 -0.010231 
800 -6.689 0.537 0.409 0.430 0.01889 -0.00324 -0.00346 -0.01016 -6.685 0.539 0.409 0.430 0.01914 -0.00329 -0.00348 -0.01025 
1000 -6.688 0.537 0.410 0.430 0.01886 -0.00324 -0.00347 -0.01017 -6.685 0.539 0.410 0.430 0.01911 -0.00328 -0.00349 -0.01027 

25Kpa SHEAR STRAIN AMPLITUDE(%) 
0.0260 0.0409 

CYCLES LVDT 11 i2 13 SETilEMENl VERT. STRAit~ HORISTRAIN Evol LVDT 11 #2 13 SETTLEMEN VERT. STRAit HORISTRAIN Evol 
1 -6.686 0.538 0.410 0.430 0.01902 -0.00327 -0.00348 -0.01023 -6.680 0.543 0.408 0.430 0.01951 -0.00335 -0.00354 -0.01043 

50 -6.683 0.541 0.410 0.4~9 0.01924 -0.00330 -0.00352 -0.01035 -6.678 0.544 0.407 0.430 0.01~63 -0.00337 -0.00353 -0.01042 

> I 

100 -6.682 0.541 0.409 0.429 0.01932 -0.00332 -0.00350 -0.01031 -6.676 0.545 0.407 0.429 0.01977 -0.00340 -0.00353 -0.01046 
200 -6.681 0.542 0.409 0.429 0.01938 -0.00333 -0.00351 -0.01036 -6.674 0.546 0.406 0.429 0.01993 -0.00342 -0.00354 ·0.01050 

00 400 -6.681 0.542 0.409 0.429 0.01945 ·0.00334 -0.00352 -0.01038 -6.673 0.547 0.405 0.430 0.02006 -0.00345 -0.00355 -0.01055 
600 -6.679 0.542 0.408 0.430 0.01955 -0.~336 -0.00352 -0.01039 -6.671 0.548 0.405 0.430 0.02022 -0.00347 -0.00356 -0.01060 
800 ·6.679 0.542 0.409 0.429 0.01958 -0.00336 -0.00352 -0.01040 -6.669 0.548 0.405 0.430 0.02033 -0.00349 -0.00357 -0.01064 
1000 -6.679 0._~3 ~08 0.430 0.01957 -0.00336 -0.00353 -0.01042 -6.668 0.548 0.405 0.431 0.02038 -0.00350 -0.00359 -0.01069 

25Kpa SHEAR STRAIN AMPLITUDE(%) 
0.0653 

CYCLES LVDT 11 12 13 SEn'lEMEN1 VERT. STRAit~ HORISTRAIN Evol 
1 -6.669 0.548 0.405 0.431 0.02034 -0.00349 -0.00358 -0.01065 

50 -6.666 0.550 0.404 0.430 0.02060 -0.00354 -0.00361 -0.01075 
100 -6.662 0.552 0.400 0.430 0.02083 -0.00358 -0.00356 -0.01069 
200 -6.658 0.556 0.399 0.431 0.02119 -0.00364 -0.00361 -0.01086 
400 -6.653 0.560 0.396 0.430 0.02155 -0.00370 -0.00362 -0.01094 
600 -6.650 0.561 0.394 0.431 0.02176 -0.00374 -0.00361 -0.01096 
800 -6.648 0.562 0.392 0.431 0.02193 -0.00377 -0.00358 -0.01093 
1000 -6.647 0.564 0.391_ 0.431 0.02201 -0.00378 -0.00361 -0.01100 



SAMPLE: 6STI2 

50Kpa SHEAR STRAIN AMPLITUDE {%) 
0.0043 0.0097 

CYCLES LVOT 11 112 13 SETTLEMEN1 VERT. STAAl~ HORISTRAIN Evol LVDT 11 #12 13 SETTLEMEN VERT. STRAir HORISTRAIN Evol 
1 -6.607 0.505 0.410 0.459 0.02504 -0.00430 -0.00522 -0.01474 -6.606 0.594 0.410 0.459 0.02516 -0.00432 -0.00522 -o.o14n 

50 -6.605 0.595 0.410 0.459 0.02523 -0.00433 -0.00523 -0.01480 -6.603 0.595 0.411 0.459 0.02537 -0.00436 -0.00523 -0.01481 
100 -6.605 0.594 0.411 0.459 0.02522 -0.00433 -0.00521 -0.01475 -6.602 0.595 0.410 0.459 0.02541 -0.00436 -0.00524 -0.01485 
200 -6.605 0.596 0.411 0.459 0.02523 -0.00433 -0.00525 -0.01482 -6.603 0.596 0.410 0.459 0.02537 -0.00436 -0.00524 -0.01484 
400 -6.604 0"595 0.410 0.459 0.02526 -0.00434 -0.00523 -0.01480 ~.602 0.596 0.410 0.459 0.02545 -0.00437 -0.00523 -0.01483 
600 -6.605 0.595 0.410 0.459 0.02523 -0.00433 -0.00524 -0.01481 -6.602 0.596 0.410 0.459 0.02544 -0.00437 -0.00524 -0.01486 
800 -6.604 0.595 0.410 0.459 0.02526 -0.00434 -0.00523 -0.('1479 -6.602 0.596 0.410 0.459 0.02546 -0.00437 -0.00524 -0.01486 
1000 -6.604 0.59~ 0.411 0.459 0.02527 -0.00434 -0.00524 -0.01482 -6.602 0.596 0.410 0.459 0.02544 -0.00437 -0.00524 -0.01485 

50Kpa SHEAR STRAIN AMPLITUDE 1%1 
0.0293 0.0440 

CYCLES LVOT 11 112 13 SETTLEMENl VERT. STAAl~ HORISTRAIN Evol LVOT 11 12 13 SETTLEMEN VEI=\T.STRAII HORISTRAiN Evol 
1 -6.603 0.596 0.410 0.459 0.02536 -0.00436 -0.00525 -0.01486 -6.585 0.604 0.407 0.459 0.02673 -0.00459 -0.00533 -0.01525 

50 -6.595 0.599 0.410 0.458 0.02593 -0.00445 -c.00527 -0.01500 -6.581 0.604 0.406 0.460 0.02702 -0.00464 -0.00532 -0.01523 

> I 

100 -6.593 0.600 0.410 0.458 0.02612 -0.00449 -0.00531 -0.01510 -6.580 0.605 0.406 0.460 0.02712 -0.00466 -0.00535 -0.01535 
200 -6.591 0.601 0.410 0.459 0.02631 -0.00452 -0.00532 -0.01517 -s.5n 0.605 0.405 0.460 0.02732 -0.00469 -0.00535 -0.01538 

\0 400 -6.588 0.601 0.410 0.459 0.02652 -0.00455 -0.00533 -0.01521 -6.573 0.607 0.404 0.461 0.02765 -0.00475 -0.00539 -0.01554 
GOO -6.586 0.601 0.408 0.459 0.02665 -0.00458 -0.00531 -0.01520 -6.571 0.610 0.404 0.461 0.02781 -0.00478 -0.00542 -0.01562 
800 -6.585 0.602 0.408 0.459 0.02673 -0.00459 -0.00532 -0.01522 -6.569 0.609 0.401 0.461 0.02794 -0.00480 -0.00536 -0.01552 
1000 -6.584 0.603 0.407 0.460 o.o26n -0.00460 -0.00533 -0.01526 -6.567 0.610 0.401 0.462 0.02808 -0.00482 -0.00538 -0.01559 



- ----- .. .. - ..... --- .... --

> I -0 

SAMPLE: 6STI2A 

INITIALLENGTH-5.795 INCH 
INITIAL OIAMETE 2.887 INCH 

12.5Kpa SHEAR STRAIN AMPLITUDE(%) 
0.0058 

CYCLES LVOT 11 12 13 SETTLEMENT 
1 -6.553 0.415 0.410 0.464 0.00503 

50 -6.551 0.415 0.407 0.464 0.00521 
100 -6.550 0.415 0.408 0.464 0.00523 
200 -6.550 0.415 0.407 0.464 0.00524 
400 -6.550 0.415 0.407 0.464 0.00527 
600 -6.549 0.415 0.407 0.464 0.00531 
BOO -6.549 0.415 0.40B 0.464 0.00534 
1000 -6.550 0.~15 0.407 0.464 0.00528 

12.5Kpa 
0.0335 

CYCLES LVOT 11 '2 13 SETTLEMENT 
1 -6.546 0.415 0.406 0.465 0.00553 
50 -6.531 0.415 0.405 0.467 0.00671 
100 -6.52B 0.416 0.404 0.467 0.00696 
200 -6.515 0.415 0.404 0.468 0.00792 
400 -6.527 0.416 0.404 0.468 0.00701 
600 -6.526 0.415 0.405 0.469 0.0070B 
BOO -6.523 0.415 0.404 0.469 0.00730 
1000 ~.510 0.415 0.404 0.469 O.OOB29 

12.5Kpa 0.0840 

VERT. STRAII"' 
-0.00087 
-0.00090 
-0.00090 
-0.00090 
-0.00091 
-0.00092 
-0.00092 
-0.00091 

VERT. STRAit~ 
-0.00095 
-0.00116 
-0.00120 
-0.00137 
-0.00121 
-0.00122 
-0.00126 
-0.00143 

CYCLES I LVOT 1#1 112 113 ISETTLEMENTIVERT. STAAl 
1 I -6.51010.4201 0.4001 0.4741 0.00830 I -0.00143 

50 I -6.5021 0.4231 0.3971 0.4711 O.OOB94 I -0.00154 
100 I -6.50210.4241 0.3961 0.4711 0.0088B I -0.00153 
200 I -6.49310.4251 0.3961 0.4711 0.00963 I -0.00166 
400 I -6.4B51 0.4261 0.3951 0.4721 0.0101B I -0.00176 
600 l-6.46910.4261 0.3971 0.4731 0.01143 I -0.00197 
800 1-6.47310.4261 0.3961 0.4731 0.01109 I -0.00191 
1000 1-6.46810.4261 0.3971 0.4741 0.01146 I -0.00198 

eO- 0.75 
vo. 37.93 INCHA Vs- 21.64 INCW3 

0.0102 
HORISTRAI~ Evol LVOT 11 12 13 SETTLEMEM VERT. STRAit HORISTRAIN Evol 

-0.00194 -0.00476 -6.550 0.415 0.407 0.464 0.00529 -0.00091 -0.00188 -0.00468 
-0.00189 -0.00468 -6.54B 0.415 0.407 0.464 0.00542 -0.00093 -0.6\188 -0.00470 
-0.00192 -0.00474 -6.548 0.415 0.406 0.464 0.00542 -0.00094 -0.00188 -0.00469 
-0.00189 -0.00469 -6.547 0.415 0.406 0.465 0.00546 -0.00094 -0.00189 -0.00471 
-0.00189 -0.00469 -6.546 0.415 0.406 0.465 0.00555 -0.00096 -0.00188 -0.00472 
-0.00189 -0.00470 -6.546 0.415 0.406 0.465 0.00556 -0.00096 -0.00188 -0.00471 
-0.00190 -0.00472 -6.546 0.415 0.406 0.465 0.00560 -0.00097 -0.00188 -0.00472 
-0.0018B -0.00467 -6.545 0.415 0.406 0.465 0.00562 -0.00097 -0.00189 -0.00474 

0.0513 
HORISTRAit Evol LVOT 11 12 13 SETTLEMENl VERT. STRAit~ HORISTRAIN Evol 

-0.0018B -0.00471 -6.525 0.415 0.405 0.469 0.00716 -0.00124 -0.00196 -0.00516 
-0.00192 -0.00499 -6.509 0.417 0.402 0.470 0.00835 -0.00144 -0.00196 -0.00536 
-0.00191 -0.00503 -6.511 0.419 0.400 0.470 0.00823 -0.00142 -0.00196 -0.00533 
-0.00192 -0.00521 -6.513 0.420 0.399 0.470 O.OOBOB -0.00139 -0.00196 -0.00532 
-0.00194 -0.00509 -6.508 0.421 0.399 0.471 0.00844 -0.00146 -0.00198 -0.00541 
-0.00195 -0.00512 -6.511 0.421 0.398 0.471 O.OOB25 -0.00142 -0.00198 -0.00538 
-0.00194 -0.00514 -6.509 0.421 0.39B 0.471 O.OOB35 -0.00144 -0.00199 -0.00541 
-0.00195 -0.00533 -6.509 0.421 0.398 0.471 O.OOB39 -0.00145 -0.00198 -0.00542 

Evol 
-0.00555 
-0.00555 
-0.00554 
-0.00566 
-0.00584 
-0.00612 
-0.00606 
-0.00619 



> 
I ...... ...... 

SAMPLE: 6STM2A 

25Kpa SHEAR STRAIN AMPUTUDEJ~ 
0.0037 

CYCLES LVDT 11 M2 13 SETTLEMENT VERT.STRA~ 
1 -6.441 0.415 0.429 0.497 0.01353 -0.00234 

50 -6.440 0.415 0.429 0.497 0.01362 -0.00235 
100 -6.440 0.415 0.430 0.497 0.01363 -0.00235 
200 -6.440 0.415 0.430 0.498 0.01363 -0.00235 
400 -6.440 0.415 0.429 0.497 0.01364 -0.00235 
600 -6.440 0.415 0.429 0.497 0.01365 -0.00236 
800 -6.440 0.415 0.430 0.497 0.01367 -0.00236 
1000- -6,4_40 CMt§ ~42P cJ».ru _!).013§.4~ ..___:0.0023_5~ 

25Kpa 
0.0247 

CYCLES LVDT 11 M2 13 SETTLEMENT VERT. STRAI" 
1 -6.440 0.415 0.430 0.498 0.01365 -0.00236 

50 -6.436 0.415 0.430 0.498 0.01395 -0.00241 
100 -6.436 0.415 0.430 0.498 0.01397 -0.00241 
200 -6.434 0.415 0.430 0.498 0.01406 -0.00243 
400 -6.434 0.415 0.430 0.499 0.01407 -0.00243 
600 -6.434 0.415 0.430 0.500 0.01408 -0.00243 
800 -6.429 0.416 0.428 0.500 0.01450 -0.00250 
1000 -6.434 0.415 J).4_3Q 0_.§~ 0.01407 -0.00243 

25Kpa 
0.0862 

CYCLES LVDT 11 M2 13 SETTLEMENT VERT. STRAil 
1 -6.430 0.415 0.430 0.503 0.01436 -0.00248 

50 -6.428 0.418 0.426 0.505 0.01454 -0.00251 
100 -6.423 0.421 0.423 0.505 0.01492 -0.00258 
200 -6.422 0.423 0.419 0.507 0.01500 -0.00259 
400 -6.416 0.423 0.418 0.509 0.01546 -0.00267 
600 -6.412 0.423 0.418 0.510 0.01576 -0.00272 
800 -6.410 0.423 0.418 0.511 0.01591 -0.00275 
1000 -6.407 0.423 0.417 0.511 0.01611 _j ---0.00279 

0.0078 
~· 

HORISTRAII Evol LVDT 11 i2 13 SETTLEMENl VERT. STRAft HORISTRAIN Evol _ 
-0.00309 -0.00852 -6.441 0.415 0.430 0.498 0.01356 -0.00234 -0.00313 .0.008591 
-0.00310 -0.00855 -6.439 0.415 0.430 0.498 0.01367 -0.00236 -0.00313 .0.00862 
-0.00311 -0.00857 -6.439 9.415 0.430 0.497 0.01372 -0.00237 -0.00311 -0.00859 
-0.00312 -0.00859 -6.439 0.415 0.430 0.498 0.01372 -0.00237 -0.00313 -0.00862 
-0.00309 -0.00854 -6.439 0.415 0.430 0.498 0.01373 -0.00237 -0.00313 ·0.00863 
-0.00309 -0.00854 -6.438 0.415 0.430 0.497 0.01375 -0.00237 -0.00313 .0.00862 
-0.00311 -0.00859 -6.438 0.415 0.430 0.497 0.0137G -0.00238 -0.00312 -0.00862' 

~--o,_0031L .0_._00851 .~ 1).4_15_ 0~3J! 0.491t 0.01373 -0.00237 -0.00313 -0.00863 

0.0445 
HOAISTRAit Evol LVDT 11 M2 13 SETTLEMENl VERT. STRAI~ HORISTRAIN Evol , 

-0.00312 -0.00859 -6.435 0.415 0.430 0.499 0.01400 -0.00242 -0.00317 -0.00875 
-0.00314 -0.00869 -6.435 0.416 0.428 0.500 0.01401 -0.00242 -0.00318 -o.oosn 
-0.00313 -0.00868 -6.434 0.416 0.429 0.500 0.01408 -0.00243 -0.00319 .0.00881' 
-0.00314 -0.00870 -6.433 0.415 0.429 0.501 0.01414 -0.00244 -0~0~~ -0.00882 
-0.00316 -0.00875 -6.432 0.415 0.430 0.501 0.01425 -0.00246 -0.00~20_ :0.00887 • 
-0.00317 -0.00878 -6.432 0.415 0.430 0.502 0.01424 -0.00246 -0.00323 -0.00892 
-0.00317 -0.00884 -6.431 0.415 0.430 0.502 0.01434 -0.00247 -0.00323 .0.00894 
-0.00317 -0.00878 -6.430 0.415 0.430 0.503 0.01440 -0.00249_~ -0.~325 - .0.@898 

HORISTRAit Evol 
-0.00326 -0.00899 
-0.00325 -0.00902 
-0.00325 -0.00908 
-0.00327 -0.009121 
-0.00330 -0.00926 
-0.00333 -0.00937 
-0.00335 -0.00944 
-0.00332 -0.0C)g43 



- .. 

> I ....... 
N 
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SAMPLE: 6STI4 

INITIAL LENGTH= 5.761 INCH 
INITIAL DIAMETEF 2.898 INCH 

.. .. 

25~ SHEAR STRAIN AMPLITUDE(%) 
0.0050 

CYCLES LVDT 11 12. 13 SETTLEMENT 
1 -5.782 0.420 0.473 0.444 0.00486 

10 -5.780 0.420 0.473 0.444 0.00500 
50 -5.780 0.419 0.474 0.443 0.00505 
100 -5.779 0.419 0.474 0.443 0.00511 
200 -5.779 0.419 0.474 0.443 0.00511 
400 -5.779 0.418 0.474 0.444 0.00513 
800 -5.778 0.418 0.474 0.443 0.00519 
100C -5.77{1 0.411 0-'474 0.444 0.00517 

25Kpa 
0.0580 

CYCLES LVDT 11 12 13 SETTLEMENT 
1 -5.759 0.409 0.488 0.449 0.00665 
10 -5.755 0.407 0.488 0.450 0.00691 
50 -5.745 0.403 0.493 0.452 0.00766 
100 -5.742 0.401 0.495 0.453 0.00791 
200 -5.739 0.400 0.497 0.455 0.00813 
400 -5.737 0.399 0.498 0.456 0.00830 
800 -5.735 0.398 0.498 0.457 0.00846 
1000 -5.714 0.399 0.498 0.457 0.00850 

-

VERT. STRAIN 
-0.00084 
-0.00087 
-0.00088 
-0.00089 
-0.00089 
-0.00089 
-0.00090 
-0.00090 

VERT. STRAIN 
-0.00115 
-0.00120 
-0.00133 
-0.00137 
-0.00141 
-0.00144 
-0.00147 
-0.00148 

- - ~- .. - - .. .. .. -

eD= 0.74 
VO= 38.01 lnchA3 Vs.= 21.84 lnch113 

0.0310 
HORISTFWN Evol LVDT 11 12 13 SETTLEMeNT VERT. STRAIN HORISTRAIN Evol 

-0.00398 -0.00881 -5.779 0.420 0.474 0.444 0.00512 -0.00089 -0.00400 -0.00889 
-0.00398 -0.00883 -5.771 0.415 0.479 0.447 0.00573 -0.00099 -0.00406 -0.00912 
-0.00397 -0.00881 -5.763 0.411 0.483 0.448 0.00629 -0.00109 -0.00412 -0.00933 
-0.00395 -0.00878 -5.762 0.410 0.483 0.448 0.00643 -0.00112 -0.00409 -0.00931 
-0.00397 -0.00882 -5.760 0.410 0.484 0.449 0.00655 -0.00114 -0.00413 -0.00939 
-0.00396 -0.00882 -5.759 0.409 0.486 0.449 0.00665 -0.00115 -0.00416 -0.00948 
-0.00396 -0.00882 -5.758 0.408 0.487 0.449 0.00671 -0.00116 -0.00419 -0.00954 
-0.00395 -0.00879 -5.757 0.408 0.488 0.450 0.00675 -0.00117 .o.oo_AUL -9~®955 

0.1990 
HORISTRAIN Evol LVDT 11 12 13 SETTLEMENT VERT. STRAIN HORISTRAIN Evol 

-O.OCM21 -0.00957 -5.723 0.391 0.508 0.464 0.00937 -0.00163 -0.00462 -0.01086 
-0.004~ -0.00960 -5.713 0.388 0.509 0.467 0.01014 -0.00176 -0.00464 -0.011051 
-0.01),.128 -0.00990 -5.699 0.383 0.508 0.475 0.01119 -0.00194 -0.00471 -0.01136 
-0.00430 -0.00997 -5.692 0.379 0.508 0.479 0.01170 -0.00203 -0.00474 -0.01151 
-0.00435 -0.01012 -5.684 0.377 0.506 0.484 0.01232 -0.00214 -0.00476 -0.01167 
-0.00439 -0.01022 -5.675 0.375 0.502 0.489 0.01304 -0.00:!26 -0.00476 -0.01179 
-0.00439 -0.01026 -5.667 0.372 0.500 0.495 0.01366 -0.00237 -0.00481 -0.01198 
-0.00440 -0.01028 -5.660 0.372 0.498 0.496 0.01417 -0.00246 -0.00480 -0.01207 
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CONSTRUCTION RELATED VIBRATIONS: 

FIELD VERIFICATION OF VffiRATION INDUCED SETTLEMENT MODEL 

I. RESEARCH OBJECTIVE 

The objective of the proposed research is to provide field verification of an 

analytical model for predicting ground surface settlerr1ent due to construction induced 
vibrations. In order to accomplish this verification, it is proposed that investigations will 

be perfonned at three sites representing a range of relevant soil conditions. Utilizing the 

database of resonant column/torsional shear data developed in the current project and a 
knowledge of the intended vibration sources, site geometry and test-footing loading 

conditions, pre-test predictions of settlement versus number of vibration source events 
(i.e. pile strikes, truck passes, etc.) will be made. Based on a comparison of predicted and 
measured particle velocity and settlement as a function of depth below the loaded 

footings, modifications to the existing model will be suggested as appropriate. 

ll. BACKGROUND 

In response to the need for a quantitative basis for evaluating the potential 

settlement of structures as the result of soil densification due to construction vibrations, a 

two-year investigation. Highway Research Project 93-7, was initiated on July 1, 1992. 

The objective of the on-going 2-year project on "Construction Related Vibrations" is to 

develop a procedure ior evaluating soil response to both impulse and steady state 
construction induced vibrations. Resonant column and torsional shear tests on a wide 

range . of soils including silty and clayey sands have been performed to develop an 

experimental data base. The settlement potential of these soils is being evaluated based on 
both frequency and amplitude response. Analytical modeling techniques are being 

developed to predict ground-surface settlement as a function of soil type and vibration 

source characteristics and location. 

On January 24, 1994, the project technical advisory committee met to review the 

progress to date and discuss the anticipated outcome of this research. As a result of this 

discussion and further discussions with the Division of Highways geotechnical engineering 
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staff and soils and foundations staff, and between Mr. Pat Strong, State Highway 

Research Engineer and Federal Highway Administration Division Office staff, it has 

generally been agreed that an additional phase of research needs be undertaken to provide 

verification of the analytical methods developed on actual construction projects. 

Accordingly, this work plan for an additional one-year investigation was developed. The 

following section provides a brief description on the accomplishments of the current 

project. 

m. STATUS OF CURRENT WORK 

A. Data B~se of Laboratory Resonant Column and Torsional Shear Tests 

To date, samples from sites along NC55 in Roclcinham county, Centennial 

Parkway in Raleigh, and US64 in Wake county have been obtained and tested. Sample 

characterization has included water content, specific gravity, grain size distribution and 

plasticity characteristics. The vibration induced settlement tests have concentrated on the 

influence of: 

1) number of cycles (for a given normal stress and amplitude of shear strain); 

2) amplitude of shear strain ( for a given value of normal stress and number of 

cycles); 

3) normal pressure ( for a given amplitude of shear strain and number of cycles); 

4) soil samples with different grain size distribution and densities recovered from 

different sites and at different depth; and, 

5)degree of soil saturation. 

Over 25 resonant column tests and torsional shear tests have been performed on 

specimens obtained from Shelby tube samples at depths ranging from 1 to 5 meters. The 

tests performed and the basic soil properties obtained are included in Table 3, and Fig. 1. 

In these tests, the threshold shear strain amplitude for dynamic settlement has been 

found to be on the order of 0.005% - 0.01% for these materials, with slightly larger values 

for the highest confining pressures, as shown in Fig. 2 and Fig. 3. Compared with the 

literature, this threshold shear strain is between the reported values for sand and clay. 

2 



Some typical results of vertical strain versus number of cycles under different 

cyclic torsional shear strain are plotted in Fig. 4 and 5. Fig. 6 presents the result of a long­

term test performed on sample 3ST#2L carried to nearly 200,000 cycles under a 25Kpa 

confming pressure. 

B. Development of Vibration Induced Senlement !v1odel 

The modeling of vibration induced settlement includes three major steps. The 

vibration energy and number of cycles are determined by the characteristics of the sources. 

The peak particle velocity, and therefore, shear strain amplitude in the soil profile is 

influenced by the attenuation of vibration waves. And, finally, the resulting soil 

densification is a function of the initial state of the material, the shear strain amplitude and 

number of cycles. 

1. Sources of Construction Vibrations 

Construction vibrations are of three rlifferent types: (1) transient or impact 

vibration; (2) steady-state or continuous; and (3) pseudo-steady-state vibrations. Examples 

of transient construction vibrations are those that occur from blasting with explosives, 

impact pile driving, demolition, and wrecking balls. Steady-state vibrations may be 

generated by vibratory pile drivers, large pumps used in jacking underground pipes, and 

compressors. Pseudo-steady-state vibrations are so called because they are of a rand9m 

nature or a series of impact vibrations that are at short enough intervals to approach 

essentially a steady-state condition. Examples of these are jackhammers, pavement 

breakers, trucks, and scrapers. The relative intensities of construction vibration are shown 

in Fig. 7. (Wiss, 1981) 

Some typical vibration data characteristics of vehicular induced ground motion 

were given by Bameich (1985) and Taniguchi (1979). The vibration amplitude and 

frequency are dependent on wheel base, speed of vehicle and road roughness. Frequencies 

are generally in the 3 to 30Hz range with most data in the range of 10 to 30Hz. The time 

history and Fourier spectra of a truck induced vibration are shown in Fig. 8 and Fig. 9 

respectively. Horizontal vibration amplitude is one-half to two-thirds of vertical amplitude 

in the same frequency range. 
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Dowding (1991) gave a comprehensive evaluation of pile driving vibrations. The 

dominant frequency of impact motion is dependent upon driving conditions and the pile 

and hammer properties, but will range between 10 and 50 Hz for typical hammers. 

Vibratory hammers produce ground motions at the hammer frequency, which typically is 

in the range between 15 to 30 Hz. 

The above data are needed in the field verification phase to enable proper selection 

of vibration monitoring instrumentation, i.e. geophones and data acquisition system 

characteristics. 

2. Attenuation 

Vibrations lose energy during wave propagation through gTOund. The decay of 

amplitudf: of vibrations with distance can be attributed to geometrical damping and 

material damping. From an evaluation of wave propagation theory and field tests reported 

in the literature, it has been concluded that for surface impacts such as trucks, heavy 

equipment and dynamic compaction, Rayleigh waves dominate the vibration transfer in the 

ground. For a point source, like pile driving near the ground surface, the surface vibration 

amplitude can be expressed as: 

I 

A= A,(;)' exp[ -n(r- 'i ;] (1) 

where A is the amplitude of particle velocity at a clistance r from the source, A1 is the 

amplitude of particle velocity at referent point, at a distance r 1 from the source, and a 
denotes the coefficient of material damping. The coefficiei'lt of material damping, a, can be 

obtained from field measurement or calculated by: 

(2) 

where f is the vibration frequency, VR is the Rayleigh wave velocity, and 11 is the material 

damping ratio which can be obtained from resonant column/torsional shear test. 

Frequency of traffic-induced vibrations is mainly detennined by ground soil conditions. 

Published results suggest that vibrations produced by large trucks (mass about 20 Mg or 

22 tons) have almost the same frequency as those produced by small trucks (mass about 
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IOMg). The damping ratio, n. depends on the shear strain amplitude and soil type, as 

shown in Fig. lOB for tests performed during the current project. 

Equation (1) is the wave attenuation expression for point source. However, 

bulldozers, pans and trucks are finite line sources for which the point source equation is 

not strictly valid. For this case, no exact solutions are available. Dr. Wahls, North Carolina 

State University, developed the following approximate analysis method in 1981 based on 

geometric damping and energy conservation theory: 

L -+r. 
A= A1 ~exp[ -a(r-r1 )] 

-+r 
1t 

(3) 

where L is t;he length of the source. This method agrees very well with data obtained from 

field tests performed in Wilmington, NC in 1981. 

Beneath the ground· surface, the peak particle velocity distribution can be 

calculated by Rayleigh wave propagation theory as shown in Fig. 11. The result~ng shear 

strain amplitude decreases rapidly with depth. When the depth equals one Rayleigh wave 

length, the particle velocity amplitude is only 10% -20% of the ground surface amplitude. 

Below this depth, the magnitude of vibration induced settlement is unlikely to be 

significant. For example, the ground vibration frequency caused by a loaded truck is in the 

range of 20 Hz to 30 Hz. The Rayleigh wave length of residual soil profile is around 5m -

7m in this frequency range. For this reason, cyclic torsional shear tests were performed 

using confining pressure less than 100 Kpa. From above analysis, it is clear that the wave 

attenuation depends on horizontal distance, depth, type of soil, and vibration amplitude. 

After peak particle velocity profile is obtained, the shear strain amplitude can 

therefore be calcu!ated as: 

A 
r=v-

R 

(4) 

The Rayleigh wave velocity can be calculated as a function of shear wave velocity and 

Passion's ratio. The shear wave velocity, V5 , can be obtained from shear modulus by Vs= 

(G/p) 112 and the shear modulus, G, can be found from our laboratory test results as a 
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function of shear strain amplitude and confining pressure, as shown in Fig. 1 OA. By using 
an iteration procedure, and when convergence of the relationship between y-VR-Vs-G-"f 

is achieved, the shear strain amplitude is obtained. Fig. 12 shows shear strain amplitude as 

a function of distance from the source at three different depths due to a loaded truck (20.0 

Mg) driving over an 18-mm plank at 60 km/hour. These results are based on the 

measured peak particle velocities as a function of depth reported in the literature at a 

particular site in Japan. As this is the only data of its kind known to be in the literature, the 

substantiation of this function should be a significant component of the field verification. 

3. Analytical Procedure 

After the peak particle velocity as a function of horizontal distance is obtained as 

described above, the soil profile can be divided into several sublayers and peak panicle 

velocity can be calculated as a function of depth. The shear strain distribution can then be 

obtained from the peak particle velocity profile. The resultant ground surface settlement 

will be calculated as the cumulative settlement of each of the layers. The relationship 

between densification and shear strain amplitude, number of cycles, and confining pressure 

have been detennined from the data base of resonant column and torsional shear tests. 

IV. NEED FOR FIELD VERIFICATION 

In the study of soil settlement during vibration, it becomes necessary to determine 

the equivalent number of significant uniform stress or strain cycles for construction 

vibrations that have an irregular time history. The effect of the stress or strain history on a 

given soil deposit should be same as the equivalent number of uniform cycles. The basic 

procedure included in developing the equivalent stress cycle method has been described by 

Seed et al (1975,1976,.1979) from the point of view of soil liquefaction during earthquake. 

Fig. 13 is generated using the results of the soil liquefaction study by simple shear tests. 

Equivalent numbers of uniform stress cycles for several earthquakes with 

magnitudes of 5.3 - 7.7 are shown in Fig. 14. Similar relations need to be developed to 

evaluate construction induced vibrations at different energy levels as explained above. 
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As shown in Fig. 15, vibratory ground motion during pile driving can be as high as 

100 rnm/sec within 1.5 m of the pile, but decreases rapidly to 25 mm/sec at 3 m. Dowding 

(1991) found that densification can extend approximately as far as the piling is long. 

Dowding (1991) noted that densification and thus settlement results from a 

complex combination of vibration amplitude, number of repetitions, soil properties, and 

position of the water table. "The number of repetitions or pulses depends upon the number 

of piles, their length, and the number of blows or vibratory cycles required per unit 

penetration." Even though the magnitude of single or short tenn vibration is not enough to 

result in a considerable settlement, long-term accumulative vibration effects may result in 

settlement causing damage to adjacent buildings and therefore must be investigated in 

order to establish safe design guidelines. In adclition, the ground motion attenuates very 

rapidly with distance from source. As a consequence, the differential settlement caused by 

differential ground motion is much more dangerous for building. It is needed to emphasize 

that all of the above cases concentrated on the settlement of sand. There is no published 

data describing the response of silty or clayey sandy, residual soils or slightly cemented 

soils under construction vibrations. 

V. PROPOSED FIELD VERIFICATION OF VIBRATION INDUCED 

SETTLEMENT MODEL 

In order to provide field verification of_ the vibration induced settlement model 

being developed under the current project, it is proposed that field studies be undertaken 

at possibly three field sites. At each site it is likely that basic soil classification data, 

including grain size distribution, water content, specific gravity, unit weight, etc., will 

already be available from NCDOT exploration. Accordingly, work at each site will 

involve: 

(I) Performance of laboratory resonant column/torsional shear tests on specimens 

obtained from Shelby tubes at depths of 0.5m, lm, 2m, 4m and 6m. These depths 

correspond to the proposed depths for particle velocity measurements. 

(2) Slabs of concrete, 1.2m x 1.2m by 0.3-m thick will be fanned and poured in the 

field. Each slab will be constructed with a 150·mm diameter hole in the center and liftin~ 

lugs on the perimeter. It is intended that two or three of these slabs will be stacked to 
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produce a ground surface pressure of 15 to 22 Kpa, commensurate with dead-load ground 

contact pressures in residential and lightly loaded structures, as shown in Fig. 16. 

(3) A location for the test footing (conceivably two could be used if site constraints 

permit) would be determined and settlement points installed at the ground surface and at 

depths of lm, 2m, 4m and 6m. After placement of the flrst slab over the telltails, elastic 

settlements could be measured due to the application of subsequent loads. 

(4) Adjacent to the footing location (approximately 2m away), geophones will be 

installed at the ground surface, and at depths of 0.5m, lm, 2m, 4m and 6m. (Fig. 16) 

(5) The introduction of construction vibrations will produce ground response. Particle 

velocity and settlement. as a function of depth below the loaded area, will be recorded via 

multi-channel data acquisition equipment as a function of time, 

Determination of appropriate construction sites for the experiments described as 

well as construction vibration sources will require input from NCDOT personnel and the 

NCSU research team, prior to making final decisions. 

Prior to the performance of tes·~s on any of the proposed sites, it will be necessary 

to select geophones with appropriate performance characteristics and natural frequency 

well bellow the wave propagation frequency, to calibrate the geophones and data 

acquisition instruments, and to calibrate the settlement measuring system. 

VI. EXPECTED RESULTS 

It is anticipated that the results of field tests proposed herein will produce data 

necessary to validate the vibration induced settlement model currently under development 

In addition to providing a direct comparison between model footing settlement and that 

predicted by the NCSU analytical procedure, the particle velocity versus depth data and 

particle velocity versus ground surface position data will provide a basis upon which to 

evaluate the basic assumptions incorporated into the model. The laboratory resonant 

column/torsional shear data from undisturbed specimens obtained at each of the sites will 

also provide validation of the material characterization model developed on North 

Carolina using over 25 tests from the current work and that reported in the literature. 
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Vll. SCHEDULE AND BUDGET 

It is anticipated that the proposed scope of work can be accomplished in the 12 

month period beginning on July 1, 1994 and concluding on June 30, 1995, as shown in 

Table 1. The estimated budget for the project is $39,271. as shown in Table 2. 
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Table I Proposed Project Schedule * 

lvtonths I 2 3 4 5 6 
I. Identification of Test Sites X 

2. Calibration of Field Instrumentation X 

3. Laboratory Resonant Column/ X X 
Torsional Shear Tests 

4. Perfonn Pre-test Prediction X X 

5. Installation of Instrumentation X X 
and Construction of Model Footing 

6. Monitor Field Vibrations X X X 
and Footing Settlements 

7. Interpretation of Field Data X X X X 

8. Evaluation of Model Performance X 

9. Draft Final Report 

IO.Final Repor1 Submission 

--- ----- ---- -

* Schedule is conceptual in nature, as actual schedule will need to be developed 
in conjunction with available drilling equipment, construction schedules, etc. 
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Table 2 Budget 
CENTER FOR TRANSPORTATION ENGINEERING STUDIES 

CONSTRUCTION RELATED VIBRATIONS: 

FIELD VERIFICATION OF VmRATION INDUCED SETTLEMENT MODEL 

1994 • 1995 BUDGET AUTHORIZATION 

Project: __ _ 

Budget Line Items 

Federal Aid Funding 

7/1/94-6/30/95 

1. PERSONNEL 

1-A Salaries and Wages 
(a) R. H. Borden (PI) Summer, 1 mo. 
(b) Grad. Res. Asst. Aca. Yr., Half-time 

Summer, 2-1/2 mos. 
full-time 

(c) Grad. Res. Asst. Summer, 2-1/2 mos. 
full-time 

1-B Fringe 1;3enefits (22.05% of PO 

1-C Fringe Benefits (0.4% of GRA) 

1-D Overhead (15% of total personnel) 

TOTAL PERSONNEL BUDGET 

2. TRAVEL 
2-A Mileage (1000 miles@ $0.21/mile) 
2-B Subsistence 

TOTAL TRAVEL BUDGET 

3. LABORATORY AND FIELD MATERIAL 
AND GENERAL SUPPLIES 

4. INSTRUMENTATION RENTAL 

5. PRINTING 

6. COMPUTING COSTS 

7. COMMUNICATIONS (Telephone and Mail) 

TOTAL BUDGET AUTiiORIZATION FOR PROJECT' 
(1994- 1995) 

$ 6,969 
16,100 

5,750 

1,537 

87 

4.323 

$34,766 

210 
_____Q 

$ 210 

2,500 

1,500 
-

200 

0 

_.22 

$39,271 
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Specimen Rcrrs Test Water Specific Void Degree of 
No. Pressure Content Gravity Ratio Saturation 

{Kpa) {%) (%} 

2ST#3 25 50',100 38.9 2.79 1.64 66.2 
2ST#5 so 100 14.8 2.60 0.79 48.4 
2ST#7 25 50 100 12.6 2.60 0.84 39.1 
2ST#8 100,50 15.0 2.60 0.87 45.0 
2ST#9 25.50,100 26.2 2.69 , .01 69.8 

2ST#10 100 29.6 2.75 1.12 72.9 
2ST#11 50 29.6 2.71 1.14 70.6 

Site 
2STI3 2STIIS,7&8 2STI9. 10&11 

Project: NCOOT 4 6321302 Project: NCOOT 4.6321302 Project: NCC:'JT 4.6321302 

Location: Centenmal Pa,_way, Ra~~igh Lccahon: Centennial Parttway, Raleigt Loc:atiOI\: Centennial Parttway, Raleigh 

Staton: 22+95, 30' L T Staton: 81+00, ·l· Station: 22+95, 31·33' L T 

Oeptn:3 ·5 a Depth: 5 • 9tt Depth: 3 ·5 tt 

Groundwater: NIA Groundwater: NIA Groundwater: NJA 
SaiT'Oies Obtained: 12/17192 Sarroles Obtained~ 12117192 Sarmles Obtained: 211 S'93 

Specimen RC/TS Test Water Specific Void Degree ot 
No. Pressure Content Gravity Ratio Saturation 

(Koa\ (%) (%) 
3ST#2 25.50.100 23.91 2.75 1.322 I 49.72 
'3ST~L 25 I 22.9 2.75 1.244 50.63 
3ST#3 50.100 26.82 2.67 , .136 63.04 
3ST#4 25.50.100 23.55 2.657 , . 167 53.6 
3ST~5L 25 18.42 2.694 1.162 42.69 . 
3STM6 50 100 19.5 2.746 0.931 57.54 
3STM3 . 25 50.100 22.79 2.72 1.236 50.16 
3ST#9 50 100 15.31 2.738 0.859 48.75 

3ST«t10L 25 34.78 2.759 1.423 67.45 
3STN12 25.50 100 50 35.62 2.723 1.432 67.72 

--..4STN1 50 100 16.65 

Site 
3ST«t1, 2, 3 & 4 3ST«t5,6, 7,8,9, 10,11&12 4ST«t1 

Project: NCOOT 6.~09003T Project: NCOOT 6.409003T Project: NCOOT S.T401704 

Loc:ation: US 64, Raleigh Location: US 64, Raleigh Location: US 64, Raleigh 

Station: 4+50, 70·75' LT Station: 4+00, 60' L T Station: 143+00, 2SO' LT 

O~th: 4.9 • 9.0 tt Depth: 2.9 • 8.0 tt Depth: 13.2 ·15.2 ft 

Groundwater: Nl A Groundwater: N/A Groundwater: N/A 

Sarn:lles Obtained: 5128193 Samoles Obtained: 712193 Sarn:lles Obtained: 11/22/93 

Table 3 Basic soil properties of the specimens analyzed 
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Fig. 8 Wave Motion Record ( 10 Mg truck. speed 60 km/hour, 18-mm block. vertical 

component) (Taniguchi, 1979) 

Fig. 9 Fourier Spectra (truck running speed 60 kmlbour) (Taniguchi, 1979) 
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CENTER FOR TRANSPORTATION ENGINEERING STUDIES 

CONSTRUCTION RELATED VIBRATIONS: 
FIELD VERIFICATION OF VIBRATION INDUCED SETTLEMENT MODEL 

1994-1995 BUDGET AUTHORIZATION 

Budget Line Items 

1. PERSONNEL 
1-A Salaries and Wages 

a) R. H. Borden (PI) 
b) Grad. Res. Asst. 

c) Grad. Res. Asst. 

Summer, 1 mo. 
Aca. Yr .• half-time 
Summer, 2-112 mos. 
full-time 
Summer, 2- :J2 mos. 
full-time 

1-B 

l·C 

Fringe Benefits {22.05% of PI) 

Fringe Benefits (0.4% of GRA) 

2. TRAVEL 
2-A Mileage (1000 miles@ $0.21/mile) 
2-B Subsistence 

TOTAL TRAVEL BUDGET 

3. LAB ORA TORY AND FIELD MATERIAL 
AND GENERAL SUPPLIES 

4. INSTRtTMENTATION RENTAL 

5. PRINTING 

6. COMPUTING COSTS 

7. COMMUNlCA TIONS (Telephone and Mail) 

8. OVERHEAD (lS% of tow budget) 

TOTAL BUDGET At.miORlZA TION FOR PROJECf 

~~ 
Director of CTES 

/."1 

Project Z3Z4l-~5- 5 
Federal Aid Funding 

7/1194-6/30/95 

$6,969 
16.100 

5,750 

1.537 

87 

210 
__Q 

s 210 

2,500 

1,500 

200 

0 

95 

$40.191 

§!n(ifr 
D te 

r;;fz 3 /tlf-
r D~te 

7-5-'14 
Date 

7-''1lf-' 
Date 

7/J/'14-
Date 
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Office of the Dean 
Box 7903 
Raleigh, NC 27695-1903 
{919) 515-2345 
FAX: (919) 515-2463 

North Carolina State University 
College of Engineering 

Research Programs 

MEMORANDUM 

TO: Sponsored Programs 
~ 

FROM: Emily Tate ?I' .. • ·a..t> ~ 
SUBJECT: ITRE Contracts 

DATE: July 15, 1994 

Please process awards for the attached signed contracts from 
ITRE as follows: 

Continuin~ Research Proiects 

Log46-0011 

Log46-0016 

Log46-0042 

Log46-0040 

Log46-0041 

Log46-0043 

Center for Transportation Engineering Studies and 
Technical Services 

A Comparative Study of Performance of Different 
Designs for Flexible Pavements 

Automation in Applying Reflective Pavement ~1arkers 

Jointless Bridge Decks 

Use of Large Stone Asphaltic Concrete in Overlays of 
Flexible Pavements 

Capacity and Delay in Major Freeway Construction 
Zones 

North Carolina State University i.s a 14nd-grant university and a constituent institution of The Univers-ity of North CarolinD. 
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Memo to Sponsored Programs 
Page 2 
July 15, 1994 

New Research Prn.iects 

Log43-0001 

Log43-0002 

Log43-0003 

Log43-0004 

Log43-0007 

Log43-0009 

Log43-0010 

Robotic Systems for Bridge 1\faintenance 

Design and Evaluation of Cold-Mix Recycled Pavements 

Development of Methodology for Testing Analysis and 
Validation of the Performance Based SHRP Asphalt 
Binder Specifications for North Carolina Asphalt 
Cements 

Statewide Calibration of Asphalt Temperature Study 
from 1992 and 1993 

Construction Related Vibration: Field Verification of 
Vibration Induced Settlement Model 

Determination of Effects of Fine Content from Crushed 
Concrete 

Procedure for Establishing No Passing Zones 

If you have any questions concerning these awards, please contact me. 

Attachments 

Enclosure 

----------------------------------------
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4-9-96 
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