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ABSTRACT 

Ground improvement by various means has been used increasingly in recent years to 

reduce the potential for liquefaction and lateral spreading of loose cohesionless to slightly 

cohesive soils. A number of deep densification techniques have been used, including 

vibrocompaction, vibro-replacement, deep dynamic compaction, penetration grouting, and 

compaction grouting. The Lorna Prieta earthquake has provided one of the first 

opportunities to evaluate the behavior of treated ground that has actually been subjected to 

significant seismic shaking. 

A comprehensive evaluation has been made of twelve sites where ground improve­

ment had been used prior to the Lorna Prieta earthquake. These sites included five on 

Treasure Island, two in Santa Cruz, and one each in Richmond, Emeryville, Bay Farm 

Island, Union City, and South San Francisco. The treatment methods that were used 

included vibro-replacement using stone columns, sand compaction piles, non-structural 

timber displacement piles, deep dynamic compaction, compaction grout, and chemical 

penetration grouting. 

For each site available information was collected and analyzed with respect to the 

type of structure or facility, initial soil conditions, the level of ground improvement required, 

treatment methods considered and selected, construction procedures and problems, level of 

improvement achieved, shaking at the site during the Lorna Prieta earthquake, and 

performance of the treated ground. At all but one of the sites the treated soil was a man­

made fill. The soil at seven of these was a hydraulic sand fill. The required depths of 

treatment were up to about 30 ft in most cases, with treatment to a depth of 40 ft specified 

for one of them. The maximum peak ground accelerations experienced at the sites ranged 

from a low of O.l1g at Marina Bay in Richmond and at the Kaiser Hospital in South San 

Francisco, to a high of 0.45g at the two sites in Santa Cruz. 

Without exception, there was little or no distress or damage due to ground shaking 

to either the improved ground or to the facilities and structures built upon it. In many cases, 

untreated ground adjacent to the improved ground cracked and/or settled, due primarily to 

liquefaction. In every case studied in which the ground accelerations were great enough that 



liquefaction of the untreated ground would be predicted to occur, it did occur. Together 

these results support the conclusions that (1) the procedures used for prediction of 

liquefaction were reliable, and (2) ground improvement is effective for mitigation of 

liquefaction risk. 

In assessing the results and their implications for the future, it is important to recall 

that the Lorna Prieta was of only moderate intensity and of unusually short duration. On 

average, each of the sites, except for those near the epicenter, experienced maximum ground 

accelerations of only about 25 to 75 percent of the design earthquakes that were used. How 

these sites will perform in an earthquake of greater local intensity and duration is not 

known; however, almost certainly soil liquefaction and related effects will be reduced in 

comparison to what will happen to the untreated ground. 
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INTRODUCTION 

As industrial and residential growth continues in and around the San Francisco Bay Area, 

building sites with adequate bearing capacity, acceptable settlement characteristics, and 

liquefaction resistance are becoming increasingly rare. Developers must now make use of 

land that was once considered poor or only marginally acceptable, and this is testing the 

ingenuity of geotechnical engineers to produce safe and economic structures and facilities. 

In areas underlain by deep layers of fill and/or soft or loose soils, shallow foundations are 

usually impractical, and the usual practice has been until recently to use the costly alternative 

of carrying the applied loads down to competent soils, either by piles or deep excavation. 

Now, however, ground improvement techniques are increasingly being used to physically 

improve the engineering properties of the ground in-situ, thus allowing facilities to 

constructed on relatively simple and lightly reinforced shallow foundations. 

In addition, during the past several years, various methods of soil stabilization or ground 

improvement have been used at several sites in and around the Bay Area specifically to 

mitigate the risk of damage to existing structures and other facilities due to liquefaction and 

other forms of ground distress caused by moderate to large earthquakes. 

It was found that none of the sites where soil improvement had been used experienced 

damage or distress as a result of the Lorna Prieta earthquake of October 17, 1989. While 

this provided evidence of the overall value of engineered fills and different ground treatment 

methods, it also provided a unique opportunity for a detailed study of the performance of 

improved soil sites that were subjected to various levels of ground shaking during the 

earthquake. 
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OBJECTIVE AND SCOPE 

The purpose of this study was to evaluate the performance during the Lorna Prieta 

earthquake of improved soil sites, and to develop an improved quantitative understanding 

of the relationship between treated soil properties and seismic performance. The 

information used in the study, mostly in the form of engineering reports, was collected 

primarily from several geotechnical engineering firms throughout the Bay Area, and the 

Naval Facilities Engineering Command. 

Twelve sites involving five different methods of soil improvement were studied. The sites 

studied, the soil types treated, and the treatment methods used are listed in Table 1. There 

are five projects located on Treasure Island, two in Santa Cruz, and one each in Richmond, 

Emeryville, Bay Farm Island, Union City, and South San Francisco. The specific project 

locations are shown in Fig. 1. 

For each case, as much information was collected and analyzed as was available concerning: 

1. The type of structures or facilities. 

2. The initial soil conditions. 

3. The level of improvement required. 

4. Treatment methods considered and selected. 

5. Analytical studies performed, if any. 

6. Construction methods and problems. 

7. Field control and evaluation. 

8. Performance of the site during the Lorna Prieta earthquake. 

The method of soil improvement is known in every case, as is the site performance during 

the Lorna Prieta earthquake. Where possible, the behavior of treated ground areas was 

compared with adjacent areas where ground improvement was not used. 

2 
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The intensity and bracketed durations l of shaking for accelerations greater than O.lg 

experienced at each site during the earthquake are listed in Table 2. These values were 

estimated based on information collected from the U.S. Geological Survey (USGS) and the 

California Division of Mines and Geology (CDMG). It may be seen that in all but one case 

the actual intensity of shaking during the Lorna Prieta earthquake was substantially less than 

the design value. Furthermore, the total duration of shaking was less than 15 seconds; about 

half that to be expected for a magnitude 7 earthquake. The bracketed durations for 

accelerations greater than O.lg were considerably less at all sites except those in Santa Cruz. 

Nevertheless, the ground motion was strong enough at most of the sites to cause liquefaction 

of untreated ground. For some of the sites, especially at Treasure Island, there is little 

specific information available concerning construction procedures, field testing, and 

evaluation of the final results. Many of the sites were treated during the late 1960's, and 

many project files are no longer available. 

GROUND IMPROVEMENT METHODS 

Brief descriptions of the different soil improvement methods that were used at the sites 

investigated are given below. More complete descriptions and details of the methods are 

given by Mitchell (1981), Welsh (1986), and Hausmann (1990). 

1. Vibro Stabilization Techniques - These methods for deep compaction of cohesionless 

soils are characterized by the insertion of a cylindrical shaped probe into the ground 

followed by compaction by vibration during withdrawal. In a number of the methods 

a granular backfill is added so that a sand or gravel column is left behind within a 

volume of sand compacted by vibration. Sinking of the probe to the desired 

treatment depth is usually accomplished by vibration, often supplemented by water 

jets at the tip. 

1 The bracketed duration is the elapsed time period between the first and last waves with accelerations 
greater than some specified value. 
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Vibrating Probes - The Terra Probe method, developed in the U.S.A., uses a Foster 

Vibro-driver pile hammer on top of a 2.5 ft diameter open tubular probe (pipe pile) 

that is 10 to 16.5 ft longer than the desired penetration depth. Other types of 

vibrating probes have recently been developed, including the "Vibro-Wing" and the 

"Tri-Star or Y-Probe" (Wightman, 1991). 

Vibro-Compaction (Vibroflotation) - This technique achieves good results in clean 

granular soils with less than about 15-20% fines. The action of the vibrator, usually 

accompanied by water jetting, reduces the inter-granular forces between the soil 

particles allowing them to move into a more compact configuration. After a certain 

time, the optimum configuration has been reached and the vibrator is raised a short 

distance and the procedure repeated. This increase in density is accompanied by a 

reduction in volume, which is compensated by backfilling the annulus around the 

vibrator with sand as it is withdrawn. In stratified soils where layers of soft cohesive 

material are present, the resulting column of compacted sand functions as compres­

sion and shear reinforcement. A graphic representation of this method is shown in 

Fig. 2. 

Vibro-Replacement (Stone Columns) - Vibro-Replacement is used in soils with a 

higher fines content (> 15-20%) than can be densified by vibroflotation, or even in 

clay soils where the strata do not respond satisfactorily to vibrations. 

Most stone column installations are made using the vibro-replacement method in a 

manner similar to vibrocompaction, as shown in Fig. 2. A probe is penetrated to the 

desired depth by vibration and jetting. Gravel backfill is dumped into the hole in 

increments of 1.5 to 2.5 ft and compacted by the vibrating probe which simultaneous­

ly displaces the material radially into the soil. The diameter of the resulting column 

can be estimated from the rock consumption. It will usually be in the range of 2 to 

3.5 ft. In the dry process, which is being increasingly used, a bottom feed system is 

7 
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Fig. 2 Vibroflotation and Vibro-Replacement: Equipment and Processes 
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employed in which the gravel or crushed rock backfill is discharged at the bottom of 

the hole through a pipe attached to the side of the vibroflot. 

Although clays and silts do not respond to vibration, the stone columns confine the 

soil thus increasing the bearing capacity and reducing settlement. In addition, in 

fine-grained liquefiable soils, besides stiffening the matrix, the stone column also acts 

as a vertical drain. Therefore, not only does this technique increase the relative 

density of the layers susceptible to liquefaction, but it also allows rapid dissipation of 

excess pore water pressures induced by earthquake loading. Also, the increased 

stiffness and shear resistance provided by the columns themselves create additional 

reinforcement of the soil mass. 

Dynamic Deep Compaction - This method involves repeated dropping of 10 to 40-ton 

weights onto the ground surface from heights of up to 120 feet in a grid pattern. An 

illustration of a typical grid pattern and representative equipment is shown in Fig. 3. 

Shockwaves created by the weight hitting the ground densify the soil by rearranging 

the particles into a more compact arrangement. This method is capable of achieving 

substantial improvement in the engineering properties of a wide range of soils 

including loose sands, mining spoils, collapsible soils, and construction rubble. 

Layers or large obstructions which could inhibit the penetration of vibrators will not 

affect the Dynamic Compaction method. This technique is typically limited to a 

maximum depth of improvement of about 40 feet. The major limitations of this 

method are the possible effects on nearby facilities of the vibrations, flying debris, and 

noise. This method is best employed in large open areas. 

2. Compaction Piles - Compaction piles densify the soil by displacement, as well as 

providing compression and shear reinforcement in soft soils. Two different types 

were used for projects covered by this report, sand compaction piles, and non-struct­

ural timber displacement piles. 

9 



Fig. 3 Illustration of Dynamic Deep Compaction 
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Sand Compaction Piles - In this method, a casing pipe is driven to the desired depth 

using a mandrel and then filled with sand. The pipe is withdrawn part way while 

compressed air is blown down inside the casing to hold the sand in place, and then 

the pipe is redriven down to compact the sand pile and enlarge its diameter. The 

process is repeated until the pipe reaches the ground surface. 

N on-Structural Timber Piles - With this method, non-structural timber piles are 

driven with a follower to a depth equal to the length of the pile. The soil surround­

ing the piles is compacted by displacement. The piles do not serve any structural 

function but remain in place permanently. This method is rarely used today. 

3. Grouting - Grouting is the injection of materials into voids in the soil, generally 

through boreholes and under pressure. A major advantage of grouting is that it can 

be used in small, difficult-to-access areas. Two grouting techniques were used in 

projects studied in this report, compaction grouting, and chemical grouting. 

Compaction Grouting - For sites where Dynamic Deep Compaction and vibratory 

techniques may be impractical, particularly those with deep layers of loose liquefiable 

soils, compaction grouting can be used to displace and densify the soil. Typically, a 

very stiff (1-2 inch slump) soil-cement-water mixture is injected into the soil, forming 

grout bulbs which displace and densify the surrounding ground, without penetrating 

the soil pores (see Figure 4). With slightly more fluid grout, thick fissures rather than 

bulbs may form; this is sometimes referred to as "squeeze grouting" (Hausmann, 

1990). 

Chemical Grouting - This technique for liquefaction potential mitigation is used 

mainly to stabilize foundation soils under existing structures. With this method, 

pressure injecting low-viscosity chemical grouts into granular soil pores forms a strong 

sandstone-like material (see Fig. 4). The cohesion added by the chemical grout 

provides increased bearing capacity as well as reducing liquefaction potential. This 

11 



method has proven less disruptive and more economical than underpinning in many 

cases (Hausmann, 1990). 

The choice between the various systems usually depends on the prevailing soil profile, 

environmental conditions, and cost. The presence of near surface ground water or soft 

fine-grained soils, and proximity to existing structures and utilities place constraints on what 

methods can be used. Figure 5 illustrates in general terms, the types of ground improvement 

that are useful relative to different soil particle size ranges. 

CASE HISTORIES 

TREASURE ISLAND - GENERAL 

Treasure Island is a man-made island in San Francisco Bay consisting of up to 50 feet of 

hydraulically placed sand fill over the natural bay deposits. A perimeter dike surrounds the 

island. A map of the island showing the relative locations of the five projects where ground 

improvement has been used is presented in Fig. 6. The effects of strong ground shaking 

during the Lorna Prieta earthquake were evident by the presence of liquefaction sand boils 

across most of the island. The rock motion record from Yerba Buena Island just to the 

south is compared with the soil record at Treasure Island in Fig. 7. The much stronger 

ground shaking at Treasure Island was a direct result of the amplification of relatively 

modest rock motions by the deep soil layer beneath the island. 

The liquefaction of subsurface soils was evidenced by the presence of sand boils in numerous 

locations. Settlement, both areal and localized, was observed in many locations. In the area 

of the perimeter dike, ground cracking caused by bayward lateral spreading was readily 

apparent. In addition, there were several cases of buckled pavements, broken utility lines, 

and distressed buildings across the island. In the case of structures or facilities built upon 

soil improved areas, however, without exception, there was little or no observed distress or 

damage. 

12 
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MEDICALIDENTAL BUILDING, TREASURE ISLAND 

Project Description 

The medical/dental clinic, located as shown in Fig. 6, was under construction at the time of 

the Lorna Prieta earthquake, with about 40% of the building footings cast and two 22-foot 

deep elevator shafts excavated. The building consists of a two-story, steel-frame structure 

with a total floor area of approximately 55,000 square feet. The first floor is slab-on-grade 

with a finished floor elevation approximately 1-1/2 feet above the initial grade. The dead 

plus live column loads are up to 230 kips; typically, the columns are spaced 30 feet apart. 

Initial Conditions 

The site is essentially level. Near the western boundary is a maintained landscaped berm 

with small trees, shrubs, and grass. The ground surface is approximately 13 feet above Mean 

Lower Low Water (MLLW). 

A subsurface section along the east-west centerline of the project site, illustrating the soil 

conditions encountered in the test borings is shown on Figure 8. The upper 31 to 43 feet 

of soil is composed of loose to medium dense hydraulically placed sand fill. The sand is 

generally fine- to medium-grained and contains less than 10 percent of material finer than 

the #200 sieve. Occasional thin layers of soft compressible silt (dredged Bay Mud) were 

encountered throughout the fill. 

The sand fill is underlain by a layer of soft to medium stiff clayey silt (Bay Mud) 

approximately 30 feet thick interspersed with thin sand lenses. The Bay Mud is underlain 

by alternating layers of dense to very dense sands and stiff to hard clays to the depths 

penetrated. The groundwater level was approximately 7 feet below the ground surface (i.e., 

approximately +6 feet MLL W) across the site at the time of drilling. 
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Liquefaction Potential - The liquefaction potential of the hydraulically placed sand fill was 

evaluated at three levels of ground shaking using the empirical method of Seed et al. (1983). 

The results, based on the assumption of the water table at a depth of 7 ft., are summarized 

below: 

Earthquake Peak Ground Depth of Liquefiable 

Magnitude Acceleration (g) Zone (feet) 

6-1/4 0.15 17 - 43 

6-3/4 0.25 17 - 43 

7-1/2 0.35 7 - 43 

Foundation Alternatives 

Based on the results of the geotechnical investigation, it was concluded that the proposed 

structure could be supported either on spread footings or piles. However, if spread footings 

were to be used, then the sand fill would require densification to reduce the liquefaction 

potential. It was determined that the foundation alternative would require 12-inch square, 

prestressed, precast concrete piles with a 125-ton structural capacity. The piles would have 

to be driven approximately 130 feet below the ground surface to gain their full structural 

capacity. 

It was judged that using a pile supported foundation would not be as economical as 

densifying the site and supporting the structure on spread footings. In addition, the 

movement of the subsiding ground surface relative to the stationary, pile-supported building 

during liquefaction would require that the utility connections be specially designed thus 

increasing costs. 

Improvement Goals and Methods 

Specified Level of Improvement. - The geotechnical engineer specified that at a minimum, the 

upper layer of sand fill should be densified to a minimum relative density of 75 percent 
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beneath the building and to a distance of 20 feet beyond the building perimeter in order to 

prevent liquefaction. The densification achieved was measured using the Cone Penetration 

Test (CPT) and the Standard Penetration Test (SPT). 

It was noted that normally, sand densification methods are not effective in the upper few 

feet of the soil layer because of the lack of confining pressure at the surface. Thus, it was 

specified that the actual thickness of sand not densified to the required density as 

determined by CPT and SPT be excavated and backfilled and compacted to a minimum 

relative compaction of 95 percent using surface compactors. 

Improvement Method. - Several deep densification methods believed to be appropriate for 

the soil conditions at the site, including vibro-replacement, Terraprobe densification, dynamic 

consolidation, conventional compaction piles, and sand compaction piles, were investigated. 

The final recommendation of the geotechnical engineer was that either the vibro-replace­

ment or Terraprobe technique be used. The vibro-replacement technique, using gravel 

backfill, was ultimately chosen, as this method would produce the most densification in the 

shortest amount of time. Deep dynamic compaction was also considered, but the possibility 

of disturbance to neighboring structures was considered too great a risk. 

Construction Procedures and Problems 

Trial Densification Tests. - In order to find the maximum probe spacing for achieving the 

required relative density, a series of tests were performed using probe spacings of 8, 9, and 

10 feet. SPTs and CPTs were performed prior to and after densificaiton to evaluate the 

results of the densification. Because there were zones of silt and clay in the sand fill, the 

specifications did not require improvement in zones where the CPT friction ratio was greater 

than 2 percent. 

Problems - A review of the SPT and CPT results prior to and after densification showed that: 
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1. The upper 10 feet of the sand was already dense prior to treatment, and was not 

densified further by vibroreplacement. The lower layer (10 to 22 ft deep) was loose 

to medium dense prior to densification, and the treatment increased the density. The 

closer the probe spacing, the higher the cone resistances after treatment. With a 

probe spacing of 8 feet, the specified cone resistances were achieved in the entire 

layer except in the lower few feet. 

2. Silty sand fill interbedded with zones of silt and clay underlay the upper fill layer to 

a depth of about 40 feet. Adequate densification of this layer was not achieved. The 

cone penetration tests indicated that the cone resistances of the silty sand were 

practically unchanged by treatment; however, the SPT blow counts increased from 

2 to 5 prior to densification, to 3 to 19 after densification. The post-densification 

blow counts were lower than the specified values, however. 

Although the trial densifications with the chosen spacings did not densify the soil enough to 

meet the specifications, the contractor proceeded with production densification using 

aW-foot probe spacing penetrating to a depth of approximately 22 feet below the existing 

ground surface. 

Final Results of Improvement 

The increase in density of the fill was measured using CPT. It was also estimated in the 

upper 22 ft using a volume calculation method. The cone resistances measured in the upper 

22 feet of the fill indicated that there were still sand fill layers between 10 and 22 ft where 

the specified penetration resistance was not achieved. Using the volume calculation method, 

however, the computed average final relative density of the sand fill between 10 and 22 feet 

was estimated to range between 77 and 80 percent. Ultimately, it was decided that the 

densification of the upper 22 feet of fill did meet the required specifications. 

There was no attempt made to densify the soil between 22 and 40 feet as required by the 

specifications. Because of this, it is believed that there are layers of sandy fill between these 
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depths that still have potential for liquefaction in a large earthquake which could cause 

additional settlement of the structure. It was estimated that the additional total settlement 

caused by liquefaction would be from 1 to 3 inches and that the differential settlement 

between adjacent columns would be 1/2 inch. The risks and benefits of not densifying the 

lower sand layer were evaluated, and it was decided not to perform further densification. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on ground acceleration readings taken from a CDMG strong motion instrument 

located on Treasure Island, the project site was subjected to a peak ground acceleration of 

approximately 0.16g within a bracketed duration of about 2.5 seconds during the Lorna 

Prieta earthquake. At the time of the earthquake, approximately 40 percent of the building 

footings had already been cast. There was no cracking visible in the footings. It was 

observed, however, that the bottom 8 feet of the two 22-foot deep elevator shafts that were 

drilled prior to the earthquake were filled with sand. The engineers were also informed that 

sand flowed to the ground surface through one of the elevator shafts during the earthquake. 

From these observations, it was concluded that liquefaction had occurred in the lower, 

untreated sand fill between a depth of 22 and 40 feet. In the area outside of the building 

footprint, which was not densified, sand boils and ground cracking was observed. The 

differential settlement of the footings was measured in November, 1989 and was reported 

to be a maximum of 0.073 ft over a distance of 180 feet. The total settlement of the site 

could not be determined because the benchmark had settled during the earthquake. 

It appears that no liquefaction occurred in the upper 22 feet of sand fill that had been 

densified by stone columns. Thus, this project provides direct evidence of the effectiveness 

of the columns for mitigation of liquefaction potential. 
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OFFICE BUILDING NO. 450, TREASURE ISLAND 

Project Description 

Office Building No. 450, located as shown in Fig. 6, was constructed in 1967. The project 

actually consists of two buildings, each three stories high and of steel-frame construction with 

concrete walls and floors. The larger building is 160 by 160 feet in plan and has a central 

court measuring 30 by 60 feet. The smaller building is 54 by 124 feet in plan and is located 

approximately 100 feet northwest of the first building. Typical dead plus live column loads 

are 250 to 300 kips. The finish floor elevation is approximately 2-1/2 feet above the initial 

grade. This project was the subject of a study by Basore and Boitano (1968) to evaluate and 

compare the effectiveness of both sand compaction piles and vibroflotation in densifying a 

deep sand fill. 

Initial Conditions 

The building site is essentially level. The ground surface is approximately 11 feet above 

Mean Lower Low Water (MLLW). A subsurface section along the north-south centerline 

of the project, illustrating the soil profile is shown on Figure 9. The upper 30 feet of soil 

are composed of loose to medium dense hydraulically placed sand fill overlying 8 feet of 

medium dense sand. The sand is generally fine- to medium-grained and contains less than 

10 percent of material finer than the #200 sieve. Some coarse-grained sand was 

encountered in the upper 10 feet of the fill. Occasional thin layers of soft compressible silt 

(dredged Bay Mud) were encountered throughout the fill. 

The sand fill is underlain by a layer of soft to medium stiff grey silty clay (Bay Mud) 

approximately 20 feet thick. The Bay Mud is underlain by alternating layers of very dense 

sands and stiff to very stiff clays to the depths penetrated. The groundwater level was 

approximately 6 feet below the ground surface (i.e., approximately + 5 feet MLL W) across 

the site at the time of drilling. 
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Liquefaction Potential. - The liquefaction potential of the saturated sand fill was analyzed 

using the method developed by Seed and Idriss (1971). The results of the analysis showed 

that the fill would liquefy under the expected peak ground accelerations of 0.30 - OAOg site 

during a large earthquake. 

Foundation Alternatives 

Consideration was given to supporting the building on either spread footings bearing on 

densified fill or on driven piles extending through the fill and underlying compressible clays 

into bearing soils encountered below a depth of 113 feet. The use of piles was ruled out for 

three reasons: 1) The extreme length of the piles and associated high cost; 2) the fact that 

piles under one corner of the building would be endbearing on bedrock while the remaining 

piles would be friction piles; and 3) the lateral stability of the piles would be insufficient 

should the sand fill liquefy. It was decided therefore to support the buildings on spread 

footing foundations bearing on densified fill. 

Improvement Goals and Methods 

Specified Level of Improvement - The geotechnical engineer specified that at a minimum, the 

sand fill be densified to a minimum relative density of 75% to a depth of 30 feet beneath 

the building footings, and 65% to a depth of 30 feet beneath the floor areas and to a 

distance of 10 feet beyond each building perimeter. 

Improvement Method - Both vibroflotation and sand compaction piles were considered as 

methods of densifying the fill, and an extensive field testing program was performed to 

determine which of the two methods would be more effective. 
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Construction Procedures and Problems 

Testing Program for Compaction Piles. - A small test area was selected at the project site for 

determination of the required spacing between compaction piles. Approximately 80 

compaction piles were driven in the test area. Sixty-five piles were spaced on 6 foot centers, 

7 piles on 7 foot centers, and 8 piles on 8 foot centers, in a triangular pattern. The mandrel 

used was a 14-inch diameter steel casing fitted with a loose steel bottom plate. A cable was 

attached to the bottom plate and the mandrel in order to retrieve the plate when the 

mandrel was withdrawn. The mandrel was driven to the required depth and backfilled with 

coarse sand. The top end of the mandrel was closed and a minimum air pressure of 100 psi 

was applied to the column of sand as the mandrel was withdrawn. 

After the 80 piles were driven, SPTs were taken at the centroid of 3 pile groups with the 6 

foot spacing and at the centroid of a group with a 7 foot spacing. The SPT results are 

shown on Figure 10. The average curve showing the variation of penetration resistance with 

depth prior to densification is superimposed on the data to indicate the effect of 

densification on the standard blow count. The test results show no increase in penetration 

resistance resulting from compaction piles spaced on 6 or 7 foot centers. 

Because the compaction piles spaced on 6 foot centers did not consistently produce a 

minimum relative density of 75 percent in the sand fill, it was decided to drive intermediate 

compaction piles between the existing piles, thereby reducing the center to center spacing 

between the piles from 6 to 8 feet to 3 to 4 feet, respectively. The results of the SPTs taken 

after driving the intermediate piles are shown on Figure 11. Again, the penetration 

resistance prior to densification is superimposed on the data for comparison, and it may be 

seen that a significant increase in penetration resistance was obtained. 

Testing Program for Vibrocompaction - In view of the relatively high cost of sand compaction 

piles, a test program using vibrocompaction was performed to investigate the effectiveness 

and cost of this method of densification. 
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The test section consisted of 16 compaction points arranged in groups with spacings of 4,5, 

6, 7, and 8 feet between compaction points as shown on Fig. 12. Prior to compaction, SPTs 

were performed at the centroid of a group of three compaction points for each spacing. The 

compaction operation consisted of jetting the vibroflot through the fill to a depth of 30 feet 

and raising it in 1 foot intervals at a rate of 1 foot per minute. Approximately 6 to 7 cubic 

yards of sand was added at each compaction point. 

At the completion of the compaction operations, SPTs were taken at the same locations as 

the initial tests. The results of the tests, indicating a greater increase in penetration 

resistance with decreasing spacing between compaction points, are shown on Figs. 13 and 

14. The general relationship between penetration resistance and distance between 

compaction points for depths of 10 and 20 feet is shown on Fig. 15. 

Comparison of Compaction Piles and Vibrocompaction 

For a given spacing, vibrocompaction produced a much denser fill than the compaction piles, 

although both methods were considered effective. However, vibrocompaction cost about a 

$1.10 less per cubic yard of fill densified than sand compaction piles. 

Ultimately, however, the owner, giving consideration to the time schedule for the project, 

the funds available, and existing contractual arrangements, decided to densify the building 

area with sand compaction piles spaced four feet on centers beneath the footings and five 

feet on centers beneath the floor slabs. 

Final Results of Improvement 

The increase in density of the fill was measured using SPT and by calculating the relative 

density of samples of the densified fill recovered from 15 borings located throughout the 

building area. The results of the control testing indicated that the density of the fill was 

somewhat variable. The average relative density measured at 13 of the 15 borings exceeded 

the specified minimum requirements, and it was concluded that while the average overall 
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Fig. 12 Test Pattern of Vibroflotation Probe Spacings. Office Building 
No. 450, Treasure Island (Basore and Boitano, 1968) 
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densification was adequate, isolated zones of silt and clay remained in the fill that were not 

densified to the specified minimum requirements. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument on Treasure Island, the project site was 

subjected to a peak ground acceleration of approximately O.16g within a bracketed duration 

of about 2.5 seconds during the Lorna Prieta earthquake. A formal building inspection 

performed soon after the earthquake produced no evidence of damage. Some lateral 

spreading, sand boils, and localized settlement were observed outside of the improved 

ground areas adjacent to the buildings, thus suggesting that had the densification not been 

performed, the soil beneath the building foundation would have liquefied. 

FACILITIES 487, 488, AND 489, TREASURE ISLAND 

Project Description 

Facilities 487, 488, and 489, located as shown on Fig. 6, were constructed in 1973. They 

consist of three story buildings with exterior and interior concrete block walls, precast 

concrete floor slabs, and concrete slab-on-grade first floors. Typical dead plus live loads for 

the longitudinal walls are approximately 3 kips per foot. Typical dead plus live loads for the 

exterior cross walls (bearing walls) are approximately 5 kips per foot, and for the interior 

cross walls (bearing walls) approximately 7 kips per foot. There are no columns on 

independent footings. 

Initial Conditions 

The site is essentially level and the ground surface is approximately 10 feet above MLL W. 

A subsurface section along the east-west centerline of the project site is shown on Fig. 16. 

The upper 24 to 33 feet of soil are composed of very loose to medium dense hydraulically 
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placed sand fill. The sand is generally fine-grained and contains less than 12 percent of 

material finer than the #200 sieve. Occasional thin layers of soft compressible silts and clays 

were encountered in the fill below a depth of about 15 feet. The sand fill is underlain by a 

layer of soft, silty clay (Bay Mud) approximately 4 feet thick. The Bay Mud is underlain by 

alternating layers of dense to very dense sands and stiff clays to the depths penetrated. The 

groundwater level was approximately 5-1/2 ft below the ground surface (+4-1/2 ft MLLW) 

across the site at the time of drilling. 

Liquefaction Potential - The liquefaction potential of the sand fill at the site was evaluated 

using the simplified procedure by Seed and Idriss (1971). According to the analysis, the 

existing saturated sand fill would be only marginally safe against liquefaction during 

earthquakes of "reasonably large magnitude" (peak ground accelerations of about 0.30 to 

OAOg at the site). 

Foundation Alternatives 

It was concluded that the proposed structures could be supported on either spread footings 

bearing on sand fill that had been densified to prevent liquefaction or on driven piles 

extending through the fill and soft Bay Mud into bearing soils encountered below a depth 

of 90 feet. The use of pile foundations was considered impractical for three major reasons: 

1) long piles would be very expensive; 2) there would be large downdrag forces exerted on 

the piles by the settlement of the Bay Mud layer; and 3) possible loss of the lateral 

resistance of the piles during an earthquake due to liquefaction of the sand. It was decided 

that spread footings bearing on densified sand fill would constitute the best foundation 

scheme for the proposed building. 
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Improvement Goals and Methods 

Specified Level of Improvement - The specifications required that the hydraulic sand fill be 

improved to a minimum relative density of 75 percent to a depth of 30 feet beneath the 

buildings and to a distance of 10 feet beyond each building perimeter. 

Improvement Method - Three methods of densifying the sand fill were investigated: 

vibrocompaction, Terra Probe, and timber displacement piles. The geotechnical engineer 

recommended either vibrocompaction or the Terra Probe method, and the owner selected 

vibrocompaction. 

Construction Procedures and Problems 

Trial Densification Tests - A testing program was implemented prior to production 

densification in order to establish the optimum spacing for the compaction points. Prior to 

and after densifying a test area, SPTs were performed to evaluate the effectiveness of the 

different spacings used. The minimum spacing between compaction points was 6-1/2 feet, 

forming a grid of equilateral triangles. 

The specifications called for the vibrator to be inserted at each compaction point to a depth 

of 30 feet below the ground surface and maintained at that depth for a period of one 

minute, then withdrawn at a rate of not more than one foot per minute. Crushed rock no 

larger than 1-1/2 in in largest dimension was continuously placed around the vibrator and 

follow-up pipe during the densification and withdrawal process. 

The specifications required that the site be allowed to dry out and then brought up to finish 

grade. The upper one foot of sand was compacted to at least 95% relative compaction using 

a vibratory compactor. 
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Final Results of Improvement 

The increase in density of the fill was measured using SPT; however, no records of the field 

control testing are currently available. However, geotechnical engineers at the Western 

Division Naval Facilities Engineering Command have indicated that the average minimum 

relative densities achieved at the site equaled or exceeded the specified minimum relative 

density of 75 percent. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from an a CDMG instrument located on Treasure Island, project 

site was subjected to a peak ground acceleration of approximately O.16g within a bracketed 

duration of approximately 2.5 seconds during the Lorna Prieta earthquake. A formal 

building inspection performed shortly after the earthquake revealed some minor cracking 

in the concrete floor of building 487 caused by differential settlement of the foundation; 

however, no repairs were required. The amount of settlement was not measured. Buildings 

488 and 489 had no reported damage. 

APPROACH TO BERTHING PIER, TREASURE ISLAND 

Project Description 

The general purpose/berthing pier, shown as Approach to Pier 1 on Fig. 6, was constructed 

in 1984. The project consists of a pile supported reinforced concrete general pur­

pose/berthing pier and an approach area to the entrance of the pier. The approach to the 

pier is the part of the project with which this case history is concerned. 
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Initial Conditions 

The surface of the approach is essentially level and fronts the water of the bay for 

approximately 100 feet. A subsurface section along the centerline of the pier, illustrating the 

soil conditions encountered in the test borings is shown in Fig. 17. The soil underlying the 

approach to the pier consists of a 43-foot thick layer of loose to medium dense hydraulically 

placed sand fill. The sand is generally fine- to medium-grained and contains less than 10 

percent of material finer than the #200 sieve. Occasional thin lenses of soft compressible 

silt (Bay Mud) were encountered in the upper 20 feet of the fill. The sand fill is underlain 

by a layer of soft, compressible silty clay (Bay Mud) approximately 80 feet thick. The Bay 

Mud is underlain by alternating layers of very stiff sandy clays and dense sands extending to 

the depths penetrated. 

Liquefaction Potential - The geotechnical engineer estimated that the peak ground surface 

acceleration at the site during the design earthquake would be at least 0.35g. A major 

concern was possible seismic instability of the waterfront slope of the approach area beneath 

and adjacent to the pier. The liquefaction potential of the sand fill the pier approach area 

was evaluated by the empirical method presented by Seed et al. (1983) that uses a 

correlation between observed liquefaction and Standard Penetration blow count data. Based 

on this analysis, it was concluded that the sand fill was susceptible to liquefaction. It was 

decided, therefore, that the sand fill underlying the approach area should be densified to 

minimize its liquefaction potential. 

Improvement Goals and Methods 

Specified Performance of Improvement. - The geotechnical engineer specified that at a 

minimum, the sand fill be densified to a relative density of at least 75 percent beneath the 

approach area to a depth of 40 feet. Since the top few feet of sand is not normally densifed 

adequately due to the lack of confining pressure at the surface, it was specified that this 

depth be determined by CPT. This layer of sand was to be compacted by conventional 
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methods to a minimum relative compaction of 95 percent based on ASTM Method 

D1557-78. 

Improvement Method. - The three methods considered for densifying the sand fill at the site 

were compaction piles, vibro-replacement, and Terraprobe. The final recommendation of 

the geotechnical engineer, based on a combination of cost, time, and effectiveness was 

vibro-replacement. 

Construction Procedures and Specifications 

Trial Densification Tests - A series of densification tests was performed to establish the 

spacing criteria for the compaction probes and to determine static cone penetration 

resistance correlations to SPT N-values. A multiplier of 4.0 was used to correlate the SPT 

N values with the qc values. This multiplier was adjusted by the geotechnical engineer to suit 

the actual field findings. The modified values derived served as the production densification 

criteria for the contractor. The backfill material was granular and contained no stones larger 

than 1-1/2 inches in greatest dimension. In addition, the following grading was specified: 

Sieve Size 
3/4" 
No.4 
No. 40 

Percent Passing 
100 

50-100 
0-5 

It was required that the sand fill in the test sections be densified to the standard penetration 

resistance N-values or static cone penetration resistance, qc' shown in Table 3: 

In connection with these criteria the SPTs were made at depth intervals of 2.5 feet. The 

average of three consecutive standard penetration resistance values taken at the specified 

depth intervals above, at, and below any depth were to be equal to or greater than the value 

shown in Table 3. The borings were located at points which were equidistant from three 

probe locations. The CPTs were performed at depth intervals not exceeding one foot. The 

values of static cone readings were to meet or exceed the values in Table 3, except where 
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Table 3: Standard Penetration and Static Cone Resistance Requirements 

Depth Below Ground Standard Penetration Static Cone Resistance 
Surface (ft) N-Values qc = 4N (tst) 

5 
10 
15 
20 
25 
30 
35 
40 

11 
15 
19 
22 
25 
27 
28 
30 

44 
60 
76 
90 
100 
106 
114 
120 

the friction ratio was greater than 2.0 percent. The static cone penetrations were taken at 

points which were equidistant from three probe locations. 

Final Results of Improvement 

Static cone penetration resistance qc values were obtained for the full depth of densification. 

An average of one CPT was performed for every 1,500 square feet of ground surface within 

the area densified. The CPT data indicated that the lower 5 to 7 feet of the fill consisted 

mainly of silty sand and sandy silt that did not meet the minimum densification requirements. 

It was judged that this material was potentially liquefiable, but that repro bing the layer 

would unlikely result in significant improvement. Overall, it was concluded that the 

densification of the sand fill was achieved with respect to the minimum relative density 

requirements. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located on Treasure Island, the project 

site was subjected to a peak ground acceleration of approximately 0.16g within a bracketed 

duration of about 2.5 seconds during the Lorna Prieta earthquake. A formal inspection of 

the pier approach performed shortly after the earthquake revealed no signs of ground 
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movement in the densified areas. However, there were several sinkholes and sand boils 

observed in the adjacent, unimproved soil areas. 

BUILDING 453, TREASURE ISLAND 

Project Description 

Building 453, located as shown in Fig. 6, was constructed in 1969. It consists of six, 

four-story wings radiating from a central core. Construction is reinforced concrete. The 

finish floor elevation is approximately 2-1/2 feet above the existing grade. Estimated dead 

plus live loads for the wings are approximately 6.2 kips per linear foot for the exterior walls 

and 7.3 kips per linear foot for the interior walls. The core loads are carried by a series of 

circumferential and radial walls. It is estimated that the building loads average 735 psf and 

560 psf over the gross core and wing areas, respectively. 

Initial Conditions 

The site is essentially level. The ground surface was approximately 10 feet above Mean 

Lower Low Water (MLLW) at the time of drilling. A subsurface section along the 

north-south centerline of the project site, illustrating the soil conditions encountered in the 

test borings is shown in Fig. 18. The upper 45 feet of soil consists of loose to medium dense 

hydraulically placed sand fill. The sand is generally fine- to medium-grained and contains 

less than 12 percent of material finer than the #200 sieve. Occasional thin lenses of soft 

compressible silt (dredged Bay Mud) were encountered in the lower 20 feet of fill. The sand 

fill is underlain by a layer of soft to medium stiff clayey silt (Bay Mud) approximately 20 feet 

thick. The Bay Mud is underlain by alternating layers of stiff clays and dense sands to the 

depths penetrated. The groundwater level was approximately 6 feet below the ground 

surface (+4 MLLW) across the site at the time of drilling. 
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Liquefaction Potential. - At the time the project was being investigated, the Niigata 

earthquake was the only good prior case study for a liquefaction analysis. The initial 

liquefaction analysis proposed by Seed and Idriss (1967) was used to evaluate the 

liquefaction potential for the sand fill at the site. From this analysis, it was concluded that 

liquefaction of the upper 30 feet of sand fill was possible in a large earthquake (peak ground 

accelerations > 0.35g). 

Foundation Alternatives 

Based on the results of the geotechnical investigation, it was concluded that the building 

could be supported on either spread footings or piles. Because of the potential for 

liquefaction of the sand fill, it was decided that if spread footings were used, the sand fill 

should be densified. It was concluded that the use of piles for structural support would not 

be as economical as spread footings bearing on densified fill because of the modest strength 

of the supporting soils and the large downdrag forces that would be developed in the soft 

clay and fill. 

Improvement Goals and Methods 

Specified Level of Improvement. - The geotechnical engineer specified that at a minimum, the 

sand fill should be densified to a relative density of at least 70% to a depth of 30 feet under 

the building and to a distance 10 feet beyond the building perimeter in order to prevent 

liquefaction. It was noted that normally, sand densification methods are not effective in the 

upper few feet of the soil layer because of the lack of confining pressure at the surface. 

Because of this, it was specified that the upper four feet of fill be excavated, backfilled, and 

recompacted to a minimum relative compaction of 95% based on the ASTM D1557-78 

compaction test method. 
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Improvement Method. - Three methods were considered for densification of the sand fill: 

vibrocompaction, sand compaction piles, and non-structural displacement piles. The sand 

compaction piles were to be 14 inches in diameter and spaced approximately 3-1/2 foot on 

centers. The engineer noted that compaction piles would probably not achieve a high 

degree of uniformity in density. 

The non-structural timber piles were to be Class C piles with an 8-inch minimum tip 

diameter and 12-inch minimum diameter three feet from the butt. They were to be 

approximately 20 feet long and driven to a depth of approximately 25 feet into the fill. The 

tops of the piles would be driven below grade so that they would be below the permanent 

water table and therefore be immune to deterioration. The fill above the pile butts would 

then be excavated and recompacted to refill the voids created by the follower. 

The cost in 1969 of vibrocompaction was estimated to be approximately $3.00 per sq. ft. of 

ground surface. The cost of the sand compaction piles and non-structural displacement piles 

were estimated to be $1.50 per sq. ft. and $2.60 per sq. ft., respectively. The owner decided 

to use non-structural displacement piles to densify the site. 

Construction Procedures 

Although field tests were performed in order to determine the required spacing of the 

displacement piles, the data are not currently available. A relationship between pile spacing 

and average pile diameter as developed by the geotechnical engineer is shown Fig. 19B. It 

was assumed that the Class C pile would yield an average diameter of 10 inches in the "loose 

zone" (16 to 25 feet below the ground surface) and therefore require a 4.3 foot center to 

center spacing in a triangular pattern as shown in Figure 19A. Since the non-structural 

displacement piles were driven approximately 6-1/2 feet below grade, the soil above the piles 

was excavated and recompacted to remove the voids created by the pile follower. 
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Final Results of Improvement 

The increase in density of the fill was measured using SPT. The final average relative 

density of the sand fill is not known. However, it is concluded that the densification program 

was successful based on discussions with Naval Facilities Command engineers. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located on Treasure Island, the project 

site was subjected to a peak ground acceleration of approximately 0.16g within a bracketed 

duration of about 2.5 seconds during the Lorna Prieta earthquake. The building was 

inspected for damage shortly after the earthquake, and no major structural damage was 

observed in the building although there was a concrete spall at the end of one wing. In 

addition, there was some cracking in the floor system and some repairs were required for 

the slab-on-grade due to minor ground settlements (less than 3/8 inch). No foundation 

repairs were required, however. No sinkholes, sand boils, or other evidence of liquefaction 

was observed around the building. 

EASTERN SHORE, MARINA BAY, RICHMOND, CALIFORNIA 

Project Description 

The project, as shown in plan in Fig. 20, consisted of expanding the Marina Bay Esplanade 

by extending it approximately 1000 feet along the eastern shore of Marina Bay in 1987. The 

expansion includes walkways, landscape areas, and light standards. The walkways are 

supported at grade with a finish surface elevation of about +7.5 feet, National Geodetic 

Vertical Datum (NGVD). The adjacent shoreline is sloped 3:1 (horizontal: vertical) and 

protected with rock riprap. There is a large residential development just east of the 

Esplanade. 
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Initial Conditions 

At time of the geotechnical investigation, the site was nearly level with a surface elevation 

of about + 14 feet and paved with asphalt concrete. Adjacent to Marina Bay, the ground 

surface sloped on an average of 2:1 to the water. A subsurface section east-west across the 

project site, illustrating the soil conditions encountered in the test borings is shown on Fig. 

21. The upper 13 feet of soil is composed of medium dense to dense sandy and gravelly 

artificial fill interspersed with clay inclusions and construction debris. The artificial fill is 

underlain by a layer of loose hydraulically placed silty sand and sandy silt approximately 11 

feet thick. This deposit is generally fine-grained and contains up to 55 percent of material 

finer than the #200 sieve. The hydraulic fill is underlain by medium stiff to stiff clays to the 

depths penetrated. The groundwater level was approximately 10 feet below the ground 

surface (+5 NGVD) across the site at the time of drilling. 

Liquefaction Potential. - The liquefaction potential of the hydraulically placed silt and sand 

fill was evaluated using the analytical-empirical procedure based on the liquefaction behavior 

of saturated clean and silty sands during historic earthquakes by Seed, et al. (1984). A 

design earthquake of magnitude 6.5 resulting in a peak ground acceleration of 0.30g at the 

site was used in all liquefaction analyses. The primary data used in the evaluation consisted 

of SPT N values obtained from field investigations and corrected for fines content (Seed, 

1987). The resulting (N 1)60 values varied between 11 and 22 with an average value of 15. 

Based on the results of the liquefaction analysis, it was concluded that a continuous deposit 

of liquefiable soils existed between elevations + 5 and -11 feet along the entire length of the 

proposed project. This deposit was overlain by a dense surface layer of liquefaction-resistant 

material approximately 9 feet thick. 

In the event of liquefaction of the underlying deposit, the surface layer would prevent 

complete loss of bearing capacity. However, because the liquefiable deposit is adjacent to 

49 



EL
EV

 A
 T

IO
N

 -
Ft

 
(N

at
io

na
l 

G
eo

de
ti

c 
V

er
t. 

D
at

um
) 

N
 (

bl
ow

s/
ft

) 

5 
10

 
15

 
20

 

D
ep

th
 B

el
ow

 
S

ur
fa

ce
 -

Ft
 

Y
I <=
 

15
 

.
-

o 

7.
5 

7.
5 

o 
15

 

-7
.5

, 
...

...
...

.. 
,.

,.
, .

.. '
.' .

...
 ,.

, .
.. 

,.
,.

,.
, .

...
.. 

,.
,.

,.
,.

,.
,.

,.
,.

,.
,.

, .
...

...
 , 

...
. ,

 ...
. ,

.,
.,

.,
 ...

. ,
.,

 ..
.. ,

 ..
.. ,

.,
.,

 ...
. ,

 ...
. ,

.,
.,

 '.'
 ...

 h .
.
.
.
.
 
'
.
'
 
'
.
"
.
"
 
•
.
 "
"
'
.
'
 
•
.
 ' 
•
.
 ' 

•
.
•
.
•
.
•
.
•
.
•
•
 

'2
2

.5
 

F
ig

. 
21

 
Su

bs
ur

fa
ce

 P
ro

fi
le

 a
t 

th
e 

E
as

te
rn

 S
ho

re
 o

f 
M

ar
in

a 
B

ay
 E

sp
la

na
de

, 
R

ic
hm

on
d,

 C
A

 



Marina Bay, and lateral spreading during an earthquake was a strong possibility, there was 

a significant risk to inland development. Both the City of Richmond and the developer 

agreed that it would be uneconomical to eliminate the liquefaction potential of the entire 

deposit under the site. Therefore, it was decided to construct a "buttress" through the 

liquefiable deposit along the shoreline boundary to resist lateral spreading. 

Improvement Goals and Methods 

Specified Level of Improvement. - The goal was to construct a liquefaction resistant buttress 

along the shoreline to contain the liquefied soil on the inland side thereby preventing 

bayward lateral spreading. The specified level of soil improvement required that the 

liquefiable soils in the buttress area be densified enough to prevent liquefaction based on 

CPT correlations proposed by Robertson and Campanella (1985), and Seed, et al. (1983), 

and by using SPT data (Seed et al., 1984). 

Improvement Method. - Several densification methods were considered for developing a 

buttress that would be stable and buildable given the economic and time constraints of the 

project. Because of the high fines content of the liquefiable deposit, it was believed that 

ground improvement methods such as deep dynamic compaction or vibrocompaction would 

not densify the soil adequately to form an effective buttress. Therefore, it was decided to 

construct the buttress using the vibro-replacement stone column technique (Rinne, et aI, 

1988). 

The buttress consists of 42-inch diameter stone columns placed 6 feet on center in a square 

grid, extending about 1 foot below the bottom of the liquefiable zone at elevation -12 feet, 

as shown on Fig. 22. The buttress is trapezoidal in cross section with crest and base widths 

of about 16 and 58 feet, respectively. The inland face of the buttress slopes at about 1:1 and 

the outboard (bay side) face slopes at about 2: 1. The crest elevation is + 6 feet. 
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The stone column buttress is intended to limit lateral spreading in two ways. First, the 

columns, which consist of dense, liquefaction resistant crushed-rock, reinforce the slope along 

the shoreline. Secondly, the installation of the columns increases the liquefaction resistance 

of the sands and silts around the columns by densification and provides both increased 

lateral confinement and a drainage path to dissipate earthquake-induced pore pressures. 

Construction Procedures and Problems 

Construction Method. - The stone columns were constructed using two 1-1/2-foot diameter, 

12-foot long, downhole vibrators suspended from cranes. The vibrators were advanced into 

the ground dry, primarily by their vibratory energy. The hole created by the vibrator was 

backfilled with 3/8-inch by I-inch crushed rock placed in about 3-foot thick lifts using a 

bottom-feed system. The amount of crushed rock required for each lift was determined by 

assuming an in-place relative density and computing the weight of rock required to achieve 

a 42-inch diameter column at this density. 

Problems. - For the first several days of construction, the cranes were working from a pad 

excavated to an elevation of +8 feet and frequently became stuck in the soft subgrade soils. 

Consequently, they were moved to the paved area just east of the buttress alignment. Minor 

slope failures and settlement occurred in the asphalt-paved area north of the Penterra office 

building (see Fig. 20) due to construction induced vibrations. In addition, tension cracks 

appeared in several areas behind the vertical slope parallel to the centerline of the buttress. 

Because of concern that the construction-induced vibrations might damage the Yacht Club 

at the north end of the buttress, the northernmost row of columns was eliminated. In 

addition, the vibrators were not able to penetrate the ground surface at five locations along 

the western most row of columns because of concrete debris in the fill. Therefore, the entire 

row of columns was shifted 6 feet to the east at these locations. 
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Field Control 

During the installation of each stone column, the as-built column tip elevation and column 

length were recorded, and the amount of rock placed in each column was monitored. In 

addition, the maximum drive motor resistance of the downhole vibrator was recorded for 

each column to give a qualitative indication of the increase in the relative density of the 

rock. 

Final Results of Improvement 

To determine the effect of placing stone columns in the liquefiable deposit, 10 test borings 

were drilled and 12 CPT probes were advanced in various locations between the stone 

columns. CPT tip-resistance values were converted to qc1 using overburden pressures using 

correction factors proposed by Robertson and Campanella (1985). The correlations between 

liquefaction resistance and qc1 values proposed by Robertson and Campanella (1985) and 

Seed, et al (1983), and SPT data (Seed et al., 1984) were used to evaluate the post-construc­

tion liquefaction potential of the sand and silt in the buttress zone. 

Average pre- and post-construction qcl values are shown in Fig. 23. It can be seen that the 

liquefaction potential of the deposits prior to densification was moderate to high using the 

Seed correlation, and high using the Robertson and Campanella correlation. The average 

qcl value increased by approximately 45 kg/cm2 following column installation. It was 

concluded, based on the CPT correlations, that the post-construction liquefaction potential 

of the hydraulic fill between the stone columns was low for the design earthquake. It should 

be noted that increases in CPT tip resistance were greatest in zones with lower silt contents. 

Average pre- and post-construction (N1)60 values are plotted in Fig. 24, which presents the 

correlation between liquefaction resistance and (N 1)60 values for the maximum credible 

earthquake (Magnitude 7.5). As shown, the average (N 1)60 value increased by 7 blows/foot. 

Despite the increase, some potential for liquefaction of the soil between the stone columns 
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during a maximum credible earthquake remains. However, the estimated shear strain 

potential of the liquefiable deposits decreased from greater than 20 percent to approximately 

10 percent as a result of treatment. Overall, the combined effects of the stone column 

reinforcement and the improvement in the liquefaction resistance of the soil between the 

columns was considered sufficient to prevent lateral spreading into the Bay in the event of 

liquefaction of the untreated ground on the inland side of the buttress. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a USGS instrument located in Richmond, the project site was 

subjected to a peak ground acceleration of approximately O.l1g within a bracketed duration 

of about one second during the Lorna Prieta earthquake. No evidence of liquefaction or 

lateral spreading within or behind the buttress area was detected. Some small sand boils 

were observed in undeveloped areas within about one mile of the project site, however. 

EAST BAY PARK CONDOMINIUMS, EMERYVILLE, CALIFORNIA 

Project Description 

A condominium development, consisting of a 30-story "tripod-shaped" tower and a 4-story 

parking garage, was constructed in 1983. The condominium tower is a reinforced concrete, 

ductile frame structure. The three wings of the tower measure approximately 70 feet by 140 

feet in plan dimensions. Interior and exterior column loads in the tower are approximately 

3000 kips and 2300 kips, respectively, for combined dead-plus-live loads. The parking garage 

consists of a reinforced concrete, shear wall structure, measuring approximately 125 feet by 

514 feet in plan dimension. Column loads in the garage are approximately 800 kips and 500 

kips, respectively, for combined dead-plus-live loads. 

Based on bearing capacity and settlement considerations deep pile foundations were 

specified for support of the heavy column loads of both the tower and the garage. Other 
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foundation types, including a mat foundation for the tower and footing foundations for the 

garage, were considered; however, settlement analyses indicated that they would be subject 

to marginal or excessive settlements. Thus, it was decided to support the tower on 14-inch 

square prestressed concrete piles, and the garage on 12-inch square prestressed piles. 

Initial Conditions 

At the time of the geotechnical investigation, the site was essentially level and cleared of all 

existing structures. The upper 10 to 20 feet of soil consist of medium dense hydraulically 

placed sand interspersed with occasional lenses and thin layers of soft silty and sandy clays 

and containing minor amounts of concrete, brick, and roofing paper. The sand fill is 

generally fine-grained and contains less than 5 percent of material finer than the #200 sieve. 

The fill is underlain by a layer of soft to medium stiff clayey silt (Bay Mud) approximately 

5 to 12 feet thick. The Bay Mud is underlain by alternating layers of very stiff clays and 

dense sands and gravels to the depths penetrated. Free groundwater was encountered across 

the site at a depth of approximately 5 feet below the ground surface at the time of drilling. 

An idealized soil profile is shown in Fig. 25. 

Reason for Soil Improvement 

This project is unusual in that both deep foundations and ground improvement were used. 

The liquefaction potential of the sand fill was evaluated based on SPT blow count data 

obtained in the exploratory borings, and using applicable simplified liquefaction analysis 

procedures (Seed, 1979). The results indicated that because the sand fill is typically in a 

medium dense condition, liquefaction and a corresponding complete loss of soil strength was 

unlikely. However, the sands below the groundwater level could experience some cyclic 

mobility (Seed, 1979) during moderate to strong earthquake ground shaking at the site, and 

such movements could adversely affect the pile foundations. 
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In addition, some areal settlements were expected to occur due to densification of the sand 

fill during moderate to strong earthquake ground shaking. Based on data presented by Lee 

and Albaisa (1974), and using SPT data for the site, it was estimated that settlements of up 

to 1 to 1.5 inches could occur. Although these settlements would not affect the pile 

foundation, they could damage underground utilities, pavements, and other surface 

improvements. Based on these considerations, the geotechnical engineer recommended that 

the sand fill be densified to minimize the potential for cyclic mobility and seismic compaction 

settlements and to optimize the overall seismic performance of the site. 

Ground Improvement 

Densification of the sand fill was done using vibrocompaction. The authors have been unable 

to locate final construction reports; however, the following information was provided by 

engineers who worked on the project2. More than 1000 vibro-compaction probe points were 

spaced in a triangular pattern on 8-ft centers that extended a minimum of 20-ft beyond the 

foot print of the tower structure. Pea gravel was used as the backfill in the vibro-compaction 

holes. The relative density of the hydraulic sand fill was increased to a value greater than 

100 percent as inferred from SPT N-values determined after densification. The sand was so 

dense after treatment that it was necessary to predrill through it in order to drive the 

foundation piles for the high-rise structure. 

Performance of the Project During the Lorna Prieta Earthquake 

The site of the East Bay Park Condominiums was subjected to a peak ground surface 

acceleration of about 0.26 g within a bracketed duration of about two seconds. No ground 

settlement or damage to the 30 storey tower was observed. 

2 Personal communications, September 1991, from Laurence R. Houps, WOOdward-Clyde Consultants, 
Oakland, California, and Tom Graf, Geomatrix Consulatants, San Francisco, California. 
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PERIMETER SAND DIKE, HARBOR BAY ISLE DEVELOPMENT, ALAMEDA, 

CALIFORNIA 

Project Description 

Perimeter dikes, shown on Fig. 26, were constructed beginning in 1965 around the Bay-side 

of a reclaimed land site to retain hydraulic fill pumped into the area behind the dikes. The 

dikes were constructed by excavating a trench with a clamshell or dragline in the bottom of 

the Bay adjacent to and generally outboard of the dike alignment. The excavated material 

was then placed as fill adjacent to the excavation until a dike extending above the high-water 

mark was formed. In some cases, the excavated materials consisted of silty clay (Bay Mud), 

and in other cases of sand. The area filled behind the dikes encompasses approximately 900 

acres. 

Initial Conditions 

At the time of the geotechnical investigation, the average ground surface elevation along the 

dikes was about 8 ft above Bay level, or 108 referenced to Harbor Bay Isle Datum. 

Typically, the outboard (bayside) face of the dikes was covered with riprap and three distinct 

slope inclinations were visible in anyone profile. The top part of the dikes were sloped 

downward at about 1.5 : 1 (horizontal : vertical) or steeper for a height of about 10 feet. 

Below 10 feet, the slope became flatter and was inclined at about 3 : 1 for an additional 

height of about 10 feet. Below the toe of the second slope, there existed a very long, gradual 

slope inclined at about 10 : 1 or flatter for about 200 feet. Typical profiles along the dikes 

are shown on Fig. 27. 

Based on the results of extensive geotechnical studies, the 4,000' of dikes can be divided into 

three different sections as shown on Fig. 26. An idealized subsurface profile of each section 

is presented on Fig. 27. The sand dike in section I consists of of a 5 to 7 foot upper layer 

of very dense sand with SPT blow counts ranging between 15 and 35. The dense sand is 
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underlain by a layer of loose to medium dense silty sand approximately 12 feet thick. Blow 

counts in this layer ranged from 3 to 10. Both the surface dense sand and the underlying 

loose sand are hydraulically placed fill. Very dense silty and clayey sand with blow counts 

above 25 is encountered below a depth of 17 feet. 

Section II similarly consists of 5 to 12 feet of dense sand crust over a layer of loose sand fill. 

The dense sand has SPT blow counts ranging between 10 and 20. The loose sand layer is 

approximately 6 to 13 feet thick and is interspersed with thin clay lenses. This layer has 

blow counts ranging from 3 to 8. The loose sand is underlain by a layer of soft Bay Mud 

approximately 3 feet thick. The Bay Mud is underlain by a layer of natural loose to medium 

dense sand extending to a maximum depth of 26 feet below the ground surface. This sand 

layer has blow counts of 8 to 15. Below a depth of 26 feet, the sand becomes very dense 

with blow counts in excess of 30. 

Section III consists of a surface fill layer of 10 to 16 feet of very dense sand with SPT blow 

counts ranging between 30 and 40. The dense sand is underlain by a layer of loose to 

medium dense sand 6 to 12 feet thick having blow counts of between 5 and 10. The lower 

5 feet of the loose sand layer consist of natural sand. Below a depth of 22 feet, the natural 

sand becomes very dense, with blow counts above 30. In all cases, the hydraulic sand fill is 

generally fine-grained and averages less than 11 percent finer than the #200 sieve. The 

natural sand is also generally fine-grained, with an average fines content of about 22 percent. 

The groundwater level was approximately at the same elevation as mean sea level. 

Liquefaction Potential. The liquefaction potential of the loose hydraulic sand fill was 

evaluated using the analytical-empirical procedure based on SPT N values corrected for fines 

content (Seed, et aI, 1987). AM 8.25 earthquake occurring on the San Andreas Fault was 

used as the design earthquake. The results of the analysis showed that the liquefaction 

potential of the loose and medium dense sand fill in the dikes was high, and it was 

concluded that the dikes could experience excessive yielding or slope failure during a major 

earthquake. Such yielding or failure would reduce confinement of the interior soils and 
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might allow lateral spreading in the interior of the Harbor Bay Isle development. Based on 

these conclusions, it was recommended that the loose sand fill in the dikes be densified to 

minimize their liquefaction potential. 

Improvement Goals and Methods 

Specified Level of Improvement. - It was specified that the sand fill dike be densified 

between the depths of 5 and 26 feet below the ground surface. After treatment, it was 

required that the average CPT-tip resistance in the sands be at least 100 kg/cm2. In 

addition, it was required that no more than 10 percent of the recorded CPT-tip resistances 

in anyone layer be less than 90 kg/cm2. A layer was defined as "any continuous zone of 

sand or silty sand within the treatment area lying between any two elevations 3 feet apart". 

Improvement Method. - In the geotechnical engineer's opinion, Deep Dynamic Compaction 

(DDC) would be the most cost effective method of densifying the sand fill and this was the 

method chosen. DDC had been used to densify the southeast section of dike in 1983 with 

very good results. Other ground improvement methods considered were chemical grouting 

and recompaction of the dikes using standard grading equipment. 

Construction Procedures 

The treatment area of the 3,OOO-foot long segment of dike was 90 feet wide, and the 

densification was carried out from June to October 1985. The project specifications called 

for a total of five passes of the pounder throughout the entire treatment area. The number 

and location of pounder drops varied with each pass. The required number of drops for 

each pass and the pattern of drop points for the 3,000 foot segment is shown on Fig. 28. 

For this segment, a 7 by 7 foot, 20 ton pounder was dropped from a height of 100 feet. The 

energy applied throughout the 3,000 foot segment was about 360 foot-kips per square foot 

of area treated. 
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The required drop pattern for the 1,000 foot segment, shown on Fig. 29, was essentially the 

same at that for the 3,000 foot segment. The treatment area was narrowed to 75 feet, and 

because the soil conditions were somewhat different in the 1,000 foot segment than those 

in the 3000 foot segment, the total number of drops was reduced. For this segment, a 5 by 

5 foot, 20 ton pounder was dropped from a height of 95 feet. The total energy applied to 

the 1,000 foot segment was approximately 310 foot-kips per square foot of area treated. The 

work was done during December 1985 and January 1986. 

Final Results of Improvement 

CPT testing was performed before, during, and after DDC treatment. In addition, four test 

borings were drilled at various locations in the 3,000 foot segment of dike when the DDC 

treatment was about half completed, and SPTs were performed to provide a correlation 

between CPT tip resistance and SPT blow count at the site. Changes in pore water pressures 

in the sand fill after treatment were measured using both open standpipe and closed porous 

stone (hydraulic) piezometers. These measurements enabled the geotechnical engineer to 

moniter the rate of pore pressure dissipation in the fill after the DDC treatment. 

It was concluded that the project specifications were met or exceeded in the treated areas 

of the dike. The average CPT tip resistances in the densified sand were at least 100 kg/cm2; 

except in the southern one-third of the 3,000 foot segment. CPTs performed in this section 

indicated lenses of soil within the profile with tip resistances less than 80 kglcm2. It was 

concluded, based on previous CPT data and sampling, that these lenses consist of clays or 

silts not susceptible to liquefaction. Therefore, no further treatment was required. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located in downtown Oakland, and a 

strong motion instrument at the Alameda Naval Air Station, the project site was estimated 

to have been subjected to a peak ground acceleration of approximately 0.25g within a 
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bracketed duration of about four seconds during the Lorna Prieta earthquake. Evidence of 

extensive liquefaction (large sand boils, sink holes) was observed in areas of Bay Farm Island 

behind the dikes, the adjacent Oakland International Airport runways, and Alameda Naval 

Air Station. No liquefaction or permanent movement of the perimeter dikes was detected. 

HANOVER PROPERTIES, UNION CITY, CALIFORNIA 

Project Description 

The Hanover properties, consisting of five relatively lightly loaded tilt-up panel buildings, 

were constructed in 1988. The buildings cover an an area of approximately 200,000 square 

feet. 

Initial Conditions 

The site was essentially level and unimproved at the time of the geotechnical investigation. 

The upper eight to twelve feet of soil is composed of two to three feet of hard clayey silt fill 

underlain by alternating layers of loose sand and firm silt approximately two feet thick. The 

sand is generally fine- to medium-grained. The sand and silt are underlain by a layer of soft 

to medium stiff silty clay (Bay Mud) interspersed with organics approximately 15 feet thick. 

The Bay Mud is underlain by stiff to very stiff clays to the depths penetrated. The 

groundwater surface was approximately seven feet below the ground surface at the time of 

drilling. 

Liquefaction Potential. - The liquefaction potential of the loose sand layers was evaluated 

using both SPT and CPT data. It was concluded that the liquefaction potential of the sand 

layers was moderate to high for a moderate to large earthquake occurring on either the 

Hayward or San Andreas Faults. Based on these findings, it was decided that the buildings 

should be supported on spread footings bearing on soil densified to reduce the liquefaction 

potential. 
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Improvement Goals and Methods 

Specified Level of Improvement - The geotechnical engineer specified that at a minimum, the 

loose sand layers between a depth of eight and twelve feet be densified to a minimum 

relative density of 75 percent beneath the buildings and to a distance of 10 feet beyond each 

building perimeter. 

Improvement Method. - Several methods of ground improvement believed to be appropriate 

for the soil conditions at the site including, vibrocompaction, Terraprobe densification, deep 

dynamic compaction (DDC), and excavating and recompacting the sand, were investigated. 

It was ultimately decided that the loose sands would be densified using DDC. This method 

was chosen because it was estimated to provide the most effective densification for the least 

cost. The only concern arising from the use of DDC was that treatment would be necessary 

within 60 feet of an existing warehouse structure and within approximately 25 to 50 feet of 

existing pavement, curbs, and utility lines. Because of this, it was necessary to provide 

vibration monitoring in the vicinity of the existing structures and utilities. 

Construction Procedures 

Trial Densification Tests. - Prior to production densification, two test areas of approximately 

2,500 square feet each were treated to establish a drop pattern and the number of drops at 

each point. The relative success of the densification was determined based upon three 

factors: 1) CPT performed both before and after the DDC treatment; 2) elevation drop 

over the test area, indicating the soil volume reduction; and 3) the amount of energy 

imparted to the ground. It was found that a 10-ton pounder dropped 10 times at primary 

drop points and six times at secondary drop points from a height of 25 feet satisfactorily 

densified the loose sand layers in the test area. The drop pattern is not known. 
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Construction Procedure. - The site was densified using the same drop procedure as in the test 

areas. Treatment of the entire area was completed in four weeks. No major problems were 

encountered during the treatment. 

Final Results of Improvement 

The increase in density of the sand layer was evaluated by comparing SPT and CPT data 

taken before DDC treatment with CPT taken after treatment, and by calculating the total 

soil volume reduction. The results of the CPT indicated that the liquefiable sand layer 

underlying the site had been densified to the minimum specifications required. The average 

elevation drop across the site after the DDC treatment was one and one-half to two feet. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a USGS instrument located in Fremont, the project site was 

subjected to a peak ground acceleration of approximately O.16g within a bracketed duration 

of about three seconds during the Lorna Prieta earthquake. No evidence of liquefaction or 

ground settlement was observed during a post-earthquake inspection of the site. 

KAISER HOSPITAL ADDITION, SOUTH SAN FRANCISCO, CALIFORNIA 

Project Description 

The project, completed in 1979, consists of a one-story addition immediately adjacent to an 

existing hospital. Following the partial collapse of the Veteran's Administration Hospital 

during the 1971 San Fernando Valley earthquake, the State of California required more 

stringent conditions for seismic design in hospitals with the 1973 Hospital Act. Although the 

new code was not retroactive, the provisions were applied to hospital structures modified 

more than 10 percent and therefore covered the planned expansion of Kaiser Hospital. 
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Initial Conditions 

The upper eight feet of soil is unconsolidated fill consisting of sands, gravels, clays, and 

construction debris. The fill is underlain by a layer of loose to medium dense hydraulically 

placed sand fill extending from 8 to 35 feet below the ground surface. The sand is generally 

fine- to medium-grained. 

Liquefaction Potential. - The liquefaction potential of the loose to medium dense, 

hydraulically placed sand fill was considered to be moderate during a large earthquake. The 

liquefaction potential of the upper eight feet of fill was considered to be low. 

Foundation Alternatives 

It was concluded that the proposed expansion could be supported on either spread footings 

or piles. Because the site is underlain by an approximately 27-foot thick layer of potentially 

liquefiable sand fill, it was decided that if spread footings were to be used, the sand fill 

should be densified to reduce the liquefaction potential. 

The pile alternative was eliminated because it was thought that the noise of pile driving 

would be too disruptive to continuing hospital operations. 

Improvement Goals and Methods 

Specified Level of Improvement. - The geotechnical engineer specified that at a minimum, the 

potentially liquefiable deposit be densified to a minimum relative density of 70% beneath 

the building and to a distance of 10 feet beyond the building perimeter. 

Improvement Method. - Three methods of densifying the potentially liquefiable layer were 

considered including timber displacement piles, compaction grouting, and excavation and 

recompaction of the liquefiable soils. From a technical standpoint the preferred method was 

to use timber displacement piles. However, it was required that the hospital remain in 
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operation during the densification process and the pile driving operations would be 

unacceptable. 

Excavation and recompaction of the liquefiable soils would have been very expensive and 

time consuming and, therefore, was not seriously considered. It was concluded that 

compaction grouting of the potentially liquefiable sand layer was the optimum method from 

both an economic and environmental standpoint given the project constraints of budget and 

continued operation of the hospital. 

Construction Procedures and Problems 

Trial Densification Tests. - At the time of the project (1979), little was known quantitatively 

about the effects of compaction grouting in soils that were not initially loose. In view of this, 

a pilot test section was constructed at the site to evaluate the effectiveness of compaction 

grouting in medium dense sand. Concrete grout (two-inch slump) was injected into the sand 

layer located between depths of 8 and 35 feet. A varying injection point spacing was used 

to determine the optimum grid pattern and spacing. Injection pressures and grout intake 

volumes were also monitored. 

Each injection point was grouted from the top of the sand layer downward uniformly in 

stages to the bottom of the layer. Casing was first installed at each injection point to a 

depth of eight feet. Grout was injected in all locations until a slight ground heave (about 

1/8 inch) was observed or until the grout refused to flow at injection pressures higher than 

600 psi. The grout was then allowed to harden and the hole advanced by drilling through 

the hardened grout to the next stage to be grouted. The stage lengths varied from three to 

four feet. This procedure was repeated to the bottom of the sand layer. In effect, a grout 

"cap" was formed over the test section which helped prevent ground heave; thus the grout 

at each level was progressively more effective in compacting the soil. The total surveyed 

ground heave after grouting averaged about 1/2 inch, corresponding to about 10 percent of 

the grout take. 
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To evaluate the effectiveness of the procedure in densifying the fi11layer, CPTs and SPTs 

were performed before and after the grouting. The CPT values were converted to equivalent 

SPT values as most available liquefaction potential relationships were based on SPT blow 

counts at the time. A comparison of the equivalent SPT blow counts before and after 

grouting in the test section using an eight-foot on center injection point spacing in a 

triangular grid pattern is shown on Fig. 30. This pattern was considered to be the optimum 

configuration to achieve the required relative density. 

Constmction Method. - The specifications called for the injection points to spaced at a 

maximum of eight feet on centers and that a peripheral row of points be located at least five 

feet beyond the planned building perimeter. Alternate peripheral points were to be injected 

first. Grouting was to continue at each point until either a drop in injection pressure 

indicated shearing of the soil, the injection pressure remained at 400 psi with less than 0.75 

ft3/min. grout take, or a surface heave of 1/8 inch occurred. It was specified that the grout 

pumping equipment be capable of injecting at pressures of up to 600 psi and have a 

minimum flow rate of 2 ft3/min. 

Problems. - Prior to production grouting, the contractor requested, and was granted, a 

modification of the injection procedures. This consisted of injecting the grout from the top 

downward continuously at each injection point without allowing the grout to harden between 

stages. He also proposed leaving all but the uppermost section of grout pipe in the ground 

to further reinforce the soil. Using this method, the contractor experienced considerable 

difficulty in keeping the injection pipe open while driving between stages. This resulted in 

volumes of grout injected that were insufficient to provide the required compaction. 

The contractor then requested another procedure consisting of changing the direction in 

which grouting was to proceed through the sand layer. The casing was first installed to the 

bottom of the liquefiable layer at a depth of 35 feet and gradually withdrawn in three foot 

stage intervals while grout was continuously injected. The results of extensive field density 

testing performed in the area grouted using this procedure showed that below a depth of 
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about 17 feet, the degree of compaction was adequate, while above 17 feet the level of 

improvement was below the minimum required. The reasons for the lower compaction at 

the shallow depths were not clearly evident, but may have been influenced by either the 

lower density fill placed over the liquefiable sands in this area, or by the grouting procedure. 

Several alternative grouting schemes were proposed by the grout contractor. Ultimately, it 

was decided to grout the liquefiable layer in two phases; from 14 to 7 feet and from 35 to 

7 feet, using three foot stage lengths. The final spacing between injection points was four 

feet on centers. 

Final Results of Improvement 

Extensive CPT and SPT testing was performed during production grouting to evaluate the 

increase in densification. Surface heave was monitored throughout the grouting process. 

Surveyed heave contours (conical in shape) were observed across the site after the 

completion of production grouting. Maximum heave across the site averaged less than 1/2 

inch. 

The results of the CPT and SPT are summarized in Fig. 31. It was concluded that the 

hydraulic fill sand layer was adequately densified to prevent most liquefaction from 

occurring. The actual cost of the densification project was higher than originally estimated, 

but still less than one-third that of the alternative methods considered. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located on Sierra Point in South San 

Francisco, the project site was subjected to a peak ground acceleration of approximately 

O.l1g within a bracketed duration of about 2 seconds during the Lorna Prieta earthquake. 

There were no reports of damage to the facility or surrounding paved areas caused by the 

earthquake. 
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RIVERSIDE AVENUE BRIDGE, SANTA CRUZ, CALIFORNIA 

Project Description 

The Riverside Avenue Bridge consists of a reinforced concrete, two-lane traffic bridge 

spanning the San Lorenzo River. The bridge is supported by reinforced concrete nose piers 

on each side of the bridge. In addition, a concrete slab-apron lines the river channel 

beneath the bridge and nose piers. The soil area under the south nose pier, below the 

concrete slab-apron, as shown in Fig. 32, is the subject of this case history. Although the 

ground improvement was not undertaken for seismic strengthening, the behavior of the 

treated ground during strong shaking is nonetheless important. 

Initial Conditions 

The upper five feet of soil (beneath the concrete slab-apron) is composed of saturated, loose 

to medium dense sandy gravel up to one-inch diameter. The gravel is underlain by a layer 

of dense gravelly sand approximately 11 feet thick. The sand is generally medium- to 

fine-grained and contains less than five percent of material finer than the #200 sieve. The 

gravels are one- to two-inches in diameter. The sand is underlain by alternating layers of soft 

to medium stiff silty clays and sandy silts to the depths penetrated. The water level of the 

river is approximately nine feet above the bottom of the concrete slab-apron at high tide. 

The granular bearing soils underneath the south nose pier were being eroded away by the 

river thereby undermining the pier. The resulting settlement of the pier was causing damage 

to the bridge decking above. Over time, the erosion and resulting settlement appeared to 

be increasing, and it was decided that some method of improving the granular soils to 

prevent further erosion must be implemented. 
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Soil Improvement Goals and Methods 

Specified Level of Improvement. - It was specified that the method of improvement must 

prevent additional settlement of the pier. In addition, the method chosen needed to be 

performed with the existing nose pier, slab-apron, bridge deck, etc., in place. Santa Cruz City 

officials required that one lane of traffic remain open at all times during construction. Work 

was to proceed only between the hours of 8 a.m. and 6 p.m. and was required to be 

completed within 15 days of the start of construction. 

Improvement Method. - Based on the nature of the problem and the space constraints at the 

site, grouting was the only ground improvement method seriously considered. It was decided 

to use chemical grout to "cement" the sand grains into a single, erosion resistant mass. 

Construction Procedures 

The chemical grout was composed of sodium silicate N grade and MC 500 micro-fine 

cement. Less than one-tenth of a percent by volume of phosphoric acid was used to control 

set time. The grouting was accomplished by placing sleeve port grout pipes (SPGP) into the 

granular bearing soils and injecting grout, in a zone around and underneath the nose pier, 

as shown in Figs. 33 and 34. 

Casing pipe was set through the river sediment and holes were drilled through the eight-inch 

thick concrete slab for SPGP access. Twelve vertical holes were drilled through the nose pier 

for grout injection directly beneath the footing. The steel SPGPs were vibrated or jetted into 

the granular soil. The grout was pumped into the SPGP through an internal packer in 

multiple stages at each injection point. At the completion of grouting operations, the lower 

portion of the SPGP was backfilled with cement grout and the remaining portion removed, 

along with the casing pipe. All holes in the nose pier were also grouted. No major problems 

were reported during the grouting process and the job was completed within the 15 day time 

limit. 
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Field Control and Evaluation 

Field Control. - The contractor was required to establish a quality control program consisting 

of sampling and testing the water, soil and grout admixture to assure proper placement and 

consistency of the grout. In addition, the contractor was required to keep records of all 

grouting operations including: 

a. Geologic logs of the grout holes. 
b. Hole location and depth. 
c. Time of each change in grouting operation. 
d. Injection pressure at each hole. 
e. Rate of pumping. 
f. Amount of chemical used for each hole. 

All records were submitted to the U.S. Army Corps of Engineers for approval. 

Sampling and Testing. - Originally, it was required that the unconfined compressive strength 

and relative density of the soil after grouting be obtained from undisturbed samples of the 

soil. The samples were to be a minimum of three inches in diameter and 30 inches long. 

This requirement was eventually dropped because the required method of sampling would 

have been very difficult and expensive. 

To evaluate the effectiveness of the grouting, 76 additional SPGPs were incorporated into 

the original grouting plan and field grouted specifically for testing purposes. From these, 

grouted sand samples were made and strength tested. In addition, the nose pier and bridge 

deck were surveyed before and after the grouting to check for movement due to ground 

heave. 

Final Results of Improvement 

Approximately 40,000 gallons of chemical grout were injected into 77 locations around and 

beneath the nose pier. A total of about 550 points of injection were used in the zone to be 

stabilized. Based upon the unconfined compressive strengths of the field samples, and the 
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volume of grout injected, it was concluded that the sand underneath the nose pier was 

suitably strengthened and that settlement of the pier would no longer occur. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located on the University of California, 

Santa Cruz campus, the project site was subjected to a peak ground acceleration of 

approximately 0.45g within a bracketed duration of 15 seconds during the Lorna Prieta 

Earthquake. According to the Santa Cruz city engineer, no settlement of the bridge pier or 

other detrimental ground movements were observed. 

SANTA CRUZ COUNTY DETENTION FACILITY, SANTA CRUZ, CALIFORNIA 

Project Description 

The Santa Cruz County Detention Facility, constructed in 1979, consists of a one- and 

two-story building, a recreation yard, and two buffer zones. The structure is of a modular, 

split-level design with maximum plan dimensions of 200 feet by 220 feet. 

Initial Conditions 

The site was essentially level and paved for use as a parking lot at the time of the 

geotechnical investigation. The upper 4 to 12 feet of soil is composed of firm to very stiff 

clays and silts and medium to very dense sands and gravels. These materials are engineered 

fill placed during a redevelopment project in 1964. The fill is underlain by a layer of soft 

to stiff sandy silts and loose to medium dense silty sands varying in thickness from 20 to 70 

feet. This layer varies in thickness from 20 to 70 feet. The silt and sand are underlain by 

siltstone bedrock to the depths penetrated. The groundwater level was 12 to 17 feet below 

the ground surface across the site at the time of drilling. 
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Liquefaction Potential. - A seismic study of the site concluded that an earthquake occurring 

on either the San Gregorio or San Andreas Faults (M 6.0 to 8.0), would result in peak 

ground surface accelerations at the site of 0.15 to 0.45g. A liquefaction analysis of the silt 

and sand layer below the water table using the simplified procedure developed by Seed, et 

al (1983) indicated that widespread liquefaction would likely occur in the layer with peak 

ground surface accelerations of 0.15 to 0.20g. Liquefaction of the upper 4 to 12 feet of fill 

was considered very unlikely because it is located above the groundwater table. 

Foundation Alternatives 

The primary consideration for foundation design was the highly compressible and liquefiable 

nature of the soft, clayey and sandy silts underlying the site. It was concluded that total 

settlements of approximately one to two inches, and differential settlements of about one 

inch could occur due to consolidation of the silt layer by the foundation loads of the 

proposed building. In addition, settlements of up to 5 to 10 inches were expected to occur 

should the silts liquefy during an earthquake. Because of these potential settlements, the 

geotechnical engineer recommended that the building, including its ground floor slab, be 

supported on driven piles end-bearing in the siltstone bedrock. 

However, the County of Santa Cruz decided that the proposed pile foundation was too 

expensive and asked for an alternative foundation design. Consequently, it was decided that 

the building would be supported on spread footings and that the silt layer be densified to 

minimize consolidation and liquefaction potential. 

Soil Improvement Goals and Methods 

Specified Level of Improvement. - The geotechnical engineer specified that at a minimum, the 

silty sand fill be densified to a minimum relative density of 70% between the depths of 5 and 

35 feet beneath the building and to a distance of 10 feet beyond the building perimeter in 

order to prevent liquefaction. 
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Improvement Method. - Because the site was level and open with no existing structures 

nearby, Deep Dynamic Compaction (DDC) was well-suited to densify the site because of its 

simplicity and relative low cost. 

Construction Procedures 

Trial Densification Tests. - Prior to production densification a test area forming a square with 

20-foot long sides, was densified by DDC in order to evaluate the effectiveness of the 

method in the soils between 5 and 35 feet depth. Prior to densification, three test borings 

were drilled in the test area and SPTs were performed at various depths. In addition, a 

piezometer was installed in the center the square. 

The DDC contractor determined that a pounder about six feet square and weighing 20 tons, 

would be dropped from a height of 60 feet to produce the densification. The drop points 

were along the perimeter of the square test area as shown in Fig. 35. Twenty drops were 

made at each corner of the square, and eight drops were made at the midpoint of each side 

of the square. 

A comparison of the subsurface profile at the test section before and after treatment, 

illustrating that a substantial amount of densification was achieved in the layers above depths 

of about 25 to 30 feet, is shown on Fig. 36. A significant increase in blow count values was 

achieved in the silty sand layer above a depth of about 30 feet as shown in Fig. 37. Overall, 

it was concluded that liquefiable layer in the test section was adequately densified. 

Production Densification. - Production densification of the project site proceeded using the 

same drop pattern and number of drops that was used in the test section. No problems were 

reported during the densification. 
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Final Results of Improvement 

Twelve borings were drilled across the site and SPTs were performed to evaluate the 

resulting densification of DDC. Induced ground settlements were also measured across the 

site. Based on the SPT results, it was concluded that the potentially liquefiable soils 

extending from a depth of 5 to 35 feet were densified to an average minimum relative 

density of 75 percent. Total induced ground surface settlements across the site ranged from 

12 to 31 inches. 

Performance of the Project During the Lorna Prieta Earthquake 

Based on readings taken from a CDMG instrument located on the University of California, 

Santa Cruz campus, the project site was subjected to a peak ground surface acceleration of 

approximately 0.45g within a bracketed duration of 15 seconds during the Lorna Prieta 

earthquake. There were no reports of any damage to the building or surrounding facilities 

due to liquefaction or associated ground failure phenomena. 

DISCUSSION AND CONCLUSIONS 

All of the sites with improved ground that were studied performed very well during the 

Lorna Prieta earthquake. Without exception, there was little or no distress or damage due 

to ground shaking to either the improved ground or to the facilities and structures built upon 

it. In many cases, untreated ground adjacent to the improved ground badly cracked and/or 

settled, due primarily to liquefaction. This resulted in some damage to the facilities and 

structures built upon the untreated ground. In every case studied in which the ground 

accelerations were great enough that liquefaction of the untreated ground would have been 

predicted to occur, it did occur. Together these results support the conclusions that (1) the 

procedures used for prediction of liquefaction were reliable, and (2) ground improvement 

is effective for mitigation of liquefaction risk. 
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However, in assessing these results and their implications for the future, it is important to 

note that the Loma Prieta earthquake was of only moderate intensity and short duration. On 

average, each of the sites experienced ground accelerations of only about 25 to 75% of the 

design earthquake values (Table 2), and the durations were very short compared to the usual 

values for a magnitude 7 event. How the improved ground sites would perform during an 

earthquake of larger magnitude and longer duration is not known; however, almost certainly, 

soil liquefaction and related effects at the sites would be reduced. The question is by what 

amount? 

Detailed ground response analyses have not yet been made for the sites studied. Thus the 

analyses and interpretations of behavior are based on estimated maximum ground 

accelerations and durations of ground shaking that were obtained from the nearest available 

ground motion records. Additional ground response studies would be useful to establish 

more exactly the actual ground motions that occurred and the influence, if any, of the 

ground improvement on the surface motions. 

One of the most important aspects of any ground improvement project is accurate 

measurement of the improvement achieved. In almost every case studied, there were 

questions as to the overall amount of increase in relative density achieved. As CPT and 

shear wave velocity methods for liquefaction potential assessment become more established 

and better validated, it will become less expensive and simpler to perform testing programs 

for assessment of the overall improvement of the soil at a given site. It is hoped that more 

complete quantitative documentation of post-treatment properties will be retained for all 

future ground improvement projects so that more quantitative studies of behavior during 

future earthquakes will be possible. 

Finally, it must be emphasized that ground improvement, in spite of the great benefits 

demonstrated by the Loma Prieta earthquake, is not a panacea for mitigation of all 

earthquake risk at a site. Its functions are mitigation of liquefaction potential and the 

prevention of lateral spreading. Analyses have indicated that the improvement has little 
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effect on the ground surface response. Thus surface shaking remains a function of the input 

rock motions and the characteristics of the soil profile. As soft soil sites generally amplify 

rock motions, and ground improvement is most frequently used at soft soil sites, strucures 

that are at risk from shaking before ground treatment will remain so after treatment unless 

structural strengthening is carried out. 
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