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CHAPTER 8 SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS 

 

 

8.1 Introduction 

 

One of the most dramatic causes of damage of structures during earthquakes has been 

the development of liquefaction in saturated cohesionless deposits. The study of this 

phenomenon has become extensive since the Niigata and the Alaska earthquakes occurred in 

1964 (Seed and Lee, 1966; Seed and Idriss, 1967). The study that has been considered as a 

major breakthrough on the subject of liquefaction is the one conducted by Seed and Idriss 

(1971, 1982). They proposed a procedure to evaluate the liquefaction resistance of soils. The 

procedure is known as the “Simplified Procedure” (Seed and Idriss, 1971; Youd, et al., 2001). 

The procedure has evolved over the years as considerable effort has been devoted to the study 

of liquefaction with the latest one was the 1996 NCEER and 1998 NCEER/NSF workshops 

(Youd, et al., 2001). 

Due to the damages that may be caused by liquefaction, efforts have been developed to 

reduce the damage effects of this phenomenon including the use of aggregate pier. The use of 

aggregate pier foundation system has been gaining wide acceptance particularly in the last two 

decades. Its capabilities to increase the bearing pressure of weak soil, to reduce the settlement, 

and the uplift capacity have been studied extensively. Due to the success of aggregate pier 

foundation system in improving the static response of foundations, there has been an increasing 

interest to use aggregate pier to improve the seismic response of ground as well. The behavior 

of aggregate pier foundation system under seismic loading has been a subject of recent 

research, for example by Wissmann, et al. (1999), Lawton (1999, 2000), and Lawton and Merry 

(2000). Soil improvement and liquefaction mitigation from the use of an aggregate pier 

foundation system can be attributed to four factors: 1) Increased lateral soil stress, 2) Soil 

densification, 3) Increased stiffness of the soil, and 4) Improved drainage and faster dissipation 

of pore water pressure. However, current seismic analysis and design methods are based on the 

Simplified Procedure and on vibro-replacement using stone columns and vibro-concrete 
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columns (Baez and Martin, 1993, 1994; Goughnour and Pestana, 1998). These procedures do 

not take into consideration the distinct features of aggregate pier foundation system. 

The primary objectives of this research were to investigate the response of aggregate 

pier foundation system during earthquakes by the use of numerical modeling and to quantify 

the efficiency of aggregate pier foundation system in reducing the liquefaction potential of 

soils. Two things will be focused on this research that is the study of excess pore water pressure 

ratio and the shear stress in soil matrix. Along with the objectives mentioned previously, the 

implications of the findings obtained from this research to the design of aggregate pier 

foundation system under seismic loading will be explored. 

The proposed research objectives were accomplished by completing the following 

scope of work: 

• Perform a literature review on liquefaction-induced failure mechanisms and on 

performance of ground reinforcement for liquefaction mitigation, including the 

performance of aggregate pier foundation system; 

• Conduct a literature review on some simplified procedures that have been developed 

to analyze the performance of ground reinforcement in reducing the liquefaction 

potential of soils. Of particular interest is the analyses of shear stress generated 

under seismic loading; 

• Conduct a literature review on numerical modeling used to analyze the behavior of 

improved soil under seismic loading; 

• Conduct sets of numerical modeling to analyze the performance of aggregate pier 

foundation system in reducing the liquefaction potential of soils; and 

• Investigate the effects of some factors that affect the improved ground behavior and 

the implications in design. 

 

In completing the above scope of work, the analyses using the numerical modeling was 

focused on one type of aggregate pier. The type that was analyzed is of 3 feet (36 inches) 

diameter and 14.5 feet long. The numerical modeling that was used in the analyses was FLAC 

version 4.0 (FLAC, 2000), an explicit finite difference program using multi-stepping procedure 

to solve static and dynamic problems. Two earthquake time histories were used in FLAC 

analyses: the 1989 Loma Prieta and the 1988 Saguenay earthquakes. 
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8.2 Summary and Conclusions 

 

The results of the study were divided into three major parts. The first part was 

emphasized on the ground acceleration, the second on was the excess pore water pressure ratio, 

and the third one was focused on the shear stress in soil matrix. The following sections discuss 

these three parts. 

 

8.2.1 Ground Acceleration 

The following section summarizes the major findings of the first part, which was 

focused on the ground acceleration. 

• The amplification ratio relationship as proposed by Seed and Idriss (1982) overestimates 

the values of amax obtained from FLAC analyses. 

• The cases with Loma Prieta earthquake de-amplify the input acceleration time history (pga) 

while it is amplified for cases with Saguenay earthquake, except for cases with the presence 

of soft clay underlying the silty sand layer. This phenomenon seems contradictory. It can be 

explained by two factors: the narrow and short models used in FLAC analyses (8.4 feet by 

14.5 feet or 26.5 feet) and the huge difference in pga values (0.45g and 0.05g for Loma 

Prieta and Saguenay earthquakes, respectively) cause the models to give different response. 

• The use of aggregate pier amplifies the ground acceleration (amax) by a factor ranges from 

1.55 to 3.13 for Loma Prieta earthquake and 1.04 to 1.67 for Saguenay earthquake. The 

average value for both earthquakes ranges from 1.4 to 2.3. This phenomenon agrees to 

findings by other researchers, for example by Liu and Dobry (1997) and Mitchell, et al. 

(1998).  

• For Loma Prieta earthquake the frequency of pga coincides with the frequencies of amax. For 

Saguenay earthquake the frequency of pga is slightly larger than the frequencies of amax. It 

can also be concluded that cases using Loma Prieta earthquake generally show spectra with 

low frequency (high period) while cases using Saguenay earthquake generally show spectra 

with high frequency (low period). 
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8.2.2 Excess Pore Water Pressure Ratio 

The following section summarizes the major findings of the second part of this research 

that is to observe if the use of aggregate pier foundation system gives improvement to the 

surrounding soil against liquefaction. 

• The installation of aggregate pier shows that improvement occurs up to the depth where the 

aggregate pier is installed. 

• The cases with and without aggregate pier indicate that models with 26.5 feet of silty sand 

show smaller ground acceleration (amax) and lower values of ru compared to models with 

14.5 feet of silty sand. This implies the effect of damping is more pronounced in the deeper 

model. 

• Contradictions occur when observing the effects of soil stratification. The cases with silty 

sand and underlying 12 feet soft clay compared to the cases with all layer is silty sand. For 

cases with Loma Prieta time history, the presence of the underlying soft clay layer increases 

the values of ru for all depths. The ground acceleration (amax) is de-amplified for the case 

without aggregate pier and is amplified for the case with aggregate pier. For cases with 

Saguenay time history, the presence of soft clay decreases the values of ru up to the depth of 

the aggregate pier but increases the values of ru in the underlying soft clay layer. The 

ground acceleration (amax) is de-amplified for both cases with and without aggregate pier. 

• Contradictions also occur when observing the effects of soil properties. The effects were 

studied by comparing cases with all layers are silty sand to cases with all layers are silt. 

Aggregate pier is installed in both cases. For Loma Prieta earthquake, the presence of silt 

results in larger ground acceleration (amax) than case with all silty sand. Both cases de-

amplify the value of pga. For Saguenay earthquake, the presence of silt results in smaller 

ground acceleration (amax) and both cases amplify the value of pga. For both earthquakes, 

the presence of silt generally gives higher values of ru, which means no improvement 

occurs. 

• For the cases where the pore pressure dissipation is allowed, it can be concluded that pore 

pressure dissipation generally increases the values of ru for Loma Prieta earthquake. For 

Saguenay earthquake it does not follow a consistent trend. It decreases up to 9.75 feet, 

increases at 12.25 feet, decreases at 16.75 feet, increases at 19.75 feet, and decreases at 
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24.25 feet. By allowing the pore water pressure to dissipate, the ground acceleration (amax) 

is amplified. 

• Aggregate pier may serve as drainage system depends on the gradations of the soil matrix 

and aggregate pier elements. From flow vectors plot it can be seen that the water flows 

from the surrounding soil whose permeability is three-order magnitude smaller than the 

permeability of the aggregate pier. This observation is valid for aggregate pier using open-

graded stone since the permeability used in FLAC is a typical value of this material. 

• For Loma Prieta earthquake, most ru values increase due to the installation of aggregate 

pier. On the contrary most ru values decrease due to the installation of aggregate pier for 

Saguenay earthquake. Therefore, the effects of installation aggregate pier, that is 

improvement, are much more significant in cases with Saguenay time history. It can be 

concluded that generally improvement occurs due to the installation of aggregate pier. 

• The residual (steady state) ru values calculated using Marcuson, et al. (1990) procedure 

underestimate those calculated using FLAC. 

• The cases with Loma Prieta time history show negative values of ru at scattered depths. Liu 

and Dobry (1997), Adalier, et al. (1998), Dobry and Abdoun (1998), and Cooke (2000, 

2001) observed this phenomenon occur due to dilative response of sand under surface load, 

such as footing and embankment. For this research, the aggregate pier can be envisioned as 

the load. 

• The use of aggregate pier increases the lateral stress in soil matrix (Handy, et al., 1999; 

White, et al, 2000; Handy, 2001) by a factor ranges from 2 to 17 with average value of 5 to 

6. 

 

8.2.3 Shear Stress in Soil Matrix 

The following section summarizes the major findings of the third part by mainly 

focusing the observation on the shear stress of the soil matrix. 

• The distribution of the shear stresses (τmax) along horizontal section is reasonably constant 

for case without aggregate pier while for case with aggregate pier the distribution of the 

shear stresses (τmax) is concentrated in the aggregate pier. It can be concluded that the 

installation of aggregate pier generally results in lower shear stresses in the soil matrix and 

higher in the aggregate pier. 
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• The maximum shear stresses (τmax) generally increase with depths for case without 

aggregate pier. For case with aggregate pier the values of τmax increase up to depth 3 feet 

and then decrease up to depth of 8 feet and then increase again. 

• The values of rd calculated by using the values of τmax from FLAC show a relatively narrow 

range with values for case without aggregate pier are generally larger than those of case 

with aggregate pier. The values of rd calculated using FLAC are generally less than those 

proposed by the Simplified Procedure (Seed and Idriss, 1971).  

• The values of KG as proposed by Baez and Martin (1993, 1994) and Goughnour and 

Pestana (1998) can be estimated by applying values of τmax calculated using FLAC. It can 

be concluded that the KG values in the aggregate pier are larger than those in the soil 

matrix. This shows that the installation of aggregate pier is effective in that the aggregate 

pier carries more shear stresses than the soil matrix under seismic loading.  

• A modification to the shear stress reduction factor (KG) was introduced that is the shear 

stress reduction factor, which takes into account the reinforcement factor (KGR), which is 

defined as the ratio of the maximum shear stress for case with aggregate pier to that of case 

without aggregate pier obtained from FLAC analyses. The KGR values in the aggregate pier 

are much larger than those in the soil matrix. This again shows that the aggregate pier 

carries more shear stresses than the soil matrix under seismic loading.  

• The value of KG calculated based on shear stresses from FLAC normalized by those from 

the Simplified Procedure is smaller than the value of KGR. The use of KGR value is more 

preferable since it depicts the “real” reinforcing effects of aggregate pier. It can be 

concluded that the use of KG overestimates the reduction in shear stress of soil matrix 

during seismic loading compared to the use of KGR. It should be noted, however, that the 

low KG values reflect the uncertainty of the shear stresses calculated by the Simplified 

Procedure (Seed and Idriss, 1971). 

• A simple procedure was developed to estimate the value of KGR. It was found that the 

equation proposed by Baez and Martin (1993, 1994) agrees well with the values of KGR 

calculated using FLAC. The equation proposed by Goughnour and Pestana (1998) 

overestimates the values of KGR. 
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• The results from FLAC analyses seem contradict with those from the Simplified Procedure 

(Seed and Idriss, 1971) in terms of estimating the values of rd and KG. It is recommended to 

use the values of KGR estimated using equation proposed by Baez and Martin (1993, 1994). 

• A simple design procedure was proposed to estimate the shear stress in the soil matrix (τs) 

under seismic loading. This procedure should be used with judgment as to which values of 

input shear stress (τ) should be used.  

 

8.3 Recommendations for Future Research 

 

The following points were recommended for future research: 

• The conclusions drawn from this research should be verified with the real condition in 

the field during earthquake. 

• The study of the reinforcement factor (KGR) values was conducted by comparing two 

cases (Cases 1C2 and 2C2). More cases should be analyzed in the same manner. 

• Further research should be performed to estimate the correction factor in determining 

the values of the input shear stress (τ).  

• Study of the seismic response of groups of aggregate pier including the group effects 

are recommended for future research. 


