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(ABSTRACT ) 

First-hand accounts of sand boils and other 

liquefaction-related phenomena associated with the 

Charleston, SC earthquake of 1886 provide clear evidence 

that liquefaction was common in this event. Recent geologic 

investigations in the Charleston area have found evidence 

for the repeated liquefaction of sandy soils in the 

Charleston area due to recurring large seismic events. 

Although this information has led_ to an improved 

understanding of seismicity in the Charleston region, little 

hard data exists in terms of ground motion characteristics 

or levels of seismic loading. A two-year field



investigation was undertaken by Virginia Tech to study the 

liquefaction findings associated with the 1886 event from 

the perspective of geotechnical engineering. This involved 

defining the engineering parameters of the Charleston soils 

on the basis of in-situ and laboratory tests, and estimating 

the levels of seismic loading required to produce the 

observed liquefaction phenomena. 

Of the sites where field tests were performed, the 

surficial soils were largely formed from ancient beach ridge 

deposits. The findings showed that soil conditions within 

these deposits are appropriate for liquefaction. Also, 

there is clear evidence that soils as old as 230,000 years 

have liquefied multiple times in the past 10,000 years. 

Many of these soils remain susceptible to liquefaction at 

relatively low levels of seismic shaking, although there is 

some evidence for progressive densification. 

With respect to the seismic loadings, evidence is 

presented which suggests that both the magnitude and peak 

acceleration of the 1886 earthquake were less than what has 

been proposed by the seismological community (M = 7.7 and 

0.5 - 0.6g peak acceleration). The findings of this study 

indicate that for an M = 7.5 event, peak accelerations in 

the 0.3 to 0.4g range would serve to explain the observed 

1886 liquefaction phenomena. If it is assumed that the 

magnitude of the 1886 earthquake was less than 7.5, then the 

estimated peak accelerations increase.
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CHAPTER 1 

INTRODUCTION 

The largest historical earthquake in the eastern United 

States occurred on the Atlantic seaboard approximately 15 

miles northwest of Charleston, South Carolina in 1886. The 

earthquake was estimated to have a Modified Mercalli 

Intensity (MMI) of X in the meizoseismal zone, and an MMI of 

IX in the City of Charleston. The surface wave magnitude 

(Ms) of the earthquake has been estimated at 7.7. Following 

the earthquake, extensive field reconnaissances were under- 

taken, with the most recognized documentation provided by 

Dutton (1889). First-hand observations by Dutton and others 

describe obvious liquefaction-related ground disruptions 

ranging from very large sand blows (or "craterlets") to 

minor ground fissures and sand vents. Of particular 

interest is that some of these features were unusually large 

compared to those observed in present-generation



earthquakes. Reported structural damage in the City of 

Charleston was extensive, and it is postulated that 

liquefaction-related ground failures were responsible for a 

Significant part of this damage (Robinson and Talwani, 

1983). 

Recent paleoseismic studies have led to the discovery 

of relic liquefaction features in the Charleston vicinity as 

well as other areas along the coast of South Carolina 

(Obermeier et al., 1987). Liquefaction features could be 

found because of recent near-surface soil exposures provided 

by long drainage ditches, (common to the low-lying 

Charleston region) and large borrow pits excavated for the 

mining of sand. Dating of organics in the soil profile has 

shown that while some of the features are related to the 

1886 event, many features were caused by pre-1886 episodes 

of ground shaking. The studies indicate that at least four 

episodes of liquefaction have occurred at sites in the 

Charleston region prior to 1886. Based on these findings, 

the recurrence interval for major seismic events has been 

estimated at about 500-1500 years for the coastal region of 

South Carolina. 

While the geological findings have led to an improved 

understanding of Charleston area seismicity, it remains to 

study the South Carolina liquefaction discoveries from the 

perspective of geotechnical engineering. The present inves- 

tigation was undertaken to study the engineering properties



of the soils associated with the liquefaction features, and 

to characterize and determine the liquefaction susceptibi- 

lity of these soils. Of particular interest are: 

1) The engineering characteristics of the sands from the 

liquefaction sites. Are they all equally subject to 

liquefaction, and are they in any way different in 

their seismic response relative to sands from other 

regions? 

2) Variation in soil conditions from site to site that 

would suggest that more damage would result in one area 

than another if an earthquake should occur. This 

includes localized site response and soil amplification 

effects that may influence cyclic behavior. 

3) The lateral extent and makeup of the key soil layers 

around the liquefaction sites, and the relation of this 

to the type of liquefaction features. 

4) Evidence for progressive densification of sediments in 

areas where liquefaction has repeatedly occurred. 

5) The level of seismic activity needed to cause 

liquefaction, as determined at sites where major, 

minor, and no liquefaction occurred in the 1886 

earthquake. 

6) The attenuation of seismic energy with distance during 

the 1886 event, as based on the accelerations estimated 

to be consistent with the 1886 liquefaction observa-



tions at locations close to and far from the source 

zone. 

7) The relationship between the levels of seismic activity 

determined as per items (4) and (5) to those proposed 

by the seismological community. 

The effort undertaken for this study involved a two- 

year investigation which included general field reconnais- 

Sance, researching of historical documents, drilling, 

Standard Penetration Testing (SPT) testing, Cone Penetration 

Testing (CPT) testing, compiling SPT borings and other soil 

data from commercial firms, and laboratory testing. The 

field testing program and data collection effort focussed on 

beach ridge deposits which are known to have the charac- 

teristics most appropriate for liquefaction. Testing was 

performed at sites within and outside of areas where lique- 

faction was prominent, and at different distances from the 

1886 zone of energy release. Fifteen sites at which the 

extent of 1886 liquefaction was well-defined by first hand 

accounts or by U. S. Geological Survey personnel, were 

tested primarily with the CPT and to a lesser extent with 

the SPT. Six of the sites were located within the meizo- 

seismal region, while ten sites fell outside of this region. 

More than 35 auger holes, 57 CPT holes, and 6 SPT holes were 

performed by Virginia Tech personnel, and more than 2000 SPT 

borings were collected from outside agencies. Additionally,



a commercial firm was hired to perform six SPT’s during the 

first year of the investigation. 

Collectively, the soil data help to provide a framework 

of understanding for an environment where the seismic return 

rate is low, and where little hard data exists as to the 

source mechanism for the seismic shaking. The data also 

allow insight into the reasons for the types of liquefaction 

features found in paleoseismic studies, as well as inference 

into the level of accelerations necessary for their 

generation. 

This report is organized to provide in Chapter 2 a 

-background to the Charleston earthquake and the general 

subject of liquefaction. Chapter 3 presents the organiza- 

tion of the field investigations and testing program, while 

Chapter 4 gives details about the testing and testing 

procedures. Soil conditions determined on the basis of 

field and laboratory testing are detailed in Chapter 5. 

Chapter 6 presents liquefaction analyses of the soil data 

obtained from all sources, and discusses the implications of 

the results of these analyses. A summary and conclusions 

are outlined in Chapter 7.



CHAPTER 2 

BACKGROUND 

2.1 CHARLESTON AREA SEISMICITY 

One of the most prominent areas of seismicity along the 

Atlantic Seaboard is in the vicinity of Charleston, SC. The 

Charleston earthquake of 1886 stands out as the largest 

seismic event to have occurred in this region during 

historic times. Following two days of several small 

tremors, the initial and strongest shock hit on August 13 at 

9:51 p.m. with a duration of approximately 35 to 70 seconds 

(Dutton, 1889). The epicenter was located about 15 miles 

northwest of Charleston between the towns of Summerville and 

Middleton Place. All physical evidence and known facts 

about the earthquake indicate that a Modified Mercalli 

Intensity (MMI) of X was experienced throughout the epicen- 

tral region, while an intensity of IX was felt in the City



of Charleston. Damage throughout the Charleston region was 

extensive, but the population density, predominance of 

single story wood frame houses in the epicentral area, and 

the timing of the earthquake contributed to a reduction in 

the loss of life (60 deaths were reported). As illustrated 

on the intensity map in Fig. 2.1, the motions of the 

earthquake were felt over a large part of the U.S., and were 

reported to have caused "lamps to sway" in Cuba and "dishes 

to topple from shelves" in New York (Dutton, 1889). 

Using relationships involving the attenuation of inten- 

sity with epicentral distance, Bollinger (1977) and Nuttli 

et al. (1979) have estimated the magnitudes of seismic 

shaking as m, = 6.6-6.9 and Mg = 7.7; peak ground accel- 

erations were placed in the range of 0.6g. In a more recent 

study, Chapman et al. (1989) have estimated the range of 

near-surface peak accelerations of the 1886 event to fall 

within 0.4 to 1.0 g. Although these magnitudes are 

indicative of strong ground shaking, no surface fault 

rupture was observed during the 1886 event. One explanation 

lies in the possibility that the hypocenter lay at a depth 

of 12 miles or more (Nuttli et al., 1986). Based on first- 

hand descriptions of the ground motions and intensity 

reports within the meizoseismal zone, it has been inferred 

that the energy release of the earthquake was initiated near 

Dutton’s southwestern epicentrum and propagated toward the 

northeastern epicentrum (Nuttli et al., 1990); see Fig. 2.2.
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Figure 2.1 Isoseismal Map Showing Intensity Patterns for the 
1886 Charleston Earthquake (Bollinger, 1977).
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�A� �l�i�n�e� �c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�w�o� �c�e�n�t�e�r�s� �o�f� �h�i�g�h�e�s�t� �i�n�t�e�n�s�i�t�y� �c�a�n� 

�b�e� �i�n�t�e�r�p�r�e�t�e�d� �t�o� �b�e� �t�h�e� �s�u�r�f�a�c�e� �p�r�o�j�e�c�t�i�o�n� �o�f� �t�h�e� �f�a�u�l�t� 

�r�u�p�t�u�r�e� �p�l�a�n�e� �a�n�d� �l�i�n�e�a�r� �z�o�n�e� �o�f� �s�e�i�s�m�i�c� �e�n�e�r�g�y� �r�e�l�e�a�s�e�.� 

�S�m�a�l�l� �e�a�r�t�h�q�u�a�k�e�s� �c�o�n�t�i�n�u�e� �t�o� �b�e� �f�e�l�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�C�h�a�r�l�e�s�t�o�n� �r�e�g�i�o�n�,� �a�l�t�h�o�u�g�h� �t�h�e� �o�v�e�r�a�l�l� �l�e�v�e�l� �o�f� �s�e�i�s�m�i�c� 

�a�c�t�i�v�i�t�y� �i�s� �r�e�l�a�t�i�v�e�l�y� �l�o�w�,� �a�n�d� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �i�t�s� 

�i�n�t�r�a�p�l�a�t�e� �t�e�c�t�o�n�i�c� �s�e�t�t�i�n�g� �(�A�m�i�c�k� �e�t� �a�l�.�,� �1�9�8�9�)�.� �W�h�i�l�e� �t�h�e� 

�c�a�u�s�e� �o�f� �t�h�e� �1�8�8�6� �e�v�e�n�t� �i�s� �s�t�i�l�l� �s�p�e�c�u�l�a�t�i�v�e�,� �r�e�c�e�n�t� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�s� �h�a�v�e� �l�e�d� �t�o� �a�n� �i�m�p�r�o�v�e�d� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� 

�m�o�t�i�o�n� �p�a�t�t�e�r�n�s� �a�n�d� �p�o�s�s�i�b�l�e� �s�o�u�r�c�e� �m�e�c�h�a�n�i�s�m�s� �(�B�o�l�l�i�n�g�e�r�,� 

�1�9�7�7�;� �T�a�l�w�a�n�i�,� �1�9�8�2�)�.� �O�u�r� �c�u�r�r�e�n�t� �k�n�o�w�l�e�d�g�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� 

�t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �s�e�i�s�m�i�c�i�t�y� �n�e�a�r� �C�h�a�r�l�e�s�t�o�n� �o�r�i�g�i�n�a�t�e�s� �f�r�o�m� 

�o�n�e� �o�r� �m�o�r�e� �d�e�e�p�l�y� �b�u�r�i�e�d� �a�n�d� �p�r�o�b�a�b�l�y� �i�n�t�e�r�s�e�c�t�i�n�g� �f�a�u�l�t� 

�z�o�n�e�s�,� �a�l�t�h�o�u�g�h� �i�r�r�e�f�u�t�a�b�l�e� �e�v�i�d�e�n�c�e� �s�u�p�p�o�r�t�i�n�g� �a� �s�p�e�c�i�f�i�c� 

�m�o�d�e�l� �h�a�s� �n�o�t� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �(�W�e�e�m�s� �a�n�d� �O�b�e�r�m�e�i�e�r�,� �1�9�8�9�)�.� 

�2�.�2� �G�E�O�L�O�G�I�C� �S�E�T�T�I�N�G� �O�F� �T�H�E� �C�H�A�R�L�E�S�T�O�N� �A�R�E�A� 

�T�h�e� �c�o�a�s�t�a�l� �p�l�a�i�n� �r�e�g�i�o�n� �o�f� �S�o�u�t�h� �C�a�r�o�l�i�n�a� �i�s� �a�n� �a�r�e�a� 

�o�f� �m�i�n�i�m�a�l� �l�o�c�a�l� �r�e�l�i�e�f� �(�3� �t�o� �1�0� �f�t�.�)� �a�n�d� �l�o�w� �g�r�o�u�n�d� �e�l�e�v�a�-� 

�t�i�o�n� �(�3� �t�o� �3�5� �f�t�.� �a�b�o�v�e� �M�S�L� �i�n� �t�h�e� �s�t�u�d�y� �a�r�e�a�)�.� �L�o�c�a�l�l�y� 

�t�h�i�s� �a�r�e�a� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �"�L�o�w� �C�o�u�n�t�r�y�"� �a�n�d� �i�s� 

�c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �v�a�s�t� �e�x�p�a�n�s�e�s� �o�f� �s�w�a�m�p�s� �a�n�d� �m�a�r�s�h�l�a�n�d�s� 

�t�r�a�v�e�r�s�e�d� �b�y� �a� �s�e�r�i�e�s� �o�f� �h�i�g�h�-�g�r�o�u�n�d� �r�i�d�g�e�s� �o�f� �Q�u�a�t�e�r�n�a�r�y� 

�m�a�r�i�n�e� �a�n�d� �f�l�u�v�i�a�l� �s�e�d�i�m�e�n�t�s�.� �T�h�e� �m�a�r�i�n�e� �s�e�d�i�m�e�n�t�s� �f�o�r�m� �a� 

�1�0



�s�e�r�i�e�s� �o�f� �s�i�x�,� �w�e�l�l�-�d�e�f�i�n�e�d�,� �i�n�t�e�r�g�l�a�c�i�a�l� �b�e�a�c�h� �r�i�d�g�e�s� �w�i�t�h� 

�a�s�s�o�c�i�a�t�e�d� �b�a�c�k�-�b�a�r�r�i�e�r� �a�n�d� �s�h�e�l�f� �d�e�p�o�s�i�t�s� �w�h�i�c�h� �t�r�e�n�d� 

�r�o�u�g�h�l�y� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �p�r�e�s�e�n�t� �s�h�o�r�e�l�i�n�e�.� �T�h�e� �g�e�o�l�o�g�i�c� �m�a�p� 

�g�i�v�e�n� �i�n� �F�i�g�.� �2�.�3� �s�h�o�w�s� �t�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �d�e�p�o�s�i�t�s� 

�w�h�i�c�h� �e�x�t�e�n�d� �a�l�o�n�g� �t�h�e� �S�o�u�t�h� �C�a�r�o�l�i�n�a� �c�o�a�s�t� �f�r�o�m� �N�o�r�t�h� 

�C�a�r�o�l�i�n�a� �t�o� �G�e�o�r�g�i�a�.� �T�h�e� �b�e�a�c�h� �d�e�p�o�s�i�t�s� �a�r�e� �e�x�t�e�n�s�i�v�e� �a�n�d� 

�o�c�c�u�r� �a�s� �c�o�n�t�i�g�u�o�u�s� �d�e�p�o�s�i�t�s� �e�x�c�e�p�t� �w�h�e�r�e� �c�r�o�s�s�-�c�u�t� �b�y� 

�f�l�u�v�i�a�l� �s�e�d�i�m�e�n�t�s�.� �I�n�d�i�v�i�d�u�a�l� �s�e�g�m�e�n�t�s� �h�a�v�e� �r�e�a�c�h�e�s� �o�f� �u�p� 

�t�o� �4�0� �m�i�l�e�s� �a�n�d� �w�i�d�t�h�s� �o�f� �5� �m�i�l�e�s�.� �T�h�e� �b�e�a�c�h� �r�i�d�g�e�s� �w�e�r�e� 

�f�o�r�m�e�d� �s�u�c�h� �t�h�a�t� �t�h�e�y� �p�r�o�g�r�e�s�s�i�v�e�l�y� �i�n�c�r�e�a�s�e� �i�n� �a�g�e� �a�n�d� 

�g�r�o�u�n�d� �e�l�e�v�a�t�i�o�n� �w�i�t�h� �d�i�s�t�a�n�c�e� �i�n�l�a�n�d� �f�r�o�m� �t�h�e� �p�r�e�s�e�n�t� 

�s�h�o�r�e�l�i�n�e� �(�n�o�r�t�h�w�e�s�t� �d�i�r�e�c�t�i�o�n�)�;� �t�h�e� �o�l�d�e�s�t� �d�e�p�o�s�i�t�s� �a�r�e� 

�s�i�t�u�a�t�e�d� �f�a�r�t�h�e�s�t� �i�n�l�a�n�d� �a�n�d� �a�t� �t�h�e� �h�i�g�h�e�s�t� �e�l�e�v�a�t�i�o�n�s�.� �T�h�e� 

�i�n�l�a�n�d� �l�i�m�i�t� �o�f� �t�h�e� �m�a�r�i�n�e� �d�e�p�o�s�i�t�s� �i�s� �_�d�e�m�a�r�k�e�d� �b�y� �t�h�e� 

�o�l�d�e�s�t� �b�e�a�c�h� �r�i�d�g�e� �l�o�c�a�t�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5� �m�i�l�e�s� �f�r�o�m� �t�h�e� 

�s�h�o�r�e�.� 

�C�o�l�o�r� �a�n�d� �l�e�t�t�e�r� �d�e�s�i�g�n�a�t�i�o�n�s� �a�r�e� �u�s�e�d� �i�n� �F�i�g�.� �2�.�3� �t�o� 

�i�n�d�i�c�a�t�e� �t�h�e� �a�g�e�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �g�e�o�l�o�g�i�c� �u�n�i�t�s�.� �T�h�e� 

�p�r�e�s�e�n�t� �b�e�a�c�h� �s�y�s�t�e�m� �i�s� �o�u�t�l�i�n�e�d� �i�n� �y�e�l�l�o�w� �a�n�d� �g�i�v�e�n� �a� �Q�l� 

�d�e�s�i�g�n�a�t�i�o�n�,� �w�h�i�l�e� �t�h�e� �a�r�e�a�s� �s�h�o�w�n� �i�n� �p�u�r�p�l�e� �a�n�d� �d�e�s�i�g�n�a�t�e�d� 

�a�s� �Q�2�,� �r�e�p�r�e�s�e�n�t� �o�l�d�e�r� �b�e�a�c�h� �s�e�d�i�m�e�n�t�s� �o�f� �a�b�o�u�t� �8�5�,�0�0�0� �y�e�a�r�s� 

�i�n� �a�g�e�.� �T�h�e� �8�5�,�0�0�0� �y�e�a�r�-�o�l�d� �r�i�d�g�e� �i�s� �l�o�c�a�t�e�d� �r�o�u�g�h�l�y� �f�i�v�e� 

�m�i�l�e�s� �i�n�l�a�n�d�.� �T�h�e� �p�i�n�k� �Q�3� �d�e�p�o�s�i�t�s� �r�a�n�g�e� �f�r�o�m� �1�3�0�,�0�0�0� �t�o� 

�2�3�0�,�0�0�0� �y�e�a�r�s� �i�n� �a�g�e� �a�n�d� �a�r�e� �a�b�o�u�t� �1�0� �m�i�l�e�s� �f�r�o�m� �t�h�e� �s�h�o�r�e�-� 

�l�i�n�e�.� �T�h�e� �n�e�x�t� �t�h�r�e�e� �i�n�l�a�n�d� �r�i�d�g�e�s�,� �d�e�s�i�g�n�a�t�e�d� �a�s� �0�9�4�,� �Q�5�,� 

�a�n�d� �Q�6� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�r�e� �a�l�l� �o�l�d�e�r� �t�h�a�n� �7�0�0�,�0�0�0� �y�e�a�r�s�;� �t�h�e�s�e� 
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