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Abstract 
 
Using contemporary and original documents from the Archivo General de Indias it has been possible to 
complete the data for the 18 October 1551 earthquake in Cuba. The seism took place at midday, approxi-
mately. It had foreshocks and aftershocks. In Bayamo, 7 inhabitants were injured, and the town was severely 
affected. Maximum seismic intensity was IX degrees on the MSK scale, and the area of perceptibility is es-
timated at 40,000 km2. Liquefaction processes and soil type in Bayamo contributed to the damage. This lo-
cality is in the Eastern region of the island, and continues to suffer the most and the strongest seismic events. 
The epicenter was in the southern marine area of the western segment of Oriente trough (19.6 N 77.8 W, h = 
15 km, Ms = 6.6), where there is a crossing of faults, and neotectonics and focal mechanisms are affected by 
transtension, although the Bartlett-Cayman region’s tendency to left-lateral strike-slip movement is main-
tained, in the Caribbean and North American plate boundary zone. 
 
Keywords: Bayamo, Cuba, Earthquake, Historical Seismicity 

1. Introduction 
 
In previous papers we have shown that relatively large 
and destructive earthquakes have occurred frequently in 
the past along the Oriente fault system [1,2]. We have 
also shown that American contemporary documents must 
be studied with care, in their historical and cultural con-
text, in order to avoid overrating when evaluating inten-
sity [3]. In this paper, we will discuss an historic Cuban 
earthquake, which occurred in the year 1551. The infor-
mation for this seismic event comes from contemporary 
sources, such as unpublished consular correspondence, 
official documents and damage claims, as well as from 
the observations of travelers who passed through the 
epicentral region during and after the earthquake. An 
extensive literature search for documents relative to this 
earthquake was carried out in libraries and archives of 
Belgium, Cuba, Dominican Republic, England, France, 
Jamaica, Mexico, Spain, and United States of America. 

Cuba’s written history is fairly extensive. It began in 
1492 with the diaries of the first Spanish explorers [4,5]. 
The Spanish colonizers and priests established Catholic 
churches throughout the island, in all the villages founded 
from 1512 onwards. Many of these documents are avail-
able in the Archivo General de Indias (AI), Spain. Con-
sultation at the AI enabled access to the original sources 

of information, for the first time, revealing that informa-
tion on many XVIth century earthquakes has been com-
piled. Cotilla [3] and Cotilla and Córdoba [2] have al-
ready shown the usefulness of the AI, in the studies of 
four earthquakes in Santiago de Cuba. 

In 1687, Cuban newspapers were published for the 
first time, initially issued in Santiago de Cuba and La 
Habana [5,6]. They mentioned perceptible earthquakes, 
continued to spread across the Eastern Cuban region as 
the population increased. Descriptions of the Cuban 
earthquakes were catalogued by Poey [7-9], and were 
later interpreted in terms of shaking intensity, and later, 
earthquake epicenters and magnitude [10-12]. Cotilla and 
Udías [5] classify the earthquake information quality of 
the works by Andrés Poey y Aguirre, concluding that the 
information given for the event of 1551 in Bayamo is 
unsatisfactory. 

The aim of this paper is to detail what is known about 
the 1551 Cuban earthquake (Bayamo) including its sequ- 
ences, the location of the epicentral areas, assessment of 
magnitude, and its effects both on the ground and on man- 
made structures. A further aim is to provide a critical 
review of the information available and to resolve some 
ambiguities appearing in previous works. Attempts are 
made to associate these events with local tectonics or to 
evaluate the associated seismic hazard. 
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2. Short Notes on Tectonics and Seismicity 
 
The relative motion between the North American and 
Caribbean plates is decisive for the area’s tectonic re-
gime on a regional scale [13-20] (Figures 1(a), 1(b)). 
Cuba is a megablock (or microplate) located in the 
southern part of the North American plate (Figure 2) 
[21-23]. The active plate boundary is situated along the 
southeast coast where the main seismic activity follows 
the eastern segment of Bartlett-Cayman fault zone (Ori-
ente fault) [14,24,25]. In this segment, faulting is mostly 
sinistral strike-slip (Figure 1(d)) [1,14]. 

The general pattern of seismicity in the Caribbean re-
gion is shown in Figure 1(b). Large earthquakes occur 
along the plate boundary near Hispaniola, Jamaica and 
Puerto Rico [12,26], but no event since the XVIIIth cen-
tury has reached a magnitude of 7.0 [1,5]. Table 1 pre-
sents the most significant earthquakes in Southeastern 
Cuba [2-4]. Low magnitude seismicity (Ms < 4) occurs 
throughout the Western region of the island and particu-
larly around Santiago de Cuba [14]. The seismicity de-
termined with the Eastern Cuban network appears in 
Figure 1(c). These low-energy events have been regis-

tered by 3 or more stations in the period 1979-1994 [1]. 
It shows two important earthquake clusters, namely, in 
Cabo Cruz and Pilón-Baconao. The second cluster is the 
largest and it corresponds to most important seismog- 
enetic segment of Oriente fault [22] where the strongest 
earthquakes are observed there. The cluster of Cabo Cruz 
has an important epicentral error and the accuracy in 
azimuth is about 15-30%. Using the mentioned Cuban 
seismic data, Cotilla [1] presented the Figures 1(e) and 
1(f) where appear the predominant depth range of earth-
quake occurrence. 

The Cotilla et al. [22] results suggest that Cuba is a 
seismotectonic province, composed of four units (Wes- 
tern, Central-Eastern, Eastern, and Southeastern). Figure 
2 shows the location of the two main units and their lim-
its, and the three crust types (wide transitional, fine tran-
sitional and oceanic) [27] in the region. According to 
Makarov [28], the neotectonic structure of Eastern Cuba 
(Figures 3(a), 3(b)) includes extremely diverse areas, dif-
fering in layout, morphology and historical development. 
Development began in the Late Eocene, on a mixed bas- 
ement and, in general, on crusts of various thicknesses 
and types, ranging from sub continental to sub oceanic, as 

 

  

Figure 1. a) Simplified tectonic map of the Caribbean. General view (Heavy black lines-main fault systems: MT = Muertos trough, 
OT = Oriente trough; PBZ = Plate Boundary Zone; PRT = Puerto Rico trench, WP = Winward Passage); b) Main structures in the 
Caribbean [Eastern Cuba–Puerto Rico]. (Heavy black arrows= sense of plate movements; black circles= epicentres [1]; black 
lines = the main faults: CF = Camú, CNF = Cauto-Nipe, NCF = Nortecubana, NHF = North Haitian, OF = Oriente, SF = Septen-
trional, SSF = South Samaná, WPGEF = Walton-Platain Garden-Enriquillo; the drawing of the points outlines the structures BR = 
Beata Ridge and HE = Hess Escarpment; passages: AP = Anegada, MP = Mona, WP = Windward; islands: Cuba, Hispaniola, Ja-
maica, Puerto Rico; microplates: GM = Gonave, HPRM = Hispaniola-Puerto Rico; troughs: MT = Muertos, OT = Oriente, PRT = 
Puerto Rico; other structures: NR = Nicaragua Rise, PE = Pedro Escarpment; open rectangle (SA) = study area); c) Eastern Cuba 
seismicity determined with a National network in 1979-1994 [1]; d) Selection of ten focal mechanism solutions in Oriente fault 
zone. (1: 13.11.1978 [Ms = 5.1], 2: 01.09.1985 [Ms = 5.1], 3: 12.02.1989 [Ms = 5.2], 4: 22.05.1990 [Ms = 5.1], 5: 26.08.1990 [Ms = 
5.9], 6: 04.09.1990 [Ms = 5.2], 7: 26.08.1991 [Ms = 5.2], 8: 25.05.1992 [Ms = 6.9], 9: 27.06.1992 [Ms = 5.3], 10: 27.06.1995 [Ms = 
5.6]) [1]; e) Frequency distribution of hypocentres of Southeastern Cuba in 1979-1994; f) Frequency distribution of hypocen-
tres in Cabo Cruz in 1979-1994. 
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Table 1. The most significant earthquakes in southeastern Cuba. 

Date/ Locality 
Coordinates/ 
Depth (km) 

Magnitude/ 
Intensity (MSK) 

Fatalities/ 
Injured 

11.06.1766/S.Cuba 19.9N,-76.1W/25 6.8/IX 34/700 

20.08.1852/S. Cuba 19.75N,-75.32W/30 6.4/VIII 2/200 

03.02.1932/S. Cuba 19.75N,-75.58W/35-40 6.75/VIII 14/300 

 

 
Figure 2. Cuban megablock according with Cotilla et al. [22]. (Heavy black line = faults: CNF = Cauto-Nipe, NCF = Nortecubana, 
OF = Oriente, SCF = Surcubana; Neotectonic Unit: OC = Western, OR = Eastern; crust type: 1 = post-orogenic complex, 2 = oro-
genic complex, 3 = volcanic arc complex; localities: CC = Cabo Cruz, CS = Cabo de San Antonio, LH = La Habana, PM = Punta de 
Maisí, SC = Santiago de Cuba). 

 
established by Prol et al. [27]. The evolution of this 
structure was associated with, and considerably influ-
enced by, deep-water troughs such as the Yucatan basin 
in the southwest, the Old Bahamas Channel in the north-
east, and the Oriente trough in the south (Figure 1(a)). 

Sierra Maestra Range (h = 1,974 m) (Figures 3(a), 
3(b)) has a simple structure [21,29]. Overall, it is an 
asymmetric swell, derived from an anticlinorium which 
was formed in the concluding phase of sheet folding in 
the Late Eocene. Its southern limb is cut off by a series 
of stepped faults from a deep-water trench (the Oriente 
trough) and is shifted eastward (Figure 3(b)). The relief 
in this area has a range of up to 10 km, with an average 
slope dip of up to 16º. On the northern limb the relief 
varies by about 2 km and the slope, by 3º-5º. Some geo-
morphologic characteristics [30] indicate that the north-
ern limb is also deformed, and sub latitudinal uplift zones 
successively decreasing in size from south to north can 
be identified within it. 

The largest newly generated neotectonic element in 
the structure of Eastern Cuba is the Cauto-Nipe syncli-
norium system. It developed in association with the Si-
erra Maestra Range, but is not a piedmont downward in 
the strict sense of the term [21,30]. According to Mann 
and Burke [25], the Cauto area constitutes a pull-apart 
basin, and the city of Bayamo is located within it (Fig-
ures 3(a), 4(a)). The zone where it is located is charac-
terized by significant layers of sediments form the Cauto- 

Nipe basin [21,30,31] (Figure 4(b)), something which 
evidently favors the amplification of the ground oscilla-
tions. 

Cabo Cruz, in the eastern end of Southeastern Cuba 
(Figures 3(a), 3(b)), was discovered and named by 
Cristóbal Colón on 3 May 1494, during his second jour-
ney. It is a coastal bar with marine terraces of up to 190 m 
in altitude and approximately 120 km2 (Figure 3(c)) [29]. 
It is some 30 km from Niquero (Figure 3(d)). This latter 
location and its surroundings, constitutes a region of 
plains neighboring the Gulf of Guacanayabo, into which 
the rivers of the northwest Sierra Maestra flow. The 
Cabo Cruz submarine area was studied tectonically by 
Calais and Mercier de Lèpinay [24], who concluded that 
it is a narrow E-W trending depression, bordered to the 
north and south by equal numbers of Oriente fault seg-
ments. These comprise a set of horst-grabens inside a 
discontinuous trace of the Oriente fault system. 
 
3. Some General Cuban Data 
 
Cuba was discovered in 1492 by Cristóbal Colón; how-
ever it was not until 1512 that the Spanish became estab-
lished there. To understand the importance of the earth-
quake under discussion and the information contained in 
contemporary documents, the historical and demographic 
situation of Cuba, and in particular of Bayamo, must be 
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taken into account. Table 2 shows the different cities and 
towns founded in Cuba by Don Diego Velázquez de Cu- 
ellar, all of them endowed with a church [6]. By the year 
1544, more than forty churches and five hospitals existed 
on the island-Bayamo (in 1518), Santiago de Cuba (in 
1520), La Habana (in 1521), Puerto Príncipe (in 1523), 

and Sancti Spíritus (in 1523)-. All of them had barbers, 
medical assistants, or itinerant quacks, but no doctors 
[32]. Population data appear in Table 3 [6]. All these 
structures have enabled an evaluation to be made of the 
damage produced by the earthquake, and consequently, 
an estimation of seismic intensity. 

 

    

 

Figure 3. a) Eastern Cuba. Localities (B = Bayamo, CC = Cabo Cruz, CR = Cauto river, CAR = Cautillo river, G = Guantánamo, 
GG = Guacanayabo Gulf, GI = Gibara, GP = Gran Piedra Mountains, H = Holguín, J = Jiguaní, JM = Jobabo Mines, M = Manzanillo, 
N = Niquero, P = Pilón, PM = Punta de Maisí, SC = Santiago de Cuba, SMR = Sierra Maestra Range, Y = Yara); b) Main struc-
tures of Eastern Cuba. (1 = Sierra Maestra Range, 2 = Cauto basin, 3 = Holguín Heights, 4 = Nipe-Cristal-Sagua-Baracoa Moun-
tains, 5 = Cabo Cruz basin, 6 = Santiago de Cuba deformed belt; faults: BF = Baconao, CNF = Cauto-Nipe, OF = Oriente); c) Photo 
of Cabo Cruz area and the Jaimanitas Formation in the marine terraces (karst); d) Relief and red soil type in Níquero area. 

Table 2. Data of the population census. 

Year Data 

1527 
Only Spaniards: Baracoa = 12, Puerto Príncipe = 20, Sancti Spíritus = 26, Santiago de Cuba = 

20, Trinidad = 12, Bayamo, La Habana and in other localities = 300 (Total = 390) 

1556 

3,000 Spaniards on the island: Santiago de Cuba = 450, La Habana = 360, Bayamo = 300, 
Sancti. Spíritus = 200, Puerto Príncipe = 200, Trinidad = 150, Baracoa = 120, Tunas = 100, 
Cienfuegos = 60, Remedios = 60, Guantánamo = 50, Holguín = 50, Matanzas = 50, San 

Cristóbal = 30, Consolación del Norte = 30, and in other localities = 790 

Copyright © 2010 SciRes.                                                                                  IJG 
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Table 3. First villages and its dates of foundation. 

Date First denomination Actually Date First denomination Actually 

03.10.1512 Nuestra Señora de la Asunción de Baracoa Baracoa 19.01.1514 Sancti Spíritus Sancti Spíritus 

05.11.1513 San Salvador de Bayamo Bayamo 31.01.1514 Santa María de Puerto Príncipe Camagüey 

04.12.1513 San Juan de los Remedios Remedios 06.07.1515 Santiago de Cuba Santiago de Cuba 

04.01.1514 Trinidad Trinidad 16.09.1519 San Cristóbal de La Habana La Habana 

 
The Governor of Cuba initially lived in Bayamo city. 

Later, in 1517, the residence was moved to Santiago de 
Cuba (Figures 1(b), 2, 3(a)), and finally, from 1550 on-
wards, the Governor-then Don Gonzalo Pérez de Ángulo 
(1548-1553)-established his residence on a permanent 
basis in La Habana (Figure 2), given the importance of 
this port as a point of control for all ships and fleets on 
their way to the metropolis or to the mainland. However, 
by 1600 Cuba was under the jurisdiction of Santo Do-
mingo (Hispaniola) (Figures 1(a), 1(b), 1(c)) by a Real 
Order of the Spanish King Carlos I (1516-1556). On the 
8 October 1607, the Spanish King-Felipe II (1598-1621)- 
divided the island of Cuba into two Governmental ad-
ministrations, namely, Santiago de Cuba and La Habana 
(the second one subordinate to the first up until 1628). 
These administrative elements have subsequently en-
abled a literature search on historic earthquakes to be 
carried out successfully. 
 
4. The 1551 Earthquake 
 
4.1. Initial Data 
 
Various authors have referred to the 1551 earthquake in 
Bayamo, including Álvarez et al. [10,11], Bacardí [33], 
Cotilla [4,6,14], Cotilla and Udías [5], de la Pezuela 
[34,35], Grases [36], Herrera [37], Montelieu [38], Poey 
[7-9], Salteraín y Legarra [39], Somohano [40], and 
Tomblin and Robson [41], but Poey [8] was the first to 
write about it, “Tremblement de terre à Bayamo”. Shor- 
tly after, he reaffirmed his previous work about “1551 
earthquake Cuba (Bayamo)” [7]. However, he did not 
provide data concerning the time, the day, or the month. 
Later authors refer only to the information provided by 
Poey, without contributing anything new with regard to 
this matter. 

The earthquake occurred 59 years after the discovery 
of Cuba, and 39 years after the founding of the Bayamo 
city (1512). At that time (1551), the economic and social 
development of Bayamo had been equal to, or slightly 
inferior to, that of La Habana and Santiago de Cuba (site 
of the island Government), because up to 1517, when 
Santiago de Cuba was named the capital, it had been the 
capital city of Cuba. As a capital city, it had a coat of 
arms, and the official residences of both the Governor 
and of the Bishop of the Diocese, among others, were 

located there. In 1616, the Cauto River (the most impor-
tant in Cuba) was navigable as far as the Cautillo River 
(Figure 3(a)). This enabled the movement of goods, 
principally between Bayamo and Santiago de Cuba. 
However, its course was modified by a hurricane, bring-
ing a definitive halt to the economic activity, and result-
ing in the impoverishment of the region. The fluvial 
course of the Cauto River has subsequently been modi-
fied at least twice by tropical cyclones, in 1964 and 
2007. 

Bayamo and its surroundings formed a center of 
smuggling activities in Eastern Cuba. In fact this was the 
main source of discontent among the authorities of the 
metropolis, and contributed to the war in the XIXth cen-
tury. The town received resources and goods that were 
then re-distributed throughout the Eastern District (Hol-
guín, Gibara, Mayarí, Minas de Jobabo, Puerto Príncipe, 
etc.) (Figures 3(a), 3(b)). Although the area was fre-
quently attacked by pirates and corsairs, the wealth of 
financial resources available favored significant devel-
opment of both the town and the surrounding area (Yara, 
Niquero, Manzanillo, Jiguaní, etc.) (Figures 3(a), 3(b), 
4(a)). In addition to the town of the same name, the ju-
risdiction of Bayamo included the nearby localities men-
tioned above, the farms in the area, and those coastal 
sites that were also inhabited, principally by soldiers, 
miners, farmers and fishermen. Cuba’s first public school 
and first cemetery were in Bayamo. The first church in 
Bayamo was originally built (in 1514) in the style of a 
thatched hut (“bohío”) typical to the region, being re-
placed shortly after by a stone construction built with 
blocks of limestone (in 1522), in order to welcome the 
scores of faithful devotees of San Salvador. This was 
destroyed during the earthquake of 1551, and recon-
structed in 1613; however, it was in ruins again follow-
ing the seism of October 1624 [7-9]. Although Poey 
mentions “Tremblement à Bayamo” in his work, but the 
authors have not located any other document which con-
firms this. The event of 1624 will be commented later 
on. 

In La Ilustración Española y Americana [42] the fol-
lowing report appears: “In November 1518, the famous 
Spanish conqueror Diego Velázquez laid the first foun-
dations of Bayamo” (this detail is incorrect; it was on the 
5 November 1513), “and at first, the task of colonization 
was taken very seriously. However this undertaking was 
soon to be paralyzed by emigration to Mexico and other 

Copyright © 2010 SciRes.                                                                                  IJG 



 
6 M. O. COTILLA-RODRÍGUEZ  ET  AL. 

parts of the American continent, leaving Bayamo with 
scarcely 100 inhabitants” (erroneous, there were ~200 
inhabitants) “when an earthquake destroyed both hous-
ing and the first church” (imprecise; neither the day nor 
month of the earthquake in which the earthquake took 
place are mentioned, and the report only indicates that 
the first church was destroyed). 

Population census data for Bayamo, given in Table 2, 
for the years 1527 and 1556, mention ~200 and 300 Spa- 
niards, respectively (an increase of ~100 people in 29 
years, a significant number for the time). This increase 
can be accounted for by the economic status of the town 
(church, Government House, Archiepiscopal House, etc., 
all of them built with limestone blocks), the fertile lands, 
the favorable position for fishing in the Gulf of Guaca-
nayabo (Figures 3(a), 4(a)), the navigability of the 
Cauto River at that time, smuggling, etc. 

4.2. New Data 

In the present study, new documentation has been un-
covered in the AI. Among the contemporary documents 
there are some sketches and maps of Cuba and Bayamo. 
We following types should be mentioned: 1) a topog-
raphic map of Bayamo and its surroundings (SANTO 

DOMINGO 582-AI denomination-) from the year 1548 
(Figure 4(a)); 2) a map of Cuba (SANTO DOMINGO 
574-AI denomination-) from the year 1600; and, 3) a 
sketch of Middle Eastern Cuba (SANTO DOMINGO 
608-AI denomination-) from the year 1640 (Figure 5(a)). 
A joint assessment of these documents make it possible 
to: 1) estimate the level of territorial occupation and the 
spatial distribution of Spanish towns on the island in its 
eastern part; 2) establish the names of population centers 
at that time; and, 3) determine the true position of the 
main towns and villages. Thus it has been possible to 
establish that the town of Bayamo, founded by Velásq- 
uez, was located very near to the coast on the Gulf of 
Guacanayabo, south of the Cauto River, on the eastern 
bank of the Bayamo River (which flows into the Cauto 
River (Figures 3(a), 4(a), 5(a)). In other words, it was 
located on the same site it occupies today, and not, as 
some authors have suggested, on the site of the town of 
Yara (where Spaniards fought a fierce battle in 1513 
against the natives led by their chief Hatüey, who was 
eventually burnt alive). In addition, the map of Bayamo 
clearly shows the existence of the church and the Gov-
ernor’s House, as well as their respective dimensions.

 

 

 
Figure 4. a) Topographic scheme of Bayamo [SANTO DOMINGO 582 of 1548 (-AI denomination-)]. (AR = Almacén del Rey, 
B = Bayamo, B1 = Cathedral, B2 = Hospital, B3 = Government House, B4 = Cuartel, B5 = Archiepiscopal House, BR = Bayamo 
river, CE = Cauto Embarcadero, CH = Iron Chain, CR = Cauto river, DS = Deep sea, GG = Guacanayabo Gulf, LM = La Merced, LS 
= Low sea, M = Manzanillo, MJ = Jobabo mines, N = Niquero, YA = Yara, farms = 1, 2, 3, 4, 5); b) Panoramic view of the north-
ern Sierra Maestra Range from Bayamo; c) Segment of Cauto River near Bayamo. 
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Figure 5. a) Map of the Eastern Cuba [SANTO DOMINGO 608 of 1640 (-AI denomination-)]. See Figure 3(a). (B= Bayamo, 
BA = Baracoa, BC= Baconao, CAS= Cascorro, CC= Cabo Cruz, CO = El Cobre, G= Guantánamo, GG= Guacanayabo Gulf, H= 
Holguín, J= Jiguaní, M= Manzanillo, MA= Mayarí, MJ= Jobabo mines, N= Niquero, PP= Puerto Príncipe= Camagüey, PPA= Puerto 
Padre, SC= Santiago de Cuba, SL= San Luis, SMR= Sierra Maestra Range, SS= Sancti Spiritus, ST= Sagua de Tánamo, Y= Yara); b) 
Photo of the relief and rock types in San Luis area; c) View of Manzanillo and Guacanayabo Gulf areas; d) View from Las 
Mercedes to northern of Sierra Maestra Range; e) Photo of a mountain river in Jiguaní. 

 
The map of 1548 (SANTO DOMINGO 582) (Figure 

4(a)) shows, among other things: 1) the dimension of the 
Cauto River and its navigability upstream, including be-
yond the town of Bayamo; 2) the town of Bayamo, to-
gether with the Cathedral, the Governor’s House, and the 
residential neighborhoods; 3) the river port (today Cauto 
Embarcadero); 4) the King’s Storehouse; and, 5) five 
farms; etc. This geographic position for Bayamo is sup-
ported by the fact that the town would thus have had di-
rect access to the sea (the Gulf of Guacanayabo) close to 
the mouth of the Cauto River, making navigation inland 
feasible even as far as Jiguaní (Figures 3(a), 5(a)), and 
from there the journey to Santiago de Cuba by road was 
relatively flat and straightforward, continuing as far as 
San Luis (Figures 5(a), 5(b)). 

It should be mentioned that between the XVIth and 
XIXth centuries, at least 10 maps that include the island 
of Cuba have been edited [43], and the scientific works 

of the following authors can be cited: 1) Juan de la Cosa 
(in 1500); 2) Abraham Ortelieus (in 1580); 3) Heyro-
nymi Benzoni (in 1594); 4) Guiljelmus Blaen (in 1638); 
5) N. Sanson d’Abbuille (in 1656); 6) Pieter Vander A. 
A. (in 1728); and 7) Esteban Pichardo (in 1855). In gen-
eral the cartography of these maps improves with suc-
cessive editions. However, the map of 1728 has serious 
errors still, for example: 1) placing Bayamo city in Hol-
guín area (Figures 3(a), 5(a)); 2) denominating the 
Cauto River as the Zaza River (which is in the Central 
region of the island). Even at that time, Guantánamo 
(Figures 3(a), 5(a)) was being called Puerto Grande. In 
the year 1638, the Cauto River was designated on the 
map as the Bahamas River, and on the same map, the 
town of Manzanillo (Figures 3(a), 4(a), 5(a), 5(c)) ap-
pears for the first time. With regard to the cartographic 
deficiencies in the maps of Cuba, Pichardo [44] com-
mented: “many earlier and current maps have been 
compiled by people who have not so much as stepped on 
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Cuban territory…” Such comment explains all deficien-
cies in the mentioned Cuban maps. 

The three maps located by the authors in the AI were 
drawn up in 1548-1640 and it can be seen that the con-
tents are similar to those of maps 2-4 mentioned above. 
However, the geographic position of Cuban localities 
given in the materials located in the AI is considerably 
more accurate than that given in map number 7 (by Pich- 
ardo). We are of the opinion that this is due to the fact 
that they were the work of specialists who were familiar 
with the territory that they represented, and are therefore 
reliable. In addition four contemporary hand-written 
documents relating to the earthquake of 1551 have been 
located in the AI. A summary of these materials follows: 

(Document 1.-) GOVERNMENT PAPERS: 1492- 
1858. SANTO DOMINGO, JUDICIAL DISTRICTS: 
1511, 1512-1858 [-AI denomination-]. (Correspondence 
of Don Juan de Hiniestrosa, Governor of the village of 
San Salvador de Bayamo, with Don Gonzalo Pérez de 
Ángulo, Governor of Cuba) 

San Salvador de Bayamo, 28 Octubre 1551 
His Excellency, Don Gonzalo Pérez de Ángulo 
General Governor of Cuba 
It is my duty to inform your Excellency of the events 

which took place on the 18th (according to the date in the 
wording of the document, October 1551) in San Salvador 
de Bayamo. Close to midday (11-12 o’clock), work was 
interrupted by a dreadful shake (the main earthquake). 
Many have been injured, and the town has suffered seri-
ous damage… (There were no deaths)… The principal 
and most severe damage was sustained by the solid and 
regal barracks, which collapsed, with one person being 
injured. The Parochial Church which adjoins the bar-
racks, and the hospital (Figure 4(a)), were completely 
destroyed… all the farms (according to the 1548 map, 
there were farms to the south and north of the Cauto 
River, in the area around Bayamo) suffered severe dam-
age as a result of the violence of the movements of the 
earth… (Destruction)… in the town, on the 18th day at 
midday, terror struck in the hearts of the men and women 
laboring in the fields. Beasts fled, sixteen houses in the 
village collapsed, and another three, although still stand- 
ing, have huge cracks in their walls… two wounded were 
found… the Embarcadero (on the south bank of the 
River Cauto, today called Cauto Embarcadero, Figure 
4(a)) was destroyed, causing damage to four ships and 
injuring two people… the Church, built of solid stone, 
has been completely destroyed, the central pillars hang 
by a miracle… the barracks collapsed, and one person 
was injured… the stables fell… the prison and the hos-
pital are in ruins… the well in the Square has col-
lapsed… five houses on the riverside (Bayamo) were 
overturned and sank into the mud (liquefaction)… 
muddy, stinking water flowed from the banks of the 
river… beasts sprawled on the ground… The King’s 
Storehouse (on the southern bank of the Cauto River and 

to the east of the Embarcadero, Figure 4(a)) has been 
destroyed. All the merchandise and goods were lost… 
three canons and the defensive line of heavy iron chain 
(an army obstacle in the Cauto River which impeded the 
entry of enemy ships) have sunk into the mud… (lique-
faction)… the land is fertile and flat, and the hills only 
rise in the distance, to the south as an enormous mass, 
the Gran Sierra (nowadays known as the Sierra Maestra 
Range [Figures 1(c), 3(a), 3(b), 4(b), 5(a)])… the oldest 
inhabitants here say that the plain here is different to 
that of Cuba (at that time, Santiago de Cuba was fre-
quently referred to as Cuba, and vice versa), always 
jerking and shaking… the danger was not felt in Cuba… 
(Santiago de Cuba seismicity was perfectly well known, 
but in Bayamo any report)… the night was pitiful and 
cold...people kept vigil and there were sudden shocks 
(aftershocks)… a procession carried a statue of the 
Saintly and Divine Patron Saint (San Salvador) in their 
arms… the sub-lieutenant Fernando Rodríguez de Cas-
tro returned from patrolling the hills to the south (Sierra 
Maestra Range) and from the coastal posts of Cabo Cruz, 
Niquero and La Costa (today Manzanillo) (Figures 3(a), 
3(c), 5(a), 5(c)), with the garrison detachment. He re-
ports that at midday on the 18th October, they noted the 
ground moving beneath their feet, and heard noises like 
thunder emanating from beneath the ground… the noises 
came from the south (Cabo Cruz), and huge, solid rocks 
could be seen strewn across the road to La Merced (in 
the mountainous part of the Sierra Maestra range, on the 
northern side, today Las Mercedes) (Figures 4(a), 
5(d))… the beasts of burden refused to advance… the 
cracks in the road were 12 varas (~9 m) wide (1 Castil-
lian vara = 0.8359 m)… two soldiers fell in their saddles 
to the ground… in Yara, all the houses, around twenty or 
more, were in ruins… the timbers and pillars scat-
tered… (This town is on a low alluvial plain well irri-
gated by fluvial currents from the Sierra Maestra. There-
fore, it is highly probable that liquefaction occurred)… 
the sub-lieutenant ordered two soldiers to return at a 
gallop to the coastal posts (Cabo Cruz and Níquero 
[Figures 3(a), 3(d), 4(a), 5(d)]) in order to acquaint 
themselves of the situation there, whilst the rest marched 
to La Costa (Manzanillo)… they informed him that Cabo 
Cruz was in ruins… two canons were overturned… but 
that there had been no injuries… the posts at Níquero 
and La Costa (Manzanillo)… lost everything, and a sol-
dier received a heavy blow when he fell… all canons 
were overturned… Jiguaní ([Figures 3(a), 5(a), 5(e)] 
town on the western bank of the Cautillo River) was 
fiercely and brutally shaken, and the houses ruined, the 
church and the heavy wood barracks destroyed… (the 
above-mentioned towns appear in Figure 3(a)) 

… on the night of the 16th and the morning of the 17th, 
short, strong earth tremors had been noticed (fore-
shocks)… the ground collapsed and moved like an angry 
sea… never before has such an event been heard of 
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here… 
(Document 2.-) CUBA 2007 [-AI denomination-] 
San Salvador de Bayamo, 19 December 1551 
His Excellency, Don Gonzalo Pérez de Ángulo 
General Governor of Cuba 

…with regard to the inspection of the barracks in this 
town of San Salvador de Bayamo, the captain Don Bar-
tolomé Quesada de Castro was very surprised and sad-
dened to see the serious damage caused to the town and 
the destruction of the barracks. He reports that in Sancti 
Spiritus and Jobabo Mines (Figures 3(a), 4(a), 5(a)) a 
strong earth tremor was felt at mid-morning (12 hours) 
on the 18th day (October) in the barracks. And in the 
neighboring town of Santa María de Puerto Príncipe 
(now Camagüey, [Figures 3(a), 5(a)]), the Garrison 
officer in command assured him that three strong earth 
tremors had been felt on the 18th and 19th at dinner time 
and at night… (The authors can confirm the occurrence 
on 18 October of an earthquake and of some aftershocks. 
In addition, information on perceptibility was gathered in 
Sancti Spíritus and Camagüey but any subterranean noise 
was perceptible [Figure 5(a)]). 
(Document 3.-) CUBA 2027 [-AI denomination-] 
San Salvador de Bayamo, 20 December 1551 
His Excellency, Don Gonzalo Pérez de Ángulo 
General Governor of Cuba 

… I can report with pride of the Crown’s loyal troops, 
who have undertaken the repair of the coastal posts… 
[Cabo Cruz, Niquero and Manzanillo] 
(Document 4.-) CUBA 2070 [-AI denomination-] 
San Salvador de Bayamo, 14 February 1552 
His Excellency, Don Gonzalo Pérez de Ángulo 
General Governor of Cuba 

…the town’s barracks have been rebuilt with timber, 
and one part serves as a jail. The troops are in good 
humor, and the terror is fading… 
 
4.3. Earthquake Parameters and Intensity   

Values Identify the Headings 
 
Using these data (Documents 1-4) the authors have es-
tablished that the town of San Salvador of Bayamo was 
located on the present site of Bayamo and not at Yara 
(Figures 3(a), 4(a), 5(a)) and since the foundation of the 
town in 1513, earthquakes had never previously been 
reported. In addition, it can be stated that: 1) the exact 
date of the occurrence of this earthquake was the 18 Oc-
tober 1551; 2) the approximate time of the seismic event 
was around midday (11-12 hours); 3) there were at least 
two foreshocks, on the 16 and 17 October; 4) there were 
three aftershocks on the 18 October; 5) subterranean 
noises originating from the south-southwest, Cabo Cruz, 
were heard up to Bayamo city; 6) there were only seven 
persons injured, but no deaths; 7) there was panic among 
the population of Bayamo and alarm and nervousness 

among the beasts of burden in everywhere; 8) the army 
post at Cabo Cruz was destroyed and the two heavy 
cannons overturned, severe subterranean noises [I = 9 
degrees, MSK]; 9) the greatest damage to the ground 
(cracks and large block rocks) was in the surrounding 
area of the Sierra Maestra Range (La Merced) and sol-
diers were shaken in their saddles and two fell to the 
ground together with the saddles [I = 9-8 degrees, MSK]; 
10) other two army posts in Niquero and Manzanillo 
were heavy damaged and all cannons overturned [I = 9-8 
degrees, MSK]; 11) the church in Bayamo (built of solid 
limestone blocks) was totally destroyed, along with the 
residential neighborhood, the hospital, the jail, the store-
house, and the dock [I = 8 degrees, MSK]; 12) the town 
at Cauto Embarcadero and four ships were totally de-
stroyed (liquefaction) [I = 8 degrees, MSK]; 13) 21 
houses were destroyed and 3 were severely damaged in 
Bayamo [I = 8 degrees, MSK]; 14) the farms (outside of 
Bayamo on the southern and northern banks of the Cauto 
River, but near to the town) were destroyed [I = 8-7 de-
grees, MSK]; 15) over 20 robust houses (heavy woods) 
were destroyed in Yara (probably due to liquefaction) [I 
= 8-7 degrees, MSK]; 16) there were several houses de-
stroyed in Jiguaní [I = 6 degrees, MSK]; 17) Puerto Prín-
cipe village (Camagüey) was very strong shacked [I = 5 
degrees, MSK]; 18) in Sancti Spíritus the earthquake was 
perceptible [I = 3 degrees, MSK]. 

We must comment that the intensity values of 8 and 
9-8 degrees (MSK scale) in Bayamo, Cauto Embarcad- 
ero, and Niquero (and it can be assumed also in the 
King’s Storehouse) is explained by the liquefaction phe-
nomena and site effects. That means there are uncon-
solidated soils in a large fluvial basin (Cauto-Nipe). This 
is not the case of Cabo Cruz area. 

Using these references, it is possible to construct an 
isoseismal scheme (Figure 6(a)), and to estimate a per-
ceptibility area of 40,000 km2. Then taking the area of 
greatest value as the central point and as the starting poi- 
nt for a line extending offshore to the south, the ap-
proximate epicentral location can be estimated as 19.6 N 
-77.8 W, which is situated on the knot of faults previ-
ously mentioned (Figure 2). In addition, this location has 
a cluster of low magnitude earthquakes with a predomi-
nant depth of 15 km (Figures 1(e), 1(f)) [1,14]. But there 
were also strong earthquakes in the surrounding area in 
October 1624 and on the 03.08.1926 [12]; more re-
cently, other five strong earthquakes have been regis-
tered [19.02.1976 (Pilón, M = 5.7), 12.02.1989 (M = 5.1), 
26.08.1990 (M = 5.1), 25.05.1992 (M = 6.9), and 
04.02.2007 (M = 6.2), h~15 km] [6]. These earthquakes, 
except the one in Pilón (Figure 6(b)), are delimited by 
crossing active faults (Oriente and Cauto-Nipe) in the 
marine area. This is to the NE of the Cabo Cruz basin (in 
the marine area).  
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Figure 6. a) Epicentre and isoseismals scheme of the 18 
October 1551. (B= Bayamo [I = 8], CC= Cabo Cruz [I = 9], 
CE = Cauto Embarcadero [I = 9-8], J = Jiguaní [I = 6], LM = 
Las Mercedes [I = 9-8], M= Manzanillo [I = 8-7], MJ = Jobabo 
Mines [I = 7], N= Niquero [I = 8], PP = Puerto Príncipe = 
Camagüey [I = 5], Y = Yara [I = 8-7]; Intensity values [MSK 
scale] = 6); b) Photo of Pilón area from the eastern side of 
the Sierra Maestra Range. 

 
The maximum intensity value of 1551 earthquake was 

found in Cabo Cruz, falling off 9-6 degrees (MSK scale) 
mainly toward the NE (Bayamo). That strike coincides 
with the direction of the Cauto-Nipe fault [45]. Mean-
while, a study of the latest strong earthquakes which 
have occurred in the same region (for example, on the 25 
May 1992, in Cabo Cruz [46]) shows that the intensity, 
although decreasing towards the NE (Bayamo), did not 
exceed 7-5 degrees (MSK scale) [1,47]. Furthermore, the 
seism of 1992 was noticeable in Sancti Spíritus, just as it 
was in 1551 [46]. Therefore, we consider the focal region 
to be in Cabo Cruz area. 

The epicenter of the 1551 earthquake has been propo- 
sed previously by other authors: 1) Morales y Pedroso 
[48]; 2) Álvarez et al. [11]; 3) Chuy [47]; and 4) Álvarez 
et al. [10]. The locations they identified differ from our 
proposal and this difference will be discussed. In the first 
place, these four works have been based exclusively on 
the seismic event reported by Poey [7-9]. Such data did 
not include information concerning the month, the day, 

or the time, of the event, or information on the places 
where perceptibility was reported. It was simply known 
that a church in Bayamo had been affected. For this rea-
son, in Cotilla and Udías [5] considered that these identi-
fications were inadequate for being used in seismic haz-
ard situation. 

Morales y Pedroso [48] presented an interesting hy-
pothesis of the occurrence of strong earthquakes in 
Southeastern Cuba. However, we do not share their view, 
and argue that the 1551 earthquake data fails to support it. 
For the above author, the epicenter was in the southern 
marine area of the Sierra Maestra Range, but on the me-
ridian that passes through Bayamo, almost equidistant 
between Santiago de Cuba and Cabo Cruz. This epicen-
ter location is approximately the same as that for the 
earthquake of 16 February 1976 in Pilón [12]; however, 
this last event only produced intensities of 5 degrees 
(MSK scale) in Bayamo. The other works are more re-
cent. Álvarez et al. [11] presented the following data for 
the earthquake of 1551: 20.40 N-76.60 W, h = 15 km, M 
= 5.8, Imax = 8 degrees (MSK scale). Álvarez et al. [11] 
reported different data for the seism: 19.75 N-75.32 W, h 
= 30 km, Ms = 7.3, Imax = 8 degrees (MSK scale). With 
respect to these works, that the following should be ob-
served: 1) the data is not consistent; 2) there are no dis-
cussions about such changes. An ample discussion re-
garding similar problems can be found in Cotilla’s work 
[1,14], among other issues. Thus, we also reject these 
hypotheses. 

In order to estimate the magnitude, we started with the 
experience and results of Cotilla [14], whereby based on 
the maximum intensity of 9 degrees (MSK scale) at Cabo 
Cruz, using the Sponheuer [49] relation (Ms = 0.66 Io + 
1.7 log h – 1.4), while assuming a depth of 15 km [14], 
we obtain a value of 6.6. Álvarez et al. [12] and Cotilla 
[14] determined that the seismogenetic deep of the Ori-
ente fault is of 15-20 km. Figures 1(e) and 1(f) show the 
main values of hypocentres. Another expression relating 
magnitude and intensity was used (Ms = 1 + 2/3 Io [See: 
Karnik [50]]). This relation gives a magnitude value of 
7.0. Also, using Shebalins’ relation [51] [I0 = bM – slog 
h + c; I0 – Ii = slog (∆C 

2 + h2)1/2] we obtained M = 6.7 
and h = 17 km. This last value (h) is very similar to our 
estimation. Consequently, it is our belief that the 18 Oc-
tober 1551 earthquake reached a magnitude rank of 
6.6-7.0, and most probably value was 6.6. The fact that 
there were no deaths and only seven wounded in this 
earthquake can be explained as being the result of two 
main factors: 1) foreshocks (alerting the population to 
the danger); 2) time of the event, at midday (11-12 
hours), when the inhabitants were working in the fields. 

Finally, we shall briefly refer to the aforementioned 
October 1624 earthquake in Bayamo. This earthquake 
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happened 73 years after the event of 1551 and 8 years 
after closing the Cauto River to the navigation as a con-
sequence of the damages by a strong tropical hurricane. 
Regardless of the scarce amount of data contributed by 
Poey, it is possible to assert the following concerning the 
earthquake: 1) the important intensity value of the seismic 
event; 2) the repetition of large earthquakes in the Cauto 
zone; 3) Bayamo’s cost-reducing decrease and in conse-
quence the low interest of the authorities, once the mi-
gration had started toward Santiago de Cuba and La Ha-
bana, and the Governor Residence had changed to La 
Habana. Likewise, it can be assumed that: 1) the dam-
ages at the Cathedral of Bayamo were due to the combi-
nation of two adverse factors, soil type and soil condi-
tions; 2) the earthquake focus was located in the same 
region at 1551. 
 
5. Conclusions 
 
Eastern Cuba suffered a strong earthquake at midday on 
the 18 October 1551. It has been possible to confirm this 
data based on a collection of unpublished documents and 
others in the Archivo General de Indias, thus improving 
knowledge on the seismicity of this territory. An analysis 
of historical sources has shown that documents need to 
be judged very critically, establishing which ones pro-
vide first hand information and which more generalized 
literary accounts are. In addition, awareness of the so-
cioeconomic situation, demographic conditions, building 
characteristics, etc. is necessary in order to reach a cor-
rect damage assessment. Failure to take these considera-
tions into account can lead to significant errors in inten-
sity estimations with the consequent effect on seismic 
risk assessment. 

From the foregoing it appears that the 1551 earthquake 
was of a greater magnitude than believed until now. Ma- 
ximum damage was experienced along the Cauto-Nipe 
fault. There is conclusive field evidence to show that this 
earthquake was associated with surface faulting. As a 
result of the shocks, some areas surrounding Bayamo, as 
well as others at some distance away were intensely da- 
maged. From the description of the effects of the earth-
quake, it is clear that liquefaction of the ground had a 
significant effect on damage and on the intensities as-
signed to the Bayamo area. 

According to the information found in the documents, 
the damage caused by this earthquake may be summa-
rized as follows (locality = Intensity, MSK scale): Cabo 
Cruz = 9, Sierra Maestra (Las Mercedes) = 9-8, Bayamo 
= 8, Cauto Embarcadero = 8, Niquero = 8, Yara = 8-7, 
Manzanillo = 8-7, Jobabo Mines = 7, Jiguaní = 6, Puerto 
Príncipe = 5, and Sancti Spíritus = 3. The earthquake 
reached a magnitude of 6.6 and the epicenter was situ-
ated at 19.6 N-77.8 W. 
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Abstract 
 
Liquefied Natural Gas (LNG) port is located at Abu Qir Bay on the northwestern coast of the Nile delta, 
Egypt. The port was constructed in 2004 to export liquefied natural gas worldwide. The offshore basins of 
this port including the turning and berthing areas (15-m depth) are connected to the deep water by a 15-m 
depth dredged channel that extends 4 km offshore. However, the navigation channel and its contiguous ba-
sins have experienced problematic shoaling that might affect the navigation activities of gas tankers. Sedi-
mentation processes have been investigated by analyses of waves, currents, bathymetry, grain size of seabed 
and channel dimensions. Sedimentation rates are estimated using a developed numerical model. Sedimenta-
tion rate fluctuates between 0.048 × 106 m3/month and 0.388 × 106 m3/month, with an annual sedimentation 
rate of 1.977 × 106 m3/yr. The variance in the sedimentation rates between winter and summer resulted in 
increasing of current speed and direction flowing towards offshore. The sedimentation process is influenced 
by the temporal variability in the direction and intensity of the predominant waves, currents, orientation of 
navigation channel, basin breakwaters, seafloor morphology and sediment sources. Due to the geographic 
location of LNG port it lays within a sediment sink for sediments supplied from different alternating direc-
tions by several pathways, flowing towards the N-W, S-W, N-E, and S-E quadrants. Most of these currents 
components are substantially effective in transporting fine-grained sediment towards the navigation channel 
axis and contiguous basins. Together with these currents, the predominant NW and SE waves acting to agi-
tate and stirrup sediments in the vicinity of the port, and thereby accelerating sedimentation rates. 
 
Keywords: Sedimentation Rate, Nile Delta, Navigation Channel, Bed Load, Suspended Load and Sediment 

Transport 

1. Introduction 
 
During the last three decades, there have been a large 
number of harbors built along the Nile delta coast as a 
result of the increasing development of this valuable re-
gion. Unfortunately, most of these harbors are experi-
encing frequent sedimentation and siltation in their ac-
cess channels due to the higher littoral drift rate and 
sedimentation imbalance [1]. Consequently, harbor au-
thorities have to periodically dredge and remove away 
the accumulated sand in order to improve the navigation 
shoaling. For example at the Damietta harbor, routinely 
annual dredging of its channel has being undertaken 
since 1986, averaging of 1.18 × 106 m3/yr [2]. Studies 
dealt with sedimentation of the Damietta channel are also 
discussed by Deabes [3] and Abd-Allah, et al. [4].  

The Liquefied Natural Gas (LNG) port was con-
structed in 2004, to export liquefied natural gas to other 
countries worldwide. The port is located on the inner 
continental shelf of the northwestern Nile Delta and at 
about 13-km southwest of the Rosetta Nile mouth. The 
turning and berthing basins (15 m depth) are connected 
to the deep water by means of dredged channel-entrance 
of 4 km length (Figure 1). This navigation channel is 
oriented in the NW direction (~1350 from the north) and 
attaining about 15-m depth and 245 m width. The berth-
ing basin is connected with the shore facilities via a 
~2.0-km long pier (pilled jetty). This long pier carries the 
liquefied gas pipeline system up to the berthing basin. 
The side slopes of the channel are approximately 1:25 
(eastern bank) and 1:75 (western bank). The port basins 
are protected from the N-W waves by a breakwater of 
~900 m length which is roughly parallel to the shoreline. 
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Figure 1. Map of Abu Qir Bay on the Nile delta coast show-
ing location of the Natural Gas (LNG) Port. The inset map 
shows the navigation channel, the turning and berthing 
basins of the port. Depth contours in maters. 

 
This breakwater is placed at 11.5 m depth contour. This 
breakwater also provided shelter for anchored vessels. 

The primary objective of this study is to estimate the 
monthly sedimentation rates in the navigation channel of 
the LNG port using a developed numerical model. The 
second objective is to analyze driving forces (waves and 
currents) that are influenced in the sedimentation process. 
Generally, there are two approaches commonly used 
when estimating the sedimentation rates in channels and 
trenches. The first method involves calculating different 
change in water depth between two successive bathymet-
ric surveys and the second empirically computes the vol-
ume of material that deposited into a navigation channel 
or a pathway. In this study a mathematical model has 
been developed to estimate rates of sediment deposited 
in the navigation channel. 
 
2. Material and Methods 
 
In this study, main factors contributing to the process of 
sedimentation of the LNG port are assessed, including 
waves, currents, bathymetry and grain size distribution of 
seabed sediments. Wave and current data are provided by 
the coastal Research Institute [5]. Whereas the nearshore 
bathymetry and mean grain size distribution of the near-
shore area hosted the navigation channel and port basins 
are consulted from Frihy et al. [6]. 

Wave regime is statistically analyzed from wave re-
cords measured at Abu Qir Bay (see inset map in Figure 
1 for location). Waves were measured using S4DW 
gauge installed in 10 m water depth immediately north of 
the turning area. This wave gauge records both direc-
tional wave and current spectrum for 20 minutes every 4 
hours. Measurements were recorded over 12 months be-
tween October 2004 and September 2005. The raw data 
obtained from the S4DW gauge was transferred to a PC 
computer and statistically analyzed to determine wave 
height, wave period, wave direction and current (speed 
and direction). 
 
2.1. Mathematical Model Developed 
 
In preceding years, many simplest prediction methods 
have been proposed to calculate the sedimentation rate of 
dredged channels. More reliable prediction methods are 
those used mathematical or numerical model in which 
the sediment transport rate is computed from current and 
wave information. Basically, an accurate sedimentation 
prediction requires diverse information on detailed field 
survey to determine the boundary conditions, current sp- 
eed, streamline patterns, wave characteristics, grain size, 
composition and porosity of bed materials, sediment 
concentration, particle fall velocities of suspended sedi-
ment and effective bed roughness. 

Before discussing the mathematical approach devel-
oped in this study a cross and longitudinal diagram for 
the navigation channel with mathematic definition are 
presented in Figure 2. The present model is developed to  

 
 

 

 
Figure 2. Longitudinal (A) and across-navigation channel 
sections (B) of LNG port, with mathematic definitions cited 
in the text. 
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compute the sediment transport rate (bed-load and sus-
pended-load) from the current and wave characteristics 
according to the transport law derived by Bailard [7] and 
Bailard and Inman [8], their formulae are given as fol-
low: 

  














33

s

bw
b U

γ

β
U

γgρρ

efρ
q

tan

tan

tan
        (1) 

  












 5

tan U
W

e
UU

Wgρρ

efρ
q

s

s3

ss

sw

s    (2) 

in which : 
qb = instantaneous bed-load transport rate per unit 

length                      (m2/sec) 
qs = instantaneous suspended-load transport rate per 

unit length                   (m2/sec) 
fw = friction factor 
eb = efficiency factor for bed load transport 
    ( = 0.11-0.15 ) 
es = efficiency factor for suspended load transport 
    ( = 0.016-0.024 ) 
β = local bottom slope          ( o ) 
γ = dynamic friction angle         ( o ) 
γ = 0.75 for Φ = 0o , γ = 0.75 for Φ = 90o and 
γ = 1.1 for Φ = 180o 

   (liner interpolation for intermediate values)  
Ws= particle fall velocity            (m/sec)  
U = | U2

w + U2
c + 2 Uw Uc cos Φ |

0.5   (m/sec) 
  = instantaneous near-bed velocity vector 
Uw= ûδ sin (t) = near-bed orbital velocity (m/sec) 
Uc = near-bed current velocity       (m/sec) 
Φ = angle between current direction and wave propa-

gation direction 
ûδ = velo ity at the edge of the wave boundary layer  c
   = ω A


                        (m/sec)  

ω = 2 л / T = angular velocity 
 
The friction factor fw is calculated as follows. 
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   = the peak value of the orbital excursion   (m) 
H = wave height                        (m) 
k = wave number                       (m-1) 
h = water depth                         (m) 
Ks = bed roughness                      (m) 
Ks= 2 d50    
d50 = is the diameter of grain size 
The particle fall velocity is calculated as follows. 
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for 100 < d < 1000 µm                
in which: 

d = d50 = sieve diameter                (m) 
S = specific gravity (= 2.65) 
ν = kinematic viscosity coefficient      (m2/sec)  
ν = 1.011 × 10–6  m2/sec    at   T=20℃ 
ν = [1.14 – 0.031 (T – 15) + 0.00068 (T – 15)2] × 10–6 
The sedimentation rate per unit length of the naviga-

tion channel of LNG port is equal to sum of the bed-load 
transport which was completely deposited in the channel 
plus a small portion of suspended-load deposited in the 
channel (S). According to Sutrench model [9], the 
sedimentation rate (S) per unit length of channel result-
ing from the incoming suspended-load sediment trans-
port can be calculated by the following equation: 

00 sinSeS   

in which: 
e = the trapping efficiency factor  
S0 = incoming suspended load transport  
α0 = the approach angle (angle between the direction 

of current and channel axis) 
The trapping efficiency factor (e) is defined as the 

relative difference of the incoming suspended load trans- 
port and the minimum suspended load transport in the 
channel. In the present study the trapping efficiency fac-
tor (e) for the navigation channel of the LNG port has 
been determined using the graphs constructed by the 
application of Sutrench model [9]. 
 
3. Results and Discussion 
 
The first requirement in dealing with harbor sedimenta-
tion is to understand the processes and hydrodynamic 
forces dominated, such as waves, water circulation, sed- 
iment sources, seabed topography and port orientation. 
 
3.1. Wave Characteristics 
 
Waves and currents are the principal driving forces for 
the transport of sediments on the most of the coasts and 
adjacent shelves. The main function of waves is to agi-
tate the sediments and put them in suspension case. They 
are also responsible for driving sediment along shoreline 
and/or in the on-offshore directions. So characterization 
of waves and currents is necessary to understand their 
role in inducing shoreline changes and sedimentation pr- 
ocess in channels and waterways. 

Results yielded from statistical analysis of wave data 
recorded at the LNG port are depicted as monthly and 
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annual roses in Figures 3(A) and 3(B). As can be seen, 
waves mainly approach the port from two quadrants, the 
N-W (NNW, NW, and WNW) and N-E (NNE, NE, and 
ENE). The percentage of occurrence of waves blown 
from the N-W and N-E quadrants, respectively, is 92% 
and 7% during the examined wave period. Winter 
storm-waves, Hs > 2 m, occurred 8 times versus ordinary 
waves (Hs less than 2 m). About 81% of waves have 
wave height less than 1.0 m. Maximum and average an-
nual significant wave height are 4.51 m and 0.66 m, re-
spectively, (measured at 10-m water depth) with a mean 
peak spectral wave period of 6.7 second. Overall, the 
study area is wave dominated environment. Tide is a 
typical semi-diurnal microtidal regime with a mean tidal 
range of 50 cm [3]. 

The monthly distribution of wave direction in Figure 
3(A) demonstrates that the N-W waves appear in all ex-
amined one-year period, while the N-E waves exist only 
in 5 months (October, November, December, January 
and April). Only three months (October, December, and 
May) reveal waves blowing from the S-W quadrant. As 
expected, the monthly average and maximum wave 
height in winter period is greater than that in summer 

 

 

Figure 3. (A) Monthly distribution of waves measured at 
Abu Qir Bay between October 2004 and September 2005 
(12 months). (B) Total distribution of wave height-direction 
(wave rose) at the same period. 

period. Among all directions, the N-W and to some exte- 
nt the N-E waves are of greater importance for sediment 
transport processes because of their long duration, partic- 
ularly in winter. These predominant wave components 
are responsible for driving energy toward the LNG navi-
gation channel resulting in agitation and turbulence of 
the seabed sediment. The offshore breakwater east of the 
turning and berthing basins provide natural protection 
and sheltering from waves arrives from the NW (92%), 
and totally exposed to the NE component (7%), Figures 
1 and 3. Therefore, the lack of any significant shelters of 
the navigation channel means that it is essentially open to 
all waves approaching from the prevailing N-W and N-E 
quadrants, leading to stirrup and agitates sediments in the 
vicinity of the port, and thereby increasing sedimentation. 
 
3.2. Current Regime 
 
Current regime was analyzed from records measured 
immediately east of LNG port using the S4DW wave 
gauge (see position in Figure 1). Results demonstrate 
that currents in the study area moving towards all direc-
tions, being N-W (52%), S-W (20%), N-E (15%) and 
S-E (13%) quadrants (Figures 4 and 5). As the mon- 
thly average (9.6 m/sec) and maximum current speeds 
(32.5 m/sec) in winter are greater than that in summer 
months (3.2 m/sec and 15.3 m/sec), sedimentation rate in 
winter is much higher (Figure 6(C)). Currents flowing 
towards the NE to SW (20%) that are responsible for 
transporting sediment from moving sediment eroded 
from the Rosetta promontory are essentially effective in 
the sedimentation process of the navigation channel and 
the berthing basin. The Rosetta promontory north of the 
study area has been subjected to some of the most severe 
shoreline and seabed erosion of all the world’s delta 
coastlines during the 20th century [6,10], see Figure 1 
for location. Under the effect of waves and currents ma-
jor transport reversal occurs in front of the Rosetta mouth, 
creating a divergent sediment transport nodal zone where 
sand moves to both the east and southwest away from the 
month. Acting with the S-W currents (20%) are the op-
posing N-E currents (15%) that move sediment from 
Abu Qir Bay towards the navigation channel as well as 
the port basins (Figure 5). Both the southwest and 
northeast-directed sediment are the major factors con-
tributed to the sedimentation processes of the LNG port. 
The other opposing seaward N-W (52%) and landward 
S-E (13%) currents also affect the port substantially. 
However, among these two quadrants, the NW (17%) 
and SE (3.6%) current components have insignificant 
contribution to the sedimentation processes because they 
are generally flowing parallel to the main axis of the en-
trance channel. It has been found that the interpreted 
current regime in LNG area is closely corresponds to the 
overall pattern obtained by Frihy et al. [6] based on the 
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Figure 4. (A) Monthly distribution of current directions at 
Abu Qir Bay between October 2004 and September 2005 
(12 months). (B) Total distribution of current speed direc-
tion (current rose) at the same period. 

 
spatial dispersion of mean grain size and magnetic min-
erals in the seabed sediments. 
 
3.3. Sedimentation Process 
 
Grain size distribution of sediments hosting LNG port 
has been described by Frihy et al. [6]. Accordingly, 
cross-shelf sediment pattern shows fining trends in two 
directions. A seaward fining trend starts from the shore-
line to a distance of 10 km at 15 m water depth (Mz = 
0.004-0.063-mm). This fining pattern indicates sediment 
transport to the NW and is mainly caused by a shoreward 
increase of wave energy dissipation induced by shoaling 
and current-driven sediment transport processes. Unlike this 
pattern, cross-contour clay and silt belts (0.01 to 0.06 mm) 
truncate the sand belts at the north sector of the area. 
This sediment pattern suggests that the fine-grained sand 
and mud flooring the vicinity of the port area are able to 
be bypassed to the navigation channel and basins and 
thereby inducing sedimentation. 

The data required to run the developed include time 
series of waves and currents, grain size of seabed sediment 

(Mz = 0.09), channel width (250 m), length (4000 m), ori-
entation of channel axis (135o from north) and bathymet-
ric map of (see Figure 5). Results obtained from running 
the developed numerical model are listed in Table 1. As 
can be noticed the sedimentation rate calculated during 
winter (October 2004-March 2005) is greater than that of 
summer (April 2005-September 2005). Winter period is 
generally characterized by higher monthly sedimentation 
rates (> 0.1 × 106 m3/month), with a maximum rate of 
0.388 × 106 m3/month occurred in January 2005. Whe- 
reas, lower rates (< 0.1 × 106 m3/month) occurred in 
summer, with a lowest value 0.048 × 106 m3/month in 
July 2005. The annual rate of sedimentation is 1.977 × 
106 m3/yr. 

The proportion of bed-load sediments fluctuates be-
tween 68.2 and 83.9%, with an average of 78%. Sus-
pended-load varies from 16.1 to 31.8%, with an average 
22%. This means that suspended-load sediments contrib-
uted to about 22% of the volume of deposited sands, 
while bed-load sediments represent about 78% of that 
volume. 

 

 

Figure 5. Map of the nearshore area of the study LNG port 
showing spatial distribution of mean grain size of bottom 
sediments and bathymetry (modified from Frihy et al. [6]). 
Sediment transport paths involved in the sedimentation 
processes of the port channel and basins are depicted as 
arrows. The size of arrows quantitatively represents wave 
and current proportions. The general transport paths indi-
cate that the port area is interpreted as a sediment sink for 
several current pathways towards the N-W, S-W, N-E, and 
S-E quadrants. Depth contours in meters. 
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Figure 6. Monthly average and maximum values of signif- 
icant wave height (A) and current speed (B). (C) Sediments 
involved in the processes of sedimentation of the navigation 
cannel and port basins are suspended matters (Ss) and 
bedload modes (Sb). Results estimated using the model 
developed in the present study between October 2004 and 
September 2005. 

Table 1. Calculated monthly volume, suspended and bed 
load sediments acting in the navigation channel of LNG 
port between october 2004 and september 2005. 

Months Sb (m3) Ss (m3) total Qs (m3) Sb% Ss%

Oct. 2004 91702.58 33745.54 125448.12 73.10 26.9

Nov. 2004 274124.91 103036.86 377161.77 72.68 27.32

Dec. 2004 169666.30 79275.65 248941.95 68.15 31.85

Jan. 2005 290910.17 97072.49 387982.66 74.98 25.02

Feb. 2005 209939.43 44601.09 254540.52 82.48 17.52

Mar. 2005 89237.03 17067.55 106304.58 83.94 16.06

Apr. 2005 91493.67 20765.84 112259.51 81.50 18.50

May 2005 56443.38 13660.22 70103.60 80.51 19.49

Jun. 2005 49917.33 13782.31 63699.64 78.36 21.64

Jul. 2005 35261.74 12871.43 48133.16 73.26 26.74

Aug. 2005 60384.48 12040.26 72424.74 83.38 16.62

Sept. 2005 85948.23 24332.42 110280.65 77.94 22.06

Total period 1505029.24 472251.66 1977280.9 77.60 22.40

(Sb = bed-load sedimentation rate  
Ss = suspended-load sedimentation rate) 

4. Summary and Conclusions 
 
The two port basins (turning and berthing areas) and the 
contiguous navigation channel of LNG port are located 
at Abu Qir Bay on the northwest margin of the Nile delta. 
This port is of considerable socioeconomic importance, 
supporting exporting gas industry that relies on the shel-
tered port areas to serve as mooring points for the inter-
national gas tankers. Presently, the channel entrance and 
the two basins (15-m water depth) are experiencing con-
siderable sedimentation; therefore they are dredged pe-
riodically to insure safety navigation for LNG vessels. 

A dataset of waves, current and texture of seabed are 
interpreted to precisely evaluate sedimentation processes 
taking place in this port. Waves approach the port blow-
ing from two main dominant quadrants, the N-W and 
N-E. These waves actively act to agitate and stirrup sedi- 
ments as bead-load and suspended modes, directly to-
ward the navigation channel and port basins. However, 
the port basins are protected from wave exposure from 
the N-W waves by a 900-m breakwater and not from the 
N-E waves. 

Wind and wave-driven currents are responsible to ac-
cumulate large portion of sediments (very fine sand and 
mud) in the port vicinity and subsequently negatively 
affecting the navigation channel and basins. Both the 
opposing S-W and N-E current paths produce sand and 
mud accumulation in the nearshore area hosting the port 
channel and basins. The principal sources of sediment 
contributed to the processes of sedimentation of the LNG 
are the eroded Rosetta promontory and the inner shelf of 
Abu Qir Bay. These sediment sources supply large quan-
tities of fine-grained sand and mud to the basins and 
channel via opposing S-W and N-E currents. Other op-
posing N-W (seaward) and S-E (landward) currents have 
also significance effect, with exception of the NW and 
SE components which are flowing parallel to the channel 
axis. The seaward current moves sediment from the sur-
fzone whereas landward one from offshore sources, both 
toward the port. This generally implies that the naviga-
tion channel and its adjacent basins are apparently acting 
effectively as a sediment sink for sediments supplied 
from the four quadrants. 

The dataset interpreted in this study are also incorpo-
rated into a mathematical procedure for calculating rate of 
sedimentation in the port facilities. Monthly sedimenta-
tion rates yielded from applying the developed model 
fluctuate between 0.048 × 106 and 0.388 × 106 m3/month, 
with an annual rate of 1.977 × 106 m3/yr. This annual 
rate is closely comparable to the sediments accumulated 
in the port as estimated by HR Wallingford (2004) based 
on bathymetric survey and numerical model. Sus-
pended-load sediment contributed to about one-fifth of 
the total of sediments, while the bed-load mode is ap-
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proximately four-fifth of the sediments that deposited in 
the navigation channel. In comparison, these estimated 
proportions are found to be in agreement with results 
obtained by Komar and Inman [11], Komar [12] and 
Inman, et al. [13]. 
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Abstract 
 
Longmen Shan is located the special joint between the Qinghai-Tibetan Plateau in the west and the Yangtze 
craton in the east. Consisting of a series of parallel imbricated thrust, it develops, from the west to the east, 
the Maoxian-Wenchuan, Yingxiu-Beichuan and Pengxian-Guanxian faults. Wenchuan Ms 8.0 earthquake is 
a thrust with strike-slip type, and surface ruptures are located in Yingxiu-Beichuan fault zone and Peng- 
xian-Guanxian fault zone. Based on the geological background, tectonic setting, the active tectonics of Long- 
men Shan and surface ruptures of the Wenchuan earthquake, a dynamical model to illustrate possible links 
between surface processes and upward extrusion of lower crustal flow channel at the eastern margin of the 
Tibetan plateau have been studied, and the results is the material in lower crust in the Longmen Shan moving 
as nearly-vertical extrusion and uplift, resulting in the surface rate of tectonic movement differing according 
to depth rate as well as the occurrence of large shallow Wenchuan earthquake. 
 
Keywords: Wenchuan Earthquake, Longmen Shan, Surface Rupture, Hazard, Sichuan, China 

1. Introduction 
 
The Ms 8.0 Wenchuan Earthquake in May 12th, 2008 is 
one of the most disastrous earthquakes since the founda-
tion of P. R. China, which destroyed not only the epi-
center of Sichuan province but also several closed prov-
inces. It was felt in most regions of China, as well as 
nations outside China. This tragic event provides the 
opportunity to advance the subject of seismic sciences. 

Based on our accumulated activitiy on active tectonics 
in Longmen Shan area, we have undertaken several new 
field surveys, including international collaborative ef-
forts after the earthquake. This paper compiles 70 sets of 
data from accumulated past and new surveys, detailing 
surface rupture and seismic disasters since our work be-
gan in the 1990s [1-15]. 
 

2. Geological Structure in Longmen Shan 
Seismic Belt 

 
Longmen Shan is located the special joint between the 
Qinghai-Tibetan Plateau in the west and the Yangtze 
craton in the east, which is a foreland basin and orogeny 
system with a complex structure and unique structural 
history. In the depth, it is located in structural transform 
belt of southwest China and the south part of Helan-
shan-Longmen Shan. To the northwest, there is thicken 
crust and thicken mantle area; and to the southeast, there 
is thin crust and thin mantle area in Sichuan basin. From 
the Longmen Shan foreland basin to the plateau, the 
crust is thickening roughly and forms a belt with west-
ern-cline belt; the central line of the belt is located the 
position of Longmen Shan thrust under the surface. Com-
paring with its surface position, the line moves some 
distance to the west, which suggests that Longmen Shan 
thrust dips to the west and does not have a mountain root. 
It also suggests that Longmen Shan is an Intracontinental 
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mountain chain and an independent tectonic uploading 
system. 

The isostatic gravity anomaly in Longmen Shan and 
joint regions show that the crust in this area is still unsta-
ble. The figures in Longmen Shan are positive and the 
figures in Longquan Shan and the area to the east are 
negative while the figures in the area between them are 
around zero. Since the Cenozoic, at least 5-10 km strata 
have eroded in uplift rate of 0.6 mm/a. The survey data 
in recent years shows that there is an uplift rate in 
0.3-0.4 mm/a in Jiuding Shan [1,16]. 

According to the regional geological setting, this area, 
from northwest to southeast, consists of Songpan-Ganzi 
Orogeny (main part), Longmen Shan thrust belt, foreland 
basin and forebulge; all of these four parts form a com-
plete tectonic system. We would introduce the east mar-
gin of Qinghai-Tibetan Plateau as three geological units: 
Songpan-Ganzi orogenic belt (main part), Longmen Shan 
thrust belt and foreland basin [1-15]. 
 
3. Surface Rupture of the Wenchuan 

Earthquake 
 
After the earthquake, a number of research institutions 
have published basic parameters and focal mechanisms. 
However, those data are different depending on different 
sources and methods. The USGS recorded that the Mw. 
is 7.9, the epicenter is located in Yingxiu, Wenchuan 
(31.099, 103.279), the focal depth is 19 km, the rupture 

length is 300 km and the duration is 120 seconds, trend-
ing 229° and fracture plane dipping 33° with strike-slip.
According to the basic parameters and the focal mecha-
nism solution, the Wenchuan earthquake had the follow-
ing two characteristics: 1) it was a shallow hypocenter 
earthquake and took place in the brittle-ductility trans-
form belt in 12 km-19 km depth with enormous destruc-
tivity; 2) it belongs to thrusting and dextral strike-slip 
one and from southwest to northeast, it propagated in one 
direction. The release process of strain was relatively sl- 
ow and may have led to a greater intensity of aftershocks 
and longer duration. The intensity of the earthquake had 
an oval-shaped distribution and its long axis was in a 
northeast direction. In this direction, the casualties and 
property loss was much bigger than other directions. 

According to the surface rupture survey (Figure 1) af-
ter the earthquake, the Wenchuan earthquake faults have 
characteristics of fragile, post-earthquake surface linear 
image is apparent, cutting a wide range of terrain units. 
They are located in Yingxiu-Beichuan fault zone (central 
zone), Pengxian-Guanxian fault zone (front fault) which 
only a small amount of surface rupture are found and 
Maoxian-Wenchuan fault zone (back fault) which sur-
face rupture have not yet been found. Those surface rup-
ture extend in northeast direction (in NE 30º-70º, most in 
NE 50º-60º) and trend to northwest (30º-80º). They dis-
tribute along the striking in a few meters to 200 meters 
range and were also distributed along the Yingxiu-Beich- 
uan fault and Pengxian-Guanxian fault. 

 

 

Figure 1. Distribution of surface rupture of Wenchuan Earthquake in Longmen Shan. 
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3.1. Surface Rupture of Yingxiu-Beichuan Fault 
 
The Yingxiu-Beichuan fault (Figures 1-3) is the Wen-
chuan earthquake’s main earthquake fault. The linear 
characteristics of the earthquake surface rupture belt are 
apparent. It starts from Yingxiu, Wenchuan in the south- 
west and then extends to Hongkou, Longmen Shan town 
(Baishuihe), Donglinsi, Hongbai, Qingping, Chaping, 
Leigu, Beichuan, Chenjiaba, Guixi, and then ends in 
Shikanzi, Pingwu, a distance of about 220 km. It was 
distributed along the strike of Yingxiu-Beichuan fault 
and disappears in the southwest 10 km of Yingxiu, be-
longing to the single-side and multi-point type rupture 
with thrust characteristics. Its plane had a steep dip angle 
and cut a wide range of terrain units, including mountain 
bedrocks, river terraces, alluvial fans, highways and bri- 

dges with bridge collapse or road displacement. Its ver-
tical offsets were in the range of 1.60-6.20 m and its 
horizontal offsets were in the range 0.20-6.50, striking 
NE 30°-50° and trending northwest. The average vertical 
offset was 3.4 m and horizontal 2.9 m, the biggest offset 
being 10.3 ± 0.2 m in Maoba, Beichuan (vertical fault) 
and 6.8 ± 0.2 m in Leigu (horizontal offset). The ratio 
between thrust and dextral strike-slip components are 1:1, 
indicating the existence of thrust movement and dextral 
strike-slip movement, the amount of thrust movement 
being equal to the dextral strike-slip movement. 

Basing this and according to the current surface data 
obtained from the survey, we calculated vertical and 
horizontal offsets in four parts of Yingxiu-Beichuan sur-
face rupture. The preliminary analysis results are: 1) the 
epicenter located in the vicinity of Yingxiu (Figure 1) is  

 

 

Figure 2. The vertical displacement along the Yingxiu-Beichuan Fault in Wenchuan Earthquake. 

 

 

Figure 3. The horizontal displacement along the Yingxiu-Beichuan fault in Wenchuan Earthquake. 
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not the position where the biggest offset is located; the 
biggest vertical and horizontal offsets are 10.3 ± 0.2 m 
(vertical offset) and 6.8 ± 0.2 m (horizontal offset) in 
Beichuan. According to Wenchuan earthquake focal me- 
chanisms solution, the greatest offset of the main shock 
is 9 m-10 m. As a result, the surface rupture is smaller 
than the biggest displacement under ground; the biggest 
offset are 60%-70% of the biggest offset under ground; 2) 
by surface offsets, the Yingxiu-Beichuan fault can be 
divided into two high-value and two low-value zones. 
The two high-value zones are located in the southern part 
of Hongkou, Yingxiu and the northern part of the Leigu, 
Beichuan-Dengjiaba area and the two low-value zones 
are located in mid-south part of the Baishuihe-Chaping 
area and Huangjiaba-Shikanzi, Pingwu area. These four 
sections are divided by Xiaoyudong fault, Leigu fault 
and Dengjiaba fault; the two high-value areas being cau- 
sed by the Xiaoyudong and Leigu faults; 3) Chen [17] 
use the global seismic network data to confirm two larg-
est static sliding displacement areas, which are located at 
area between epicenter and northeast 100 km to the epi-
center and 150 km northeast of the epicenter; the two 
largest displacement of the slip surface locate in the two 
high-value areas, indicating that the largest displacement 
in the surface are the response to the displacement under 
ground; 4) compared the surface rupture of earthquake 
with before, the places in Yingxiu, Leigu, Baishuihe and 
Gaoyuan with historical earthquake rupture are also the 
places with new rupture[3-8,12,15]. In the places with 
historical earthquake since Quaternary, there will be new 
strong earthquake in the future. 
 
3.2. Surface Rupture of Pengxian-Guanxian 

Fault 
 
The Pengxian-Guanxian fault (Figures 1 and 4) expe- 
rienced surface fractures in this earthquake. The surface 

rupture started from Xiang’e, Dujiangyan and extended 
to Cifeng, Pengzhou, Bailu, Jinhua, Hanwang and Sang-
zao over a total distance of about 40-50 km, character-
ized by dextral strike-slips shortening with steep dipping. 
The hanging wall was in the northwest and its foot wall 
in the southeast. The vertical offset was 0.39-2.70 m and 
the horizontal offset was 0.20-0.70 m (the average verti-
cal offset was 1.6 meters with an average horizontal off-
set of 0.6 meter), indicating the existence of thrust dis-
placement and dextral strike-slip displacement and thrust 
displacement is greater than the dextral strike-slip dis-
placement, showing thrust and shortening characteristics. 

Compared with the surface rupture of the Yingxiu-Be- 
ichuan, the fault rupture is far less than the Beichuan- 
Yingxiu fault rupture and it has a relatively short length 
of the rupture and vertical offset; and on the other hand, 
the horizontal offset dispalcement is relatively small, the 
thrust displacement is main. 
 
3.3. Surface Rupture of Xiaoyudong Fault 
 
The fault (Figures 1, 5 and 6) is located between Ying- 
xiu-Beichuan fault and Pengxian-Guanxian fault and is a 
new fault being discovered after the earthquake, showing 
that the fault is a transformed fault between the Ying- 
xiu-Beichuan fault and the Pengxian-Guanxian fault. The 
fault, striking south-north, extends about 15 km through 
Xiaoyudong Bridge; the stretch of the surface rupture is 
stable and we have confirmed more than 10 rupture 
points. The southwest block is a hanging wall and the 
northeast block is foot wall with an average vertical 
offset of 1.0 meter and an average horizontal offset of 
2.3 meters (vertical offset/horizontal offset ratio is 1:1), 
showing the vertical offset is equal to the horizontal off-
set and, from south to north, the thrust displacement is 
increasing. 

 

 

Figure 4. The vertical displacement along the Pengxian-Guanxian fault in Wenchuan Earthquake. 
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Figure 5. The vertical displacement along the Xiaoyudong fault in Wenchuan Earthquake. 

 

 

Figure 6. The horizontal displacement along the Xiaoyudong fault in Wenchuan Earthquake. 

 
3.4. Surface Rupture of Leigu Fault 
 
This fault (Figures 1 and 7) belongs to Yingxiu-Beichuan 
fault belt and between two parallel northeast striking 
faults. The fault’s surface rupture is very complex and it 
is also a new fault discovered after the earthquake, show-
ing that it is a transform fault between those two parallel 
Yingxiu-Beichuan faults, which has been named Leigu 
fault by us. 

The fault, striking south-north, extends 3-5 km from 
south to north. The surface rupture pattern is stable and 
we have confirmed that more than 10 rupture points. Its 
southwest block is hanging wall and the northeast block 
is foot wall. The largest vertical offset is 2.2 ± 0.5 m and 

the largest horizontal offset is 1.9 ± 0.1 m (the average 
vertical offset is 1.8 m and the average horizontal offset 
is 1.4 m). 

In the surface rupture, there are obvious changes from 
the north to the south, changing from striking south-north 
in the north to striking NWW in the south, which shows 
vertical and sinistral horizontal offset in the north (a 
channel has been offset vertically 1.9 m and horizontally 
1.3 m); and, in the south, the rupture zone shows vertical 
and dextral offset (a house foundation has been offset 
vertically 1.5 m and 0.5 m and dextral 1.3 m and 0.3 m). 

The vertical offset with horizontal offset ratio is 1:1, 
showing the thrust displacement is equal to the strike-slip 
displacement and, from south to north, the thrust changes  
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Figure 7. The vertical displacement along the Leigu fault in Wenchuan Earthquake. 

 
bigger. It was noticed that in the north, the fault is sinis-
tral strike-slip and, in the south, it appears to be a dextral 
strike-slip. 
 
3.5. The landform of Surface Rupture 
 
According to our field observation of the surface rupture, 
it had various forms, mainly showing as ridge offsets, 
alluvial fan offsets, terrace offset, slopes offsets, channel 
offsets, path offsets, highway offsets, cement road over-
lays, structural fractures, sag ponds, ground cracks, ear- 
thquake domes, pressure ridge and other types, of which 
road scarps are easy to identify. 

In Yingxiu region, the surface rupture are showed in 
structural cracks and road deformation (asymmetrical 
fold ridge) and graben; in Shengxigou and Gaoyuan, the 
surface are showed road scarps, road deformation and 
pressure ridge; in Bajiaomiao, the surface rupture are 
showed in fault scarps. The width of surface rupture is 
different along the fault, but on the whole, it is generally 
less than 20 meters. Strong deformation is distributed in 
the hanging block of the thrust fault and the foot block 
has no obvious deformation, or only has deformation in 
the vicinity of the fault. 
 
3.6. Dip of Surface Rupture 
 
The Yingxiu-Beichuan fault’s surface ruptures are gen-
erally steep scrapes; the northwest block is hanging wall 
and southeast block is foot wall, indicating that the frac-
ture plane should trend northwest. But the plane is diffi-
cult to be discovered; in Bajiaomiao, Hongkou, the plane 
was directly exposed at the surface. It tends to northwest 
with dip angle 80°-86° and its hanging wall is composed 
of upper Triassic Xujiahe coal-bearing strata and its foot 

block is loose gravels. The scratches can be distinct in 
the plane, indicating high-angle thrust characteristics. As 
a result, in the Yingxiu-Beichuan fault, the northwest 
tending fault in high-angle should be representative. 

However, in Gaoyuan, Hongkou, Yingxiu-Beichuan 
fault’s rupture surface trend to southeast. The plane here 
is also showed as a very steep scrapes, but the northwest 
block is foot side and southeast is hanging side, which 
indicates that the plane should trend to northwest. As a 
result, we think that Yingxiu-Beichuan fault’s surface 
rupture should be northwest trending high-angle surface, 
but in some areas, the tendency could be reversed from 
northwest to southeast. 

The Wenchuan earthquake’s focal mechanisms soluti- 
on reveals that the dip angle of plane is only 33°-39° [17]. 
It is obvious that the surface crack plane is different from 
one calculated by focal mechanisms solution: the dip 
angle is gentle when deeper. This characteristic is also 
similar to an imbricate thrust fault’s structural features. 
 
3.7. Surface Rupture and Shortening Rate 
 
Although in the Yingxiu-Beichuan fault there are differ-
ent structural shortening forms, including road offset and 
road overlay, the proper measurement position of surface 
deformation is less. In a cement road in Gaoyuan, we 
measured the pressure ridge and the thrust overlay, sho- 
wing a clear structural shortening phenomenon. In the 
cement road, we measured surface deformation in detail, 
indicating that the structural shortening rate of this sec-
tion is 7.61 percent and that the biggest structural short-
ening rate of the pressure ridge is 28.6 percent. 

The Longmen Shan is the most typical klippe zone in 
China; it has a structural shortening rate of 42-43% [1,3- 
8]. The result is 7.61%-28.6% in Gaoyuan, showing the 
clear structural shortening rate in Wenchuan Earthquake. 
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3.8. Rupture Process of Wenchuan Earthquake 
 
Although the surface rupture in Bajiaomiao is also steep 
scarp as the main form; its hangling wall is Upper Trias-
sic Xujiahe coal-bearing strata and its foot wall is loose 
gravel. But the scrape marks have preserved the evidence 
for the process analysis of Wenchuan earthquake. 

The scrapes plane strikes to N60°E, trending to N300°W 
with a dip angle of 85°. We discovered two scratches in 
the plane. The first one is nearly vertical, mainly distrib-
uting in upper and lower parts of the plane, while the 
second one is nearly horizontal, mainly locating in the 
lower part of the plane. 

In the plane of the scrapes, we can observe three kinds 
of cross cutting relationships between nearly vertical and 
horizontal scratches: a nearly vertical one cutting the 
nearly horizontal one, a nearly horizontal one cutting the 
nearly vertical one and a nearly vertical one in the top 
gradually changing to the nearly horizontal one in the 
bottom. 

In view of the Upper Triassic Xujiahe coal-bearing 
strata in the hanging block and the loose gravel in the 
foot block, the scratch preserved in the hangling wall 
bedrock should be the evidence of foot wall loose gravel 
in the movement process. As a result, the upper marks 
preserved in the hangling wall should be the early evi-
dence of the rupture process of the earthquake and the 
lower marks preserved in the hanging wall should be the 
late evidence of the rupture process. 

For this reason, we speculate that the nearly vertical 
scratches in the top recorded the thrust movement early, 
while the scratches in the bottom recorded the strike-slip 
movement lately. According to these three different kin- 
ds of cross cutting relationship of scratches, we think that 
the late movement is oblique. 

According to the focal mechanisms solution, Chen [17] 
thought that the Wenchuan earthquake can be divided 
into 7 stages, and that, in the beginning stages, the move- 
ment showed thrust and then gradually shifted to strike- 
slip movement lately. Yuji Yagi [18] has a similar view-
point on the movement process of the devastating earth-
quake which includes two phases: the first phase (0- 
50 seconds) with 6.4 m thrust and the second phase (60- 
120 seconds) with 4.6 m strike-slip. 

As a result, the scratches of the surface rupture reveal 
the process confirmed by the focal mechanism solution, 
which is that the thrust movement occurred early and the 
strike-slip movement occurred lately. 
 
4. Discussion on Kinematic of Active    

Tectonics in Longmen Shan and     
Wenchuan Earthquake 

 
Indo-Asia collision is the most important events in Ce-
nozoic, which results in the uplift, deformation and 

thickening of Qinghai-Tibetan Plateau. The event and its 
impact to Cenozoic geological structure has been noticed 
and discussed by geoscientists. Two well-known hy-
potheses have been presented; one is a crustal thickening 
model [19] and the other one is a lateral extrusion mode 
[20].The former emphasizes on north-south crustal shor- 
tening and thickening, and the later emphasizes the 
east-extrusion along main faults. In the eastern margin of 
the Qinghai-Tibetan Plateau, there are two corresponding 
pattens which are: Avouac and Tapponnier [20] eastward 
thrusting mode, and England et al.’s dextral strike-slip 
mode. 

However, the active tectonics and Wenchuan earth-
quake show the Longmen Shan fault is characterize by 
thrust and dextral strike-slip movement, which does not 
coincide with England and Molnar’s large scale dextral 
shear movement in the eastern margin of Qinghai-Ti- 
betan Plateau, and which also does not coincide with 
Avouac and Tapponnier [20] eastward thrusting mode in 
the eastern margin of the Qinghai-Tibetan Plateau. The 
performance of Longmen Shan fault zone has its uni- 
queness, which can not be explained in one single mode. 

According to the direction of surface movement sho- 
wed by GPS measurements [21,22], the northeast corner 
of Qinghai-Tibetan Plateau consisting of Longmen Shan 
fault and Kunlun Shan fault has the characteristics of 
northeastward (Qingling direction) extruding out, which 
means that when the Songpan-Ganzi block in eastern 
Qinghai-Tibet moved to the east, because of the blocking 
of Yangtze platform, it was forced to move to Qinling 
Mountains in the northeast and resulted in the characters 
with thrust and dextral strike-slip movement mode in 
Longmen Shan. The West Qinling fault is thrust with 
sinistral strike-slip movement and the blocks between 
Longriba fault and east Kunlun fault is also northeastern 
extruding out (Figure 8). 
 
5. Discussing of Dynamics Mechanism of  

Active Tectonics in Longmen Shan and 
Wenchuan Earthquake 

 
According to GPS measurements, India plate is moving 
to the north in 50 mm a-1, and different blocks in the 
eastern margin of Qinghai-Tibetan Plateau have signifi-
cantly different movement rates. The Songpan-Ganzi 
block in the south has a faster horizontal movement rate 
than the Songpan-Ganzi block in the north. Active tec-
tonics research [3-8,12,15] shows that the horizontal 
movement rate in Longmen Shan is small (1-3 mm a-1), 
so is its uplift rate (0.35-0.40 mm a-1) [1]. Its move-
ment mode is characterized by thrust with dextral 
strike-slip. But Longmen Shan is the steepest mountain 
around Qinghai-Tibetan Plateau, in the range of more than 
30 kilometers, it uplifts from 700 meters above sea level to 
more than 5000 meters. The small surface slipping rate 
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Wenchuan Earthquake coincide with the depth of his-
torical strong earthquake and all of them are shallow 
earthquakes, which coincide with the depth of 20 km in 
low-velocity layer and also coincide with the uplift depth 
of the top of lower crust [9-11]. 

 

As a result, in the process of Qinghai-Tibetan Plate- 
au’s movement to the east, blocked by the basement of 
the Sichuan Basin, the lithosphere is not synchronized as 
a whole flow to the east and the flow velocity is different 
in different layers. This results in lower crust material in 
the Longmen Shan moving as nearly-vertical extrusion 
and uplift [23], resulting in the surface rate of tectonic 
movement differing according to depth rate as well as the 
occurrence of large shallow Wenchuan earthquake (Fig-
ure 9). 

Figure 8. Surface movement, epicenter and tectonic frame- 
work in Eastern Qinghai-Tibetan plateau. 
 

 does not only coincide with the high and steep mountain, 
but also does not coincide with the fact of the strong 
earthquake of Ms 8.0. As a result, in the Songpan-Ganzi 
block and Longmen Shan in the northeast margin of 
Qinghai-Tibetan Plateau, the rate of surface movement 
does not coincide with the deep tectonic movement rate. 
The deep structural process must be thought about in the 
seismic hazard assessment. 

6. Geological Hazard Caused by Wenchuan 
Earthquake 

The Wenchuan Earthquake is the most destructive in 
intensity and the vastest of affected area in China since 
1949. The area of the heavily destroyed region is more 
than 100,000 km2. It has the most serious casualties after 
the Cicheng Earthquake (Inner Mongolia, 1290), the 
Huaxian Earthquake (Shanxi, 1556), the Haiyuan Earth-
quake (Ningxia, 1920) and the Tangshan Earthquakes 
(Hebei, 1976). 

The Wenchuan earthquake’s focal mechanism solution 
shows that Wenchuan Earthquake’s focal depth is 12-19 km, 
belonging to shallow earthquake. In addition, we count 
the historical earthquake in Longmen Shan as the longi-
tude [3-8,9-11]. The results show that Longmen Shan 
tectonic earthquake in lower magnitude was in depth of 
5-15 km in advantage and the strong earthquake was in 
depth of 15-20 km. Obviously, it is clear that the depth of 

The hazards caused by the Wenchuan Ms 8.0 Earth-
quake is known by next main characteristics: 1) seismic 
waves have propagated with strong ground motion to 
damage construction; 2) surface rupture zone directly 

 

 

Figure 9. A dynamical model to illustrate possible links between surface processes and upward extrusion of lower crustal flow 
channel at the eastern margin of the Tibetan plateau. 
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destroyed and tear construction along Yingxiu- Beichuan 
fault for 220 km and Pengxian-Guanxian fault for 40- 
50 km; 3) collapse, landslide and other geological haz-
ards caused by strong vibration of ground motion de-
stroyed buildings. Because the earthquake occurred in 
the valleys of the Longmen Shan, especially in Yingxiu- 
Beichuan fault, there have been large-scale collapse, 
landslides and other geological hazards in Longmen 
Shan region. Those hazards have buried or destroyed a 
large amount of buildings, for example, half of the 
buildings in Chenjiaba, have directly been destroyed by 
landslides and a large number of barrier lakes have flood 
buildings and have given potential secondary flood threat 
to the basin. 

According to the earthquake data collected by survey 
teams of Gansu, Shanxi and Chongqing seismological 
bureaus, InSAR imaging and seismography records, we 
studied some important regions with high seismic inten-
sity and have drawn an isoline map of Wenchuan Earth-
quake and distinct the intensities in this region (Figure 
10). District  is located in YingxiuⅪ -Hongkou, and 
Leigu-Beichuan, which are distribute along Yingxiu- 
Beichuan fault zone’s hanging wall with a total area of 
about 680 km2. Construction in this region almost com-

pletely collapsed, especially in Yingxiu town and Beic- 
huan town. Large-scale surface rupture can be followed. 
A number of large-scale collapses and landslides blocked 
rivers to form barrier lakes, such as the Qingping and 
Tangjiashan barrier lakes. District  starts from soutⅩ h-
west Yingxiu and end in Shikanzi, Nanba in the north-
east, including Yingxiu-Beichuan surface rupture in a 
narrow belt with the long axis N50°E and an area of 
about 2520 km2. In this region, most construction col-
lapsed and landslides are common. 

To summarize, District  and above this of the WeⅥ n- 
chuan Earthquake affected the area of about 333000 km2. 
The isoline map (Figure 10) has the following charac-
teristics: 1) high-seismic intensity lines, especially in 
district , distributed aloⅨ ng the Longmen Shan in 
N40-50°E direction and the long/short axis ratio are 
8:1-10:1. District  degrees are distributed in three isⅪ o-
lated areas with the typical characteristics of multi-point 
instant cracks. 2) According to the results of seismic in-
version, the earthquake rupture tear from the vicinity of 
Yingxiu to the northeast with characteristics of a one- 
direction rupture process. Isoseismal lines also show the 
direction of disappearing rapidly to the southwest and 
slowly to the northeast with the characteristics of the 

 

 

Figure 10. Isoseismal line of Wenchuan M8.0 earthquake on 12 May, 2008. 
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mode. 3) District  disappear to Hongyuan and RuoeⅥ r-
gai slower than to the Basin, which may be related to that 
the Sichuan Basin with relative rigidity Yangtze plate is 
not easy for seismic wave absorbing as well as the soft 
soil in Hongyuan and Ruoergai enlarge the damage. 4) 
District ,  and  in the area Ⅵ Ⅶ Ⅷ of north Sichuan, 
Gansu and Shanxi are gradually turning to east-west di-
rection and this may be the result of controlling of the 
regional faults. 
 
7. Preliminary Conclusions 
 
In this paper, based on the Longmen Shan seismic zone’s 
geological background, tectonic setting, stratigraphy and 
lithology, we have summarized the Longmen Shan sur-
face rupture and progress and explore the tectonic kine-
matics and dynamics of Wenchuan Earthquake. Accord-
ing to the geological disasters caused by Wenchuan 
Earthquake, we have made several suggestions for re-
construction in the affected areas. 

According to historical records and active tectonics, 
we believe that the Longmen Shan fault zone is a dan-
gerous earthquake zone and the three main faults have 
the ability to induce earthquakes > Ms 7. The Yingxiu- 
Beichuan fault is the most important earthquake-induc- 
ing fault; the interval should be at least about 1000 a. It 
belongs to the low-frequency seismic activity zone, but it 
has a potential risk to induce a strong earthquake with 
characteristics of thrust and dextral strike-slip move-
ments. 

By comparing the initial analysis of Wenchuan Earth-
quake and historical earthquakes records, we believe that, 
the May 12, 2008 Wenchuan Earthquake belongs to 
thrust and strike-slip type earthquake. According to 
north-south striking fault (Xiaoyudong, Leigu and Deng-
jiaba faults) and surface offsets, Yingxiu-Beichuan fault 
surface rupture zone is divided into two zones of high- 
value and low-value. According to scratches on the scr- 
aps in Hongkou, the earthquake rupture process is di-
vided into two phases: early thrust and lately-inclined 
strike-slip movement. As a result, in the earthquake rup-
tured zone, there are two components of thrust and 
strike-slip, thrust displacement is slightly larger than 
dextral strike-slip one. This does not coincide with the 
crustal thickening mode and the lateral extrusion mode, 
which means that Yingxiu-Beichuan fault is special one 
and can not be explained by one single model. In view of 
the surface moving rate of Longmen Shan does not coin-
cide with its moving rate in the depth, we discussed the 
dynamic geological model between surface process and 
lower crust flow and think that the vertical pressure and 
vertical movement of lower crustal materials in Longmen 
Shan results in the eastern thrust movement, uplift of 

Longmen Shan tectonic belt and Wenchuan Earthquake 
as well. 
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Abstract 
 
In this paper, the analysis of ground motions (displacements, velocities and accelerations) has been per-
formed focused to the seismic design. The relationships between the peak ground acceleration (PGA), the 
peak ground velocity (PGV), the peak ground displacement (PGD) and the bracketed duration, with the 
earthquake magnitude, are presented and their validity and applicability for seismic design is discussed. Fi-
nally, the dominant periods of the ground motions (displacement, velocity and acceleration) are obtained 
from their Fourier Spectrum. Their validity and applicability for the seismic design is discussed also. The 
results presented in this paper show that the relationships that exist between the important parameters: PGA, 
PGV, PGD and duration; and the earthquake magnitude, allow the prediction of the values for these parame-
ters, in terms of the magnitude for future strong motions. These predictions can be very useful for seismic 
design. Particularly, the prediction of the magnitude associated to the critical acceleration, because the earth-
quakes with magnitude greater than this critical magnitude can produce serious damages in a structure (even 
its collapsing). The application of the relationships obtained in this paper must be very careful, because these 
equations are dependent on the source area, location and type of structure. The dominant periods of the 
ground motions (displacement, velocity and acceleration) that are computed and presented in this paper, are 
also important parameters for the seismic design, because recent studies have shown that the earthquake 
shaking is more destructive on structures having a natural period around some of these dominant periods. 
These parameters must also be handled with caution, because they show dependence with the source area, 
location and type of structure. 
 
Keywords: Seismic Design, Bracketed Duration, Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), Peak 

Ground Displacement (PGD), Dominant Periods 

1. Introduction 
 
It is known that earthquakes are responsible of an im-
portant part of the casualties, occurred around the world 
due to natural disasters [1]. In addition, earthquakes pro-
duce high economical losses which could be avoided, in 
most of the cases, with an adequate seismic design [2]. 
For this reason, it is the principal importance any study 
performed to mitigate the disasters caused by earth-
quakes. For it, the seismic design requires the knowledge 
of some parameters that must be included or considered, 
for the earthquake resistant design of structures. Ones of 
the most important parameters to be considered are: the 
peak ground acceleration (PGA), the peak ground veloc-
ity (PGV), the peak ground displacement (PGD) and the 
bracketed duration [3]. These parameters are easy to meas-

ure, from the three types of strong-motion record that are 
usually available: seismogram (ground display-cement), 
velocigram (ground velocity) and accelerogram (ground 
acceleration). 

The peak ground acceleration (PGA) is the maximum 
value of the ground acceleration (positive or negative) 
that appears in the accelerogram. The peak ground ve-
locity (PGV) is the maximum value of the ground veloc-
ity (positive or negative) that appears in the velocigram. 
The peak ground displacement (PGD) is the maximum 
value of the ground displacement (positive or negative) 
that appears in the seismogram. The bracketed duration 
is the time duration of the ground shaking, defined as the 
elapsed time between the first and last acceleration ex-
cursions greater than some reference value (usually taken 
as 0.05 g, where g is the gravity acceleration). Figure 1 
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Figure 1. Ground displacement, velocity and acceleration recorded on the vertical component of the EJON station, for the 
event 3 listed in Table 1. The small circles denote the maximum present in the corresponding trace joint to its numerical 
value. The dashed lines denote the reference value (0.05 g) selected to determine the bracketed duration. The bracketed dura-
tion is marked in the accelerogram joint to its numerical value. 

 
shows the value of these parameters for a ground motion 
recorded on the vertical component [4]. 

Recent studies have shown that the dominant periods 
of the Fourier Spectrum of the ground motion (displace-
ment, velocity and acceleration), are also very important 
parameters to be considered in the seismic design, be-
cause the earthquake shaking is more destructive on 
structures having a natural period around some of these 
dominant periods [5]. Therefore, it is very suitable to 
consider also the values of these dominant periods, as 
important parameters for the seismic design. 

Thus, it would be very desirable to obtain relationships 
between the above mentioned parameters (PGA, PGV, 
PGD and duration) and the earthquake magnitude, to 
predict the possible values that these important parame-
ters can take for future strong motions. This is the goal of 
this study, the determination of relationships between 
PGA, PGV, PGD and duration with the magnitude. The 
validity and applicability of these formulas also will be 
discussed. Finally, the dominant periods of the ground 
motions considered in this study also will be obtained. 
 
2. Methodology and Background 
 
It is known that the maximum acceleration A (cm/s2) of 

the ground motion produced by an earthquake, is related 
to the intensity of this earthquake, by means of a linear 
equation [3]. On the other hand, also it is known that the 
intensity of an earthquake is also related to the magnitude 
M (mb) of this earthquake, by means of a linear equation 
[6]. Therefore, a linear relationship must exist between 
maximum acceleration A (cm/s2) and magnitude M (mb). 
This relation is given by 

11
2

10 b)mb(Ma))s/cm(A(Log         (1) 

where (a1, b1) are constants to be determined. Logically, 
the existence of the relationship (1) implies that a similar 
relationship must exist for the maximum velocity and the 
maximum displacement [7]. These linear relationships 
are given by 

2210 b)mb(Ma))s/cm(V(Log          (2) 

3310 b)mb(Ma))cm(D(Log            (3) 

where V is the maximum velocity, D is the maximum 
displacement and (a2, b2, a3, b3) are constants to be de-
termined. Respect to the bracketed duration, also exits a 
relationship between this parameter and the magnitude, 
but this relation is not linear. Nevertheless, this relation-
ship can be written in linear form by means of the for-
mula [3] 
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where (a4, b4, c) are constants to be determined. 
Equations (1) to (4) are the relationships that exist 

between the above mentioned important parameters 
(PGA, PGV, PGD and duration) and the earthquake 
magnitude. These linear equations allow the prediction 
of the values for these parameters, in terms of the mag-
nitude for future strong motions [8]. The application of 
Equations (1) to (4) must be very careful, because the 
constants (a1, b1, a2, b2, a3, b3, a4, b4, c) of these equations 
are determined for a location (station) and a source area 
(a small area in which the epicenters can be grouped), 
i.e., the values for these constants can be different for 
different locations and/or different source areas (there are 
a dependence with the propagation path). Moreover, for 
the same location and source area, the values of these 
constants can depend on the type of soil (over which the 
structure is built), the type of structure (masonry struc-
ture, timber structure, iron structure, concrete structure, 
building, bridge, nuclear power plant, etc.), the founda-
tions of the structure or the type of connection between 
structure and foundations [1,9]. Thus, Equations (1) to (4) 
must be handled with caution. 
 
3. Data 
 
In this kind of studies, the primary data are seismograms, 
velocigrams and accelerograms. Nevertheless, in some 
cases only the accelerograms are available, then seismo-
grams and velocigrams must be computed from the ac-
celerograms by integration, using the Fast Fourier Trans- 

form (FFT) and its properties, applied to the Fourier 
Spectrum of the corresponding accelerogram [9,10]. In 
this study, only seismograms have been available, ve-
locigrams and accelerograms have been computed from 
these seismograms by derivation, using the FFT and its 
properties, applied to the Fourier Spectrum of the corre-
sponding seismogram [10]. 

The seismograms used in this study correspond to 22 
earthquakes (Table 1), which occurred on the neighbor-
ing of the Iberian Peninsula. These earthquakes have 
been registered by the broadband station EJON located 
on Iberia (latitude 42.4487 ºN, longitude 2.8886 ºE), with 
a sampling ratio of 100 samples per second (100 sps). 
The instrumental response (Figure 2) has been taken into 
account to avoid the time lag introduced by the seismo-
graph system and all distortions produced by the instru-
ment [11]. This correction recovers the true amplitude 
and phase of the ground motion, allowing the analysis of 
the true ground motion. For this reason, all the traces 
considered in this study were corrected for instrument 
response. 

The traces used in this study correspond to events 
grouped in the same source area, to ensure that the 
propagation path be the same for all events, because the 
constants (a1, b1, a2, b2, a3, b3, a4, b4, c), of Equations (1) 
to (4), are propagation-path dependent as it was men-
tioned in the previous section of this paper. A source 
area is defined as a location in which the seismic events 
have occurred with similar epicenter coordinates [12]. 
The maximum coordinate difference considered to group 
events has been equal to 0.2 degrees in latitude and lon-
gitude. 

 
Table 1. Near events recorded at EJON station (latitude 42.4487 ºN, longitude 2.8886 ºE). 

Event (nº) Date (d-m-y) Time (h-m-s) Latitude (ºN) Longitude (ºE) Magnitude (mb) 

1 27 05 2003 17 11 32.5 36.802 3.610 6.1 
2 28 05 2003 11 26 31.6 37.135 3.393 4.5 
3 28 05 2003 19 05 22.2 36.932 3.737 4.9 
4 31 05 2003 11 44 46.3 37.048 3.780 4.6 
5 01 06 2003 02 54 21.0 36.990 3.983 4.6 
6 02 06 2003 08 20 24.2 37.017 3.185 4.5 
7 03 06 2003 23 17 46.2 37.208 3.710 4.4 
8 06 06 2003 03 13 47.0 37.072 3.733 4.4 
9 15 06 2003 01 06 10.8 36.893 3.348 4.1 

10 17 06 2003 07 52 55.1 37.113 3.838 4.5 
11 18 06 2003 19 36 13.1 36.970 3.682 4.5 
12 21 06 2003 11 01 27.5 37.038 3.467 4.1 
13 05 07 2003 20 03 35.9 37.212 3.470 4.2 
14 06 07 2003 02 56  9.2 37.012 3.758 4.4 
15 06 07 2003 08 50 20.6 36.998 3.513 4.3 
16 14 07 2003 22 52 26.4 36.925 3.308 4.2 
17 17 07 2003 21 07 50.3 36.645 3.493 4.4 
18 18 07 2003 08 14 53.5 37.202 3.725 4.4 
19 07 08 2003 08 23 11.7 37.103 3.722 4.5 
20 11 08 2003 20 03 47.2 36.923 3.328 4.6 
21 03 09 2003 14 04 49.8 37.155 3.600 4.6 
22 12 10 2003 07 08 45.0 37.045 3.418 4.4 
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Figure 2. Frequency response of the broadband seismograph (100 sps). 

 
4. Application and Results 
 
The values of the constants (a1, b1, a2, b2, a3, b3, a4, b4, c) 
have been determined for the location and source area 
considered in this study, from the seismograms corre-
sponding to the events listed Table 1 recorded at the 
EJON station (velocigrams and accelerograms has been 
computed by derivation), by a linear fit as it is shown in 
Figures 3-6. These constants could be different for dif-
ferent locations and/or different source areas. Also, these 
constants could be different for the same location and 
source area, if the type of soil over which the structure is 
built, the type of structure, the foundations of the struc-
ture or the type of connection between structure and 
foundations; are different [1]. For this reason, Equations 
(1) to (4), which predict the values of the parameters 
(PGA, PGV, PGD and duration) with the earthquake 
magnitude, must be handled with caution, because these 
predictions could be false when the conditions previously 
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Figure 3. Relationship between PGA and magnitude com-
puted for the accelerograms corresponding to the events 
listed in Table 1. The continuous line denotes the linear fit 
performed between PGA and magnitude. The dashed line 
denotes the value of the critical acceleration assumed in this 
study as 0.5 g. 
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Figure 4. Relationship between PGV and magnitude com-
puted for the velocigrams corresponding to the events listed 
in Table 1. The continuous line denotes the linear fit per-
formed between PGV and magnitude. 
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Figure 5. Relationship between PGD and magnitude com-
puted for the seismograms corresponding to the events 
listed in Table 1. The continuous line denotes the linear fit 
performed between PGD and magnitude. 
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Figure 6. Relationship between bracketed duration and ma- 
gnitude computed for the accelerograms corresponding to 
the events listed in Table 1. The continuous line denotes the 
linear fit performed between duration and magnitude. 

 
mentioned be not satisfied. For different source areas, 
locations and structures, the values of the constants (a1, 
b1, a2, b2, a3, b3, a4, b4, c) must be recomputed to ensure 
the validity and applicability of the predictions given by 
Equations (1) to (4). 

The predictions given by Equations (1) to (4) can be 
very useful for seismic design. Particularly, Equation (1) 
can be very useful because it allows the knowledge of 
the maximum acceleration that can occur for any earth-
quake, including earthquakes with high magnitudes 
which have not occurred up to now. With Equation (1), it 
can be known in which magnitude the critical accelera-
tion is reached (Figure 3). The critical acceleration is 
defined as the maximum acceleration that a structure 
(building, bridge, nuclear power plant, etc.) can bear 
without damages [1]. For each structure, this critical 
value of the acceleration exists. The structure can bear 

serious damages or collapse, if this value of the accelera-
tion is overcame [2]. Thus, an important application of 
Equation (1) is to know the magnitude associated to the 
critical acceleration, because earthquakes with magni-
tude greater than this magnitude can produce serious 
damages in that structure (even its collapsing). 

Finally, the dominant periods of the ground motions 
(displacement, velocity and acceleration) considered in 
this study, have been obtained from their Fourier Spec-
trum, as it is shown in Figure 7. These dominant periods 
are parameters that can be very useful for seismic design, 
because recent studies have shown that the earthquake 
shaking is more destructive on structures having a natu-
ral period around some of these dominant periods [5]. 
These parameters also show dependence with the source 
area, location and type of structure. For it, they must be 
recomputed for different source area, location and type 
of structure; to ensure their validity and applicability. 
 
5. Conclusions 
 
Equations (1) to (4) obtained and discussed in this paper, 
are the relationships that exist between the important 
parameters: PGA, PGV, PGD and duration; and the 
earthquake magnitude. These linear equations allow the 
prediction of the values for these parameters, in terms of 
the magnitude for future strong motions. The application 
of Equations (1) to (4) must be very careful, because the 
constants (a1, b1, a2, b2, a3, b3, a4, b4, c) of these equations 
are dependent on the source area, location and type of 
structure. The predictions given by Equations (1) to (4) 
can be very useful for seismic design. Particularly, the 
prediction given by Equation (1), because it can provide 
the magnitude associated to the critical acceleration. The 
knowledge of this critical magnitude is very important in 
seismic design, because earthquakes with magnitude 
greater than this magnitude can produce serious damages 
in a structure (even its collapsing). 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.01

0.02

0.03

0.04

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.0 0.2 0.4 0.6 0.8 1.
0

1

2

3

4

5

6

7

8

9

10

11

0

Displacement

A
m

p
lit

u
d

e 
(c

m
 s

) 

Period (s)

Velocity

A
m

p
li

tu
d

e 
(c

m
) 

Period (s)

T = 1.466 s

T = 0.320 s T = 0.096 s

Acceleration

A
m

p
lit

u
d

e 
(c

m
/s

)

Period (s)  

Figure 7. Amplitude Spectrum corresponding to the ground motion (displacement, velocity and acceleration) of the event 1 
listed in Table 1, recorded on the vertical component of the EJON station. 
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The dominant periods of the ground motions (dis-
placement, velocity and acceleration) also have been 
computed and presented in this paper. These dominant 
periods are parameters that can be very useful for seismic 
design, because recent studies have shown that the 
earthquake shaking is more destructive on structures 
having a natural period around some of these dominant 
periods. Nevertheless, these parameters must be handled 
with caution because they also show dependence with 
the source area, location and type of structure. 
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Abstract 
 
Under the assumption that the earth movement tendency is a sphere, the author does research about the earth-
quakes occurrence between 2001 and 2010 which over 6 scales of magnitude on occurred time (UTC), 
magnitude, longitude, latitude and other data, then give out the causal relationship of earthquakes and the 
co-planarity and symmetry theory of earthquake occurrence. Also, the author does empirical analysis in the 
paper. 
 
Keywords: Earthquake, Co-planarity, Symmetry 

1. Introduction (Heading 1) 
 
Research on earthquakes is one of the most important 
elements about disaster prevention study, because of its 
devastating and destructive. Especially in recent years, 
with the rapid development of modern economic activity, 
destruction to the Earth was continuous. The frequency 
tends to rise and there are more large earthquakes. There- 
fore, how to analyze the reason of the earthquake cor-
rectly, and predict earthquakes effectively becomes a hot 
topic in nowadays. 

Under the assumption that the earth movement ten-
dency is a sphere and mountains fall to the surface of the 
earth; estrogens and basin rise to the surface of the Earth. 
This article gives out the co-planarity and symmetry the-
ory of earthquake occurrence according to research about 
the earthquakes occurrence between 2001 and 2010 which 
over 6 scales of magnitude. 
 
2. Questions and Relevant Definitions 
 
The Earth, like a very sensitive being, according to the 
laws of nature, it has the desire to achieve a balance of 
features. In this process, it will show a particular trend. 

As shown in Figure 1, we give some relevant defini-
tions here: 

Ecliptic axis: an axis through the center of the Earth 
which is a vertical line to the ecliptic plane. 

Equatorial coordinate system: a celestial coordinate 

system of the equatorial plane and the axis of rotation.  
Ecliptic system of coordinates: a celestial coordinate 

system of the ecliptic plane and ecliptic axis.  
Tangent plane parallel to the equator: the Earth’s 

equatorial plane parallel to the tangent plane (Tangent 
plane parallel the equator), shown as TPPTE.  

Ecliptic line tangent plane: parallel to the ecliptic of 
the earth tangent plane (Ecliptic line tangent plane), 
shown as ELTP. 

Equatorial vertical plane: after the Earth’s surface 

 

 

Figure 1. Plane figure. 
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1

1

shock point and the spin axis of the tangent plane (Equa-
torial vertical plane), shown as EVP.  

Longitudinal ecliptic plane: after a shock point and 
the yellow surface of the Earth axis tangent plane (Eclip-
tic plane vertical), shown as EPV.  

Circular symmetry point: Circular , shown as CSP.  
Similar point: Similar Point, shown as SP.  
Earthquake effects: measure the Earth’s surface; the 

intensity level of shock is unstable, the stability of the 
boundary tangent plane level. Plane is the ball away from 
the more deviation, the more poor results, and the more 
unstable and more likely point of this earthquake. 
 
3. Basic Assumptions and the Co-Planarity 

and Symmetry Principle of Earthquake 
 
3.1. Basic Assumptions 
 
1) The Earth became positive sphere with earthquakes 
which rise or low the ground. That is, because of the ecli- 
ptic (23.26 degrees), the Ecliptic Plane TPPTE line tan-
gent planes ELTP have tended to be round; 

2) The Earth has tended to balance, and because the 
earthquake, to re-balance; 

3) Crustal thickness tends to vary. Earth’s core and 
mantle movement space tends to a ball space; 

4) With the earthquake, the earth rotation axis offset. 
When there is a earthquake which makes the low rise, the 
earth rotation axis moves to the seismic vertical, those 
makes the high low is opposite. 
 
3.2. Co-planarity and Symmetry Principle 
 
After the observation of earthquakes on Earth N (154 
earthquakes over 6 scales of magnitude in this article) 
times, it is occur time  of adjacent earth-

quakes  measure with UTC. 
K KH , H 

K KM , M 

A) The previous earthquake is a cause of the after. The 
tangent plane balances was destroyed, then tend to a new 
balance, which Ecliptic line tangent plane generate new 
state plane all the times. 

B) Seismic vertical  and seismic vertical  

are on the same plane at the time  or . That is 

parallel to the cut-plane in the equatorial plane or Eclip-
tic line cut the ecliptic plane, or longitudinal vertical 
plane or equatorial plane. 

KM K+1M

KH K+1H

C) If the tangent of the plane where seismic vertical 
and seismic vertical  are tends to round, or 

fall-rise movement in the earthquake tends to stable, 
and  tends to symmetry in the circle; other-

wise, coplanar circle from the difference of the most un-
stable point will have an earthquake. 

KM

KM

K+1M

K+1M

D) After earthquake on occurs, if the most unsta-

ble point (poor seismic effect) is still , earthquake 

 will take place near the same point. 

KM

KM

K+1M

 
4. Research Basis and Calculation Method 
 
Assumptions (1), (2), (3) are prerequisite of conclusion 
(A), (B), (C) and (D); symmetry points including the spin 
axis symmetry, yellow axis symmetry and geocentric 
axial symmetry. With the existence of the ecliptic obliq-
uity (ecliptic plane and the equatorial plane angle 23.26 
degrees) and the Ecliptic plane tangent line, parallel to 
the equatorial plane tangent tends to a circle, the shape of 
the earth tends to a sphere becomes possible. This can be 
concluded with (C) and (D). Assumptions (4) decided the 
longitudinal movement of the  after . As-

sumptions (1) and (3) show the possibility that the 
earthquake and the earthquake potential basis for the 
order. Be noted that symmetrical points at any time 
change the fact that, in the premise revolution, a startled 
different points of the Ecliptic OK UTC timing of your 
cutting surface is subject to change, and cut parallel to 
the equatorial plane remain unchanged. 

K+1M KM

Earthquake time: the time the earthquake is very 
important, when the earthquake occurred; it generates 
and identifies Ecliptic line tangent plane, tangent plane 
parallel to the equator, the ecliptic plane and the equato-
rial vertical longitudinal cut tangent plane, as well as the 
corresponding point of the plane of symmetry at the 
same time. 

Symmetrical points on the calculation: Earth auto-
biographical spherical coordinates on the equatorial 
plane symmetry coordinates of points on the simple cal-
culation, the same latitude, longitude 180 degrees plus or 
minus 180 degrees. The following calculation Ecliptic 
coordinate system on the surface of the ball symmetric 
point computation of positions is shown in Figure 2.  

 

 

Figure 2. Caculations. 
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Shock point set M of lat = W, long = J, time (UTC) = a: 
b, then 0  = 90 – W, 0  = J +（a + b/60）× 15 
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Step3: To the counterclockwise rotation 23°26', then 

' '

'

' '

cos 23 26 sin 23 26

sin 23 26 cos 23 26

x x z

y y

z x z

  



  

 

 

 

M point symmetry point assignment 
Step4: Clockwise rotation to 23°26', then 
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Step6: symmetry point, lat = 1W = 90  － , long = 1  

– (a + b/60) × 15 
 
5. Results 
 
According to the information of 154 earthquakes over 6 

scales of magnitude over the world from the USA Earth- 

quake Observation Council, the causal relationship com- 

mon area, symmetry of them can be concluded as fol-

lowing (Table 1) [1]: in the Comments, the next item 

TPPTE cut parallel to the earthquake in the equatorial 

plane, ELTP that the next seismic line cutting in the 

Ecliptic plane, EVP that the next earthquake in the verti-

cal plane perpendicular to the equator, EPV that the next 

earthquake in the vertical longitudinal ecliptic plane. A 

total of circular symmetry point, then increasing the CSP, 

such as TPPTECSP; similar point with the SP said. Two 

adjacent seismic M and M t present, earthquake 

moment KH , when the total surface, then added 1; 

when the time after the earthquake , when the total 

surface, then added 2. 

K  K 1 ,

Table 1. Original data. 

2001 

Date 
Time

(UTC)
Place Lat. Long. Magnitude Comments

Jan 13 17:33 Salvador 13.04 -88.66 7.7 ELTPCSP1

Jan 26 03:16 India 23.39 70.23 7.7 TPPTECSP1

Feb 13 14:22 Salvador 13.67 -88.94 6.6 ELTP1 

Feb 28 18:54 USA 47.11 -122.6 6.8 EPV2 

Jun 23 20:33 Peru -16.3 -73.55 8.4 ELTPCSP1

Nov 14 09:26 China 36.2 90.9 7.8 ELTP1 

2002 

Date 
Time 

(UTC)
Place Lat. Long. Magnitude Comments

Feb 3 07:11 Turkey 38.573 31.271 6.5 TPPTE1

Mar 3 12:08
Afghani-

stan 
36.543 70.424 7.4 SP1 

Mar 25 14:56
Afghani-

stan 
36.06 69.32 6.1 TPPTE1

Jun 22 02:58 Iran 35.63 49.05 6.5 TPPTE1

Oct 31 10:32 Italy 41.79 14.87 5.9 ELTPCSP1

Nov 3 22:12
Alaska, 

USA 
63.52 -147.4 7.9 EPV1 

2003 

Date 
Time 

(UTC)
Place Lat. Long. 

Magni-
tude 

Comments

Jan 22 02:06 Mexico 18.8 -104.1 7.6 TPPTECSP1

Feb 24 02:03 China 39.61 77.23 6.3 TPPTE1 

May 1 00:27 Turkey 39.01 40.46 6.4 TPPTE1 

 a

K+1H
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May 21 18:44 Algeria 36.96 3.63 6.8 TPPTE1 

Sep 25 19:50 Japan 41.82 143.91 8.3 ELTP2 

Nov 17 06:43 USA 51.15 178.65 7.8  

Dec 22 19:15 USA 35.71 -121.1 6.6 ELTP2 

Dec 26 01:56 Iran 29.00 58.31 6.6 ELTP1 

2004 

Date 
Time 

(UTC) 
Place Lat. Long. 

Mag-
nitude 

Comments

Feb 5 21:05 Indonesia -3.61 135.53 7.0 ELTP1 

Feb 24 02:27 Gibraltar 35.14 -3.99 6.4 TPPTE1 

May 28 12:38 Iran 36.29 51.61 6.3 TPPTE1 

Sep 5 10:07 Japan 33.07 136.62 7.2 SP1 

Sep 5 14:57 Japan 33.14 137.07 7.4 ELTP1 

Oct 9 21:26 Nicaragua 12 -86 7.0 ELTPCSP1

Oct 23 08:56 Japan 37.3 138.8 6.6 EVP1 

Nov 11 21:26 East Timor -8.15 124.87 7.5 ELTPCSP1

Nov 15 09:06 Colombia 4.7 -77.51 7.2 ELTP1 

Nov 20 08:07 Costa Rica 9.6 -84.17 6.4 TPPTE1 

Nov 21 11:31 Islands 15.68 -61.71 6.3 TPPTECSP1

Nov 26 02:25 Indonesia -3.60 135.40 7.1 EPV1 

Nov 28 18:32 Japan 42.94 145.28 7.0 EVP1 

Dec 23 14:59 New Zealand -50.24 160.13 8.1 ELTP1 

Dec 26 00:58 Indonesia 3.30 95.87 9.1 ELTP1 

2005 

Date 
Time 

(UTC) 
Place Lat. Long. 

Magni-
tude 

Comments

Feb 22 02:25 Iran 30.726 56.817 6.4 TPPTE1

Mar 20 01:53 Japan 33.54 130.12 6.6 EPV1 

Mar 28 16:09 Indonesia 2.08 97.11 8.6 ELTPCSP1

Jun 13 22:44 Chile -19.89 -69.12 7.8 EPV1 

Jun 15 02:50 California 41.284 -125.9 7.2 TPPTE1

Aug 16 02:46 Japan 38.259 148.98 7.2 EPV1 

Sep 9 07:26 New Guinea -4.539 153.47 7.6 TPPTE1

Sep 26 01:56 Peru -5.68 -76.4 7.5 EPVD2 

Oct 8 03:50 Pakistan 34.43 73.54 7.6 TPPTE1

Nov 26 00:49 China 29.7 115.7 5.2 TPPTE1

Nov 27 10:22 Iran 26.77 55.86 5.9 EPV1 

Dec 5 12:19 Tanzania -6.212 29.599 6.8 EPV1 

2006 

Date Time 
(UTC) Place Lat. Long. Mag-

nitude Comments

Jan 8 11:34 Greece 36.250 23.498 6.7 EPV1 

Feb 22 22:19 Mozam-
bique -21.32 33.58 7.0 EPV1 

Apr 20 23:25 Russia 61.075 167.08 7.6 EPV1 

May 3 15:26 Tonga -20.13 -174.1 8.0 EVP1 

May 16 10:39 New Zea-
land -31.55 -179.2 7.4 ELTP2 

May 27 22:54 Indonesia 7.977 110.31 6.3 EPV1 

Jul 17 08:19 Indonesia -9.334 107.26 7.7 EPV1 

Aug 20 03:41 Scotia Sea -61.02 -34.37 7.0 EPV1 

Sep 10 14:56 Mexico 26.339 -86.56 5.9 TPPTE1

Oct 15 17:07 USA 19.801 -156.0 6.7 EPV1 

Nov 15 11:14 Russia 46.616 153.22 8.3 ELTP1 

Dec 26 12:26 Taiwan 21.818 120.53 7.1 ELTP2 

2007 

Date
Time 

(UTC)
Place Lat. Long. 

Mag-
nitude

Comments

Jan 13 04:23 Russia 46.288 154.44 8.1 ELTP1 

Jan 21 11:27 Molucca Sea 1.207 126.29 7.5 EPV1 

Feb 12 11:27 Portugal 36.09 10.26 6.0 ELTP2 

Mar 6 05:49 Indonesia -0.490 100.52 6.4 ELTP2 

Mar 25 00:40 Vanuatu -20.59 169.41 7.1 EPV1 

Mar 25 00:42 Japan 37.537 136.43 6.7 EPV1 

Apr 1 20:39 Islands -8.474 156.95 8.1 ELTP1 

May 16 08:56 Laos 20.470 100.70 6.3 ELTP1 

Jun 2 21:34 China 23.013 101.05 6.1 ELTPCSP1

Jun 13 19:29 Guatemala 13.628 -90.73 6.7 ELTPCSP1

Jul 16 01:13 Japan 37.574 138.44 6.6 ELTP2 

Jul 18 17:30 Tanzania -2.586 36.281 5.9 ELTP1 

Aug 1 17:08 Vanuatu -15.67 167.60 7.2 EPV2 

Aug 2 02:37 Russia 47.259 141.75 6.2 EPV1 

Aug 8 17:04 Indonesia -5.968 107.65 7.5 ELTPCSP2

Aug 15 23:40 Peru -13.32 -76.50 8.0 ELTPCSP1

Sep 12 11:10 Indonesia -4.517 101.38 8.5 ELTP1 

Sep 28 13:38 USA 21.980 142.68 7.5 EPV1 

Sep 30 05:23 New Zealand -49.39 163.84 7.4 SP1 

Oct 15 12:29 New Zealand -44.68 167.21 6.8 EPV1 

Oct 24 21:02 Indonesia -3.909 101.06 6.8 ELTP2 

Oct 31 03:04 USA 37.432 -121.7 5.6 ELTP1 

Oct 31 03:30 USA 18.854 145.31 7.2 ELTP2 

Nov 14 15:40 Chile -22.18 -69.84 7.7 ELTPCSP1

Nov 25 16:02 Indonesia -8.294 118.36 6.5 EPVD1

Nov 29 19:00 France 14.951 -61.24 7.4 EPV1 

Dec 9 07:28 Fiji -26.15 -177.4 7.8 EVP1 

Dec 19 09:30 Alaska, USA 51.495 -179.4 7.1 ELTP1 
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2008 

Date 
Time 

(UTC) 
Place Lat. Long. 

Mag-
nitude 

Comments

Jan 5 11:01 Canada 51.299 -130.7 6.6 ELTPCSP1
Feb 3 07:34 Congo -2.314 28.896 5.9 EVP1 

Feb 14 10:09 Greece 36.646 21.833 6.9 ELTP2 
Feb 20 08:08 Indonesia 2.751 95.966 7.4 EPV1 
Feb 21 15:26 (Norway) 77.41 14.48 6.1 ELTP1 
Feb 21 14:16 USA 41.076 114.77 6.0 TPPTE1 
Apr 18 09:37 USA 38.450 87.890 5.2 ELTP1 
May 7 16:45 Japan 36.141 141.54 6.9 ELTP2 

May 12 06:28 China 31.099 103.27 7.9 ELTP2 
May 24 19:20 Colombia 4.447 -73.67 5.9 EPV2 
May 29 15:46 Iceland 63.992 -21.01 6.3 ELTP2 
Jun 8 12:25 Greece 38.029 21.464 6.4 TPPTE1 

Jun 13 23:43 Japan 39.122 140.67 6.9 ELTP2 
Jul 15 03:26 Greece 35.983 27.785 6.4 ELTP1 
Jul 19 02:39 Japan 37.627 142.11 7.0 SP1 
Jul 23 15:26 Japan 39.807 141.46 6.8 ELTP2 
Jul 29 18:42 California 33.955 -117.7 5.5 ELTP2 

Aug 21 12:24 China 25.066 97.737 6.0 EPV2 
Aug 25 13:21 China 30.893 83.614 6.7 ELTP2 
Aug 30 08:30 China 26.277 101.91 6.0 EPVD2 
Sep 8 18:52 Vanuatu -13.51 166.96 6.9 ELTP1 

Sep 10 11:00 Iran 26.823 55.825 6.1 ELTP1 
Sep 11 00:20 Japan 41.979 143.62 6.8 EPV1 

Sep 29 15:19 
New 

Zealand 
-29.87 -177.6 7.0  

Oct 5 15:52 Kyrgyzstan 39.515 73.768 6.6 ELTP2 
Oct 6 08:30 China 29.759 90.302 6.3 ELTP1 

Oct 11 09:06 Russia 43.271 46.262 5.8 ELTP2 
Oct 16 19:41 Mexico 14.443 -92.42 6.7 ELTP2 
Oct 19 05:10 Tonga -21.85 -173.8 6.9 ELTP2 
Oct 28 23:09 Pakistan 30.653 67.323 6.4 ELTP1 
Nov 16 17:02 Indonesia 1.290 122.10 7.3 EPV1 
Nov 24 09:02 Okhotsk 54.194 154.31 7.3 EPV2 

2009 

Date 
Time 

(UTC) 
Place Lat. Long. 

Mag-
nitude 

Comments

Jan 3 19:43 Indonesia -0.510 132.78 7.6 ELTPCSP1

Jan 8 19:21 Costa Rica 10.197 -84.15 6.1 ELTPCSP2

Jan 15 17:49 Russia 46.862 155.15 7.4 EPV1 

Feb 11 17:34 Indonesia 3.902 126.40 7.2 ELTP1 

Mar 19 18:17 Tonga -23.05 -174.6 7.6 ELTPCSP2

Apr 6 01:32 Italy 42.334 13.334 6.3 ELTPCSP2

Apr 7 04:23 Islands 46.088 151.49 6.9 ELTPCSP1

Apr 16 21:27 Afghanistan 34.197 70.065 5.4 ELTPCSP1

May 28 08:24 Honduras 16.730 -86.20 7.3 TPPTECSP1

Jul 9 11:49 China 25.619 101.08 5.7 EPV2 

Jul 15 09:22 New Zealand -45.75 166.58 7.8 EPV1 

Aug 9 10:55 Japan 33.144 138.04 7.1 ELTP1 

Aug 10 19:55 Andaman 14.013 92.923 7.5 EPV2 

Sep 2 07:55 Indonesia -78.09 107.25 7.0 TPPTE1 

Sep 12 20:06 Venezuela 10.70 -67.92 6.3 ELTP1 

Sep 29 17:48 Samoa  15.509 -172.0 8.1 ELTP1 

Sep 30 10:16 Indonesia -0.725 99.856 7.6 ELTP2 

22:03 -13.05 166.18 7.6 SP1 

22:18 -12.55 166.32 7.8 SP1 Oct 7

23:13

Vanuatu 

-13.14 166.29 7.3 ELTP1 

Dec 19 13:02 Taiwan 23.763 121.68 6.4 ELTP2 

2010 

Date 
Time 

(UTC)
Place Lat. Long. 

Mag-
nitude

Comments

Jan 3 22:36 Solomon -8.912 157.30 7.2 ELTP2 

Jan 10 00:27 California 40.645 -124.7 6.5 EPV1 

Jan 12 21:53 Haiti 18.451 -72.44 7.0 ELTPCSP1

Feb 26 20:31 Japan  23.472 123.71 7.0 ELTPCSP1

Feb 27 03:34 Chile -35.84 -72.71 8.8 SP1 

Feb 27 15:45 Argentina   6.1 ELTPCSP1

Mar 4 0:18 Taiwan   6.4 EPV1 

Mar 5 23:29 Sumatra   6.5 ELTP1 

Mar 8 4:32 Turkey   6.0 ELTP1 

Mar 11 11:39 Chile -34.25 -71.88 6.9 ELTPCSP1

Mar 14 9:57 Indonesia   6.4 EPV1 

Mar 14 8:08 Japan   6.6 ELTPCSP1

Mar 16 2:21 Chile   6.7 EPV1 

Apr 4 22:40 Mexico  2.128  115.3 7.2 ELTP1 

 
6. Analysis 
 
According to the information of 154 earthquakes over 6 
scales of magnitude over the world from the USA 
Earthquake Observation Council, the causal relationship 
common area, symmetry of them we can get the follow-
ing results, as shown in Table 2: 

 
Table 2. Results. 

Type 
Equatorial level 

Line plane 
Which 

Symmetry 
Ecliptic 

Line plane 
Among 

Symmetry
Vertical 

Flat 
Similar 
point 

Other Not 
coplanar 

Total 

Quantity 22 (Four) 77 (23) 45 7 3 154 

Percentage of total 14% (3%) 50% (15%) 29% 5% 2% 100% 
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7. Conclusions 
 
This study allowed existence of the errors, but those er-
rors do not interfere the co-planarity and the symmetry 
principle. Errors may come from the inaccuracy of ob-
servation time, perhaps the errors accelerate the process 
of the Earth becoming to sphere. In the next step of our 
research, we plan to study on earthquake prediction and 

the relationship between earthquake and economic de-
velopment. 
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Abstract 
 
This paper presents the effect of two types of polypropylene fibers on shear strength parameters of sandy soil. 
To achieve the goals of this research, a sandy soil was obtained from a depth of 40 cm from the natural 
ground surface around American University of Sharjah. Two types of polypropylene fibers; one highly flexi-
ble with flat profile and the other with relatively high stiffness and crimpled profile were used in this study 
with four different aspect ratios (L/D) for each type. The initial physical properties of the sand such as spe-
cific gravity, angle of internal friction and shear strength were obtained in accordance with American Stan-
dard for Testing and Materials (ASTM). The sandy soils were mixed with the two types of fibers at different 
percentages by dry weight of the sand and four different aspect ratios. The test results of the study showed 
that the shear strength of the sand increased with increasing the flexible flat profile fibers content. Also it 
was noticed that by increasing the aspect ratio of the flexible flat profile the angle of internal friction and the 
shear strength increased. The crimpled profile fiber increased the shear strength of the sand under high nor-
mal load and has small or no effect on shear strength of the sand at low aspect ratio under low normal load. 
 
Keywords: Sand, Fibers, Angle of Internal Friction, Shear Strength, Aspect Ratio 

1. Introduction 
 
Due to the increasing cost of high quality materials 
needed for different geotechnical projects, engineers try 
to improve the physical properties of local soils through- 
out different methods and techniques. The word im-
provement means to increase the shear strength, reducing 
settlements, resists harsh environment conditions such as 
thawing and freezing, and decreases or eliminates all 
problems associated with weak soils. Soil stabilization 
could be applied to both sandy and clayey soil through 
mechanical and chemical methods. There are many com- 
mon methods-mechanical or chemical-found in the lit-
eratures that were used to improve the physical proper-
ties of the soils. [1] showed that the increase of the com-
paction energy effort will increase the shear strength 
properties of the clayey soils. [2] used gypsum as an ad-
ditive for stabilization of clay against swelling. He con-
cluded that the gypsum can be used as a stabilizing agent 
for expansive clay against swelling effectively. Al- 
Rawas et al. [3] indicated that the addition of lime and 
cement will reduce both the swell potential and swelling 
pressure of expansive clayey soils. [4] used natural re-

sources such as volcanic ash, ground natural lime, ce-
ment and their combination to stabilize soil for construc-
tion application. [5] studied the effect of silica fume on 
fine grain soils exposed to freeze and thaw. He found 
that the addition silica fume can be successfully used to 
reduce the effect of freezing and thawing cycles on 
strength and permeability of fine grained soils. In addi-
tion to these methods, other methods also exist such as 
wet-dry cycles and thermal methods [6,7]. 

Recently, engineers started to use different types of 
fiber in soil stabilizations. These fibers are found in the 
market as short, discrete materials with different aspect 
ratio and they can be mixed randomly with the soil, as 
cement, lime, or other additives at different percentages. 
The main reason of using randomly oriented fibers is to 
maintain strength isotropy and the lack of potential weak 
planes that may develop parallel to oriented reinforce-
ment [8,9]. Fatani et al. [10] studied the effect of both 
aligned and randomly oriented metallic fibers on silty 
sand. It was found that mixing fibers with silty sand soil 
will increase the peak strength and residual strength 
100% and 300% respectively over the untreated soil. 
Ziegler et al. [11] studied the effect of short polymeric 
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fibers on crack behavior of clay subjected to drying and 
wetting conditions. He concluded that the addition of 
fibers to the clay soil is very effective in reducing the 
amount of desiccation cracking and increasing the tensile 
strength. [12] in his study indicated that the residual 
shear strength angle of sand will increase by mixing sand 
with discrete fiber. Esna-ashari [13] used cord waste fi-
ber to reinforce the sandy soil. They found that the inclu-
sion of tire cord fiber can change significantly the brittle 
behavior of sandy soil to more ductile and also increased 
both the peak strength and angle of internal friction of 
sand. Gray and Ohashi [14] and Park and Tan [15] used 
randomly oriented discrete fibers in their research to re-
inforce sand. Freitag [16] mixed the fiber with clayey 
soil and showed that addition of fiber will increase the 
strength and ductility than plain clayey soil. The addition 
of nylon fiber by Kumar and Tabor [17] resulted in sig-
nificant increase in the residual strength of silty clay soil. 
The test by Cai et al. [18] reported that there is a signifi-
cant improvement on the engineering properties of the 
fiber-lime treated soil. Due to the encouraging findings 
of using discrete fiber with both sandy and clayey soils, 
the fibers are used in different construction applications 
such as retaining structures, embankments, subgrade and 
landfill liners and covers. The main objective of this 
study is to investigate the effect of two types of fibers on 
some physical properties of sandy soil. The parameters 
investigated in this study include shear strength proper-
ties and angle of internal friction at different fiber per-
centages and aspect ratios. 
 
2. Polypropylene Fiber Type A & B 
 
Two types of fibers are used in the research; both fibers 
are extruded from a natural Polypropylene homo poly-
mer. The two fibers were given symbols A and B in the 
discussion. Type A is formed into a flat profile with high 
flexibility where type B formed into a crimped profile 
with high relative stiffness in order to anchor it with the 
matrix. The combination between the large number of 
fibers per kg, its shape and anchoring capability with the 
matrix, would provide a toughness and ductility to the 
material. Both types have high resistance to acid/alkali 
attack and are therefore suitable for use in wet under-
ground conditions. Table 1 shows the physical properties 
of the two types of fibers used in this research. 
 
3. Experimental Program 
 
A sandy soil was selected from around American Uni-
versity at Sharjah and brought to soil testing laboratory. 

The soils were extracted from 40 cm in depth from origi-
nal ground surface. The initial physical properties of the 
sandy soil such as gradation ASTM D-422, specific grav-
ity ASTM D-854, and maximum dry density and opti-
mum water content ASTM D-1557 were determined in 
accordance with American Standard for Testing and 
Materials (ASTM) standard procedures. Table 2 shows 
the initial physical properties of the sandy soil used in 
the study. The sandy soil was mixed with the two types 
of fibers at different percentages by dry weight of the 
sand and different aspect ratios. The percentages of the 
fibers are 1%, 2%, 3%, 4%, and dry weight of the sand. 
The aspect ratio index of the fibers, which is dimen-
sionless, was used in the analysis instead of the length. 
At each percentage, four different aspect ratios (L/D) of 
the fibers were used with constant diameter and variable 
length. Because of the difference in diameter between 
type A and type B fiber four different aspect ratios were 
used for each type. The aspect ratios used for type A are 
38.5, 77, 115.5 and 154 while the aspect ratio for type B 
are 10.4, 20.8, 31.2 and 41.7. 

 
Table 1. Properties of the two types of fibers used in this study. 

Characteristics Fiber Fiber 

  Type A Type B 

Fiber Cross section mm² 0.234 0.75 

Fiber length 50 mm 40 mm 

Diameter 0.13 mm 0.48 mm 

Tensile strength at yield (N/mm²) 1004 250 

 
Table 2. Physical prosperities of the sand used in this study. 

Physical Properties  

Shear Strength  

Angle of Internal friction (deg) 19 

Cohesion (kPa)                       0 

Compaction  

Maximum dry unit weight (kN/m3) 17.9 

Minimum dry unit weight (kN/m3) 14.3 

Optimum moisture content (%) 12.8 

Grain size distribution  

Clay  ( ＜ 2 μm) 6 

Silt    ( 2 μm-75 μm) 18 

Sand ( 75 μm-2mm) 76 

Effective size D10 (mm) 0.007 

D30 (mm) 0.12 

D60 (mm) 0.33 

Specific gravity of solid, Gs  

Gs 2.66 
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Enough number of samples was prepared at 95% rela-
tive compaction and optimum moisture content with dif-
ferent fiber content. Predetermined amount of soil was 
obtained and mixed with the two types of fibers sepa-
rately and compacted in the direct shear mold to obtain 
the 95% relative compaction. Direct shear test ASTM 
D-3080 was conducted on all sample under three normal 
loads. (28 kPa, 55 kPa, 110 kPa). The remolded speci-
mens were sheared under a constant strain rate and de-
formations were recorded throughout the experiment. To 
obtain the shear strength and the angle of internal friction 
of the sand-fiber mixture at each percentage three iden-
tical specimens were prepared and tested under three 
different normal loads. 
 
4. Results and Discussion 
 
4.1. The Effect of Fibers on the Shear Strength, 

Angle of Internal Friction and Stress-Strain 
Relationships of the Sand 

 
Figures 1 and 2 depicts the shear strength behavior and 
stress-strain relationships of sandy soil mixed with the 
type A and type B fiber respectively at different per-
centages and under normal load equal to 28 kPa. Figure 
1 concluded that the increase in the percentages of type 
A fiber will result in increasing the shear strength. Fig-
ure 2 showed the increase of type B fiber has a small or 
no effect on shear strength up to 3%. The increase in the 
percentage of type B fiber more than 3% will result in 
decreasing the shear strength. The summary of the effect 
of adding both fiber A and fiber B on shear strength of 
sand under three normal loads was shown in Figure 3. 
This figure was obtained from the stress-strain relation 
from the direct shear test under different normal loads 
equal to 28 kPa, 55 kPa and 110 kPa and for sand mixed 
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Figure 1. The effect of type A fiber on shear strength of 
sand under normal load equal to 28 kPa. 
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Figure 2. The effect of type B fiber on shear strength of 
sand under normal load equal to 28 kPa. 
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Figure 3. The effect of the fibers on the shear strength of 
the sand under three different normal loads. 

 
with type A and type B respectively. This figure conclu- 
des that the addition of type A fiber will increase the she- 
ar strength of the sand under the three normal loads. The 
increase in the percentages of nylon fiber from 0.0% to 
4% resulted in increasing the shear strength from 9.5 kPa 
to 15.1 kPa respectively, under normal load equal to 28 kPa. 
The addition of type A fiber up to 4% increased the shear 
strength of the sand up to 59%. As the normal load in-
creased the addition of type A resulted in increasing the 
shear strength. For example the shear strength of the 
sand increased from 39.9 kPa to 66.4 kPa when the type 
A fiber increased from 0.0% to 4.0% under normal load 
equal to 110 kPa. The percentages in shear strength incr- 
eased is about 66.4% under normal load equal to 110 kPa 
compares to 59% increased under normal load 28 kPa. 

Different findings was noticed when the sand was 
mixed with type B fiber. As shown in Figure 4 the addi-
tion of Type B fiber up to 3% by dry weight of the sand 
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has small or no effect on the shear strength at small nor-
mal load (28 kPa). The addition of further fiber will re-
sult in decreasing the shear strength at 28 kPa normal 
load. The shear strength decreased from 9.5 kPa at 0.0% 
fiber content to 8.8 kPa at 4% fiber content. However, 
addition of type B fiber resulted in increasing shear 
strength of sand at higher normal load. As shown in Fig-
ure 3 and at 55 kPa and 110 kPa normal loads the incre- 
ase in the percentages in the type B fiber resulted in incr- 
easing the shear strength of the sand. The shear strength 
of sand under normal load equal to 55 kPa increased 
from 19.5 kPa and 26 kPa when the percentages of B 
fiber increased from 0.0% to 4%. The same behavior was 
noticed at higher normal loads. The shear strength in-
creased under normal load 110 kPa from 39.9 kPa at 
0.0% fiber content to 63 kPa when the fiber content 
reached 4%. 

Another conclusion can be drawn from the stress 
strain relationship. It was noticed there was no peak be-
havior of sand due to addition of these two fibers. All 
specimen with both fiber reached fail without exercising 
peak strength. 

The effect of adding both types of fibers on the angle 
of internal friction of the sand is shown in Table 3. It is 
clear in this table that the addition of type A fiber will 
increase the angle of internal friction of the sand under 
any loading level. The angle of internal friction increased 
as much as 49% when the Type A fiber increased by 4%. 
Under normal load equal to 28 kPa. As the normal load 
increased the angle of internal friction increased to reach 
64% under 110 kPa normal load and 4% fiber content. 
The effect of type B fiber is also shown in Table 3. The 
addition of type B fiber has no effect on the angle of in-
ternal friction under small loading condition. As the 
normal load increased the addition of type B fiber will 
result in increasing the angle of internal friction. The 
angle of internal friction increased as much as 57% under 
110 kPa normal load and 4% fiber content. It can be 
concluded that the type B fiber has a very small on no 
effect on the angle of internal friction under small normal 
load and it has a significant effect on the angle of internal 
friction at large value of normal loading. 

As it was mentioned earlier, the stress-strain relation 
curves were obtained from a direct shear test under 28 kPa 
normal loads. Figure 1 shows the effect of type A fiber 
on the stress stain relation of sand. It is clear from this 
curve that as the percentages of type A fiber increased 
the strain failure increased too. The failure strain due to 
addition type A fiber increased from 8.6% to 10.0% and 
11.5% when the fiber percentages increased from 0.0% 
to 2% and 4% respectively. This finding may conclude 
that the addition of type A fiber will increase the ductil-
ity of the sandy soil which is defined as the strain at fail-
ure of the soil specimen. The increase of the ductility of 
the soils with increasing the fiber contents is attributed to 

the effect of fibers inclusions in the sandy soil that im-
proved the properties of the soil. Figure 2 shows the 
effect of type B fiber on the stress-strain relation of the 
sand. It was noticed that adding the type B fiber up to 3% 
has insignificant effect on ductility of the sand while 
adding the type B fiber more than 3% will result in de-
creasing the ductility of the sand. All the samples were 
failed about the same strain of 9.0% when mixed up to 
3% of type B fiber. The samples mixed with 4% type B 
fiber failed at 7.5% strain. The effects of increasing the 
percentages of type A fiber and type B fiber on the fail-
ure strain are shown in Figure 4. 
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Figure 4. The effect of fibers on the failure starin of the 
sand under normal load = 28 kPa. 

Table 3. The percentages increase in the angle of internal 
friction due to addition of fibers. 

Load 28 kPa Fiber A Fiber B 

% of fiber φ % increase φ % increase

0 19 0 19 0 

1 24 25.6 19 0.5 

2 26 35 19 0.5 

3 27 40 19 2 

4 28 49 18 –8 

Load 55 kPa Fiber A  Fiber B  

% of fiber φ % increase φ % increase

0 19 0 19 0 

1 21 1035 20 7 

2 24 24 22 17 

3 26 38 23 21 

4 29 52 25 33 

Load 110 kPa Fiber A  Fiber B  

% of fiber φ % increase φ % increase

0 19 0 19 0 

1 22 13.7 20 7 

2 24 24 22 15 

3 27 40 24 28 

4 31 64 30 57 
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4.2. The Effect of the Length of the Fiber on the 
Shear Strength of Sand 

 
The effects of length of both type A and type B fibers on 
shear strength of sand were studied in this research. The 
aspect ratio which is defined as the length over diameter 
ratio (L/D) was used herein instead of length alone as an 
indication for fiber length. Since the two types of fibers 
have different diameters, four aspect ratios were used for 
each type. The four aspect ratio for type A are L/D = 
38.5, 77, 115.5, 154 and for type B are L/D = 10.4, 20.8, 
31.2, 41.6 respectively. The four aspect ratios were 
studied under three different loads 28 kPa, 55 kPa and 
115 kPa. Figures 5 and 6 show the effect of aspect ratio 
on shear strength under two normal loads 28 kPa and 
110 kPa respectively at 4% type A fiber content by dry 
weight of the sand. It is clear from these two figures that 
the increase of aspect ratio resulted in increasing the 
shear strength. In Figure 5, the shear strength of sand 
increased from 11.4 kPa to 14.5 kPa when the aspect ratio 
increased from 38.5 to 154 under normal load 28 kPa. At 
the same time as shown in Figure 6, the shear strength 
increased from 45.1 kPa to 66.1 kPa when the aspect 
ratio increased from 38.5 to 154 under normal load equal 
to 110 kPa. The percentage in shear strength due to in-
crease in aspect ratio from 38.5 to 154 varies between 
27% and 47% under the three normal loads. 

It was also noticed that increased in the aspect ratio of 
type A fiber resulted in increasing the ductility of the 
sand. This observation is clear in Figures 5 and 6. The 
sand in all samples at different aspect ratio and under 
different normal loads fails at higher strain than if there 
is no fiber. Figures 7 and 8 show the effect of type B 
fiber on shear strength of sand under two normal loads 
28 kPa and 110 kPa at 4% fiber content by dry weight of 
the sand. 
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Figure 5. The effect of the aspect ratio on the shear strength 
of the sand at normal load 28 kPa at 4%. 
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Figure 6. The effect of the aspect ratio on the shear strear 
strength of the sand at normal load 110 kPa at 4% type A 
fiber. 
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Figure 7. The effect of the aspect ratio on the shear strength 
of the sand at normal load 28 kPa at 4% type B fiber. 
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Figure 8. The effect of the aspect ration on the shear 
strength of the sand at normal load 110 kPa at 4% type B 
fiber. 
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It is clear from Figure 7 that the type B has a small or 
no effect on shear strength if the aspect ratio is less than 
20.8 (L = 1.0 cm). Increasing the aspect ratio of more than 
20.8 will result in decreasing the shear strength. The shear 
strength decreased from 9.6 kPa to 9.2 kPa and 8.6 kPa 
when the aspect ratio increased from 10.4 to 31.2 and 
41.6 respectively. The reduction in shear strength was 
noticed in all samples tested under at small normal load 
equal to 28 kPa. This behavior can be attributed to the 
plastic-like-surface which makes the sand particles moves 
and slip over that surface easier resulted in decreasing 
the shear strength.  

The effect of aspect ratio of type B fiber on shear 
strength under high normal load is shown in Figure 8. 
This figure indicated the increase in the aspect ratio will 
increase the shear strength under normal load 110 kPa. 
The shear strength increased from 49 kPa to 63 kPa 
when the aspect ratio increased from 10.4 to 41.6. This 
can be explained as the following. As the normal load 
increased, the contact surface between sand and the 
crimpled surface of the fiber increased. This increase in 
the contact surface makes the sand particles harder to 
move and thus increasing the shear strength of the sand. 
 
4.3. The Effect of Aspect Ratio on Angle of   

Internal Friction 
 
The effect of aspect ratio both fibers on the angle of in-
ternal friction angle of internal of the sand was studied 
on Figures 9 and 10. Figure 9 shows that the increase in 
the aspect ratio results in increasing the angle of internal 
friction of the sand. This increase was noticed under all 
different loads. The angle of internal friction increased 
from 19o to 31o when the aspect ratio increased from 0.0 
to 154 under normal load equal to 110 kPa. The increase 
in the angle of internal friction will result in increasing  
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Figure 9. The effect of aspect ratio of type A fiber on the 
angle of internal friction under three different normal 
loads. 
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Figure 10. The effect of aspect ratio of type B fiber on the 
angle of internal friction under three different normal 
loads. 
 
the shear strength of the sand. Figure 10 studied the be-
havior of sand due to the addition of type B fiber under 
three normal loads. As it is shown in this figure the as-
pect ratio has no effect on the angle of internal friction of 
the sand under a normal load of 28 kPa. The angle of 
internal friction remains about 19o at 10.4, 20.8 and 31.6 
aspect ratios. As the aspect ratio increase more than 31.6 
it was noticed that the shear strength decreased. On the 
other hand and as the normal load increased, it was no-
ticed that the angle ofinternal friction increased. The in-
crease become larger at higher normal load and the angle 
of internal friction increased from 10 to 30 at normal 
load equal to 119 kPa and aspect ratio equal to 41.6. 
 
5. Practical Consideration 
 
The results of the study have shown that addition of poly- 
propylene fibers to sandy soil have improved signifi-
cantly the physical engineering properties. These fibers 
may be used practically to increase the shear strength of 
sand especially under high loads. The result from this 
research concludes that the two types of polypropylene 
fibers could be promising materials and can be mixed 
with sandy soils in different construction projects to in-
crease sand shear strength with the exception to use type 
B fiber at high normal stresses. 
 
6. Conclusions 
 
This research presents the results of using two polypro-
pylene fibers at different percentages and different aspect 
ratio to improve the some physical properties of sandy 
soil. Based on the test results of this study, the following 
conclusions may be drawn out: 

1) The shear strength of sand increased by increasing 
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the percentage flat profile fiber with high flexibility (type 
A fiber). The increase of in the percentage of the crimped 
profile fiber with high relative stiffness (type B fiber) 
increased the shear strength at high normal stress. 

2) The increase of the percentages of the both type of 
fiber will result in increasing the angle of internal friction 
of sand. 

3) The ductility of sand increased by adding the two 
types of fibers. 

4) The increase in the aspect ratio resulted in increas-
ing the both the shear strength of the sand and angle of 
internal friction. Butter results can be obtained at high. 

5) The sand showed no peak strength at the four per-
centages of fibers. 
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