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Commonly, the estimation of seismic vulnerability focuses on the structural behavior of
buildings. Only some methodologies, as the one described in the Risk-UE project, consider the
influence of other non-structural or urban factors, such as the soft story, vertical irregularity, plan
irregularity, etc. These factors, called behavior modifiers, may also have an impact on the observed
damage, and the confluence of several of them may vary the vulnerability substantially. Several urban
parameters that influence vulnerability are studied in this paper taking as working area the city of
Lorca (SE Spain). Additionally, their relationship with the damage observed after the earthquake of
May 11, 2011, is investigated.

The work is divided into three phases. In the first phase, or planning phase, a representative
sample of the building types according to the General Urban Plan of Lorca is selected, and the
methodology for identifying the urban parameters is developed. The second phase or fieldwork phase,
comprises the data collection survey. Finally, the third phase, or analysis phase (office work), is
carried out. This phase includes the implementation of a geographic information system with data
obtained in the field and other sources of information and a statistical analysis of the data.

Finally, the results of the exploratory study of the urban parameters of the city of Lorca are
presented. The urban parameters that have influenced the damage caused by the 2011 earthquake are
identified.
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	ABSTRACT
	1.35
	Ground differential movements due to faulting were highlighted dramatically as a significant hazard affecting engineered structures and facilities after recent earthquakes in Turkey and Taiwan in 1999 and China (Wenchuan, 2008). Although surface fault rupture is not a new problem, there are only a few building codes in the world containing some type of provisions for reducing the risks. Fault setbacks or avoidance of construction in the proximity to seismically active faults, are usually supposed as the first priority. This paper presents some clear perspectives of the interaction pattern between surface reverse fault rupture propagation and shallow foundations, based on the observations made during a number of 1g physical modelling tests and field cases. It is shown that the surface fault rupture could be diverted by massive structures seated on thick soil deposits and there were some main parameters that controlled the interaction of the fault rupture propagation and the rigid shallow foundations such as the foundation's position, bearing pressure, fault throw… In addition, based on the interaction patterns observed during this study it is found fault setbacks are not generally efficient.
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	Ground differential movements due to faulting have been observed to cause damage to engineered structures and facilities after recent earthquakes such as the 1999 Chi-Chi earthquake in Taiwan and the 1999 Kocaeli and Duzce earthquake in Turkey and the 2008 Wenchuan earthquake in China. 
	Bearing Pressure
	This paper presents some clear perspectives of surface reverse fault rupture propagation and its interaction with shallow rigid foundations seated on thick soil deposits, obtained by a series of controlled, repeatable and simple 1-g physical modeling tests. The tests were concentrated on reverse faults, because of the practical importance of this kind of faults in Iran. It is well known that the Iranian plateau accommodates the 35 mm/yr convergence rate between the Eurasian and Arabian plates by mostly reverse faults with relatively low slip rates in a zone 1000 km across [Berberian and Yeats (1999), Hessami and Jamali (1996)]. 
	Figure 8.Effect of footing bearing pressure on fault-foundation interaction
	Different approaches have been adopted to investigate the surface fault rupture hazard such as field studies [Faccioli et al. (2008), Bray et al.(1994a), Lazarte et al.(1994), Bray and Kelson (2006), Anastasopoulos and Gazetas (2007), Jafari and Moosavi (2008)], physical modeling [Cole and Lade (1984), Stone and Wood (1992), Bray et al.(1994a), Tani et al.(1996), Lee and Hamada (2005), Bransby et al. (2008), Moosavi et al. (2010)], numerical modeling [Bray et al.(1994b), Anastasopoulos et al. (2007)] and analytical approaches [Berill (1983), Yilmaz and Paolucci (2007)].
	e- Test 12N under 1.7 kPa bearing pressur  at 11.9 mm fault displacements
	The main essences of the present research attempts to explore the following issues:
	d- Test 11N under 1.8 kPa bearing pressur  at 18.7 mm fault displacements
	1- Different mechanisms of reverse faulting-foundation interaction. 
	c- Test 10N under 2.2 kPa bearing pressur  at 19.2 mm fault displacements
	2-Variables can significantly influence the reverse faulting-foundation interaction mechanisms.
	Considerable effort in previous researches apart from field studies has been devoted to determine the location of the surface fault rupture and the width of the affected zone in alluvium over dip slip faults to avoid the construction as the first priority in building codes and regulations. For instance, the well known Alquist-Priolo Earthquake Fault Zoning Act of the California State proposed a setback of around 50ft (15.3m) from each side of the fault trace, whereas the Iranian and the European seismic codes forbade any construction within the "immediate vicinity” of active fault traces.
	b- Test 9N under 1.6 kPa bearing pressur  at 20.8 mm fault displacements
	3-Could the well known concept of 50 feet fault setback give enough assurance that future faulting would not threaten the existing structures?
	Field case histories usually provide the most reliable source of information with regard to the ways in which physical events occur, and the use of case histories as a basis for the development of both insights and engineering judgment has long been a cornerstone of geotechnical practice. Yet, the variability observed in field studies illustrates the complexity of fault rupture propagation and its interaction with the rigid shallow foundations. In fact, it is somewhat surprising that any reasonably consistent patterns of behavior emerged during the review of the field studies, but such trends were observed. Although exceptions to these general problems of behavior may be found, the preponderance of evidence justifies making a number of salient observations regarding "typical" patterns of behavior.
	But with increasing demands on land use, avoidance is becoming more difficult; In addition, the exact position of a fault trace and especially those of its sub-faults are often difficult to locate with an acceptable precision. Further, the fault rupture propagation through surface layers in the presence of existent structures does not seem to be necessarily the same as in their absence. i.e. in the free field case.  Furthermore, the case of the 1999 Chi-Chi (Taiwan) earthquake indicates that this set-back limit may prove signiﬁcantly unconservative. Namely, in many locations, the limits of the zone of severe ground deformation extended to a distance of 10–40 m from the fault trace, while buildings located inside a 60–100 m wide zone along both sides of the fault trace suffered various degrees of damage.
	There were some main parameters that controlled the interaction of the fault rupture propagation and the rigid shallow foundations: the foundation's position, bearing pressure, foundation breadth and fault throw. Three main mechanisms as shown in Fig.9 were happened affected above mentioned parameters can identified based on the observations of well documented case histories and physical models as follow:
	DISCUSSION AND IMPLICATION FOR DESIGN
	Five foundation tests results with the foundation width B=10cm and different bearing pressure were conducted are presented in Fig.8. In the first foundation test in Fig.8 (test 5N), the footing was positioned in the vicinity of the free–field fault rupture were conducted under 1.2 kPa bearing pressure. A continuous localization (fault) in soil could be observed from the base discontinuity to the nearest (right hand) edge of the footing and rotate it. In the second foundation test in Fig.8 (test 9N) with bearing pressure increasing, the foundation bearing pressure has been changed to the 1.6 kPa, Similar to pervious test, a continuous localization (fault) is generated from the base discontinuity to the nearest (right hand) edge of the foundation and rotate it. The results of the third foundation test in Fig.8 (test 10N), were conducted under 2.2 kPa bearing pressure are very different from two previous ones. The fault emerges at the left corner of the foundation without any important imposed movement on it. The emergence position of the new fault has been deviated from the free field condition towards the hanging wall side, protecting the foundation from significant rotation. Although with decreasing bearing pressure the results in the foundation test under 1.8 kPa bearing pressure (test 11N)are similar to pervious (test 10N), with decreasing bearing pressure the results in the foundation test under 1.7 kPa bearing pressure (test 12N) is different from two others and the fault emerges beneath the foundation. It is noted that the images captured at base fault displacements are shown in Fig. 8 are just for state of the images and are not related to base fault displacements demand to emerge at the ground surface.
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	OVERVIEW OF FAULT RUPTURE-FOUNDATION INTERACTION FIELD CASES
	Figure 1.Geometry of reverse fault rupture emergence adjacent to a shallow foundation
	a- Test 5N under 1.2 kPa bearing pressur  at 35.6 mm fault displacements
	Hence, just avoidance is not efficient and it seems necessary to pay much more attention in order to get a better understanding of the surface fault rupture propagation pattern and its interaction with structures in order to reduce damage or collapse of structures.
	The present study was mainly intended to study the interaction of shallow rigid foundations with the typical generic geometry macrostructure patterns of reverse fault surface rupture in close proximity to reverse faulting. A typical generic geometry is shown in Fig. 1 where a foundation rests on a shallow soil layer of depth H overlying bedrock. During reverse faulting, a displacement discontinuity at the bedrock propagates a fault through the soil layer towards the surface. With a sufficient magnitude of fault displacement, this discontinuity will emerge at the ground surface and provide a boundary between the lifted hanging wall, moving at the dip angle α to the horizontal, and the static footwall. In the study here, a foundation of breadth B and bearing pressure, q is positioned and the foundation at a distance s from the emergence of a reverse fault through soil in absence of a footing at the ground surface. 
	Since the Chi-Chi earthquake in 1999 generated substantial reverse fault rupturing at the ground surface, crossing numerous structures, and providing a great variety of real case histories of fault foundation interaction, this event can be claimed to overview reverse faulting-foundation interaction here. Three typical patterns of fault rupture propagation and its interaction with the rigid shallow foundations were identified based on well-documented field cases [Kelson et al.(2001)] as follow:
	 The foundation presence leads to deviation of the fault to its right side (Fig. 2) leaving the foundation almost undisturbed on the footwall. As shown in Fig.2 a massive sheet-metal factory on the footwall affected the form and location of the surface deformation. At this site, the scarp wraps around the southeastern corner of the building.
	 The fault emerges beneath the foundation. As shown in Fig.3 Building in middle ground was located across the fault trace and experienced significant tilting, whereas similar building in distance to left on the footwall was relatively undamaged. 
	 The foundation deviates the fault to its left side where the foundation remained entirely on the hanging wall. As shown in Fig. 4, the main fault strand encounters a building and it bifurcates into a main strand, which passes under the building, and a secondary strand along the eastern wall of the building.
	Figure 2.Topographic map of the Experimental Vineyard site, showing Chelungpu fault scarp, topographic profile locations, and existing buildings. Contour interval = 25 cm. The foundation deviates the fault and the foundation is left almost undisturbed on the footwall (Kelson et al., 2001)
	Three main mechanisms as shown in Fig.5 were identified based on the observations of well documented case histories as follow:
	 Mechanism A: The rigid foundation deviated the fault to its right side and remained undisturbed on the footwall. 
	 Mechanism B: The fault emerges beneath the foundation.
	 Mechanism C: The rigid foundation deviated the fault to its left side and was settled on the hanging wall.
	Figure 3. Photograph looking northeast at the 1999 Chelungpu fault scarp south of Chung Cheng Park. The fault emerges beneath the foundation. (Kelson et al., 2001)
	Figure 4.Map of the Chelungpu fault at KuangFu Middle School, The foundation deviates the fault and  remained entirely on the hanging wall of main fault strand (Kelson et al., 2001)
	It seems a number of variables can significantly influence the reverse faulting-foundation interaction mechanisms. For example, the foundation's position and its bearing pressure will certainly influence interaction of the fault rupture propagation and the rigid shallow foundations mechanisms (Moosavi et al. 2010). Additionally, the footing breadth may be significant. Moreover; the magnitude of fault movement will exert considerable influence on the interaction of the fault rupture propagation and the rigid shallow foundations mechanisms.
	One of these variables such as bearing pressure are investigate in details in next part by physical sandbox model experiments but it should be mentioned that this study accepts that some limits will persist in the level of accuracy and reliability that can be achieved in the generalization of the interaction of the fault rupture propagation and the rigid shallow foundations mechanisms, Such as, a natural soil deposit is likely to be significantly nonhomogeneous.   Additionally, the soil may exhibit varying degrees of anisotropy. Time effects may be significant. Moreover, earthquake shaking, in conjunction with the movement across the fault, may alter the response of the overlying soil deposit.
	Figure 5. the schematically results of the present investigation
	APPARATUS AND TEST PROGRAM
	The 1-g physical modeling approach was adopted in the present study. The device used for performing the 1-g model tests was designed in such a way that the reverse fault rupture events could be modeled along different dip angles as well as the normal fault. Two Plexiglas plates with a thickness of 5 centimetres were provided at each side of the box and perpendicular to the fault strike, in order to enable digital photography of the vertical section throughout the soil (Figure 6). The performed tests investigated reverse fault rupture propagation with a dip angle of 45 degree through the bedrock in a quasi- static mode using a hydraulic piston beneath the moving floor. 
	Figure 6.The 1-g model tests apparatus
	The sand used in the present study was the well known Firoozkooh sand (No.161), commercially available from the Firoozkooh mine in north east of Tehran. It has a uniformly graded (SP) size distribution as well as a mean grain size (D50) of 0.25 mm. The sand layer in the box had a length, width and thickness of 150, 50 and 20 cm, respectively, approximately modeling the plane strain condition. The pluviation technique with a pre-defined height and velocity of a sand rainer was also used to fill the box with a relative density of approximately 80% (Figure 7). 
	Figure 7. The pluviation technique with an electric sand rainer 
	A steel block, with a width (B) of 100 mm, a height of 20mm and a length of 500 mm, was placed on the top surface of the soil in order to represent the rigid shallow footing.  In total, 5 1-g model tests with foundation were performed with the details described in Table 1.besides the experiment investigating the propagation of a reverse fault through soil in absence of a footing (“free field “test) was conducted first to find where the free field fault would emerge at the ground surface. The test result was further used to locate the foundation position in the foregoing tests and examination of fault rupture pattern modification due to foundation. For the work reported here, tests were carried out on a soil model of 1/100 scale, so soil depth as 20 cm in table 1 is represented as a 20 m soil depth   in the prototype. 
	Table 1- Model tests conditions
	 Mechanism A: Where possible, the rigid foundation deviated the fault to its right side and remained undisturbed on the footwall. This behavior which could be easily justified by the well known principle of the minimum work, dominates the reverse fault rupture propagation, when the bearing pressure was heavy and the foundation was not located too far from the free field fault trace.
	 Mechanism B: The fault emerges beneath the foundation.
	 Mechanism C: Where not possible, the rigid foundation deviated the fault to its left side and was settled on the hanging wall. This behavior dominates the reverse fault rupture propagation, when the bearing pressure was light and the foundation was located too far from the free field fault trace.
	Based on the above mentioned regard three main mechanisms of surface fault rupture propagation and its interaction with structures:
	 Structures would be not threatened by surface displacement from future faulting, if the rigid foundation is located on the footwall of the free field reverse fault trace or it is located far enough from the free field reverse fault trace.
	 Where possible, the rigid foundation deviates the fault to its right side in order to remain undisturbed on the footwall. Where not possible, the rigid foundation deviates the fault to its left side and settles threatened on the hanging wall. 
	Figure 9.the schematically results of the present investigation
	Considering the above-mentioned aspects of the interesting interaction between the reverse fault propagation pattern and the rigid shallow foundation, encourages one to pay a more careful attention to the widespread concept of the setback. The simple widespread concept of 50 feet setback does not seem to give enough assurance that future faulting would not threaten the existing structures. Decreasing the number of stories of a building outside the setback may deviate the future fault trace in such a way that the building could be threatened on its hanging wall. Whereas increasing the number of stories of a building inside the setback may deviate the future fault trace in such a way that the future surface fault rupture threat would be diminished on its foot wall.
	Nevertheless it is obvious that proper complementary experimental investigations as well as extensive numerical parametric analysis is needed in near future in order to clarify much more and thereupon quantify the reverse fault rupture propagation pattern and its interaction with rigid shallow foundations.
	CONCLUSIONS
	Some key findings of surface fault rupture and its effects on structures are concluded in this paper based on some physical modelling tests and shown three main mechanisms of surface fault rupture propagation and its interaction with structures were happened in a number of 1g physical modeling tests are consistent with the observations of well documented case earthquakes.
	 Based on the interaction patterns observed during this study, it seems that it would be neither accurate nor sufficient to define simply an area with boundaries positioned at distances equal to the setback from the free field fault trace and thereafter forbid placing structures for human occupancy within this area and It is shown the complexity of fault rupture propagation and demanding much more research in this area.
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