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ABSTRACT 

The high vulnerability of precast structures during seismic events is mainly related to the poor 

performance of the connection systems, among which the beam-to-column connections. The dowel 

typology is largely used in Europe and a detailed study is required in order to understand its seismic 

response. The behavior of dowel beam-to-column connections is influenced by a lot of parameters and 

it can be analyzed through numerical analyses. 

In this work a FEM model of a typical dowel connection is provided; it is validated by 

experimental evidences and it is used for several parametric analyses in order to investigate the 

influence of different parameters on the connection behavior in terms of strength and failure 

mechanism. 

INTRODUCTION 

The global structural response of concrete precast buildings is largely influenced by the performance 

of few elements (columns) and of the connections between structural elements and between structural 

and non-structural components. Recent violent seismic events in Europe, which involve industrial 

areas and precast structures, cause the most of damage to the connection systems (Magliulo et al., 

2013), among which the beam-to-column connections.  

One of the most common beam-to-column connections with mechanical devices for shear loads 

is the dowel system. It generally consists of one or more steel dowels, embedded in the column and 

inserted in a beam hole, filled with mortar (Fig. 1). The connection behavior is influenced by the 

behavior of different materials (concrete and steel), by the established contacts between elements (e.g. 

column concrete-to-dowel and mortar-to-dowel contacts) as well as by the behavior of the jointed 

structural elements themselves (e.g. rotational capacity of beam and column).  
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Figure 1. Beam-to-column dowel connection 

Numerical models of precast structures usually implement this kind of connection as a fixed 

hinge between the elements (Magliulo et al., 2014c), assuming the connection strong enough to avoid 

its failure during the ground motion. In Ercolino (2010) the connection response is investigated and a 

more detailed model is implemented in the OpenSees software (McKenna and Fenves, 2013) in which 

beam-to-column connections are modeled as non-linear shear plastic hinges so that connection failure 

can be caught. In Zoubek et al. (2013) a numerical tool is presented, based on the ABAQUS FEA 

software (Corp., 2010), in order to model the seismic behavior of a beam-to-column dowel connection 

with some specific and not generalizable features. 

This paper presents a non-linear three-dimensional model of a beam-to-column dowel 

connection, calibrated on the results of an experimental monotonic test. The characteristics of the 

tested connection and of the FEM model are described in order to demonstrate the capability of the 

model in describing the behavior of a large range of precast structures connections. 

EXPERIMENTAL MONOTONIC TEST: SETUP AND RESULTS 

An experimental campaign on beam-to-column dowel connections was performed in the Laboratory of 

the Department of Structures for Engineering and Architecture (University of Naples Federico II), 

supported by the Italian Department of Civil Protection (national project DPC-ReLUIS 2010-2013) 

and by ASSOBETON (Italian Association of Precast Industries). The campaign provided monotonic 

(Magliulo et al., 2014a) and cyclic (Magliulo et al., 2014b) tests on different connection typologies. In 

this paper the reference experimental test is a monotonic test on a dowel connection between an 

external column and a roof beam. The specimen (Fig. 2) consists of two concrete vertical lateral 

blocks (height: 1.0m, cross section dimensions: 60cmx60cm) and a concrete horizontal element 

(length: 2.10m, cross section dimensions: 60cmx60cm). The connection is provided for one side of the 

horizontal element by means of two steel dowels (27mm diameter treaded bar – ftb=800N/mm
2
) 

embedded in the column and inserted in two beam holes, filled with high strength grout (Fig. 3). The 

dowels are fixed on the top of the horizontal element by means of steel plates, nuts and washers (Fig. 

4) A neoprene bearing pad (15cmx60cmx1cm) is inserted between the beam and the column, while, on 

the other end of the beam, two teflon sheets are placed between the beam and the column, in order to 

avoid undesirable and out of control frictional resistances. All the elements are designed according to 

the current European code provisions. 

 

 

Figure 2. Experimental setup of a monotonic shear test on a beam-to-column dowel connection 
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Figure 3. Cast of grout in the beam holes 

 

Figure 4. Dowels restrained at the top of the beam by 

means of steel plate, nut and washer 

The vertical load (450kN) is provided by a vertical jack connected to the beam and an hydraulic 

actuator provides the horizontal load to the specimen, pulling the beam towards a steel reaction wall 

(see Fig. 2), in order to obtain a force-displacement curve up to failure. 

The force-displacement curve (dashed blue line) of the experimental test is reported in Fig. 5 

along with the “elaborated” curve (solid red line), obtained removing the setup unwanted frictional 
strength (e.g. the frictional strength of the teflon sheets). The force is the horizontal action recorded by 

the horizontal actuator and the displacement is the relative displacement between the beam and the 

column. Removing the setup unwanted frictional strength from the recorded results, the maximum 

shear strength becomes 161.76kN when the horizontal displacement is equal to 0.83 mm. The curve 

shows a brittle behavior of the connection: after the achievement of the maximum strength, a 

significant strength decay is recorded without any ductile reserve of the connection. 

According to Vintzeleou and Tassios (1986), given the direction of the applied load (Fig. 6) and 

the geometrical features of the connection system, the failure mechanism should be predicted. Since 

the column concrete covers (Fig. 7) are smaller than 6-7 times the dowel diameter, a concrete failure is 

expected due to the tensile stresses in the cover. Moreover, since the frontal cover is larger than the 

lateral one, the collapse should start at the lateral cover. The described prevision corresponds to the 

experimental evidence: the first crack forms at the lateral cover in the column (Fig. 8a), corresponding 

to the peak strength of the force-displacement curve, i.e. to the failure mechanism of the connection. 

After this point, increasing the horizontal displacement, the cracks also propagate in the frontal 

concrete cover (Fig. 8b).  

The collapse mechanism of the connection is also confirmed by the records of the installed 

instrumentations (Fig. 9): when the force achieves the maximum value (t=560 sec) a sudden increase 

of strains is recorded by the strain gauge on the lateral cover of the column (SV2 in Fig. 10) and by the 

strain gauge on the upper stirrup in the column normal to the crack (Y1 in Fig. 10). 
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Figure 5. Force-displacement curve of the monotonic test (dashed blue line) and “elaborated” curve (solid red 
line) 
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Figure 6. Loading conditions Figure 7. Frontal cover and lateral cover 

  

(a) (b) 

Figure 8. Phases of connection collapse: (a) first crack during the test and (b) final step of the test 
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Figure 9. Instrumentations records. From the top: force 

of the actuator, deformations of the concrete and 

deformations of the upper stirrup in the column 
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Figure 10. Geometrical layout of the column 

instrumentations 

NUMERICAL MODELING OF THE TESTED DOWEL CONNECTION 

An innovative numerical model of the tested specimen is provided by means of the software 

ABAQUS (Corp., 2010). The model (Fig. 11) consists of four main parts: the concrete elements (beam 

and column), the steel elements (reinforcement and dowels), the contact surface (neoprene pad) and 

the interactions between materials.  
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Figure 11. FEM model of the dowel connection by ABAQUS (Corp., 2010) 

The concrete elements (beam and column) are modeled as three-dimensional deformable 

elements, using a specific tool from ABAQUS library which is recommended for analysis with contact 

problems and large deformations, i.e. C3D8R element. 

For the column and the beam a smeared crack concrete model is assumed (Rashid, 1968). This 

model is included in the ABAQUS/Standard library for reinforced concrete structures. It is suitable to 

reproduce cracking in tension and crushing in compression under monotonic deformation and low 

confining pressures (i.e. less than four or five times the maximum value of uniaxial compressive 

strength). The implementation of the numerical model needs the complete definition of concrete 

behavior in terms of elastic and inelastic response under compression and tension stresses (Fig. 12) 

and of the failure surface shape, using ABAQUS tools (Systèmes, 2008) and the experimental 

mechanical characteristics of the concrete. 
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Figure 12. Mechanical behavior of the smeared crack concrete model (Systèmes, 2008) 

In order to define the mechanical characteristics of the concrete material, uniaxial compression 

tests were performed on ten cubic specimens taken from the beam and column cast. Computed the 

mean cubic compressive strength (Rcm=49.91N/mm
2
), the other properties of the unconfined concrete 

are evaluated according to the Eurocode 2 (CEN, 2004) and reported in Table 1 in terms of: 

characteristic cylinder compressive strength of the concrete at 28 days (fck), mean value of the concrete 

cylinder compressive strength (fcm), mean value of axial tensile strength of the concrete (fctm), 

compressive strain in the concrete at the peak stress (c0) and ultimate compressive strain in the 

concrete (cu).  

 

Table 1. Unconfined concrete mechanical properties 

Rck fck fcm fctm Ecm c0 cu 

[N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [-] [-] 

49.91 33.62 41.62 3.12 33744 0.002 0.0035 

 

In the model of tested beam and column, the reinforcement is modeled in ABAQUS (Corp., 

2010) with a discrete technique: truss elements are created and a perfect correspondence of 



6 

 

deformations with the concrete is assumed. The steel dowels are modeled as three-dimensional 

elements and interface elements are defined in order to take into account the bond slip phenomena. 

For both the reinforcement rebars and the dowels, experimental tensile tests were performed. 

Concerning the reinforcement, for each diameter used in the setup an equivalent bilinear behavior is 

implemented in ABAQUS, defining the Young and Poisson modulus, the mean value of experimental 

stresses and strains for yielding and ultimate point. Concerning the dowels, ABAQUS needs the 

definition of an “effective” behavior, obtained on the basis of experimental values of stress and strain, 

which takes into account the reduction of section area and the local elongation of steel specimen 

during the tests. Fig. 13 shows the experimental curve (blue curve in Fig. 13) and the effective curve 

for a 27mm diameter dowel (red curve in Fig. 13). Fig. 14 shows the experimental curves for the 

reinforcement bar with the cross section diameter equal to 8mm: for the other diameters, experimental 

tests confirm the same mechanical properties. 
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Figure 13. Stress-strain relationships for steel dowel: 

experimental curve (blue curve) and effective curve 

(red curve) 
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Figure 14. Experimental stress-strain relationships for 

steel reinforcement (=8mm) 

Three contact surfaces are defined in the investigated dowel connection: the neoprene-concrete 

contact surface, the interaction between steel dowels and concrete/grout, and between steel 

reinforcement and concrete. 

In the described finite element model the interaction between concrete and neoprene is 

introduced as a purely frictional interaction and the neoprene-concrete friction coefficient is calculated 

according to the formulas reported in Magliulo et al. (2011). The obtained value is equal to 0.122. 

The interaction between dowel and concrete/grout is modeled by an interface element of the 

ABAQUS software, called “cohesive element” and its behavior is defined in terms of local bond 
stress-slip relationship (Fig. 15). The simplified model, derived from Eligehausen et al. (1986) (Fig. 

16), consists of a linear increasing branch and a softening branch, that starts at the damage beginning. 

Finally, the interaction between concrete and reinforcement rebar is modeled considering the 

perfect adhesion. 

 

 

Figure 15. Adopted analytical model for cohesive 

interface elements 

 

Figure 16. Bond-stresses versus slip for the deformed 

bar – confined concrete contact behavior according to 

the Eligehausen model (Eligehausen et al., 1986) 

Two loads are imposed to the model: the vertical load and the seismic load. The vertical load 

corresponds to the constant vertical pressure imposed during the monotonic test, distributed on a 
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portion of the beam (60cm x 50cm). In order to apply the horizontal forces, the increasing horizontal 

displacement history provided during the test is applied to the beam. The versus of the displacement is 

assumed equal to the experimental one, so that the load is applied against the column cover (see Fig. 2 

and Fig. 7). 

COMPARISON BETWEEN NUMERICAL ANALYSIS AND EXPERIMENTAL TEST 

The results of the numerical analysis are compared with those obtained from the experimental shear 

test. Fig. 17 shows the force-displacement experimental curve (red line) along with the corresponding 

curve obtained from the FEM analysis (blue solid line). The experimental curve, shown in Fig. 5 (red 

line), is reported until the strength degradation is equal to 20%, since smaller values of forces are not 

significant in defining the connection behavior. The force shown by the numerical curve is the total 

shear in the column and the displacement is the relative displacement between the beam and the 

column. The comparison shows a good fitting in terms of maximum strength and initial stiffness: the 

maximum shear strength obtained by the numerical model is equal to 160.92kN, while the actual value 

obtained by the shear test is equal to 161.9kN, with a difference equal to 0.52%. 

The post-peak behavior is not recorded during the analysis because of convergence problems. 

This problem does not influence the validation of the model, since the connection has a brittle 

behavior and the last step of the numerical analysis corresponds to the attainment of the failure 

mechanism in the concrete. As a consequence of above, the model can be considered suitable, since it 

is able to catch the two main parameters of the actual behavior: the initial stiffness and the maximum 

strength of the dowel connection. 

The reliability of the numerical model is also confirmed in terms of failure mode. The side 

splitting of the concrete, i.e. the failure of the lateral cover, is recorded in the model, as evidenced in 

the experimental test. Fig. 18 shows the stress distribution in the column at the failure step, evidencing 

that the concrete tensile strength (red color) is reached in the fibers of the lateral cover. A good 

marching is also found in terms of concrete strains: at the failure step, corresponding to the maximum 

strength of the connection, the strains recorded by the installed instrumentation are very close to the 

values estimated by the proposed numerical model (Table 2 and Table 3). 

The numerical model is also able to catch the experimental depth of plastic hinges in the dowels 

for both beam and column: Fig. 20 shows dowel deformation, assumed positive in tension and 

negative in compression. The higher deformations are recorded at a depth of 3 cm in the column and 

in the beam; this value of depth corresponds to the experimental evidence, i.e. to the depth at which 

the dowel appears deformed during the inspection of the specimen after the monotonic test (Fig. 21). 

 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

20

40

60

80

100

120

140

160

180

Displacement [mm]

F
o
rc

e 
[k

N
]

F=20%

 

 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

20

40

60

80

100

120

140

160

180

Displacement [mm]

F
o
rc

e 
[k

N
]

esperimental test

numerical analysis

 

Figure 17. Comparison numerical analysis (blue 

line) vs experimental test (red line) in terms of 

force-displacement curve 

 

Figure 18. Column stress distribution at the failure 

step resulting from the numerical model 
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Table 2. Numerical versus experimental strains 

of the column frontal and lateral cover (Fig. 7) 

SV1 SV2 

c,num c,exp c,num c,exp 

0.0033% 0.0038% 0.0099% 0.0082% 

 

Table 3. Numerical versus experimental strains 

of the column top surface (Fig. 19) 

 
S1 S2 S3 S4 

c,num -0.016% 0.003% 0.012% 0.073% 

c,exp -0.011% 0.0008% 0.010% 0.097% 
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Figure 19. Layout of the strain gauges on the column 

top surface 
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Figure 20. Deformation of the dowel at the failure step 

versus the beam and column depth 

 

Figure 21. Measurement of the plastic hinge depth in 

the steel dowel after the monotonic test 

PARAMETRIC STUDY 

An extensive parametric study is carried out in order to investigate the main parameters which 

influence the shear strength of the dowel connection. The case studies are defined considering three 

variables: the dowel diameter, the size of the frontal concrete cover and the size of the lateral concrete 

cover (Fig. 7). All the connections are implemented by the ABAQUS software, according to the 

proposed numerical model and horizontal loads are applied both against the column concrete core and 

against the column concrete cover in order to obtain force-displacement curve up to the failure. 

Moreover, it is possible to export the results in terms of stress level in the concrete cover (the lateral or 

the frontal one) and in the dowels so that the failure mechanism is identified. 

The first set of case studies, which correspond to six numerical models in the ABAQUS 

software, investigates the influence on the connection shear strength of the dowel diameter, ranging 

from 14mm to 24mm. In these case studies constant values of lateral (cL=100mm) and frontal cover 

(cF=130mm) are assumed. 

If the force is applied against the concrete core, the numerical models achieve the failure for the 

yielding of the steel dowel and the crushing of surrounding concrete (only for small values of dowel 

diameter, i.e. M14) or for the splitting of lateral concrete cover. The frontal cover always exhibits a 

low stress level. The force-displacement numerical curves of the six analyzed cases are reported in 

Fig. 22. The first evidence is the increasing of strength and stiffness with the dowel diameter.  

If the force is applied against the concrete cover, in all the considered cases the connection 

failure is caused by the lateral cover splitting and the fontal cover always exhibits low tensile stresses. 

For this loading condition, the strength on average decreases of the 15% with respect to the case of 

load applied against the concrete core (Fig. 23). 
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Figure 22. Shear force against the concrete core: 

force-displacement curves varying the dowels 

diameter 
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Figure 23. Shear force against the concrete cover: 

force-displacement curves varying the dowels 

diameter 

The set of numerical analyses that investigates the frontal cover influence are reported in the 

following. The reference connection has a constant dowel diameter (M27) and a constant value of 

lateral cover (cL=100mm). It follows that the ratio between the lateral cover and the dowel diameter is 

constant and much lower than 6 so that concrete splitting is expected (Vintzeleou and Tassios, 1986). 

If the horizontal force acts against the concrete core, the connection failure always occurs for 

side splitting of the column concrete. For this loading condition, the frontal cover does not 

significantly influence the connection strength that varies of the 12% (Fig. 24).  

If the horizontal force acts against the concrete cover, the connection failure always occurs 

when the concrete reaches the tensile strength in the lateral cover, unless in the case the frontal cover 

cF is equal to 50mm. In this case the bottom and the side splitting contemporaneously occur and the 

connection strength is very low (Fig. 25). As expected, the tensile stresses in the frontal cover decrease 

at the increasing of the frontal cover and, for values of cF larger than 100 mm, the connection strength 

reaches an almost constant value, which is related to the side splitting. 
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Figure 24. Shear force against the concrete core: 

force-displacement curves varying the frontal cover 
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Figure 25. Shear force against the concrete cover: 

force-displacement curves varying the frontal cover 

A third set of numerical analyses is performed varying the lateral cover, assigning a constant 

dowel diameter (M27) and a constant frontal cover (cF=130 mm). 

When the horizontal force acts against the concrete core, for the lateral cover cL= 50 mm the 

connection failure is due to the side splitting. For greater lateral covers, the connection failure is still 

due to the side splitting, but the stress in the dowel increases. The increase of the lateral cover leads to 

a better confining effect, so that the connection shows a higher shear strength (Fig. 26).  

When the horizontal force acts against the concrete cover, the connection failure is due to  the 

concrete side splitting for all the analyzed cases (cL= 50 mm, 100 mm, 200 mm) whereas the frontal 

cover always exhibits low compressive stresses. As the lateral cover increases, the stress of the dowel 

at the failure also increases: for this loading condition, the shear strength as well as the failure 

displacement are highly influenced by the lateral cover depth (Fig. 27). 
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Figure 26. Shear force against the concrete core: 

force-displacement curves varying the lateral cover 
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Figure 27. Shear force against the concrete cover: 

force-displacement curves varying the lateral cover 

CONCLUSIONS 

The presented paper investigates the response of dowel beam-to-column connections, typical of 

European precast industrial buildings, by means of a FEM model of this connection, validated by 

experimental test results. The reference test is a shear monotonic test on a dowel beam-to-column 

connection. The results of the test confirm the expected behavior of this kind of connection under 

horizontal load, showing a brittle splitting failure in the concrete lateral cover of the column. 

The numerical model of the connection is presented in details and compared with the results of 

the monotonic test, showing a good agreement in terms of maximum strength, failure mechanism and 

local stresses.  

An extensive parametric study is performed in order to discuss the influence of some 

geometrical characteristics of the investigated connection on its shear strength: the case studies are 

obtained varying the dowel diameter as well as the frontal and later concrete cover in the column. The 

results of all the case studies show the sensitivity of the model to the parameters variation in terms of 

strength and of failure mechanism. It is confirmed that, if the lateral and the frontal covers are lower 

than 6-7 times the dowel diameter, the failure involves the concrete splitting, both in the case of force 

acting against the concrete core and in the case of force acting against the concrete cover. 

Furthermore, if the lateral cover is equal or lower than the frontal cover, the side splitting occurs; 

otherwise, only in the case of force acting against the concrete cover, the failure also involves the 

bottom splitting. 
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	ABSTRACT
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	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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	INTRODUCTION
	Breadth
	Footing 
	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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