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Abstract

Earthquakes are commonly modeled as shear cracks, where the slip profile of an earthquake rupture is the spatial distribution of

relative displacement between fault surfaces. It is an accumulated result of all the processes during the earthquake: nucleation,

propagation, and arrest. Understanding the characteristics of a slip profile gives insight into the associated stress changes, which

is generally immeasurable on natural faults, and is useful for understanding the underlying friction law. Most models focus on

simplicity for application purposes. For instance, the elastic crack model (Bilby & Eshelby, 1968) established that a perfect

crack with uniform shear stress drop leads to an elliptical slip profile; Cowie and Scholz (1992) proposed a crack model with

constant-stress cohesive zones at the crack tips, which results in “bell-shaped” slip profiles. However, the elliptical model results

in unphysical stress singularities at crack tips, and the plateau in stress drop distribution near crack tips in the “bell-shaped”

model is infeasible for friction dominated ruptures because it is commonly believed that slip is always accompanied by shear

stress drop, e.g. slip-weakening friction law (Andrews, 1976). We present results from recent large-scale laboratory experiments

where all the rupture processes are contained in a 3-meter long saw-cut granite fault (Ke et al., 2018) and slip local fault slip

and shear stress changes are measured at 16 locations along the fault. Guided by the laboratory experiments, we derived an

analytical model to faithfully represent measured slip profiles δ(x), and shear stress changes Δτ(x), resulting from laboratory

earthquakes. Field measurements of slip profiles revealed that slip profiles are commonly tapering roughly linearly toward the

tips. The proposed model includes this feature, and thus fits slip profiles measured from natural earthquakes on isolated faults

better than other idealized analytical models. For more complex natural earthquakes, our model can be used as a basis function.

Our results suggest that inelastic earthquake processes can be solely originated from friction, and the shape of an earthquake

rupture is likely between the elliptical and bell-shaped idealized models.
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where _____________ for mode II, in which _ is shear modulus and _ is Poisson's ratio,
__ are the location of rupture tips. This formulation assumes the material surrounding
the rupture is linearly elastic and takes the first derivative of slip profile ________ as
input and gives its respective stress change distribution _____.

Bilby and Eshelby (1986) derived the constitutive relationship between the distribution
of slip parallel to the fault ____ and shear stress change distribution ______,
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Key Points

• 3-meter long saw-cut simulated granite fault generates fully and 
partially contained stick-slip events.

• Shape of slip profiles measured from contained laboratory-generated 
earthquakes is similar to ones measured from natural faults. 

• The proposed slip profile model faithfully represents measured slip 
profiles and enable further rupture sequence analysis. 

Conclusions
• Large scale granite samples enable ruptures to nucleate,

propagate, and terminate within the simulated fault.
• Slip profiles on natural faults and on contained laboratory

earthquakes share a similar shape.
• The proposed slip profile model effectively removes stress

singularity ahead of crack tips.
• The proposed slip profile model fits well to both slip and

strain measurements from laboratory earthquakes.
• Fitted slip profiles are quantitatively validated through

measurements of spatial distribution of shear stress changes.
• A well-posed crack model enables further analysis on the

stress evolution throughout a rupture sequence.
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Earthquakes are commonly modeled as shear cracks, where the distribution of slip
distance on a fault is an accumulated result from all the processes during an
earthquake. The simplest linearly elastic crack model predicts elliptical slip profiles for
constant stress drop within the earthquake rupture but it casts stress singularity ahead
of the crack tips. Studies have shown that the slip gradients near the tips of earthquake
ruptures are approximately linear1,2,3 instead of ellipse-like. Previous studies assumed
the fault’s end zones undergo plastic deformation, which results in bell-shaped slip
profiles4,5. Our experiments suggest that the shape of an earthquake rupture should be
something in between those idealized models.
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⌫
<latexit sha1_base64="ArbYvrd8vTJuP2kLj8mDpd8TAAo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoCcJePEY0SRCsoTZyWwyZHZ2mekRw5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFaaCa/S8b6ewsrq2vlHcLG1t7+zulfcPmjoxirIGTUSiHkKimeCSNZCjYA+pYiQOBWuFw+uJ33pkSvNE3uMoZUFM+pJHnBK00l1Hmm654lW9Kdxl4uekAjnq3fJPp5dQEzOJVBCt276XYpARhZwKNi51jGYpoUPSZ21LJYmZDrLpqWP3xCo9N0qULYnuVP07kZFY61Ec2s6Y4EAvehPxP69tMLoMMi5Tg0zS2aLICBcTd/K32+OKURQjSwhV3N7q0gFRhKJNZ26L5kZyfBqXbDL+Yg7LpHlW9b2qf3teqV3lGRXhCI7hFHy4gBrcQB0aQKEPL/AKb86z8+58OJ+z1oKTzxzCHJyvX1k6ltw=</latexit><latexit sha1_base64="ArbYvrd8vTJuP2kLj8mDpd8TAAo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoCcJePEY0SRCsoTZyWwyZHZ2mekRw5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFaaCa/S8b6ewsrq2vlHcLG1t7+zulfcPmjoxirIGTUSiHkKimeCSNZCjYA+pYiQOBWuFw+uJ33pkSvNE3uMoZUFM+pJHnBK00l1Hmm654lW9Kdxl4uekAjnq3fJPp5dQEzOJVBCt276XYpARhZwKNi51jGYpoUPSZ21LJYmZDrLpqWP3xCo9N0qULYnuVP07kZFY61Ec2s6Y4EAvehPxP69tMLoMMi5Tg0zS2aLICBcTd/K32+OKURQjSwhV3N7q0gFRhKJNZ26L5kZyfBqXbDL+Yg7LpHlW9b2qf3teqV3lGRXhCI7hFHy4gBrcQB0aQKEPL/AKb86z8+58OJ+z1oKTzxzCHJyvX1k6ltw=</latexit><latexit sha1_base64="ArbYvrd8vTJuP2kLj8mDpd8TAAo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoCcJePEY0SRCsoTZyWwyZHZ2mekRw5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFaaCa/S8b6ewsrq2vlHcLG1t7+zulfcPmjoxirIGTUSiHkKimeCSNZCjYA+pYiQOBWuFw+uJ33pkSvNE3uMoZUFM+pJHnBK00l1Hmm654lW9Kdxl4uekAjnq3fJPp5dQEzOJVBCt276XYpARhZwKNi51jGYpoUPSZ21LJYmZDrLpqWP3xCo9N0qULYnuVP07kZFY61Ec2s6Y4EAvehPxP69tMLoMMi5Tg0zS2aLICBcTd/K32+OKURQjSwhV3N7q0gFRhKJNZ26L5kZyfBqXbDL+Yg7LpHlW9b2qf3teqV3lGRXhCI7hFHy4gBrcQB0aQKEPL/AKb86z8+58OJ+z1oKTzxzCHJyvX1k6ltw=</latexit><latexit sha1_base64="ArbYvrd8vTJuP2kLj8mDpd8TAAo=">AAAB/3icbVDLSgNBEOyNrxhfUY9eFoPgKeyKoCcJePEY0SRCsoTZyWwyZHZ2mekRw5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFaaCa/S8b6ewsrq2vlHcLG1t7+zulfcPmjoxirIGTUSiHkKimeCSNZCjYA+pYiQOBWuFw+uJ33pkSvNE3uMoZUFM+pJHnBK00l1Hmm654lW9Kdxl4uekAjnq3fJPp5dQEzOJVBCt276XYpARhZwKNi51jGYpoUPSZ21LJYmZDrLpqWP3xCo9N0qULYnuVP07kZFY61Ec2s6Y4EAvehPxP69tMLoMMi5Tg0zS2aLICBcTd/K32+OKURQjSwhV3N7q0gFRhKJNZ26L5kZyfBqXbDL+Yg7LpHlW9b2qf3teqV3lGRXhCI7hFHy4gBrcQB0aQKEPL/AKb86z8+58OJ+z1oKTzxzCHJyvX1k6ltw=</latexit>

a±
<latexit sha1_base64="qndckfSrFt9lTF391/dzr8IutEU=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoCcJePEYwU0CyRJmJ5NkyOzsMtMrhiUnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNUycasZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6HbqNx+5NiJWDzhOeBDRgRJ9wShayafdThJ1yxW36s5AVomXkwrkqHfLP51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IWdW6ZF+rG0pJDP170RGI2PGUWg7I4pDs+xNxf+8dor96yATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4LW4xIlcCnSckm4y3nsEoaF1XPrXr3l5XaTZ5REU7gFM7BgyuowR3UwQcGAl7gFd6cZ+fd+XA+560FJ585hgU4X7/PEpeq</latexit><latexit sha1_base64="qndckfSrFt9lTF391/dzr8IutEU=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoCcJePEYwU0CyRJmJ5NkyOzsMtMrhiUnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNUycasZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6HbqNx+5NiJWDzhOeBDRgRJ9wShayafdThJ1yxW36s5AVomXkwrkqHfLP51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IWdW6ZF+rG0pJDP170RGI2PGUWg7I4pDs+xNxf+8dor96yATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4LW4xIlcCnSckm4y3nsEoaF1XPrXr3l5XaTZ5REU7gFM7BgyuowR3UwQcGAl7gFd6cZ+fd+XA+560FJ585hgU4X7/PEpeq</latexit><latexit sha1_base64="qndckfSrFt9lTF391/dzr8IutEU=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoCcJePEYwU0CyRJmJ5NkyOzsMtMrhiUnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNUycasZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6HbqNx+5NiJWDzhOeBDRgRJ9wShayafdThJ1yxW36s5AVomXkwrkqHfLP51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IWdW6ZF+rG0pJDP170RGI2PGUWg7I4pDs+xNxf+8dor96yATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4LW4xIlcCnSckm4y3nsEoaF1XPrXr3l5XaTZ5REU7gFM7BgyuowR3UwQcGAl7gFd6cZ+fd+XA+560FJ585hgU4X7/PEpeq</latexit><latexit sha1_base64="qndckfSrFt9lTF391/dzr8IutEU=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoCcJePEYwU0CyRJmJ5NkyOzsMtMrhiUnP8CrfoI38eqX+AX+hpNkDyaxoKGo6qa7K0ykMOi6305hbX1jc6u4XdrZ3ds/KB8eNUycasZ9FstYt0JquBSK+yhQ8laiOY1CyZvh6HbqNx+5NiJWDzhOeBDRgRJ9wShayafdThJ1yxW36s5AVomXkwrkqHfLP51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IWdW6ZF+rG0pJDP170RGI2PGUWg7I4pDs+xNxf+8dor96yATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4LW4xIlcCnSckm4y3nsEoaF1XPrXr3l5XaTZ5REU7gFM7BgyuowR3UwQcGAl7gFd6cZ+fd+XA+560FJ585hgU4X7/PEpeq</latexit>

d�(x)/dx
<latexit sha1_base64="QmJxecLVS63BvpptOl+7rBnYoUE=">AAACDXicbVDLSsNAFJ34rPXRqEs3g0Wom5qIoCspuHFZwT6gDWUymbRDJ5MwcyMtod/gB7jVT3Anbv0Gv8DfcNpmYVsPXDiccy/ncvxEcA2O822trW9sbm0Xdoq7e/sHJfvwqKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLH95N/dYTU5rH8hHGCfMi0pc85JSAkXp2KegGTACpjM4vAjzCPbvsVJ0Z8Cpxc1JGOeo9+6cbxDSNmAQqiNYd10nAy4gCTgWbFLupZgmhQ9JnHUMliZj2stnjE3xmlACHsTIjAc/UvxcZibQeR77ZjAgM9LI3Ff/zOimEN17GZZICk3QeFKYCQ4ynLeCAK0ZBjA0hVHHzK6YDoggF09VCiuap5DCaFE0z7nIPq6R5WXWdqvtwVa7d5h0V0Ak6RRXkomtUQ/eojhqIohS9oFf0Zj1b79aH9TlfXbPym2O0AOvrF34HmyQ=</latexit><latexit sha1_base64="QmJxecLVS63BvpptOl+7rBnYoUE=">AAACDXicbVDLSsNAFJ34rPXRqEs3g0Wom5qIoCspuHFZwT6gDWUymbRDJ5MwcyMtod/gB7jVT3Anbv0Gv8DfcNpmYVsPXDiccy/ncvxEcA2O822trW9sbm0Xdoq7e/sHJfvwqKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLH95N/dYTU5rH8hHGCfMi0pc85JSAkXp2KegGTACpjM4vAjzCPbvsVJ0Z8Cpxc1JGOeo9+6cbxDSNmAQqiNYd10nAy4gCTgWbFLupZgmhQ9JnHUMliZj2stnjE3xmlACHsTIjAc/UvxcZibQeR77ZjAgM9LI3Ff/zOimEN17GZZICk3QeFKYCQ4ynLeCAK0ZBjA0hVHHzK6YDoggF09VCiuap5DCaFE0z7nIPq6R5WXWdqvtwVa7d5h0V0Ak6RRXkomtUQ/eojhqIohS9oFf0Zj1b79aH9TlfXbPym2O0AOvrF34HmyQ=</latexit><latexit sha1_base64="QmJxecLVS63BvpptOl+7rBnYoUE=">AAACDXicbVDLSsNAFJ34rPXRqEs3g0Wom5qIoCspuHFZwT6gDWUymbRDJ5MwcyMtod/gB7jVT3Anbv0Gv8DfcNpmYVsPXDiccy/ncvxEcA2O822trW9sbm0Xdoq7e/sHJfvwqKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLH95N/dYTU5rH8hHGCfMi0pc85JSAkXp2KegGTACpjM4vAjzCPbvsVJ0Z8Cpxc1JGOeo9+6cbxDSNmAQqiNYd10nAy4gCTgWbFLupZgmhQ9JnHUMliZj2stnjE3xmlACHsTIjAc/UvxcZibQeR77ZjAgM9LI3Ff/zOimEN17GZZICk3QeFKYCQ4ynLeCAK0ZBjA0hVHHzK6YDoggF09VCiuap5DCaFE0z7nIPq6R5WXWdqvtwVa7d5h0V0Ak6RRXkomtUQ/eojhqIohS9oFf0Zj1b79aH9TlfXbPym2O0AOvrF34HmyQ=</latexit><latexit sha1_base64="QmJxecLVS63BvpptOl+7rBnYoUE=">AAACDXicbVDLSsNAFJ34rPXRqEs3g0Wom5qIoCspuHFZwT6gDWUymbRDJ5MwcyMtod/gB7jVT3Anbv0Gv8DfcNpmYVsPXDiccy/ncvxEcA2O822trW9sbm0Xdoq7e/sHJfvwqKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLH95N/dYTU5rH8hHGCfMi0pc85JSAkXp2KegGTACpjM4vAjzCPbvsVJ0Z8Cpxc1JGOeo9+6cbxDSNmAQqiNYd10nAy4gCTgWbFLupZgmhQ9JnHUMliZj2stnjE3xmlACHsTIjAc/UvxcZibQeR77ZjAgM9LI3Ff/zOimEN17GZZICk3QeFKYCQ4ynLeCAK0ZBjA0hVHHzK6YDoggF09VCiuap5DCaFE0z7nIPq6R5WXWdqvtwVa7d5h0V0Ak6RRXkomtUQ/eojhqIohS9oFf0Zj1b79aH9TlfXbPym2O0AOvrF34HmyQ=</latexit>

�⌧(x)
<latexit sha1_base64="vkbWLqu168OoJqoczJJShoqnTCo=">AAACCXicbVBLSgNBFOyJvxh/UZduGoMQN2FGBF1JQBcuI5hEyAyhp9OTNOnpGbtfS8KQE3gAt3oEd+LWU3gCr2HnszCJBQ+KqveoR4Wp4Bpc99vJrayurW/kNwtb2zu7e8X9g4ZOjKKsThORqIeQaCa4ZHXgINhDqhiJQ8GaYf967DefmNI8kfcwTFkQk67kEacErBT4N0wA8YGY8uC0XSy5FXcCvEy8GSmhGWrt4o/fSaiJmQQqiNYtz00hyIgCTgUbFXyjWUpon3RZy1JJYqaDbPL0CJ9YpYOjRNmRgCfq34uMxFoP49BuxgR6etEbi/95LQPRZZBxmRpgkk6DIiMwJHjcAO5wxSiIoSWEKm5/xbRHFKFge5pL0dxIDoNRwTbjLfawTBpnFc+teHfnperVrKM8OkLHqIw8dIGq6BbVUB1R9Ihe0Ct6c56dd+fD+Zyu5pzZzSGag/P1C2+XmrY=</latexit><latexit sha1_base64="vkbWLqu168OoJqoczJJShoqnTCo=">AAACCXicbVBLSgNBFOyJvxh/UZduGoMQN2FGBF1JQBcuI5hEyAyhp9OTNOnpGbtfS8KQE3gAt3oEd+LWU3gCr2HnszCJBQ+KqveoR4Wp4Bpc99vJrayurW/kNwtb2zu7e8X9g4ZOjKKsThORqIeQaCa4ZHXgINhDqhiJQ8GaYf967DefmNI8kfcwTFkQk67kEacErBT4N0wA8YGY8uC0XSy5FXcCvEy8GSmhGWrt4o/fSaiJmQQqiNYtz00hyIgCTgUbFXyjWUpon3RZy1JJYqaDbPL0CJ9YpYOjRNmRgCfq34uMxFoP49BuxgR6etEbi/95LQPRZZBxmRpgkk6DIiMwJHjcAO5wxSiIoSWEKm5/xbRHFKFge5pL0dxIDoNRwTbjLfawTBpnFc+teHfnperVrKM8OkLHqIw8dIGq6BbVUB1R9Ihe0Ct6c56dd+fD+Zyu5pzZzSGag/P1C2+XmrY=</latexit><latexit sha1_base64="vkbWLqu168OoJqoczJJShoqnTCo=">AAACCXicbVBLSgNBFOyJvxh/UZduGoMQN2FGBF1JQBcuI5hEyAyhp9OTNOnpGbtfS8KQE3gAt3oEd+LWU3gCr2HnszCJBQ+KqveoR4Wp4Bpc99vJrayurW/kNwtb2zu7e8X9g4ZOjKKsThORqIeQaCa4ZHXgINhDqhiJQ8GaYf967DefmNI8kfcwTFkQk67kEacErBT4N0wA8YGY8uC0XSy5FXcCvEy8GSmhGWrt4o/fSaiJmQQqiNYtz00hyIgCTgUbFXyjWUpon3RZy1JJYqaDbPL0CJ9YpYOjRNmRgCfq34uMxFoP49BuxgR6etEbi/95LQPRZZBxmRpgkk6DIiMwJHjcAO5wxSiIoSWEKm5/xbRHFKFge5pL0dxIDoNRwTbjLfawTBpnFc+teHfnperVrKM8OkLHqIw8dIGq6BbVUB1R9Ihe0Ct6c56dd+fD+Zyu5pzZzSGag/P1C2+XmrY=</latexit><latexit sha1_base64="vkbWLqu168OoJqoczJJShoqnTCo=">AAACCXicbVBLSgNBFOyJvxh/UZduGoMQN2FGBF1JQBcuI5hEyAyhp9OTNOnpGbtfS8KQE3gAt3oEd+LWU3gCr2HnszCJBQ+KqveoR4Wp4Bpc99vJrayurW/kNwtb2zu7e8X9g4ZOjKKsThORqIeQaCa4ZHXgINhDqhiJQ8GaYf967DefmNI8kfcwTFkQk67kEacErBT4N0wA8YGY8uC0XSy5FXcCvEy8GSmhGWrt4o/fSaiJmQQqiNYtz00hyIgCTgUbFXyjWUpon3RZy1JJYqaDbPL0CJ9YpYOjRNmRgCfq34uMxFoP49BuxgR6etEbi/95LQPRZZBxmRpgkk6DIiMwJHjcAO5wxSiIoSWEKm5/xbRHFKFge5pL0dxIDoNRwTbjLfawTBpnFc+teHfnperVrKM8OkLHqIw8dIGq6BbVUB1R9Ihe0Ct6c56dd+fD+Zyu5pzZzSGag/P1C2+XmrY=</latexit>

ComparisonsProposed Model

Definition of Slip Profile & Stress Changes

Slip profile is the along-strike distribution of relative
displacement (slip distance). Slip profiles measured
on natural faults revealed that the slip distance of
earthquake ruptures are commonly tapering roughly
linearly toward the tips1,2,7. While Walsh & Waterson
(1987) argue it as a result of cumulative displacement
of growing ellipses, Scholz & Lawler (2004) consider
it to be an implication of constant fault tip taper
rupture criterion (analogy to constant CTOA in
Fracture Mechanics). In our experiment, contained
ruptures often share this feature.

� : controls radius of the ellipse, �a, 0 < � < 1
rjoint : locations where �(x) switches form, xjoint =

�p
1 + 3�2 � 1

�
a

�joint : value of � at the joints, �joint = �(rjoint)
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�(r) =

8
>>><

>>>:

D
h
1�

�
r
�a

�2i1/2
, 0  r  rjoint

�joint
⇣

r�a
rjoint�a

⌘3/2
, rjoint < r  a

0 , a < r
<latexit sha1_base64="msn6ES+eA43zISyeELkWych0qdk="></latexit>
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