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SECTION 1.  INTRODUCTION 

Because damage in a pavement causes the stiffness and strength of the pavement to become nonuniform, the response of damaged pavement is best analyzed with a finite element code.  SRIPAVE, a finite element material model for calculating fatigue cracking damage in pavements, has been implemented in the explicit finite element code DYNA3D.  It be used to analyze the response of pavement to moving loads, but it has the disadvantage of being computationally intensive, and calculations tend to take a long time to complete.  Currently, FHWA uses the VESYS code to perform pavement analyses.  The VESYS code is very easy to use and has considerable capabilities for analyzing pavement response, however there is a need to implement a cracking damage model such as SRIPAVE into VESYS to assess the effect of truck size and weight on pavement lifetime.  The objective of this study was to implement SRIPAVE into the implicit finite element code NIKE2D with the goal of combining NIKE2D with VESYS to enable quasi-static analyses of pavement response including fatigue cracking damage. 

Background on SRIPAVE

Many models have been developed for analyzing the response of pavement, but most are empirically based and very few are implemented into three-dimensional finite element codes [1].  For using analysis to increase the understanding of response, there is a need to develop physically-based models.  SRI International has developed a model for predicting fatigue cracking damage to concrete pavement, SRIPAVE [2], and implemented the model into the three-dimensional dynamic finite element analysis program DYNA3D [3]. The mechanistic approach facilitated by this model would be expected to minimize the need for extensive field tests for each pavement configuration, wheel load, and paving material and yet produce longer lasting pavements.

SRIPAVE is a constitutive model that calculates fatigue damage as part of the model.  It is based on the assumption that damage in pavement is cause by the slow accumulated growth of microcracks.  The microcracks grow a small amount each cycle in response to tensile stress in the pavement.  We use a standard fatigue model as proposed by Paris to relate the rate of crack growth per loading cycle to the range of the applied stress normal to the crack.  The Paris law is combined with data from pavement damage observations to relate crack damage to stress.

Background On Fatigue Models

Asphalt concrete (AC)  and Portland cement concrete (PCC) pavement can undergo cracking under repeated loading.  This fatigue damage has been observed to occur in a variety of ways:

•
cracking at the base of a slab by tensile bending stresses,

•
delamination between pavement layers (reflection cracking), 

•
cracking around dowels, corners, and joints.

Here we address only the first of these problems for simplicity because this cracking is most  closely related to the continuum stresses, although we expect to be able to adapt the fatigue model to treat other types of cracking in the future.

Fatigue cracking can occur by many mechanisms, depending on the material and the stress state.  Some of these mechanisms have been reviewed by Ritchie [4].  During a cycle of loading beginning with tensile opening of the crack, the material near the crack tip may be stretched inelastically.  When the crack is then closed again by the overall loading, this stretched material does not compress to its original position, but acts to pry some of the crack tip material open further.  Hence, a small amount of damage occurs at each loading cycle and is dependent on the range of stress during the loading cycle.  During the fatigue process the stress is always a small fraction of the critical tensile stress for fracture.

When fatigue cracking occurs in PCC pavement, we expect that it begins by initiating small cracks in the cement matrix or in the aggregate or at the interface between the aggregate and the cement.  These small cracks have sizes on the order of a fraction of the sizes of the aggregates.  At each loading cycle, these cracks grow by a small amount.  After a thousand, or a hundred thousand loading cycles, the cracks have become so large that they are noticeable and require repair.  This gradualness of the development of fatigue cracks is supported by the laboratory fatigue testing of Monismith and co-workers [5].  In their tests on small asphalt concrete beams they observe that there is a gradual reduction in stiffness with increasing numbers of loading cycles.  This decreasing stiffness is probably caused by the opening of the small, but growing cracks. 

Standard fracture mechanics approaches are not appropriate for analyzing fatigue of pavements, although the concepts introduced by fracture mechanics are very useful for modeling fatigue cracking.  The standard approach to fracture uses linear elastic fracture mechanics (LEFM).  In this approach a crack size R and the fracture toughness KIc, are introduced.  The critical tensile stress for which a penny-shaped crack will grow is 





(1)

When a tensile stress greater than cr is applied to the object containing the crack with a radius R, the crack grows until the stress drops below the critical value (the critical value decreases as the crack grows).  Thus, generally, we have either

 < cr   :   no growth, or

 > cr   :   catastrophic growth.

Because we expect thousands of cycles of essentially the same stress level before the cracks become noticeable, and very slow crack growth at this stress level, this LEFM model is not an appropriate description of pavement fatigue response.

Since the late 1960s LEFM has been amplified to treat more gradual cracking of ductile materials.  This theory is called elastic-plastic fracture mechanics (EPFM).  In EPFM initial cracking occurs when the stress exceeds a critical value related to JIc (similar to KIc), but here the crack may grow stably for some time.  If the crack opening relieves some of the stress, the crack may cease growing.  This model behavior is similar to some aspects of fatigue cracking seen in pavement, but there are important features that conflict with observations of pavement fatigue damage:

1.
no crack growth occurs if the stress is below the critical level

2.
the critical stress is nearly equal to the tensile strength of the material when only intrinsic cracks are considered,

3.
a small increase in stress causes unstable crack growth, and

4.
the crack growth rates are too large when the stresses are above the critical level,

Hence, EPFM is also inappropriate for modeling fatigue cracking of pavement.

For analyzing fatigue response, the standard fatigue model is that proposed by Paris [6,7].  This model gives the rate of crack growth per loading cycle N as a function of the applied stress  normal to the crack with radius R.
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which are related to stress as given by Eq. (1).  This form for crack growth in Eq. (2) appears to represent fatigue data in many materials.   This model assumes that the loading is sinusoidal and the stress ranges between max and min.  The change in stress intensity factors is the difference between the KI values associated with these two stresses.

The fatigue model appears to represent well several aspects of pavement damage.  The model provides for small amounts of damage under a range of stresses and does not require that a critical level of stress be reached before any damage occurs.  The stress levels of interest are all below the critical level from LEFM.  

Damage to pavement is often investigated in field observations.  Pavement damage observations are made by passing a number of aircraft or trucks over a pavement section and observing the development of cracking.  Thus the "damage" here refers to some level of cracking, probably the presence of large cracks that have grown from the bottom of the pavement slab to the top.  Observations of this type are then collected for a range of slab thicknesses (different thicknesses provide different stress levels under a given wheel load) and represented by an Eq. of the form (see, for example, [8,9,10,11]):
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where 
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 is the number of cycles to damage, 
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is the peak tensile stress at the base of the slab during a loading cycle, and
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are constants. Eq. (3) defines a curve corresponding to some (usually unspecified) damage level. 

SRIPAVE model description

In SRIPAVE cracks grow with a normal orientation in the direction of maximum tensile stress. As the cracks grow, the material becomes more compliant in the direction normal to the crack faces.  We assume that cracks grow while the normal stress is tensile yet below the critical stress for rapid growth.  The growth law for cracking under fatigue must be integrable over a cycle to match Paris' Eq..  The proposed fatigue growth law in SRIPAVE is given by:







(4)

where, 

the critical stress is a function of crack radius, R, as given in Eq. (2).  This expression is suitable for incorporation into a constitutive model for use in a finite element code.  In each time step, the model calculates an increment in crack length that corresponds to the calculated increment in stress, for each of the active orientations.

Next we relate the cracking response to the observed pavement damage Eq. (3).  Combining Eqs. (1) and (2) gives us the increment in crack length per cycle as a function of the current crack radius and the applied change in stress, 




(5)

or,




(6)

Here we note that 

 is a constant, the maximum stress during a loading cycle.  To relate crack growth to pavement data, we integrate Eq. (13), from cycle N=1 to the cycle at which the pavement reaches full damage.  At full damage, we assume the largest cracks have reached a value given by 

.  Then we integrate Eq. (6) from the initial crack size 

to 

 and obtain,




(7)

Comparing Eq. (7) with Eq. (3), gives us a relationship between the constants 

, 

and 

in the pavement damage relationship, 

in Paris Law, and the material properties 

, 

, and 





(8)

Formulation for NIKE2D

To develop a full constitutive relation for NIKE2D we assumed that the concrete pavement response was linear except for the fatigue cracking.  The cracking was modeled using a multiple-plane model, that is cracks nucleate and grow on several prespecified plane orientations according to the tensile stress state. The multiple-plane feature was used so that fatigue crack growth could occur in several orientations simultaneously.  The arrangement of the planes in the multiple-plane provides for a nearly uniform orientation distribution of planes.  As the damage develops on some of the planes, the response becomes distinctly anisotropic because the stiffness reduces in directions normal to the crack faces.  In three dimensions there are nine planes oriented to give a response that initially is approximately isotropic.  Three planes are normal to the three coordinate directions and six are at 45 degrees between these directions.  For NIKE2D the number of planes is reduced to five, three planes are normal to the three coordinate directions and two at 45 degrees between the planar coordinate directions. 

In the SRIPAVE model fatigue cracks and the fatigue cracking processes can occur on all the planes of the model.  At each time step normal and shearing stresses are computed for each of the planes. When the normal stress is tensile on a plane, crack growth is  computed according to Eq. (4). During the stress computation process for an element, he stresses are calculated taking into account the current cracked state. We then transform the stresses to the planar orientations and use the normal stresses on the planes to grow the cracks in those orientations.

We developed a stiffness matrix for SRIPAVE that includes the nonuniform contributions due to the oriented cracking.  We have also modified the original three-dimensional SRIPAVE subroutine to efficiently calculate pavement response for two-dimensional cases.

SECTION 2. IMPLEMENTATION of SRIPAVE INTO NIKE2D

SRIPAVE was implemented in NIKE2D as material model 30.  SRIPAVE is the main subroutine for calculating the stresses and crack extension and is found in the file NPAVE.f that was delivered to FHWA. SRIPAVE is called by the subroutine S30MN which is called by NIKE2D subroutine SSLCS.

Modified NIKE2D Subroutines

The following NIKE2D subroutines were modified to implement SRIPAVE into NIKE2D. All the NIKE2D routines necessary to fully compile and link a working version of NIKE2D have been delivered to FHWA.

MAIN.f:  This is the main routine for NIKE2D. 

1. We doubled the size of blank common array b() from 2500000 to 5000000.

blkdat.f:  This routine contains all the common blocks and data parameters for NIKE2D.

1.  We doubled the size of the maximum address allowed in blank common by increasing the parameters maxa and maxadd from 2500000 to 5000000. 

2. We defined the number of history variables for SRIPAVE to be 20 by setting the value of ncon(30) = 20 in a data statement.

getstr.f:  This routine extracts the element stresses for the ORION output database. 

1. We added a call to s15out for a value of 30 for the variable model. The subroutine s15out has the correct data structure for SRIPAVE and will put damage into the plotfile variable number 19. 

sslcs.f:  This routine calls the material models to calculate stresses.

1. For model = 30, we added a call to subroutine s30mn which is the routine that calls SRIPAVE.

SECTION 3. USER GUIDE and MODEL PARAMETERS

SRIPAVE is designed to be a physically-based model and as such the model parameters are meant to represent physical quantities as much as possible.   Three types of experimental data can be used to obtain these parameters.  The first are observations of cross-sections of damaged specimens to determine numbers and sizes of cracks.  Initial crack radius is assumed to be some fraction of the maximum aggregate size.  For our example we chose R0=3 mm. The second is data from fatigue tests on bending (for example) specimens in which the gradual development of the damage is tracked. The fatigue constants listed are consistent with Eq. 3, namely
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Where 
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 is the number of cycles, 
[image: image14.wmf]s

 is the stress level for load cycling and 
[image: image15.wmf]A

, 
[image: image16.wmf]f

, and 
[image: image17.wmf]n

 are material constants for fatigue.

  Parameters needed to run SRIPAVE are listed in Table 1, with typical values for asphalt pavement listed.  The values listed are given in a consistent set of units (c-g-s).  Values shear modulus, G, and bulk modulus, 
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, can be calculated from Young’s modulus, 
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, and Poisson’s ratio, 
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 , using the following relations.
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Table 1. Typical SRIPAVE parameters for Asphalt Concrete

	Column
	
	Parameter
	Description
	Default Value

(cm-g-s)

	
	Card 3
	R0
	Initial crack radius
	0.3 cm  

	11-20
	
	K
	Bulk Modulus
	2.0e10 dyne/cm2

	21-30
	
	f
	Fatigue stress
	6.0e7

dyne/cm2

	31-40
	
	A
	Fatigue damage coefficient 
	1.3

	41-50
	
	G
	Shear Modulus
	1.2 e10 dyne/cm2

	51-60
	
	n
	Fatigue exponent
	4.4

	61-70
	
	J
	Crack density
	1.0/cm3


SECTION 4.  DEMONSTRATION EXAMPLE

To demonstrate the implementation of SRIPAVE in NIKE2D, we calculated the response of an asphalt concrete pavement to an axisymmetric wheel loading.  The problem configuration is shown in Figure 1.  The pavement is an 8-in. thick asphalt concrete slab 3.7 x 7.6 m (12' x 25') and 0.25 m (10 in.) thick over a 12” base layer and a 40” thick subgrade. 
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Figure 1. Pavement layer configuration.

Wheel loads are applied to the pavement over a 12-inch diameter circular patch. A load cycle with a peak load of 1.0x106 dyne/cm2 (145 psi) was applied slowly to the top surface of the pavement with a time history as shown in Figure 2.  The load rises in 0.025 s, remains constant until 0.050 s, then decreases with a slight tensile overshoot and returns to zero at 0.10 s. 
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Figure 2. Applied load time history.

We used SRIPAVE to calculate fatigue cracking damage in the pavement. We then compared the fatigue cracking calculated in NIKE2D with an equivalent calculation in the DYNA3D implementation of SRIPAVE.

Table 2. Material Properties for demonstration problem

	Layer
	Young’s Modulus

dyne/cm2 (ksi)

	Asphalt 
	2.8 x1010 (400)

	Base
	6.9 x109 (100)

	Subgrade
	5.5 x108 (8)


The finite element mesh shown in Figure 3 was created for the DYNA3D calculation, but the same mesh resolution was used for the NIKE2D calculation.  The pavement layer was modeled with 10 elements through the thickness.  The spatial density of the elements was varied to capture the gradients of stress around the applied load. The base layer was modeled with 6 elements through the thickness and the subgrade with 12 elements. The total number of elements for the two meshes was about 1600 elements for NIKE2D and 16,000 for DYNA3D.  For the DYNA3D calculation two planes of symmetry were included through the origin and for NIKE2 the origin was a rotational axis of symmetry.

[image: image25.wmf]
Figure 3. Finite element mesh resolution for DYNA3D and NIKE2D.

The calculated effective stresses in NIKE2D are shown in Figure 4.  Because of the  bending stresses, the effective stresses are a maximum at the center of the slab, with a peak value for effective stress of about 8x106 dyne/cm2.  Figure 4 also shows an area of high effective stress extending up from the lower layer at a 45-degree angle, probably due to shear stresses.

[image: image26.wmf]
Figure 4. Calculated Effective Stress

Fringes of the calculated cracking damage after the loading cycle are shown in Figure 5. The maximum crack extension of about 4x106 cm is located at the center of slab on the lower surface of the pavement, where the maximum tensile stress due to bending occurred.

[image: image27.wmf]
Figure 5. Calculated crack extension (cm)

Comparison of damage calculated in NIKE2D and DYNA3D
To compare the damage calculation in NIKE2D with that in DYNA3D, we took a calculated stress history at the location of maximum bending stress for NIKE2D and calculated crack extension in the two codes to that stress history.  The stress history  is shown in Figure 6.  It has the same temporal character as the applied load, with a peak load of about 5.3 x 106 dynes/cm2 (77 psi).
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Figure 6. Calculated bending stress for element with maximum stress

The calculated crack extension for NIKE2D and DYNA3D is shown in Figure 7.  For this calculation DYNA3D, because it uses explicit time integration, took 14,000 time steps and NIKE2D which uses implicit time integration took 20 time steps. The values for crack extension calculated by the two codes agree very well throughout the load cycle. During loading the crack extends about 2x10-6 cm and during unloading it increases to about 4x10-6 cm. The main difference in the two curves is that DYNA3D calculates a slight increase during the hold period because of slight load flucuations related to structural dynamics. 
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Figure 7. Calculated Crack extension at maximum location.

SECTION 5.  CONCLUSIONS and recommendations

A version of SRIPAVE was implemented into the 2D implicit finite element code, NIKE2D.  To accomplish this we developed a stiffness matrix for SRIPAVE to make it compatible with the implicit formulation and modified the subroutines in NIKE2D to accept SRIPAVE as material model 30. A demonstration problem was calculated and it showed good agreement in cracking damage between the NIKE2D and DYNA3D code implementations.

NIKE2D is now compatible with VESYS but the coupling between the two codes is not yet formulated.  Originally we had envisioned incorporating NIKE2D into VESYS, but with VESYS under development a that plan was reconsidered. A possible tract is to keep the two codes separate but have VESYS call NIKE2D whenever an analysis including cracking damage is to be performed.  The implementation would be made such that the user is not aware that anything different is happening.

Recommendations for future work include the following:

1. Port the NIKE2D code to Windows operating system.

2. Couple NIKE2D and VESYS with a pre- and post-processor to develop a user-friendly design tool for pavement.

3. Simulate real data either for laboratory tests or field tests to help validate the codes.
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