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Abstract—the mechanistic analysis presented in this paper 
is only the beginning of new approach for understanding 
the real joint load transfer capability on airport and 
highway concrete pavements. It gives up the two major 
assumptions those have been popularly adopted by 
hundreds of published papers: the load is transferred under 
a wheel with zero speed and with fixed position. The real 
load transfer in field is always under wheels with non-zero 
speed and with varied position at any moment. The 
objective of this study focuses on quantifying the dynamic 
effects of a moving wheel while it is crossing a joint on a 
pavement. The analysis is conducted using a model of 
two-slab system on Kelvin foundation under a moving 
wheel with variable speed v, different pavement damping Cs, 
foundation reaction modulus k and foundation damping Ck. 
The dynamic joint load transfer efficiency is temporarily 
and empirically defined by the peak strain ratio LTE(S) on 
the two sides of a joint. The primary findings include: (1) 
The higher speed of a moving wheel leads to the higher 
LTE(S);(2) The larger the pavement damping Cs leads to 
the higher LTE(S);(3) The numerical ratio c(=LTE(S)dynamic/ 
LTE(S)static) varies in the range 1 to 2 mainly depending on 
speed v and damping Cs;(4) The LTE(S)dynamic is not 
sensitive to foundation reaction modulus k and foundation 
damping Ck. Further researches are needed for appropriate 
applications of the new model in practice.  

Index Terms—pavement, joint load transfer efficiency; 
pavement damping, foundation reaction modulus, 
foundation damping, strain, deflection 

I. INTRODUCTION 

A. Fundamental differences exist between the 
assumptions in most joint models for pavement design 
and evaluation in the field reality 

Hundreds of published papers are available to model 
the joint load transfer mechanism in the past decades. 
They have been widely used in specifications for concrete 
pavement design. They have also provided significant 
contributions for making a concrete pavement 
long-lasting, low-cost and easy maintenance through 
fundamental studies. All the popularly used models were 
developed based on static analysis: the speed of wheel is 
assumed zero.  Falling Weight Deflectometer (FWD) 
has been played major role in field practice for evaluating 

the joint load transfer capability of a concrete pavement 
before its major rehabilitations. The joint load transfer 
capability is evaluated by the ratio of deflections on the 
two sides of a joint due to a circular FWD load entirely 
dropped on one side of a joint. The load is similar to a 
dynamic impulse, but the position is tangentially fixed at 
the joint.  

Significant differences exist between above 
assumptions and the reality in field. The real load transfer 
through a joint is under moving wheels with different 
speeds which are far from static as assumed in the 
existing models. The position of the wheel changes at any 
moment rather than the fixed position adopted by FWD 
machine in pavement field evaluation. Joints are the 
weakest locations in a concrete pavement and almost all 
cracks are observed initiated from a joint. The true 
maximum stress parallel to and at a joint needs to be 
known when a vehicle is crossing the joint. If a joint in 
which the LTE(S) defined by current static model has 
been significantly reduced its load transfer capability is 
predicted almost equivalent to a free edge. Therefore, the 
ratio between the maximum stress at the unloaded side 
and maximum stress at the free edge (LTE(σ) = σU /σF) 
has been used by FAA as a parameter to define the LTE(S) 
of a joint. If the concrete material properties on the two 
sides of a joint are assumed the same, the strain based 
LTE(S) (εU /εF) should be the same to LTE(σ) at a joint 
and it is used in this paper for convenience of engineers 
who are familiar with different unit systems. An 
assumption σU +σL = σF, where σL is the maximum stress 
at the loaded side of a joint, has been recognized and 
employed in published papers by some pavement 
engineers for decades. The theoretical proof and the valid 
conditions of above relation including wU +wL = wF, 
where w is deflection, can be found in Guo 2003 [1]. The 
deflection rather than stress ratio has been much more 
popularly used in practice because the deflection can be 
quickly and easily measured using FWD. Based on above 
fundamental study, the maximum deflection at the free 
edge can be estimated without entirely cutting the joint in 
field. Rather, it can be obtained by simply adding the two 
deflections on the two sides of a joint if the slab curling 
can be negligible.    
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LTE(S) = 25% has been used in FAA design 
specifications for many years [2]. Or, if the maximum 
tensile stress is 4 MPa under a load at a free edge, the 
critical stress = 3 MPa will be used for design. If the 
LTE(S) is assumed 40%, the critical stress used for design 
should be 2.4 MPa that would be 20% lower than the 
critical stress by assuming: LTE(S) = 25%. The 20% 
difference in critical stress would lead to significantly 
different slab thicknesses for design by all existing design 
models. For approaching the objective in priority in 
concrete pavement research - high performance and low 
cost, we need to know the true critical stress at the joints 
under real traffic in different environments. Or, it is 
necessary to evaluate the effects of difference between 
model assumptions and the reality in filed. The beginning 
but most economic step to evaluate is to conduct a 
mechanistic analysis using different assumptions: 
dynamic vs. static as shown in this paper. The effects on 
LTE(S) must be contributed by many parameters used in 
the dynamic model. It is easy and also economic to 
identify which parameters are more important than the 
others to lead to the difference.  

More than 15-year field data at Denver Airport 
indicate that the low LTE(w) defined by existing models 
did not lead to early cracks 

 

(a)April 1997 

 

(b) August 1997 

Figure1. Typical LTE (w) Measured at Denver Runway 16L/34R (The 
numbers in parenthesis are LTE(S)) 

More than fifteen-year pavement response and 
performance data have been collected at the FAA 

instrumented PCC pavement test site at Denver 
International Airport. Many of them are available for 
public in WEB site http://www.airtech.tc.faa.gov/denver. 
Figure.1(Dong et al, 2002[3]) shows the values of LTE(w) 
for 20 slabs (12.9 – 18.2%) in April 1997 and (84-88%) in 
August 1997. Total 200 slabs have been continuously 
surveyed by WES, US Army Engineering Corps since the 
runway was built in 1992 up to the latest survey in 2008. 
Slabs D1 to D4 are the slabs by the pavement center line. 
Every three of the four transverse joints are saw-cut and 
their LTE values were always significantly different in 
cold and hot weathers. Every one of the four joints was 
doweled and their LTE values were similar in the two 
weathers.  Following are major findings: 

Denver Airport Runway 16L/34R has been operated 
for more than 15 years. Among them approximately 5 
years were in cold weather. Therefore the values of 
LTE(w) were very low in a long period and the load 
transfer efficiencies defined by current FAA were lower 
than 5%, or, the maximum stresses on the loaded side 
were 95% even higher than that of the critical free-edge 
stress) [2].  

Runway 16L/34R has been operated for very heavy 
aircrafts such as B-747, B-777 for more than 15 years. 
Most body gear loads were driven on the lane by the 
runway center line (on the slabs D1-D4). Longitudinal 
crack that is perpendicular to the transverse joint has been 
observed only on one of the 20 slabs in the lane. If the 
static model can appropriately predict the crack risk due 
to significant reduction of LTE(S), more longitudinal 
cracks would have been observed. 

Comparison of the distresses and values of PCI 
between the trafficked (such as slabs D1-D4) and none 
trafficked area (such as slabs A1 – A4) shows that there 
was no significantly differences. That supports above 
finding: the low value of LTE(S) seems not increase the 
critical edge stress at the joint as predicted by the current 
static models.     

B. Brief review of existing joint models  

A very detailed review of the researches related to 
doweled bar system can be found in Maitra et al [4] in 
which most published papers have been referenced, 
including [5]-[10]. However, what are the advantages and 
disadvantages (even some theoretical errors) of each 
model, why some models have been stopped using and 
replaced by the others are not available in the paper. 
Another paper briefly reviewing the joint modeling 
development history based on finite element method was 
published recently by Guo[11].This paper focuses on 
several key progresses in the joint modeling development, 
describes the major contribution and deficiencies even 
fundamental error of each model when it was developed. 
It also explains why some errors must be getting rid off. 
This would be helpful for new investigators and program 
users to avoid the use of incorrect models those are 
currently still installed and available for users in some 
popularly used programs.  

C. What is new in this paper? 

This paper might be the one of the earliest trials to 
theoretically analyze the joint load transfer capability 
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based on dynamics. Many projects, under FAA and 
FHWA have been completed in past decades (some are 
still going on) for studying how many percentage of a 
wheel load can be transferred through a joint during the 
pavement service. Most of the results were obtained by 
using the two major assumptions mentioned above. How 
accurate and reliable the results are? The field data in 
Denver test runway did not completely support the critical 
stress at the joint predicted by the static model.  The 
analysis presented in this paper is only a beginning of new 
approach for understanding the real joint load transfer 
capability on airport and highway pavements. It seems 
that the significant difference exist between the results 
predicted by the two types of models. Further, above two 
popularly adopted assumptions in static analysis can also 
be simulated in the dynamic model by setting the moving 
speed, damping and mass approaching to zero. Therefore, 
the reliability of the results based on dynamic analysis can 
be qualitatively checked by existing static models. 

II. METHODOLOGY 

A. Model 

Generally, a rigid pavement structure is modeled as a 
single- or multi-layered slabs resting on an elastic 
foundation. For simplicity, we take the following 
assumptions:  

• Material for each layer is in homogenous and 
linear elastic; 

• Under moving load the pavement structure 
damping effect shall not be omitted; 

• The function of aggregate interlock or dowel bar 
embedded can be reflected by a set of joint 
shearing springs; 

• Kelvin foundation can be used to simulate the 
behavior of the sub-grade.  

A model of two-slab system on Kelvin foundation for 
dynamic effects analysis of concrete pavement structure is 
illustrated in Figure 2. 

As shown in Figure 2, L, B, h are the length, width 
and thickness of pavement slabs, E, u, Cs are the Young’s 
modulus, Poisson’s ratio and pavement damping, and k, 
Ck are the foundation reaction modulus and foundation 
damping respectively, kw is the joint shearing spring 
stiffness, P=57.6kN is the load applied on the pavement 
slab with area 0.2m×0.2m moving at the speed of v, 
letters i (interior), e1, e2 (near edges) represent the 
measuring locations of strains and deflections in 
pavement slabs; g is the width of joint, lb is the distance of 
points e1, e2 to edges. 
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(a) Cross section view 
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(b) Plane view 

Figure2. Model of two-slab system 

The governing differential equations of pavement 
structure considering dynamic effects under moving load 
are given below [12]: 

2
2 2

2
( )

w w
D w C kw h P x vt

t t
ρ δ

∂ ∂
∇ ∇ + + + = −

∂ ∂
    

(1)            

Where: D is the flexural rigidity of pavement slabs, 
D=Eh3/12(1-u2); w is the vertical deflection of pavement 
slab; C is the structure damping including pavement 
damping and foundation damping; k is the reaction 
modulus of sub-grade; ρ is the mass density of pavement 
slab; P is the moving load; δ( ) is the Dirac function. 

B. Solution method and ERROR  

The finite element method is employed to obtain the 
numerical results of model established above, here we 
select general finite element software ANSYS [13] due to 
its powerful and reliable functions. As per pavement slab, 
Shell63 element is used, for the joint shearing spring and 
Kelvin foundation the Combin14 element is applied. 

To obtain the dynamic responses of pavement slab 
under moving load, a so-called direct integration method 
(Full-Method) is employed (see equations 2)[12]. 

[ ]{ } [ ]{ } [ ]{ } { }M w C w K w F+ + =&& &         

(2a) [ ] [ ] [ ]s kC C C= +               (2b) 

Where: [M] is the mass matrix of pavement structure; 
[C] is the damping matrix of pavement structure; [K] is 
the stiffness matrix of foundation; {F} is the column 
vector of external force; [Cs] is the pavement damping 
matrix; [Ck] is the foundation damping matrix. 

As we know, the selections of proper time/load step 
and element sizing are crucial for a transient analysis, 
however, with reference to documents [12],[14], time step 
∆t≤∆tcr=Tn/π (Tn is the minimum natural frequency period 
of a concrete pavement structure) and element size 0.1m 
will be selected for analysis.  

III. INFLUENCES OF MATERIAL DAMPING AND MOVING 

SPEED 

A. Parameters 

Taking a typical cement concrete pavement structure 
for transient analysis, the parameters are listed in TableⅠ. 

TABLEⅠ.  
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PARAMETERS 

L /m B /m h /m lb/m E /MPa u 

5 4 0.2 0.1 30000 0.15 

With reference to documents [6-8], for joint load 
transfer by dowel bars embedded we take kw=3000 
MN/m3; according to documents [13-14], we assume the 
pavement damping Cs=0.008~1.2MN·s/m3; regarding 
foundation parameters, we suppose the foundation 
reaction modulus k=40 MN/m3, and the foundation 
damping Ck=0.002~0.2 MN·s/m3.  

B.  Strains AND DEFLECTIONS in pavement slabs 

For simplicity, the foundation damping Ck is assumed 
to be 0 at the moment, thus the Kelvin foundation is 
degraded into Winkler foundation. As such the effects of 
the pavement damping and the load moving speed on the 
strains in pavement slabs are discussed. Pertaining to the 
effect of foundation damping Ck, it will be given in the 
following section. 

To clearly describe the effects of pavement damping 
and the load moving speed on the strains and deflections 
in pavement slabs, a strain ratio λε and a deflection ratio 
λw are defined as follows. 

,dynamic dynamic

w

static static

w

w
ε

ε
λ λ

ε
= =    (3) 

Hereεdynamic, wdynamic are the maximum strain and 
deflection in dynamic analysis or measurement, εstatic , 
wstatic are the strain and deflection in static analysis or 
measurement. 

The diagrams of strain and deflection ratios λ varying 
with the load moving speed v are shown in Figure 3, in 
Figure 3 the continuous lines denote the strain or 
deflection ratios for interior point i, whereas the dotted 
lines represent the strain or deflection ratios for transverse 
edge point e. It can be seen that with increase of the load 
moving speed v the strain and deflection ratios come 
down, and the larger the pavement damping Cs the bigger 
the variation of strain and deflection ratios. Also, there 
existed some difference of strain and deflection ratios 
between interior point i and transverse edge points e1, e2, 
but their trends varying with the load moving speed v are 
similar. 
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(b) deflection 

Figure 3. Diagrams of λε, λw versus moving speed v 

(1- Cs =0.008MN·s/m3, 2- Cs =0.4MN·s/m3, 3- Cs =1.2MN·s/m3) 

Due to the presence of the pavement damping Cs, 
when the load moving speed v≠0, we observed that the 
appearing time of peak strain at a point on the pavement 
slab is somewhat behind the time that the moving load 
just acted on it. However, a variable of time variation Δt 
or horizontal displacement ΔX (=Δt∙v) can be used to 
quantitatively describe the time lag effect. The schematic 
of time lag of peak strain at a point on the pavement slabs 
is shown in Figure 4. 
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Figure4. Schematic of time lag of peak strain at point e1 

The diagrams of horizontal displacement ΔX versus 
the load moving speed v under different pavement 
damping Cs are shown in Figure 5. Obviously, it can be 
seen that with increase of the load moving speed v, the 
horizontal displacement ΔX rise up, the larger the 
pavement damping Cs, the bigger the horizontal 
displacement ΔX. 
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Figure5. Diagrams of ΔX versus moving speed v 
(1- Cs =0.008MN·s/m3, 2- Cs =0.4MN·s/m3, 3- Cs =1.2MN·s/m3) 

C. Joint load transfer efficiency 

Normally, the joint load transfer efficiency can be 
expressed based on deflection, as. 

    ( ) 100%unloaded

loaded

w
LTE w

w
= ×             (4) 

Where: wunloaded, woaded are the deflections on unloaded 
and loaded slabs respectively. 

The joint load transfer efficiency may also take the 
following empirical form [15-17]: 

 

( ) 100%

100%

unloaded

loaded unloaded

unloaded

loaded unloaded

LTE S
σ

σ σ

ε

ε ε

= ×
+

= ×
+

           (5) 

Where: σloaded, εloaded are the stress and strain in loaded 
slab as specified in the time history; σunloaded, εunloaded are 
the corresponding stress and strain in unloaded slab as 
specified, respectively.  

 Under moving loads, the measured strains in loaded 
and unloaded slabs varying with time obtained from 
airfield pavements at Federal Aviation Administration’s 
(FAA) National Airport Pavement Test Facility (NAPTF) 
are shown in Figure 6. 

 

Figure6. Diagrams of measured strains ε versus time (from FAA) [15] 

When calculating the joint load transfer efficiency 
LTE(S), the strains εunloaded, εloaded in loaded and unloaded 
slabs may be acquired properly by referring to Figure 7, 
the joint load transfer efficiency estimated based on the 
strains is as follows: 
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The diagrams of joint load transfer efficiency LTE(S) 
varying with the load moving speed v under different 
pavement damping Cs are shown in Figure 7.  
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Figure7. Diagrams of LTE(S) versus moving speed v (kw=3000 MN/m3) 

(1- Cs =0.008MN·s/m3, 2- Cs =0.4MN·s/m3, 3- Cs =1.2MN·s/m3) 

We can see from Figure 7 that with increase of the 
load moving speed v the joint load transfer efficiency 
LTE(S) go up, and the larger the pavement damping Cs 
the bigger the joint load transfer efficiency LTE(S), vice 
versa. 

It should be noted that in static viewpoint the essence 
of joint load transfer is due to the existence of a so-called 
joint shearing spring stiffness kw; when taking into 
account the dynamic effects of pavement structure, it is no 
longer true to represent the joint load transfer capacity 
solely by using joint shearing spring stiffness kw. 

Figure 8 is a diagram of the joint load transfer 
efficiency LTE(S) varying with the load moving speed v 
when kw=0.  
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Figure8. Diagram of LTE(S) versus moving speed v (kw=0) 

(1- Cs =0.008MN·s/m3, 2- Cs =0.4MN·s/m3, 3- Cs =1.2MN·s/m3) 

Although kw=0, the joint load transfer efficiency 
LTE(S) no longer remains 0 except for the case of v=0, 
and goes up with increase of the load moving speed v, the 
reason is that the strain εunload≠0 due to the presence of 
pavement damping Cs, thus LTE(S) ≠0. However, when 
we are talking about the joint load transfer efficiency, the 
pavement damping Cs and the load moving speed v shall 
be mentioned, thus, the joint load transfer efficiency 
LTE(S) is a conditioned index to evaluate the joint load 
transfer capacity. 

A comparison of the strain-based joint load transfer 
efficiency LTE(S) and deflection-based joint load transfer 
efficiency LTE(w) varying with the load moving speed v 
is illustrated in Figure 9, the continuous lines denote the 
deflection-based joint load transfer efficiency LTE (w), 
and the dotted lines stand for the strain-based joint load 
transfer efficiency LTE(S). 
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Figure9. Diagrams of LTE versus moving speed v 

(1- Cs =0.008MN·s/m3, 2- Cs =0.4MN·s/m3, 3- Cs =1.2MN·s/m3) 

Since the deflection-based joint load transfer 
efficiency is widely employed across the world, and the 
testing equipment such as Benkelman beam and Falling 
Weight Deflectometer (FWD) are much easily available. 
However, it is possible to find out the relationship 
between LTE(S) and LTE (w).  

IV. INFLUENCES OF FOUNDATION 

A.  Foundation reaction modulus k 

Other parameters remain unchanged, under different 
foundation reaction modulus k, the joint load transfer 
efficiency LTE(S) are listed in TableⅡ. 

TABLE Ⅱ. 
 LTE(S) (Cs=0, v=5m/s) 

k /MN/m3 static LTE(S) /% dynamic LTE(S) /% 

40 31.7 38.6 

60 30.6 38.0 

90 29.3 37.2 

When the foundation reaction modulus k increases 
from 40 to 90 MN/m3, both the static and dynamic LTE(S) 
come down 7.6% and 3.6% respectively, obviously the 
influence of foundation reaction modulus k on LTE(S) is 
not significant, therefore, it is appropriate to analyze the 
joint load transfer efficiency LTE(S) only taking a fixed 
foundation reaction modulus k. 

B.  Foundation damping Ck 

When the parameter of foundation damping Ck≠0, the 
foundation complies with Kelvin assumptions, other 
parameters remain unchanged, under different foundation 
damping Ck, the joint load transfer efficiency LTE(S) are 
given in Table Ⅲ.  

Table Ⅲ. 
 LTE(S) (Cs=0, v=5m/s) 

Ck /MN·s/m εloaded /10-6 LTE(S) /% 

0.002 238 45.5 

0.02 239 46.0 

0.2 239 45.9 

The influence of foundation damping Ck on LTE(S) is 
quite small, and therefore can be neglected.  

V. CONCLUSIONS 

Considering the dynamic effects of pavement 
structure, through some examples, the strains and 
deflections at points as specified and corresponding joint 
load transfer efficiency are discussed, and the conclusions 
are drawn as follows: 

1. The peak value of the specified strains and 
deflections in unloaded slabs drop and its appearing time 
lags due to the presence of pavement damping Cs; 

2. With increase of the load moving speed v, the 
joint load transfer efficiency LTE(S) rises up gradually; 

3. The larger the pavement damping Cs, the 
bigger the variation of the peak strains, the longer the lag 
time, and the higher the LTE(S); 

4. The ratio c (=LTE(S) dynamic/LTE(S) static) varies 
in the range 1.0 to 2.0 mainly depending on variables v 
and Cs; 

5. The influences of foundation reaction modulus 
k and foundation damping Ck on the joint load transfer 
efficiency are not significant, and therefore can be 
neglected. 
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