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ABSTRACT:  A new pavement under construction on the west coast of Africa is 
experiencing severe salt crystallization problems due to high salt contents in the in situ 
materials. The local material with high salt content was used up to sub base level. Proof 
sections with high quality granular layers exhibited salt crystallization shortly after 
construction. Diurnal variance in temperatures in this arid region cause the salt to 
migrate to the top and cause crystallization. This airport is an upgrade of an old military 
airport which exhibited very bad salt problems in the past. After careful study of current 
best practice it was suggested to cover the sub base with a prime and bitumen rubber 
vapour cut off layer. On top of this layer a drybound macadam layer was constructed to 
limit any further construction water in order to limit water involvement. The drybound 
macadam was sealed off with a scratch coat and a 50mm continuously graded asphalt 
surfacing. A bitumen rubber seal was suggested as final surface seal for the runway.  
The concern was that the horizontal forces, due to braking and turning of the design 
aircraft, the Boeing 747-400, would cause interlayer slip at such positions where the 
bitumen rubber vapour seals are placed in the pavement.  A mechanistic analysis was 
done to evaluate this perceived deep pavement slip potential. The concept of strain 
energy of distortion (SED) is used to analyse the WBIA pavement to quantify and 
benchmark the effect of the horizontal forces. 
 



 

1. INTRODUCTION 
 
Walvis Bay International Airport (WBIA), on the Namibian west coast, is currently being 
upgraded to meet ICAO 4F specifications, suitable for Airbus A380 operations. The work 
involves the lengthening and widening of the current runway and a new apron and connecting 
taxiway. As work progressed, salt crystal manifestation occurred due to the presence of 
Gypcrete, a known high salt content material with severe salt crystalisation problems. The 
rapid crystallization is illustrated in Figure 1 on top of the constructed sub-base. Such material 
is known to cause severe salt related problems with long term implications (Weinert, 1980, 
Obika et al, 1992 and Rollings et al, 1994). Kubu International (Pty) Ltd was requested to do 
a technical audit on the airport and was subsequently appointed to provide an alternative 
design to help protect the asphalt surfacing layers against salt crystallization problems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Salt crystals forming on constructed sub-base  
 
The revised pavement structure proposed at WBIA has a bitumen rubber seal as a moisture 
barrier between the sub-base and base, and on top of the asphalt surfacing to reduce the 
surfacing permeability and improve macrotexture. The base was constructed with a dry-bound 
macadam (DBM) base to reduce construction moisture and therefore limit any possible salt 
migration from the salt in the sub-base and subgrade materials (Weinert, 1980).  
 
The problem of surfacing slippage on airports due to horizontal forces from braking and 
turning aircraft is known (Shanin, 2004 and Harvey et al, 1996). In most cases slippage 
between the upper asphalt layers tended to be the problem. Therefore the proposed bitumen-
rubber seal as surface friction course on top of the asphalt layer may pose such a problem. 
However, in the case of WBIA, a concern was also expressed that interlayer slip may occur at 
the interfaces deeper in the pavement structure where the bitumen-rubber seal is placed as a 
moisture barrier. The concern was that the horizontal forces, due to braking and turning of the 
design aircraft, the Boeing 747-400, would cause interlayer slip at such positions deeper in 
the pavement.  A mechanistic analysis was done to evaluate this perceived deep pavement slip 
potential. 
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2. MECHANISTIC MODELING 
 
Until recently, vertical load only was used in most analyses of pavements (Maina and Matsui, 
2004). However the tire/pavement interface results in very complex contact stresses (De Beer 
et al, 1997). It is possible to model this complex interaction of wheel and surface force 
transfer in the vertical and horizontal direction in a pavement structure in a number of ways. 
A brief look at horizontal shear stress in the pavement and specifically at the interface of a 
thin asphalt overlay are discussed to help benchmark the effect of such horizontal forces 
exerted. Thereafter the concept of strain energy of distortion (SED) is used to analyse the 
WBIA pavement to quantify and benchmark the effect of the horizontal forces. 
 

2.1. Shear stress in depth 
 
Shear stress at the interface between the top layers is normally an indication of the potential 
for shear failure of the top layer due to horizontal forces applied additionally to vertical 
loading. In Figure 2 the shear stress is shown in depth of a pavement structure analysed with 
the GAMES software (Matsui et al, 2005) and compared with the results from the well known 
BISAR software analysis. The pavement structure analysed and the loading condition, are 
shown on the right hand side. Loadings horizontally and vertically were uniformly distributed 
via a circular area of radius 150mm. This is a realistic assumption for aircraft tires (de Beer et 
al, 1997). The results of the comparative analyses on the left hand side shows that shear stress 
is clearly maximum at the surface where after it diminishes  to virtually zero at a depth of 100 
mm in the pavement.  This rapid diminishing effect was also illustrated by Tayebali et al 
(2004) in similar calculations of horizontal shear at the interface of an asphalt overlay by 
varying the asphalt overlay thicknesses from 37 mm to about 80 mm.  At 80 mm thickness the 
interlayer shear stress had virtually diminished to zero. It can therefore be concluded that 
shear stress due to horizontal forces on an asphalt surface is a phenomenon which is largely 
restricted to the top of the pavement where the tire and surface interact and diminishes rapidly 
in depth of the pavement. Farias (1997) also demonstrated this diminishing effect of shear 
stress in depth for horizontal force only using finite element analysis methods.   
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 Figure 2 Shear stress in depth of a typical pavement structure (Matsui et al , 2005) 
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2.2 Shear stress at interface 
 
Tayebali et al (2004) used a 3 dimensional computer program that takes into account the 
horizontal shear stresses induced on the pavement surface due to braking effects. The shear 
stresses at the interface layers could thus be computed.  In Figure 3 the pavement structure 
analysed in this case is shown and the interlayer shear stress between the surfacing layer of 
37.5 mm (1.5 inch) and the asphalt base underneath is shown in the direction of travel. The 
situation for vertical force only applied (100psi) and horizontal force applied simultaneously 
are shown as it affects the interface horizontal shear force. The horizontal force is expressed 
as factors of the vertical force to relate it to various speeds and braking due to the tire/surface 
coefficient of friction. It is clear from the results of this analysis that the maximum shear force 
at the edges of the loaded contact area is mostly due to the vertical force and that the 
contribution of (even the maximum) horizontal force applied (68psi) is proportionally limited. 
 

 
 
Figure 3. Shear stress in direction of travel with varying horizontal force for the 
pavement structure shown on the right. (Tayebali et al, 2004) 
 
.3. STRAIN ENERGY OF DISTORTION 
 
Maina and Matsui (2004) developed solutions for boundary conditions for five different types 
of airport pavement surface loading namely; vertical, horizontal (shear), torsion, moment and 
centripetal forces incorporated in the elastic analysis freeware known as GAMES.  Maina et 
al (2007) used the concept of quantity of strain energy stored per unit volume (Vo) of the 
material as originally developed by Thimoshenko and Goodier (1951) as basis for the 
determining the limiting stress at which failure occurs. In short Hooke’s law is applied to 
calculate the strain energy due to distortion (SED) which can be reduced from a rather 
complex equation to be expressed as follows for these specific boundary conditions; 

  
 
This equation is basically a function of the bulk (sum of principal) stresses, the elastic 
modulus (E) and Poisson’s ratio (ν). Using the above equation it is possible to benchmark 
points within the pavement structure in that points having higher values of SED (a scalar 
quantity) will potentially fail first before points with relatively lower SED values (Maina et al, 
2007). 4
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The pavement structure mentioned earlier was analyzed with material parameters and values 
as summarized in Table 1. As mentioned before the design aircraft is the Boeing 747-400.  
One bogey with four wheels of the main gear of the Boeing 747-400 was used as the loading 
situation. The wheel contact footprint diameter is 458mm and the loading of maximum 
225kN for vertical force per wheel. The horizontal force was varied from zero to 0.7 of 
vertical force. The maximum value of 0.68  of vertical force (Tayebali et al, 2004), described 
before in the shear stress analysis, is based on the surface friction coefficient representing the 
maximum horizontal force at approximately 50kph.  
 
In the analysis to follow the bitumen-rubber seal as surfacing layer on top and on top of the 
sub-base were consecutively modeled for the following slip conditions the strain energy at 
distortion (SED) was calculated at all the layer boundaries:  

• No slip (zero value) 
• Full slip (0.99 value) 

 
Table 1. HKIA pavement structure input values 
Layer description Layer 

number 
Thickness 
(mm) 

Modulus 
(MPa) 

Poisson’s 
ratio 

Bitumen-rubber seal  1 10 3000 0.44 
Asphalt overlay  2 50 3000 0.44 
Drybound Macadam (DBM) 
Base  

3 150 2000 0.35 

Bitumen-rubber seal barrier 4 10 3000 0.44 
C4 sub-base 5 425 300 0.35 
G6 imported subgrade 6 300 150 0.35 
   
3.1. SED with full friction and  vertical and horizontal forces applied separately 
 
The SED calculations for the situation where there is no slip between any layer and the 
vertical force is applied alone or the horizontal force is applied alone in multiples of the 
vertical force is shown in Figure 4. The situation where vertical force is applied alone (shown 
in the left hand side of Figure1) clearly shows that the highest SED will occur at the top of the 
DBM base layer. The form of the potential distress in such a case would be to deform or 
densify this layer. The good history of macadam bases on airport pavements rule against the 
possibility of failure of this layer though.  
 
On the right hand side the horizontal force application is shown. In this case the top of the BR 
surface seal and asphalt layer underneath attract the highest SED. The quantum of the SED is 
however relatively small in comparison to the situations still to be analysed as they all have 
the same vertical scale for the SED to facilitate straight benchmarking. Therefore the 
probability of shear and cracking in these  upper layers are seen as remote. This perception is 
strengthened by the knowledge that a BR in practice has not yet shown any such shear or slip 
distress. Normal shear tests on asphalt tended to be higher than this shear value induced 
(Tayebali et al, 2004 and Romanoschi and Metcalf, 2004) enhancing the position that failure 
is unlikely to occur in the asphalt layer. 
 
The SED calculated on top of the DBM base is third largest and the same argument of 
unlikely distress occurring as for the vertical force is used.  
 
3.2 SED with full friction and vertical and horizontal forces applied simultaneously 
 
In Figure 5 the calculated SED is shown for the situation where vertical force and horizontal 
force are applied combined, but  with zero interlayer slip, therefore full friction. This shows 5
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that the vertical load effect on SED dominates as illustrated in the previous section and Figure 
4. This relatively low SED value at the top of the DBM base can at best be an indication of a 
potential to densify or deform in shear. As stated before the inherent shear force coefficients 
(C and Ø) are larger in macadam type materials due to the larger aggregate size (75mm max) 
(Horak and Triebel, 1986) . In Figure 5 the coarseness of the primed DBM with partial cover 
with a scratch coat is shown.  This observation of SED being relatively high at the top of the 
pavement structure is in line with the previous analyses of Matsui et al (2005) and Tayebali et 
al (2004) which indicated that the highest horizontal shear stress tend to appear at the top of 
the pavement structure and rapidshear stress diminishing occurs in depth of the pavement 
structure.  

 
Figure 4. Vertical and horizontal forces separately at zero slip 
 

 
6Figure 5. Combined vertical and horizontal forces with no interlayer slip  
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Figure 6. Primed coarse DBM with partial scratch coat cover (left) 
 
3.3. SED when there is slip between the bitumen-rubber surface seal and the asphalt layer 
with separate application of horizontal and vertical force 
 
In Figure 7 full slip is simulated between the bottom of the bitumen-rubber surface seal and 
the top of the asphalt layer underneath. This is considered unlikely to occur in reality because 
it is known from practice that the bitumen rubber seal will adhere to the asphalt. Some stone 
embedment is expected which will further reduce slip potential.  The vertical force and the 
varying horizontal forces are again applied separately to isolate the major contribution by 
vertical and horizontal forces. For the vertical force applied alone the highest SED occurs at 
the top of the DBM base layer.  The relative quantum of the calculated SED forces the same 
argument of unlikely distress occurring as given before in the preceding section. The quantum 
of the SED in the case of only vertical force application is not dissimilar to that with no slip as 
shown in the right hand side of Figure 3.  
 
However, when the horizontal force is applied (in increasing multiples of vertical force) alone 
the SED on top and bottom of the bitumen-rubber surface seal is significantly higher 
(approximately seven times higher) than the maximum SED calculated for the no slip 
situation shown in Figure 3. The most probable form of distress in the bitumen-rubber seal 
layer here would be slip on the asphalt layer below. Hypothetically the seal could crack due to 
shear, but the inherent toughness/tenacity of the bitumen-rubber binder makes this less likely. 
There is also extensive experience of seals overlying asphalt and this type of slip is extremely 
rare. 
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Figure 7. Vertical and horizontal forces separately with full slip between  the BR surface 
seal and the asphalt layer  
 
3.4. SED with full slip between the bitumen-rubber surface seal and the asphalt layer with 
simultaneous application of horizontal and vertical force 
 
In Figure 8 the major contribution of the horizontal force is shown when slip is induced 
between the bitumen-rubber surface seal and the asphalt layer underneath. This is in line with 
the conclusion made from Figure 5 where the horizontal and vertical forces were applied 
separately. This is again in line with the Tayebali et al (2004) analysis showing that horizontal 
shear stress is highest at the top of the pavement structure and tend to dissipate fast in depth 
of the pavement structure.  

 
Figure 8. Vertical and horizontal forces simultaneously with full slip between BR 
surface seal and asphalt layer 
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3.5. SED with full slip between the bitumen-rubber damp seal and the sub-base layer with 
separate application of horizontal and vertical force 
 
In Figure 9 the vertical and horizontal forces are again applied separately with full slip 
between the lower bitumen rubber damp seal barrier on top of the sub-base and the sub-base 
top. The effect of the vertical force dominates with the highest SED occurring at the top and 
bottom of the bitumen-rubber moisture barrier seal. This seal is most like in compression as 
the vertical force alone is applied and therefore is not seen as a likely distress occurring.   
 

 
Figure 9.  Separate vertical and horizontal forces with full slip between the  bitumen 
rubber seal  moisture barrier and sub-base layer 
 
The contribution due to horizontal force only, even at 0.7 of vertical force, is insignificant in 
comparison.  It is significant that even under such conditions that the highest potential for 
failure tends to stay in the top two layers for low potential shearing and not where the slip is 
simulated below the base layer. 
 
3.6. SED when there is slip between the bitumen-rubber damp seal and the sub-base layer 
with simultaneous  application of horizontal and vertical force 
 
In Figure 10 the combined horizontal and vertical forces with full slip between the lower 
bitumen-rubber  damp seal barrier and the sub-base situation is modeled. It is significant, as 
shown in Figure 9, that  the highest SED occurs at the bottom of the asphalt layer due to the 
vertical force contribution. It is also significant that the next  highest SED values are also in 
those top two layers. There is virtually no SED value which occurs at the interface which is 
currently modeled to slip above the sub-base.   
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Figure 10. Vertical and horizontal forces combined with full slip between bitumen 
rubber seal barrier and sub-base layers. 
 
4. CONCLUSION 
 
Analyses by various researchers have shown that horizontal shear stress dissipates relatively 
quickly from the maximum under the edge of a load at the surface with horizontal and vertical 
force applied to zero at a depth of approximately 100 mm. In the region of the asphalt surface 
horizontal stress contribution due to horizontal force is dominated by the contribution by the 
vertical force when there is full friction between all layers. However, when full slip is induced 
between the bitumen–rubber surface seal and the asphalt layer underneath the increasing 
horizontal forces tend to dominate when expressed in terms of the strain energy of distortion 
(SED). It clearly shows that the bitumen-rubber surface seal will be the most likely to crack 
and shear and comparatively virtually zero SED occurs deeper in the pavement. However 
there is extensive experience of bitumen-rubber seals overlying asphalt layers resisting this 
type of distress with ease due to the good tenacity and elastic properties of bitumen-rubber.. 
 
If slip is modeled at the interface between the sub-base and the bitumen-rubber moisture 
barrier on top of it, it clearly shows that vertical force effect dominates. The bitumen-rubber 
moisture barrier seal tend to be under compression which will not constitute a problem of 
distress at that level. The influence of horizontal forces on SED is not only much less than 
that due to vertical force, but also limited to the upper layers. Therefore when horizontal and 
vertical forces are combined for the slip induced between the bitumen-rubber and sub-base 
the SED calculated maximizes again at the top and bottom of the bitumen-rubber moisture 
barrier seal and the DBM base layer.  The most likely form of distress can be densification 
and shear deformation of the DBM layer. The inherent good shear force coefficients (C and 
Ø) are larger in macadam type materials due to the large single sized aggregate (75mm max) 
than even in high quality granular bases with a continuous grading and maximum aggregate 
size of 37mm and therefore this base is deemed safe from any form of distress in this 
situation.  
 
No SED calculation of any significance occurs below the interface where slip is induced 
deeper in the pavement though. This clearly points to the unlikely possibility of distress at 
that level in the pavement even if there were slip induced.  
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