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ABSTRACT:  

Findings from experimental and numerical research on the force resistance available from 
passive pressure and friction resistance on friction-slab type bridge abutments both trans-
lated against and away from the backfill in earthquakes are presented.  Application of the 
research is illustrated by comparing the resisting forces on the abutments of three State 
Highway bridges constructed with friction-slab type abutments with the longitudinal 
earthquake design forces acting on the bridges.  

1 INTRODUCTION 

In current New Zealand bridge design practice there is a preference for isolated or semi-isolated 
superstructures using elastomeric or sliding bearings at the abutments, particularly for longer bridges.  
To some degree this approach may have arisen because of conservative estimates of the resistance 
available from passive pressures and soil friction when rigidly connected or monolithic type abutments 
with and without friction slabs are used, and uncertainty about the reliability of both the passive and 
frictional components under dynamic cyclic loading.  

Recent assessments of the earthquake performance of State Highway bridges in New Zealand 
(Chapman et al, 2005; Wood et al, 2007) have shown that passive pressures against abutment walls 
combined with frictional forces when friction slabs are linked to monolithic or tightly linked 
abutments can provide sufficient  resistance to carry a large part of the design longitudinal earthquake 
forces leading to large reductions, or completely eliminating,  plastic hinge deformation demands on 
the piers and their foundations.  Although monolithic type abutments with friction slabs are more 
suitable for short bridges, by using long friction slabs it is possible to provide design level resistance 
for bridges up to several hundred meters in length.  

A significant number of State Highway bridges were designed in the 1960’s and early 1970’s using 
friction slabs to provide the total longitudinal resistance to earthquake loads. The contribution to resis-
tance from the passive resistance component on the abutment was conservatively ignored or at least 
grossly underestimated.  Assessment of the earthquake performance of these older bridges has hig-
hlighted the benefits that can be provided by the combined effect of passive soil resistance and friction 
slabs acting together on monolithic or rigidly linked abutments.  When the abutment is pushed against 
the soil the friction slab adds stiffness and significantly increases the total “passive” resistance availa-
ble.  At the other abutment, the friction slab provides most of the resistance as soil pressure resistance 
is generally unavailable when the abutment moves away from the soil.  Friction slabs compensate for 
soil gapping and soil tension cracking that can reduce the effective stiffness of abutment walls (with-
out friction slabs) after a number of cycles of loading as their stiffness and resistance is largely inde-
pendent of displacement.  Sliding of friction slabs and wall foundations on backfill failure surfaces al-
so provides a reliable damping mechanism that limits the build-up of large permanent displacements. 

At the time that friction slabs were popular with New Zealand bridge designers there was growing 
recognition, due mainly to the availability of strong motion records, that earthquake loads might be 
considerably higher than specified in earlier design codes.  The Ministry of Works Bridge Manual 
(1956) was used for bridge design up until about 1965 and specified an earthquake design coefficient 
of only 0.1 for factored working stress design.  The benefits of ductility in reducing design level earth-
quake forces and how to detail for ductility in concrete bridge substructures was not widely unders-
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tood. Consequently, abutments with friction slabs to resist the longitudinal loading and wide wall type 
piers to resist transverse loading  were used as  economical methods of resisting the increased earth-
quake loading levels that were being considered in revisions of the design codes. 

2 EXPERIMENTAL RESEARCH 

Yeo, 1987, carried out what appears to be the only published experimental research on the earthquake 
performance of friction slab abutments.   A friction slab was combined with a vertical abutment wall 
in the final stage of a more comprehensive study of the performance of model abutment walls 
subjected to cyclic loading that was conducted at the New Zealand Ministry of Works and 
Development Central Laboratories (now Opus Central Laboratories), (Thurston, 1986a, 1986b, 1987). 

Dimensions of the model wall and friction slab, and the loading arrangement used by Yeo are shown 
in Figures 1 and 2.  Slow cyclic loading was applied to the wall with a hydraulic actuator and a load-
ing system that restrained the motion of the wall to pure horizontal translation (without rotation). A 
moist medium dense sand backfill was used.  Table 1 summarises the model dimensions and the soil 
parameters.  Model dimensions and soil properties for a companion test on a model wall fabricated 
without a friction slab are also given as the results from this model were used to demonstrate the influ-
ence of the friction slab.  As indicated in Table 1, the dimensions of the wall and the soil properties va-
ried slightly between the two models. 

 

 

 

 

 

 

 

 

 

Figure 1. Wall test loading arrangement.  Figure 2. Wall and friction  

slab dimensions. 

Table 1.  Model Wall Details 

Model Wall Parameters 
Model With 
Friction Slab 

Model Without 
Friction Slab 

Wall overall height (to top of backfill) 0.9 m 1.0 m 

Wall width 2.414 m 2.414 m 

Friction slab depth below soil 0.675 m - 

Friction slab length 2.5 m - 

Length of sand box 4.0 m 4.0 m 

Width of sand box 2.414 m 4.6 m 

Sand friction angle  37
o
 40

o
 

Sand unit weight 17 kN/m
3
 18 kN/m

3
 

For the model with the friction slab, side panels lined with polyethylene sheeting were used to reduce 
side friction effects and produce essentially two-dimensional response.  This was not done for the 
model without the friction slab.  In order to compare results from the two tests, corrections for three-
dimensional effects were made using the results from testing in sand the pull-out resistance of anchors 
of different aspect ratio presented by Das and Seeley, 1975 (see Wood, 2009).  From the anchor results 
it was estimated that side friction effects increased the failure loads measured for the wall without a 
friction slab by a factor of about 1.2.  
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2.1 Force-Displacement Curves 

Figure 3 shows the force versus displacement results from one of the two cyclic loading test runs car-
ried out on the wall with the friction slab and compares these with results from a similar test on the 
model without a friction slab.  The axes in Figure 3 are dimensionless with the force Pd = P/0.5γH

2
W, 

where P is the total force on the wall, γ the unit weight of the soil and H and W the height and width of 
the wall respectively. Plotting the force in this form results in a convenient relationship between Pd 
and the ultimate passive pressure coefficient, Kp. (For a cohesionless soil and smooth wall the ultimate 
total force Pu = 0.5Kp γ H 

2 
W giving the ultimate dimensionless force Pdu = Kp.) The wall displace-

ment, u, has been made dimensionless by divided by the wall height.  For the results of the two model 
tests using a dimensionless format enables a convenient direct comparison as the height of the wall, 
soil density and side resistance effects (effective width) varied between the two tests.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Experimental cyclic force-displacement curves for translation of model abutments. 

Comparison of the cyclic force-displacement curves for the two types of abutments in Figure 3 shows 
clearly the benefits of a friction slab for abutment walls under cyclic loading.  It increases the stiffness 
and failure loads and for a given load level reduces the permanent displacement or “gapping” effect.  
As expected, the friction slab provides significant resistance when the wall is pulled away from the 
backfill (Pd of about -4.0) that is not available without a friction slab.  The improvement in “passive” 
resistance when the wall is pushed against the backfill is large with an increase of Pd from about 11 to 
18.5 (68% increase). 
 
2.2 Failure Loads From Numerical Analyses 

Yao compared his experimental results with theoretical estimates of the failure loads based on 
observed failure surfaces and Rankine earth pressure theory.  Theoretical predictions using his 
assumptions were significantly less than observed in the experiments, particularly for the case when 
the wall was pushed against the backfill.  

In the present study the limit analysis software, LimitState: Geo, 2009, was used to predict the failure 
loads for the two wall models.  The software applies plasticity theory to provide a good estimate of 
plastic collapse loads for structures interacting with soil foundations.  Assumptions made in the 
application of the software to the model walls were: 
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 Mohr-Coulomb failure criterion for soil with no cohesion.  

 Friction slabs modelled with “sheet pile” type elements.  These elements have rigid links be-
tween nodes but have specified plastic moment capacities at the nodes.  The nodes were spaced 
at about 0.25 m.  (The software has a limited range of structural elements and the sheet pile type 
was found to be the most suitable in this application.)  

 Pull-out resistance of the friction slab elements was assumed to be the tangent of the soil fric-
tion angle multiplied by  the normal stress acting on them.  This resistance is developed on both 
sides of the elements.   

 Coefficient of friction on the wall taken as 0.5 (smooth steel plate). 

 Two-dimensional behaviour. 

 Abutment walls constrained to translate horizontally without rotation.  

The analyses method does not compute the displacements or stiffness.  In a future stage of the present 
project finite element analyses are proposed to provide this additional information. 

Failure surfaces determined by the numerical analyses are shown in Figure 4 for the wall without the 
friction slab and for both the push and pull load directions for the wall with friction slab.  The 
experimentally observed failure surface for the push load on the wall with friction slab is also shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Failure surfaces computed by numerical analyses of abutments with and without frict ion slabs. 

Failure loads determined by the experimental testing and the numerical analyses are compared in 
Table 2.  Agreement between the experimental and numerical results was good.  The numerical result 
for the push loading case of the wall with friction slab was 13% lower than the experimental result.   
The soil friction angle of 37

o 
was estimated from density and penetrometer tests and could be higher 

than assumed.  Also there may have been some frictional resistance generated against the smooth side 
walls.  

No friction slab 
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Table 2.  Comparison of Failure Loads from Experimental and Numerical Analyses 

Model  
Loading 
Direction 

Dimensionless Force, Pd 
Ratio:  failure force /                 

(wt soil on slab + wt of slab) 

Experimental  Numerical  Experimental  Numerical  

Without friction slab Push 10.9 11.1 - - 

With friction slab Push 18.6 16.2 - - 

With friction slab Pull 4.2 4.5 0.83 0.89 

In design the pull resistance of a friction slab is usually taken as tan x (wt of soil above slab + wt of 

slab), where  is the soil friction angle.  The tangent of 37
o
 is 0.75.  Both the numerical and 

experimental result gave a pull resistance higher than this value (16% higher for the numerical result).   
Some of this difference is probably related to the shape of the failure surface, which as shown in 
Figure 4, deviated from a horizontal plane over part of the friction slab length. 
 

3 PERFORMANCE OF TYPICAL  FRICTION SLAB ABUTMENTS 

3.1 Details of Typical Friction Slab Abutments  

Good agreement between the experimental and numerical results confirmed that the numerical method 
was satisfactory for the design or strength assessment of bridge abutments fitted with friction slabs.  In 
order to assess the effectiveness of typical friction slab abutments in resisting longitudinal earthquake 
forces the numerical analysis procedure described in Section 2.2 was used to compute the force 
resistance available at the abutments of three State Highway bridges.  The resisting forces from both 
“passive” and pull resistance where then compared with the design level longitudinal force computed 
for a 1000 year return period earthquake (Return Period Factor = 1.3).  Details of the three bridges and 
earthquake design parameters relevant to the study are given in Table 3. 

Table 3.  Details of Bridges With Friction Slab Abutments  

Bridge Parameter  
Pakuratahi River 

Bridge 
Waihou River 

Bridge 
Grafton No 1 

Bridge 

Location SH2 near Upper Hutt SH 2 near Paeroa  SH 1 Auckland 

Number of t raffic lanes 2 2 2 

Number of spans 3 15 3 

Total bridge length 65 m 372 m 110 m 

Weight of superstructure 4.1 MN 36 MN 18 MN 

Weight of typical pier 0.73 MN 0.61 MN 0.55 MN 

Wt of abutment excluding friction slab 0.28 MN 0.39 MN 0.90 MN 

Dynamic wt for longitudinal analysis  5.4 MN 41 MN 20 MN 

NZS 1170.5 Soil Class C D C 

Transit NZ Bridge Manual  (2005 draft 
revision) Zone Factor  

0.45 0.18 0.1 

Transit NZ Bridge Manual            
Structural Performance Factor 

0.8 0.67 0.8 

Spectral Shape Factor (T < 0.4 s) 2.36 3.0 2.36 

Assumed Ductility Factor 1.0 1.0 1.0 

Horizontal Design Action Coefficient 1.10 0.47 0.25 

Horizontal peak ground acceleration 0.78 g 0.26 g 0.17 g 

Longitudinal EQ design force (1000 yr)  6.0 MN 19.5 MN 4.8 MN 

The Pakuratahi Bridge has a friction slab connected to an abutment wall founded on a spread footing 
at one end and a smaller slab connected to a wall founded on piles at the other end.  To simplify the 
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analyses both abutment walls were assumed to be on spread footings and connected to the larger of the 
two slabs.  The two wall type piers are pinned at their bases so that the entire longitudinal load is 
resisted by the abutments. 

The Waihou River Bridge has identical abutments at either end with friction slabs connected to walls 
founded on piles.  To simplify the analyses the piles were assumed to contribute no lateral resistance.  
The wall type piers are slender and are founded on small diameter piles.  They only contribute a small 
amount to the longitudinal resistance and this was neglected in the analyses. 

The Grafton No 1 Bridge has a prestressed concrete box super-structure. To accommodate creep and 
shrinkage shortening it is only linked in the longitudinal direction to one abutment with the other 
abutment detailed with a sliding joint.  The superstructure is also supported on sliding bearings (for the 
longitudinal direction) at the two piers resulting in the entire longitudinal earthquake load being 
resisted by a single abutment.  This abutment has a friction slab connected to a wall founded on a 
spread footing.  

A photo of the Pakuratahi River Bridge and details of one of the abutments are shown in Figure 5.  
The spread footing abutment at Grafton No 1 Bridge was similar and the abutments at the Waihou 
River Bridge similar except that piles replaced the footing widening at the base of the wall.  

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

Figure 5. Pakuratahi River Bridge elevation and abutment 

details.   (The edges of the piers have been 

strengthened with new columns and top beams.)

                  

 
The bridge longitudinal earthquake forces were estimated using the NZS 1170.5 equivalent static 
analysis method and assuming that the longitudinal periods of vibration were sufficiently short for the 
response to be at the maximum (plateau region) of the response spectra.  Inertia loads on the backfill 
soil and earthquake induced pressures on the walls were not included in the analyses. 
 
3.2 Abutment Failure Loads  

The abutment failure loads for both the push and pull directions of loading were computed using the 
LimitState: Geo software using the same assumptions given in Section 2.2 above.  Details of the 
abutments and soil properties used in the analyses are listed in Table 4. 

Friction 
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Table 4.  Bridge Abutment Properties Used in Numerical  Analyses 

Abutment Detail or S oil Property 
Pakuratahi 

River Bridge 

Waihou      

River Bridge 

Grafton  No 1 

Bridge 

Length of friction slab  8.69 m 16.00 m 7.62 m 

Width of friction slab 8.55 m 7.62 m 10.97 m 

Average depth of fill covering frict ion slab 1.59 m 3.24 m 2.36 m 

Downslope on frict ion slab Level 1 in 4 1 in 7.5 

Thickness of frict ion slab 150 mm 150 mm 150 mm 

Total height of abutment wall 3.10 m 2.76 m 3.38 m 

Width of abutment wall 8.55 m 11.00 m 12.19 m 

Soil unit weight 18 kN/m
3
 18 kN/m

3
 18 kN/m

3
 

Soil frict ion angle 36
o
 36

o
 36

o
 

Friction coefficient on wall 0.5 0.5 0.5 

Longitudinal reinforcement dia meter in slab  19 mm 19 mm 16 mm 

Longitudinal reinforcement spacing in slab 152 mm 203 mm 203 mm 

Assumed slab reinforcement yield stress  300 MPa 300 MPa 300 MPa 

Failure surfaces for the two directions of loading on the Pakuratahi and Waihou River Bridge 
abutments are shown in Figures 6 and 7 respectively.  Failure surfaces for Grafton No 1 Bridge 
abutments were similar with the push loading failure surface curving well below the slab and then 
running through the end of the slab at a steep inclination to exit at the surface of the soil beyond the 
end of the slab in a similar manner to the other abutments.   

 

 

 

 

 

 

 

 

 

Figure 6.  Failure surfaces Pakuratahi  Figure 7. Failure surfaces Waihou Bridge abutments. 

Bridge abutments. 

For the push load cases there was significant rotational deformation about transverse horizontal axes in 
sections of the slabs on all abutments.  This rotation occurred mainly at crack control joints in the 
slabs where the plastic moments of the slab section were exceeded. 

Abutment failure loads form the numerical analyses for combined push and pull resistance at both 
abutments (only pull for Grafton No 1 Bridge) are compared in Table 5 with the design 1000 year 
return period longitudinal earthquake design loading acting on the abutments.  For this comparison , 
earthquake induced soil pressures and inertia loads on the soil behind the abutments have not been 
included.   The separate abutment push and pull components are given in Table 5 in dimensionless 
format so that they can be compared with typical design parameters used for passive and friction 
resistance.  Also given in the table is the tensile strength of the slabs based on the estimated yield 
strength of the longitudinal reinforcement. No strength reduction factors have been applied to any of 
the resisting forces. 
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Table 5.  Longitudinal Earthquake Loads and Abutment Resistance  

Load Parameter  
Pakuratahi 

River Bridge  

Waihou      

River Bridge  

Grafton No 1 

Bridge 

Longitudinal earthquake load (1000 yr)  6.0 MN 19.5 MN 4.8 MN 

Combined resistance of both abutments                      
(Grafton  No 1 Bridge pull resistance only)                         

10.8 MN 28 MN 3.4 MN 

Ratio of Resistance/Longitudinal Load 1.8 1.4 0.72 

Dimensionless push resistance of abutment, Pd 12.5 28 12.3 

Dimensionless push resistance – abutment with  no slab 8.4 8.4 8.5 

Dimensionless pull resistance force, Pd 2.1 8.6 2.8 

Pull resistance ratio:                                                     
Pull resistance/(wt of soil on slab + wt of slab) 

0.64 0.86 0.89 

Tensile strength ratio:                                                    
Rebar y ield strength/(wt of soil on slab + wt of slab) 

3.2 0.50 0.84 

Results from the  numerical analyses indicated that the combined passive and friction resistance of the 
Pakuratahi and Waihou River Bridge abutments was clearly sufficient to resist the longitudinal 
earthquake design loads.  For the most critical direction of loading on the Grafton No 1 Bridge, 
resistance is only available in the pull direction from one abutment.  It has 72% of the resistance 
required to prevent movement but if Newmark sliding block theory is applied the outward movement 
of the abutment would only be about 5 mm.  In addition, because of three-dimensional effects the 
resistance will be greater than calculated.  

For both the Waihou River Bridge and the Grafton No 1 Bridge the frictional pull resistance of the 
abutments exceeds the tensile capacity of the reinforcement in the slabs.  This is undesirable as it may 
lead to excessive cracking in the slabs and long term durability issues.  Providing an adequate margin 
for the tensile strength above the pull resistance is obviously an important design consideration.  

The dimensionless push resistance forces ranged from 12.3 to 28 and are influenced by the length of 
the friction slab which controls the overall length of the failure plane.  In design, Rankine theory has 
often been used to compute the passive resistance of abutment walls.  For a soil friction angle of 36

o
 

the Rankine passive pressure coefficient is 3.9.  More appropriate theory based on log-spiral failure 
surfaces (Wood, 2009) would give a passive pressure coefficient of about 9.  Clearly a typical friction 
slab increases the total push resistance quite significantly (by greater than 35%). 

The pull resistance force ratio (resistance/{weight soil on slab + slab}) varied from 0.64 to 0.89.  The 
design procedure for estimating the pull resistance by multiplying the total weight of overlying soil 
plus slab by the tangent of the soil friction angle gives a force ratio of 0.73.  The inclination of the 
friction slab and the geometry of the slope in front of the abutment are factors that influence the force 
ratio to some extent. Parametric studies are required to better quantify these influences.  However, the 
design procedure appears satisfactory considering the enhancement expected from three-dimensional 
effects. 

4 CONCLUSIONS 

(a) Friction slab abutments can be designed to resist the total longitudinal earthquake forces expected 
on long bridges in areas of moderate seismic hazard. In areas of high seismic hazard they will be 
less effective because of high earthquake induced soil pressures on the walls and inertia forces on 
the backfill reducing the sliding resistance. 

(b) On bridges with monolithic abutments or tight linkages between the superstructure and the 
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abutment there are significant advantages in providing both passive resistance with walls and 
frictional resistance with slabs.  The combined action can result in a stiff response, enhanced push 
capacity, less influence of soil gaping at the interfaces and increased damping.  An efficient 
approach would be to replace commonly used settlement slabs with larger slabs specifically 
designed to provide pull resistance.  If small sliding movements can be tolerated, the size of the 
slabs can be significantly reduced from the size required to prevent movements.  Newmark sliding 
block theory can used to determine design resistance levels to meet a permanent displacement 
design criterion.  

(c) For design, the pull resistance of the friction slab can be estimated by assuming sliding on the base 
of the slab and a coefficient of friction equal to the tangent of the soil friction angle.  The passive 
resistance of combined walls and friction slabs requires numerical analysis to determine reliable 
resistance values but a conservative approach is to simply add the slab frictional resistance to the 
passive wall resistance computed assuming both components act separately (see components in 
Table 5).  The passive resistance of the wall should be estimated using refined failure theory based 
on log-spiral surfaces or taken from published test results (see Wood, 2009).  

(d) Further research into the dynamic response of typical abutment structures is required to provide 
simple design rules for estimating the damping available from soil-structure interaction and the 
influence of soil inertia loads on the resistance to the bridge longitudinal loads.  Further work is 
also required to investigate  the influence of more complicated abutment shapes, rotation of the 
abutment  and the slope of the soil surface beneath the abutment. 
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