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1 ABSTRACT  

The heavy rigging operations necessary at nuclear plant sites during construction, routine maintenance, and 
special activities such as steam generator replacement require assessment of safety related underground 
utilities for the effects of postulated accidental impact loads in the form of dropped loads, crane boom drops, 
etc. Safety related utilities located directly beneath postulated impact locations may require protection, which 
frequently is in the form of timber crane mats. Sand bags and soil or gravel mounds have also been used. The 
design of timber mat protection for a buried utility requires understanding of the dynamic behavior and 
response of the coupled system comprised of impacting element, timbers, supporting soil and buried utility.  
Calculation of such system response is complicated by a number of factors, specifically a) the nonlinear 
behavior of the crushed timbers which exhibit elastic, near perfectly-plastic behavior up to a locking strain at 
which high-modulus strain hardening occurs, b) the stacking arrangement of  timber levels which results in 
tensionless interstices on the timber sides, c) beam-on-tensionless-foundation behavior of the  timbers, d) soil 
compliance at the interface with the timber mat, and e) soil-structure interaction between utility and soil. No 
evaluative process addressing the combined system has been reported on in the literature.  This investigation 
develops quick reference design aids, based on studies of cross laid timbers resting on an elastic half-space, 
and dynamically impacted, end on, by common impacting elements encountered during nuclear plant 
maintenance.   

2 INTRODUCTION 

In US pressurized water reactor plants, steam generator (SG) and reactor pressure vessel heads (RPVH) were 
designed, originally, to last the 40 year design life of the plant.  For some of these plants, inspections 
revealed extensive corrosion, in both components, well short of the 40 year design life, so that it became 
necessary to replace them. The replacement of such large components, which was not anticipated during the 
initial plant design phase, is outside of licensing basis maintenance provisions. These replacements require 
positioning special lifting equipment (large crawler cranes or specially engineered cranes called outside lift 
systems) near the Containment Building where safety related buried utilities are relatively dense. 

For SG, RPVH, and other large component replacement work at nuclear plants, the regulatory 
provisions require the consideration of postulated drops, which can affect plant safety. The impacts resulting 
from these postulated drops create high amplitude wave loadings which can damage buried utilities. The 
plant  “protected  area” in the vicinity of the Containment  is always dense with safety related utilities; and 
unless there are some lift system single failure proof provisions in the rigging equipment, either the load drop 
responses of safety-related structures, systems and components (SSCs) must be addressed or, alternatively, 
plant operations utilizing the subject SSCs must be altered. 

During such major equipment replacement outages, the high capacity crawler cranes and/or specially 
engineered gantry crane systems which are used to perform the heavy lifts are assembled on site.  The 
components of these cranes and outside lift systems may weigh as much as 100 kips (446 KN).  In addition, 
it is necessary to perform routine lifting of components weighing from 20 to 100 kips or more and dropped 
from heights up to 250 ft throughout the equipment replacement outages.  The various lifted components 
include beam sections of all sizes, various mechanized equipment, etc. In some cases, drops of the SG [1600 
kips (7140 KN)] and RPVH [400 kips (1780 KN)] components, themselves, may need to be postulated.  In 
addition to these lifts, accident scenarios, such as those involving boom drops resulting from equipment 
structural or mechanical failure must be postulated. Other outage situations which can result in high energy 
impulsive loading to the ground surface include postulated drops of heavy components such as the SG or 
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RPVH from their mobile transporters.  It is important to note that many of these scenarios become evident 
either following the outage design phase (the outage design phase is when the rigging plan has located heavy 
lifting equipment, and the rigging and plant operations have been sequenced), or during construction, when 
there is not time to do detailed analytical engineering computations. The option to send these problems back 
to the home office for solution is not a viable one, since the calculation of the dynamic response of an 
underground utility overlaid by several layers of crane mats and impacted by a “missile” may require more 
time than schedule and fiscal considerations will allow. As such, designing for impact loading during a major 
equipment replacement outage would benefit immensely from simplified, quickly implemented design 
procedures.   

These postulated high energy impacts at the ground surface propagate waves through the soil medium, 
exciting any nearby buried utilities. Their structural responses may exceed their capacities unless some form 
of protection is provided. This investigation addresses the selection of timber mat protection, which due to its 
transportability and ease of handling is a frequently used and most convenient form of protection. A quick 
methodology, suitable for implementation in the field, for sizing the timber mats is needed to minimize 
outage schedule. The methodology presented in the following sections determines the spatial and temporal 
characteristics of the loading applied to the ground/mat interface for various mat systems under various 
impulses. This is done in two ways: 1) by parameterizing the impulsive loading for various mat systems and 
tabulating the results, and 2) by establishing transfer relationships between the applied impulsive loading and 
the loading at the mat-soil interface. Evaluation of the buried utilities for an impulse loading applied to the 
ground surface has been addressed elsewhere, and is only considered briefly in Sec. 7.  By using the methods 
presented herein, the timber mat problem is reduced to an equivalent problem for evaluation of a buried 
commodity subject to a modified impact applied directly to the ground surface.    

3 METHODOLOGY 

The approach of this investigation is to develop the transmissibility characteristics of layered timber mats, so 
that a given impulse function F(x,y,t) at the top surface can be readily converted to an interface forcing 
function P(x,y,t) at the mat-soil interface. Simple, axisymmetric representations p(r)p(t) are sought for 
P(x,y,t) since these are the only representations for which soil elastic half-space dynamic responses are 
available [Laturelle (1990), Lin and Ballman (1995)]. Such representations are comprised of spatially 
uniform loadings over a circular area for p(r) and temporal variations, p(t), which are either rectangular 
pulses or Heaviside step functions.    

Timber protective mat systems consist of n discrete layers, where n is likely no more than 4 or 5 for 
most nuclear plant maintenance applications. This characterization, together with the limited lateral extent to 
which mat-soil interface pressures are of appreciable amplitude, allow for some valuable assumptions and 
simplifications with respect to the development of a generalized mat geometry. Mat layers are assumed to 
consist of 12-inch timbers stacked side-by-side and with their longitudinal axes perpendicular to adjacent 
layers (Figure 1). The 12-inch thickness is readily available from suppliers worldwide and is the most 
commonly used. Due to the “beam-on-elastic-foundation” effects within the system, mat-soil interface 
pressures decay rapidly, so that the horizontal dimension of the mat mathematical model need not be large.  
A 30 ft. by 30 ft. mat of n layers, where n is between 1 and 5 constitutes sufficient horizontal dimension. To 
represent the crushing behavior of the timbers under transverse impact, adjacent mat layers are connected 
with nonlinear springs, the stiffnesses of which are calculated from the stress-strain curve of Figure 2 and 
shown in Figure 3. Dynamic response solutions for the finite element model representations of the system 
shown in Figures 4 and 5 can be used to define the transfer relationship T[n, F(x,y,t)]. These are developed in 
Sec. 6. 
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                                Figure 1.  Impact Loaded Timber Mat Protection System 
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Figure  2.  Transverse Axial Stress vs.                   Figure. 3.  Nonlinear Spring Stiffnesses 
        Axial Strain for White Oak 
        [Reid and Peng (1997)]   
                           

For determination of the applied impulse, the approach taken here follows the established 
methodologies for missile impact with a barrier [ASCE (1980), Johnson (1986)]. This approach consists of 
determination of the “missile” penetration, using an appropriate empirical formula. A commonly used and 
widely accepted penetration formula for a rigid missile of weight W (lbs), and cross sectional area, A (in2) 
impacting a wood barrier at velocity v (ft/sec) is given by the Poncelet formula [Johnson (1986)] as  

X = W/(2αiAg) ln[1 + (α/β)v2]         (1) 

where  

 X = penetration depth (in) 

 α = material constant = 0.0055 lb-sec2/ft2-in2 for oak  
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 β = material constant = 2960 lb/in2 

 i = form factor dependent on missile shape  

 g = acceleration due to gravity = 32.2 ft/sec2 

The form factor, i, is taken as the nose performance coefficient, N, from the report by Young (1997) on 
missile impact of rock, soil and concrete, and ice targets.  The research findings by Young indicate that the 
nose performance coefficient shows little variation over this range of materials; therefore, the same 
coefficients are assumed in this investigation for laterally impacted wood.  N ranges from 0.56 for a flat nose 
penetrator to 1.32 for a cone penetrator with penetrator nose length to penetrator diameter ratio of 3.0.  
Assuming a uniform deceleration, the corresponding uniform resisting force, F, by conservation of the 
missile kinetic energy, is given by [ASCE (1980)] as  

F = Wv2/2gX           (2) 

From the uniform acceleration assumption, the rectangular impulse duration, ΔtF, for the constant resisting 
force, F, follows as 

ΔtF = 2X/v           (3) 

4 MECHANICAL PROPERTIES OF WOOD UNDER IMPACT LOADS TRANSVERSE 
TO THE DIRECTION OF GRAIN 

White oak timber specimens under impact loading transverse to the direction of grain exhibit the stress strain 
behavior shown in Figure 2 [Reid and Peng (1997)]. For discussion convenience, this curve is approximated 
as a tri-linear curve ABCD with the initial segment AB representing the linearly elastic behavior which 
occurs prior to crushing or buckling of the wood microscopic cells, a yield plateau, BC, where progressive 
crushing of the cells and corresponding volume change occurs and a strain-hardening range, CD, where 
compression of the cell walls occurs. The strain, ε, at points B (0.02) and C (0.37), are identified as the yield 
and locking strains respectively. At point C, the cells have collapsed and further compression, under high 
load, occurs through deformation of the cell wall material. This curve represents the monotonic compressive 
loading behavior under impact loading rates. Dynamic constitutive representations for wood, when 
unloading from the curve ABCD (data for control points E and F) are unavailable for white oak, as well as 
other woods.  However, due to the unbonded contact condition at the matt-soil interface, the timber 
unloading behavior under transverse impact will have little effect on the interface forcing function. This 
matter is addressed further in Sec. 6. Because the initial interface impulse dominates the soil response, a 
dynamic response solution for the interface forcing function based on assumed nonlinearly elastic behavior 
in transverse compression, and appropriately truncated in time, can be used. For the flexural members, a 
dynamic modulus, E, based on the longitudinal (along grain) direction of 1600 ksi is used. The nonlinear, 
rather than the simplified tri-linear stress-strain curve is used to develop stiffnesses for the model. 

5 MATHEMATICAL MODEL 

Figures 4 and 5 show the finite element model which consists of white oak timber beams of 30 ft. length and 
12 inch x 12 inch cross section.  The mats are stacked in as many as 5 layers with alternate layers oriented 
orthogonally. Beam elements are used to represent the timber beams in flexure and the axes of these 
elements are connected by vertical springs at 1-ft on center which represent the nonlinear transverse 
compressive stiffnesses (Figure 3) determined from the white oak transverse compression stress-strain 
relationship provided by Reid and Peng (1997). The impulse loading is applied as a downward rectangular 
pulse at the top central node. No attempt was made to account for the effect of this loading’s actual footprint 
dimension on the system global response, as the horizontal lateral extent of loading is small enough that it 
may be considered as a concentrated load for practical purposes. Zero material damping was assumed, 
conservatively, in the analysis (damping has little effect on the initial mat-soil interface response impulse) 
and the supporting soil was assumed to be rigid.  This rigidity assumption is discussed further in Sec. 8. The 
full finite element model was implemented with the GT STRUDL structural analysis computer program 
[GTSTRUDL (2006)]. Various benchmarks were use to verify the model. These included time history 
response comparisons with independent analyses for the case of rigid beams and flexible axial springs 
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(cascaded system), independent modal analysis with the STAAD Pro structural analysis computer program 
[STAAD (2008)], and comparisons of various limiting cases with closed form solutions. 
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 Figure 4.  Finite Element Model Detail 

 

 
 
 

 

 

 

Figure 5.  Full Finite Element Model 

6 SYSTEM RESPONSE TO IMPACT LOAD 

Interface pressure responses were developed using the FE model described in Sec. 5 for rectangular 
impulses, F(t), with durations, ΔtF, of  0.005, 0.01 and 0.02 sec. This range of durations covers the practical 
applications encountered during nuclear plant maintenance work. The force amplitudes of F(t) are selected so 
as to produce large compressive responses in the top layer, as this is the desired behavior for efficient and 
economic utilization of the timber materials’ energy absorption capability. The impulse peak force was 
therefore varied to produce peak compressive strains in the uppermost nonlinear spring elements at 0.37, 
which corresponds to the locking strain, and at 0.50, which is considered a practical maximum. 

Through review of the interface surface time histories at various points in time, it was confirmed that the 
interface surface pressure footprint is essentially independent of time, so that it is sufficient to consider the 
time variation of pressure at the central node only.  The temporal characteristics of the interface pressure at 
this node for the assumed nonlinearly elastic wood compression behavior are illustrated by the typical time 
history plots in Figure 7.  In all cases, the pressure response time history is comprised of an initial impulse 
followed by several harmonics: 

F(t) 

t 

Impulse loading due to impact 

ΔtF 
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i 1 1 1 1 k k k kP(t) P (t) A ( t ) .......... A ( t )! " ! "= + # + + + # +       (4) 

where Pi(t) is an initial interface impulse, φ are harmonic functions, A are amplitudes, ω are frequencies and 
θ are phase angles. Due to the unbonded contact condition at the interface, the tensile responses shown in 
Figure 7 cannot occur. No strain energy is developed by the interface springs during uplift, so that there is no 
tensile force available to produce inertia as the bottom layer responds downward following uplift. This 
downward response is essentially free-fall motion with negligibly small kinetic energy. Effects following the 
initial maximum pulse response are further minimized by the unloading constitutive behavior of wood.  
Wood unloaded in transverse compression near and beyond the locking strain will only exhibit partial 
rebound (see Figure 2). Based on these considerations, only the initial peak response at the mat-soil interface 
is extracted from the nonlinearly elastic response solution.  

Figure 6 shows the results for the spatial distribution of interface pressure for a 3-layer system at the 
time of maximum response, for the case of an impulse which produces a maximum transverse compression 
strain of 50% in the top layer. For this case, and all other cases, the pressure spatial distributions are 
characterized by “hat-shaped” downward pressure distributions on the soil, with some small, low amplitude 
regions of tensile response near the hat “brim”. As the actual interface condition is one of unbonded contact, 
these small tensile loads during the global compressive pressure response at the interface are negligible in 
comparison with the integrated total spatial loading and are given no further consideration. Note also, that a 
cross section through the hat is elliptical, rather than circular in shape, with the major axis in the longitudinal 
direction of the top layer. This effect, which is expected, since the top layer essentially applies a line loading 
to its underlying layer, is most prominent for a 2 layer system and diminishes, so that the pressure footprint is 
almost circular for a 5 layer system.   

A conservative, though still realistic representation of the hat-shaped spatial distributions is defined by 
integrating the pressure distribution to find the total load and dividing by the peak load to define its effective 
radius of application. This approximation of the load definition is conservative because the buried utility is 
considered to be located directly under the loading (the mat will be centered over it) and this definition 
concentrates more of the load directly over the utility. Table 1 lists an equivalent radius, Requiv, accordingly, 
for each configuration (2, 3, 4, 5 layers), for each pulse duration and for each peak compressive strain 
amplitude (0.37 or 0.50) in the top layer. Note that Requiv is a function, primarily, of the number of layers, n, 
and shows little dependence on ΔtF, εpeak or Fpeak, where Fpeak is the amplitude of the impulse applied to the 
top layer. The time to maximum response of the interface initial pulse, ΔtP, is also seen to be dependent on n 
and not ΔtF or the other system parameters. This means that the system response is dominated by high 
frequency modes, so that the peak response occurs within the duration of the applied pulse. In other words, 
the longer pulses considered here for application to high energy impact of wood, are for all practical 
purposes, Heaviside step functions or infinite duration pulses. In all cases considered, increasing the pulse 
duration beyond 0.005 sec., with all other system parameters remaining constant, produced no change in the 
amplitude or time of maximum response. The ratio Fpeak/Ppeak (Ppeak is the maximum amplitude, over time, of 
the total mat-soil interface force) and the time to maximum pressure of the central interface node, ΔtP, exhibit 
regular increases with respect to the number of layers, n, for all applied impulses. However, Fpeak/Ppeak is as 
much as 1.38 times greater for the 50% peak compressive strain as for the 37% peak compressive strain. For 
simplicity and conservatism, the value of Ppeak is determined here for use in design based on Fpeak/Ppeak from 
the 37% ratios. Figure 8 plots the parameters Requiv, Fpeak/Ppeak, and ΔtP against n.  These plots define the mat 
spatial and temporal transmissibility characteristics. 

 

 

 

 



 7   

 

n 
ΔtF 

(sec) 
εpeak 

Fpeak 

(kips) 
Ppeak 

(kips) 
Fpeak/Ppeak 

ΔtP 

(sec) 

!! P(x,y)dxdy

equivR =
!Ppeak

  

(ft) 

0.37 3000 359.53 8.34 2.650E-03 2.83 
0.005 

0.5 4850 664.45 7.30 2.330E-03 2.53 

0.37 3000 359.53 8.34 2.650E-03 2.83 
0.01 

0.5 4850 664.48 7.30 2.330E-03 2.53 

0.37 3000 359.51 8.34 2.660E-03 2.84 

2 

0.02 
0.5 4850 664.49 7.30 2.320E-03 2.52 

0.37 3050 313.24 9.74 3.355E-03 3.36 
0.005 

0.5 4900 365.73 13.40 3.400E-03 3.99 

0.37 3050 313.24 9.74 3.360E-03 3.36 
0.01 

0.5 4900 365.74 13.40 3.400E-03 3.99 

0.37 3050 313.22 9.74 3.360E-03 3.36 

3 

0.02 
0.5 4900 365.75 13.40 3.400E-03 3.99 

0.37 3100 287.05 10.80 3.680E-03 3.65 
0.005 

0.5 5000 336.24 14.87 4.065E-03 4.41 

0.37 3100 286.98 10.80 3.650E-03 3.64 
0.01 

0.5 5000 336.24 14.87 4.060E-03 4.41 

0.37 3100 287.07 10.80 3.680E-03 3.65 

4 

0.02 
0.5 5000 336.24 14.87 4.060E-03 4.41 

0.37 3100 269.30 11.51 3.955E-03 3.70 
0.005 

0.5 5090 323.57 15.73 4.230E-03 4.44 

0.37 3125 269.28 11.61 3.960E-03 3.72 
0.01 

0.5 5090 323.57 15.73 4.230E-03 4.44 

0.37 3125 269.24 11.61 3.960E-03 3.72 

5 

0.02 
0.5 5090 323.58 15.73 4.240E-03 4.44 

 
               Table 1.  Response Summary 
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Figure 6.  Interface Pressure Distribution Plots 
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          Figure  7.  Typical Central Node Time History  
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      Figure 8.  Transmissibility Relations 

7 RESPONSE OF BURIED UTILITIES TO SURFACE IMPACT LOADING  

For buried utilities, two types of structural response modes can produce failure; those involving deformation 
of the cross section (for open cross-sections) and those characterized by longitudinal flexure stresses and 
accompanying shear (all cross-sections). For large bore piping, the former of these usually governs the 
design/evaluation for impact. In either case, it is necessary to calculate the free-field subsurface motion from 
the known soil surface impulse and then to evaluate the commodity based on its interaction with the soil. 
This interaction is most frequently characterized by a beam on elastic foundation model for the longitudinal 
flexural response using the methods such as those in Malushte (2000) and Thomas and Malushte (2000).  For 
response modes associated with distortion of the cross-section, i.e., wall buckling or crushing and cross-
section ovaling, various empirical formula are available such as those in Bulson (1985) and American 
Lifeline Alliance (2001). All the methods require calculation of the peak free-field vertical stress at depth.  
Once the ground surface loading is described as an impulse with uniform spatial distribution over a circle 
and with rectangular temporal variation, a number of results in the literature are available for the 
determination of this free-field at-depth soil response, which is in turn used to determine the structural 
response of the buried utility. Since the utility is centered below the mat, and the most severe loading occurs 
when the missile impacts the center of the mat, only the soil responses on the vertical or z-axis need to be 
considered (for longitudinal flexure evaluation, some variation along the beam length must be considered as 
well).  One simple approach, proposed Mayne and Jones (1983) and adapted here, is based on their formula 
for the maximum vertical stress, 

maxz! , at depth under a surface impact (in the absence of any protection) 
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maxz s 2

WHB
V

(B z)
! =

+
          (5) 

in which W is the weight of the missile or dropped object, H is the height of drop, Vs is the soil shear wave 

velocity, B is the width of square footprint of area, r0 !   (where r0 = Requiv defined in Table 1), and z is the 
depth beneath surface.  Measured data are shown to correlate well with this result.  It may be used to 
estimate subsurface stress when protection is provided by simply equating the now known interface impulse 
to the missile mass and impact velocity (i.e., W and H). Mayne and Jones considered a single-degree-of-
freedom soil/missile system consisting of dropped weight, W, from height H, onto soil spring k = 4Gr0/(1-ν), 
where G is the soil shear modulus, and ν is poisson’s ratio.  A soil/missile system period of T = 2Δt was 
assumed, where Δt is the pulse duration.  From these assumptions, 

0

T 1 W(1 )
t

2 2f 4Gr g
!

"
#

$ = = =   or  
2

0
equiv

4Gr gt
W

(1 )! "

#$ %= & ' () *
   (6) 

and from the impulse-momentum principle, 

I m v (W / g) 2gH= ! =   or 
( )

2

equiv 2

equiv

I g
H

2 W
=     (7) 

where I is impulse and g is the acceleration due to gravity.  These equivalent parameters are substituted into 
Equation (5) to calculate the maximum stress, 

maxz!  .  

8 EFFECT OF SOIL STIFFNESS ON TRANSMISSIBILITY 

Implicit in the solution methodology is the assumption that the timber mat system may be decoupled from 
the soil. The effect of this decoupling was addressed by replacing the rigid foundation support with dynamic 
soil springs having stiffnesses based on the lumped parameter model results for dynamic elastic half-space 
[Richart et al (1970)].  The lumped parameter spring stiffness was distributed on a tributary area basis to the 
961 support nodes and coupled in series with the bottom timber axial springs. The static shear modulus based 
on a shear wave velocity of 1000 fps and a soil density of 110 pcf was increased by a factor of 8, which 
accounts for low-strain, high-strain-rate effects for medium to dense sands.  This value of shear wave 
velocity is a representative lower bound for the compacted structural backfills of safety-related shallow 
buried utilities located within the “protected area” of US nuclear plants.  Table 2 compares the interface 
responses for rigid and flexible soils supporting 3 and 4-layer systems.  The rigidly and flexibly supported 
systems (for each n) were loaded with the impulse that produced 37% strain in the rigidly supported system. 
 
 

n 
ΔtF 

(sec) 
Soil Support 

Area under 
impulse at 

central node 
(kip-sec) 

Area of 
compression 

footprint 
(sq. ft.) 

Equivalent 
radius ratio 

based on 
compression 

footprint areas 

Total 
compressive 
load (kips) 

Rigid 1.044 115 1.075 10900 
3 0.005 

Flexible 0.798 133  7860 
Rigid 1.056 119 1.119 12030 

0.005 
Flexible 0.650 149  7033 

Rigid 1.048 119 1.119 11920 
4 

0.01 
Flexible 0.632 149  7063 

 
Table 2.  Comparison of Interface Loadings for Rigid and Flexible Foundations 

 
Based on the results in Table 2, the interface forcing function for the case of stiff soil is conservative 

compared to the corresponding forcing function for a flexible soil. The peak pressure, integrated over the 
compression footprint (total pressure under cone) is between 28 and 41% lower for the flexible foundation.  
The radii over which these pressures are distributed are 7 to 12 % larger for the flexible soil case, and the 
reaction impulse at the center of the mat-soil interface is 24% to 40% less for the flexible foundation.  This is 
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as expected, since a compliant support condition absorbs energy, thereby resulting in a reduced response at 
the interface. 

9 CONCLUSIONS 

Transmissibility relations are defined in Figure 8 for various protective timber mat configurations.  These 
may be used directly to determine approximate durations, amplitudes and footprints, at the mat-soil interface, 
from known impulses applied to the surface of a mat of n layers.  As a design tool, this will facilitate the 
selection of timber mat protective systems.    
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