
These data sharply contradict, and thus 
falsify the model. No escape by appeal to 
observational selection seems possible be- 
cause the large-solittine, modest brightness - .  - - 
ratio systems predicted by that model typical- 
ly would be much easier to detect and recog- 
nize than those 27 that actually have been 
found. Could the observational selection ef- 
fects and maenification bias not treated in " 
this paper alter our conclusions? A recent 
treatment of this problem by Kochanek (23) 
carefully allowed for these effects (but did not 
oerform the detailed numerical simulations 
we report here). From this work, we conclude 
that these effects [which were treated in an 
approximate fashion in our previous work 
(2)l would not alter our conclusions. , ,. 

The failing of the model investigated is 
not oresented as an entirelv new result, but 
as a new and more robust manifestation of a 
previously recognized problem; namely, the 
excessively deep potential wells produced by 
the dark matter component in COBE-nor- 
malized standard CDM (24-26). These ex- ~. , 

cessively deep potential wells lead to excess 
galactic pairwise velocity dispersions and to 
the predicted, excessive rate of large-splitting 
lensing events. The virtue of the lensing test " " 

is that it is independent of other tests and is 
not subiect to the same caveats concerning - 
bias of galaxies with respect to dark matter. 

Are there variant models that would not 
fail these tests? Many alternative models 
have been considered or reconsidered in 
recent years. All of these add extra param- 
eters such as allowance for a nonstandard 
spectrum shape, for other components of 
matter (such as massive neutrinos), or for 
less matter than is assumed in the flat (a = 

1)  models. The simplest change tha; one 
can make in the standard scenario is to 
reduce the density of the clumped material 
in the universe, because the large number of 
large mass concentrations is what produces 
the overabundance of large splittings. Thus, 
a lower value of fl clearly is useful (this also 
increases the computed age of the uni- 
verse), but it would be premature to argue 
that our results by themselves indicate fl < 
1, for many other properties of the scenario 
(such as temperature of the dark matter and 
shape of the power spectrum) contribute to 
lensing properties. However, the directness 
of gravitational lensing as a test for the 
growth of inhomogeneities, coupled with 
the rapidly increasing power of computers 
and numerical algorithms, makes us opti- 
mistic that calculations of the type about 
which we renort here should become a ma- 
jor tool for testing and discriminating 
among competing cosmological scenarios. 
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Imaging the Pore Structure of Geomaterials 
J. T. Fredrich,* B. Menendez,w.-F. Wong 

Laser scanning confocal microscopy can be used to image the pore structure of geologic 
materials in three dimensions at a resolution of 200 nanometers. The technique involves 
impregnation of the void space with an epoxy doped with a fluorochrome whose fluo- 
rescent wavelength matches the excitation wavelength. Optical sections with a thickness 
of less than 1 micrometer can be sliced from thick polished sections and combined to 
produce three-dimensional reconstructions. Application of the technique to rocks with 
porosities from 1 to 20 percent reveals the geometric complexity of the pore space. The 
technique can also be applied to other brittle solids such as ceramics. 

T h e  pore structure of rocks is both varied 
and complex: Crystalline rocks are domi- 
nated by microcracks ( I ) ,  whereas sedimen- 
tary rocks typically contain voids in a vari- 
ety of shapes, including nodal pores situated 
at grain vertices and sheetlike throats (mi- 
crocracks) along two-grain boundaries (2). 
Physical rock properties such as permeabil- 
ity, electrical resistivity, seismic velocity, 
elastic moduli, and strength are affected not 
only by the porosity but also by the pore size 
distribution and connectivity (3). The  com- 
pressive failure of rock involves damage ac- 
cumulation (4), which significantly modi- 
fies the pore geometry. 

Statistical descriptions of the pore space 
can be inferred indirectly from mercury in- 
jection, small-angle scattering, and adsorp- 

tion analyses (5); however, direct observa- 
tional methods permit quantification of di- 
verse parameters including porosity, specific 
surface area, pore size and shape distribution, 
connectivity, surface roughness, and grain 
contact area. Conventional imaging tech- 
nologies, such as optical light microscopy 
and scanning electron microscopy, rely on 
the analysis of polished planar sections. 
However, damage, in the form of widened 
cracks or pores and eradicated fine structure, 
may be induced during preparation and ob- 
scure analysis. Although ion milling has 
been proposed (6) to etch away the upper 
layer of damaged material, the technique is 
time consuming and problems can arise that 
are due to differential thinning rates in 
polyminerallic rocks (7). A more important 
limitation (8) is that conventional tech- 
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they are time consuming and tedious. 
Laser scanning confocal microscopy 

(LSCM) has been used extensively in the 
biological sciences but has seen only limited 
application to nonbiologic (solid) materials 
(1 1 ). The theoretical conception dates back 
over 30 years to Minsky (12); however, 
routine application has only been made 
possible by recent advances in optical and 
electronic technology (13). In particular, 
interfacing of the microscope with a com- 
puter allows for precise control of both the 
lateral (x-y) coordinates of the laser and 
axial (2) position of the stage, and also 
enables automatic rapid processing as the 
laser is scanned across the field of view. 

The essential feature of LSCM is that 
both illumination and detection are con- 
fined to a single location on the specimen 
at any one time. Because each point in the 
focal (image) plane is examined individual- 
ly (in the absence of light scattered. from 
neighboring points), in-plane (x-y) resolu- 
tion is greatly enhanced, and resolution to 
-200 nm is typically achieved. The confo- 
cal aperture admits light from only a specif- 
ic plane of interest; thus, thin optical sec- 
tions can be resolved by variation in the 
depth of the focal plane in the sample. The 
thickness of the optical section depends on 
both the opening of the confocal aperture 
and the particular objective lens; axial (2) 
resolution of <1 um can be achieved with 
a relatively high magnification objective. 
Because the 2D images are originally ob- 
tained in digital form, a series of successive 
optical sections can be analyzed with com- 
mercially available image analysis software 
to create 3D reconstructions or perform 
complex measurements. 

Our technique for visualizing the pore 
structure takes advantage of the weak nat- u 

ural fluorescence of most minerals. A dry 
plug of the rock sample is evacuated and 
immersed in an ultra-low-viscosity slow- 
curing epoxy doped with a suitable fluoro- 
chrome (14) while still under vacuum. Af- 
ter the epoxy has degassed, the vacuum is 
released and the epoxy is consequently 
forced into the interconnected void space 
of the rock. For relatively impermeable 
rocks, a pressure ( - 10 MPa) is applied be- 
fore vacuum release (15). After curing, the 
plug is sectioned to a thickness of -0.5 to 1 
mm, and the resultant planar section is 
polished by means of standard abrasive 
techniques. Laser illumination of the ex- 
posed surface of the thick section causes 
fluorescence of the epoxy and, because most 
minerals are not fluorescent. an unobstruct- 
ed image of the pore structure is rendered. 

The dimension of the pore space typically 
scales with the grain size, and the ability to 
section serially to a depth of one to two grain 
sizes is thus desirable. Penetration of the laser 
into geologic samples is limited by the opac- 

ity of most minerals; however, this can be 
somewhat compensated for because geo- 
logic samples can, if necessary, be illumi- 
nated at full laser intensity, whereas imag- 
ing of delicate biologic samples usually 
requires filtering to just a few percent of 
the original laser power. 

We successfully imaged the pore struc- 
ture of various rocks (1 6), including several 
sandstones with porosities + ranging from 4 
to 20%, limestone (+ -12%), and low- 
porosity (+ - 1%) marble, granite, and dun- 

ite. Serial sectioning can, in many cases, be 
done to depths in excess of - 150 km (0.15 
mm), which is of the order of the grain size 
for many rocks of interest. 

As an application of the technique to the 
analysis of transport properties, we imaged a 
pure quartz sandstone (Fontainebleau) with 
a highly variable porosity resulting from dif- 
fering degrees of cementation during diagen- 
esis. The reconstructions show that dramatic 
changes in pore size and connectivity occur 
with cementation. In the weakly cemented 

Fig. 1. Three-dimensional reconstructions of the pore space of a quartz sandstone with an average grain 
size of -250 km. The pore space is opaque (colored) and the solid matrix is translucent. (A and B) For 
weakly to moderately cemented samples, systematic decreases in hydraulic permeability appear to result 
from reduced pore sizes with no changes in connectiiity. (C) Accelerated permeability reduction for 
strongly cemented samples appears to result from a pronounced loss in connectivity. 
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sample with 4 = 20% (Fig. lA), the pore 
space is made up of a complex network of 
eauidimensional nodal Dores and sheetlike 
cracks that are highly interconnected. 
Pore sizes, as characterized by stereological 
measurement of chord lengths, range from 
<10 to 250 pm across, and about 30% are 
<10 pm across (1 7). At 4 = 10% (Fig. 
lB), pore sizes are significantly smaller so 
that more than 50% of the chords are less 
than 10 Fm; however, the pore space re- 
mains highly interconnected. In contrast, 
sheetlike cracks linking nodal pores in the 
highly cemented sample with = 4% 
(Fig. 1C) are less common, implying a 
significant loss of connectivity. 

Laboratory measurements on Fontaine- 
bleau sandstone have shown that reduction 
in hydraulic permeability is accelerated as 
porosity is reduced below 9% (17). The 
reconstructions suggest that permeability 
reduction in the weakly to moderately ce- 

mented samples ( 4  2 10%) was primarily a 
result of an overall decrease in pore size 
without a significant change in connectiv- 
ity. However, connectivity loss dominated 
in the highly cemented samples ( 4  < 9%). 
In accordance with percolation theory (1 8), 
a drastic decrease in permeability occurred 
as the percolation threshold was ap- 
proached, with the development of increas- 
ing numbers of isolated clusters and, ulti- 
mately, a complete loss of connectivity. 

Another example of the application of 
LSCM is in the study of brittle failure pro- 
cesses and stress-induced damage evolution 
in low-porosity ( 4  - 1%) crystalline rock. 
3D reconstructions of unstressed Westerly 
granite (Fig. 2A) reveal that the pore space 
is interconnected and made up of equidi- 
mensional pores and relatively thin and 
elongated microcracks, which probably re- 
sulted from cooling and depressurization 
during uplift. This particular reconstruction 

Fig. 2 Three-dimensional reconstructions of the pore space of low-porosity crystalline rocks. (A) Un- 
stressed Westerly granite. A partially cracked grain boundary curves around the two edges in the fore- 
ground and a doubly bifurcated intragranular crack traverses part of the grain. (B) Triaxjally compressed 
sample of dunite loaded in compression at a confining pressure of 250 MPa in the transitional regime 
between strain softening and stable work-hardening behavior. A complex anay of closely spaced intra- 
granular cracks impinge on a grain boundary at the near right edge, and a complex array of intragranular 
cracks is visible in the rear half. 

reveals in detail the nonplanar geometries 
of a partially cracked grain boundary and a 
bifurcated intramanular crack. The crack " 
aperture and surface roughness, which in- 
fluence both the elastic moduli and seismic 
velocity, are highly variable. The uncracked 
parts of the grain boundary may represent 
geometric barriers at which cracking was 
arrested or localized regions that experi- 
enced crack healing. 

Under compressive loading, preexisting 
cracks can propagate farther and new cracks 
may initiate, as shown for a triaxially com- 
pressed dunite (Spruce Pine) in Fig. 2B. 
The stable growth of a multiplicity of such 
cracks results in a net increase in volume 
(dilatancy) and enhanced hydraulic perme- 
ability. Although damage accumulation re- 
sults in a complex pore geometry, there is a 
clear preference for the cracks to propagate 
along a path subparallel to the maximum 
(compressive) principal stress o,, as predict- 
ed bv fracture mechanics. The failure mode 
in this .dunite, which contains a grain 
boundary-lining ductile phase (serpentine), 
was pressure dependent. Samples deformed 
at lower pressures failed because of coales- 
cence of microcracks and shear localization, 
whereas at higher pressures, intragranular 
cracks were arrested at grain boundaries, 
with extensive delamination of grain 
boundaries ( 19). Consequently, transgranu- 
lar propagation and coalescence of micro- 
cracks were inhibited, and the rock de- 
formed by homogeneously distributed mi- 
crocracking (cataclastic flow) with no loss 
in load-bearing capacity. 

Other geologic applications include mea- 
surement of preferred crack orientation for 
interpretation of in situ stress directions or 
evaluation of coring-induced damage. This 
technique can likewise be applied to the 
study of micromechanical processes in other 
brittle materials, such as evolution of pore 
geometry during sintering of ceramics and 
damage in microelectronic components. 
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A Modular Steel Freeway Bridge: Design 
Concept and Earthquake Resistance 
W. H. Wattenburg, D. B. McCallen, R. C. Murray 

A modular multilane steel freeway bridge has been constructed from surplus railroad 
flatcar decks. It can be erected on-site in a few days' time. It has been built and static- 
load tested for emergency freeway bridge repair. This inexpensive modular bridge may 
also have broad application around the world for low-cost bridges in areas where funds 
are limited. On the basis of static-load testing performed by the California Department of 
Transportation and computer dynamic analysis, this simple modular-design concept has 
the potential of providing a strong bridge that can withstand the severe aftershocks 
expected immediately after a major earthquake. 

A modular steel, multilane freeway bridge 
was consttucted and evaluated in March 
1994 by the Califomia Department of Trans- 
portation (Caltrans) as a temporary bridge 
for emergency freeway repair. It can be erect- 
ed on-site within a few days' time without 
extensive site preparation or ground distur- 
bance to restore traffic over damaged freeway 
sections such as those that colla~sed in the 
1994 Northridge earthquake and the recent 
Hyogo-Ken Nanbu earthquake in Japan. Be- 
cause of its potential importance for emer- 
gency response and other infrastructure uses 
described herein, we independently per- 
formed a computer dynamic analysis of a 
model of the bridge at the Lawrence Liver- 
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more National Laboratory to investigate its 
earthquake response characteristics. 

The modular bridge design was first pro- 
posed by Wattenburg (1 ) and constructed by 
Caltrans (Fig. 1). The as-built modular 
bridge uses only one standard structural 
module: inex~ensive sumlus railroad flatcar 
decks. However, structurally equivalent 

Fig. 1. Prototype module constructed for the Cal- 
ifornia Department of Transportation. 
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modules can be constructed from ordinary 
steel I-beams. This design has its own base 
s u ~ w r t  for the column structures (bents) . . 
and requires only simple steel fasteners. This 
modular bridge costs relativelv little com- - 
pared to other steel and reinforced or pre- 
stressed concrete freeway bridges, which cost 
three to five times as much and require 
months to construct. 

The modular bridge constructed by Cal- 
trans is shown in Fig. 2. The individual 3 m 
wide by 16 m long flatcar modules (Fig. 2A) 
are massive steel frame structures that are 
desimed to c a m  loads of UD to 50 metric " 
tons. The flatcar modules are coupled to- 
gether in interlocked fashion such that the 
module connections emulate pinned joints 
(Fig. 2B). The 15-m-wide roadway deck of 
the assembled bridge consists of four flatcars 
side-by-side, which span 16 m between two 
vertical piers (Fig. 2C). The piers are con- 
structed with a single flatcar in the horizon- 
tal direction (on top) supported by two half- 
flatcar vertical columns. The pier structure 
provides its own foundation with a horizon- 
tally placed flatcar on the ground at the foot 
of each pier. In the transverse direction, two 
diagonal steel braces are added to provide 
stability and stiffness to the assembled pier 
sttucture. Strong surplus boxcar center 
beams are used for the diagonal braces. In 
the longitudinal direction. the underside of - 
the bridge is left open without obstruction to 
allow for Dassaee of traffic from cross streets 
or railroais spLned by the bridge. 

Vertical steel cables are used to con- 
strain the top and bottom horizontal mod- 
ules of the piers so that the vertical columns 
between them cannot come out of their 
joint sockets in the horizontal modules. The 
four adjoining flatcars on the top, which 
form the bridge roadway, are coupled to- 
gether side-by-side by inserting simple U- 
bolt brackets into matching stake slots on 
the side of each flatcar deck (Fig. 2). 

Ten surplus railroad flatcars were re- 
quired for the bridge shown in Fig. 1. The 
Caltrans prototype was erected in 10 days 
by a construction crew of four, utilizing one 
22.7-metric ton-ca~acitv crane. The inter- . , 
connection of the flatcars was accomplished 
in "Leeo-block" fashion (2) to minimize the " . , 
need for special brackets and to reduce as- 
sembly time. The ends of the vertical col- 
umn flatcar modules are cut in a configura- 
tion such that their beam ends project into 
and around the support beams of the hori- 
zontal modules above and below. 

Caltrans tested the as-built modular 
bridge with a static load of -110 metric 
tons at center span. The observed vertical 
deflection was only -0.3 cm under this 
heavy loading. We decided to analyze the 
stand-alone, 16-m-long bridge section 
shown in Fig. 1 for its ability to withstand 
significant seismic ground motion, in par- 




