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Heavy Excavators

Selecting a heavy excavator for hard limestones.
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Excavating in South Florida’s “ Capstones” .

Most geotechnical engineers that have practiced extensively in South Flor ida quickly 
become aware of the exceptional qualities of the Miami and For t Thompson 
Formation freshwater  limestone. This limestone is commonly refer red to as a 
“ capstone” among contractors in South Flor ida (an example is shown in Figure 1). 
Freshwater  limestone strata are usually thin, ranging from 1 to 8 feet thick (0.3 to 2.5 
m), and is commonly descr ibed as a very fine grained and moderately hard limestone 
with small freshwater  gastropods (helisoma) that clear ly identify the rock.

The Standard Penetration Tests (SPT) usually will not differentiate between hard 
limestone and very hard limestone breccia and well-lithified micr ite. Commonly, the 
limestones encountered in the For t Thompson Formation are poor ly cemented, 
inter layered with sand seams that permit easy excavation. The typical direct shear  
strengths of these limestones are 20 to 80 ksf, unit weights of about 115 pcf, porosities 
of up to 50%, specific gravity of about 2.23, apparent void ratios of 0.65 and electr ic 
resistivity of 11,500 ohms-cm. In compar ison, the freshwater  lens has average direct 
shear  strengths of 150 ksf, but may be as high as 270 ksf, unit weights of 160 pcf, 
porosities as low as 13%, specific gravity of 2.74, electr ic resistivity of 19,300 ohms-
cm, specific gravities of between 2.70 and 2.80, modulus ratios (E / qu) from 148 to as 
high as 260, Poisson ratios from 0.11 to 0.29 (the latter  typical of man-made concrete), 
and longitudinal wave velocity from 6,000 to 6,500 m/s.



Figure 1.  Photo of a specimen of freshwater  limestone found below the surface muck at US-27 and Okeelanta, 
Flor ida. This limestone is common to all of South Flor ida is a well-indurated medium grey micr ite, and is refer red 
to as a “ capstone” by contractors. This par ticular  stratum was only 12 inches thick, and an inexper ienced 
contractor  attempted to break it using a heavy Caterpillar  D11N tractor  with a single CAT-TR-70 r ipper  blade. 
The machine lost, and was badly damaged! Exper ienced contractors know that force alone is not effective, and 
that proper  equipment and technique are required to penetrate and excavate freshwater  limestone strata. 
Information cour tesy of David Julian, Senior  VP of Kelly Tractor .



Ski lodges

Figure 2. This sample of freshwater  limestone (indurated micr ite) was excavated by a mar ine contractor  in the 
C-4 Canal close to FIU. I t was tested with hydrochlor ic acid. Notice the intense reaction of a drop of acid, 
indicating a high content of calcium carbonate. Also notice the similar ity of this freshwater  limestone with the 
specimen from Okeelanta shown in Figure 1 (dense, low porosity, high specific gravity, very hard and concave 
cleavage). Photo is cour tesy of Ar t Sengupta PE, SFWMD.



Figure 3. This photo shows a  sample of freshwater  limestone excavated by a mar ine contractor  in the C-4 Canal, 
clear ly showing the matr ix texture of the very hard limestone breccia and micr ite. Although this mater ial may 
also be descr ibed by an inexper ienced dr iller  as “ vuggy” it radically differs from the well known soft vuggy oolitic 
limestones common to this same elevation. The true differentiation lays in the rock shear  strength, expressed 
through either  an unconfined compressive strength test or  a point load test.  Also of interest, albeit secondary, is 
the fact that the limestone at this elevation ranges from the very soft at Biscayne Boulevard close to the shoreline, 
to very hard towards the Everglades. This var iation of strength may be related to the age of the depositions, with 
the western limestone older  and with less salt in the matr ix. Photo is cour tesy of Mr . Ar t Sengupta PE, SFWMD.



Geologists have proposed that the freshwater  deposits took placewhen much more of 
the Flor ida land mass that exists today was above the sea level (minor  ice-ages), and the 
precipitated calcium carbonates occurred in very shallow lagoonsof rain water . The 
absence of salt increased the calcium carbonate's cementation, and the type of fossils 
found (helisoma) indicates a freshwater  species. L imestone found closer  to Biscayne Bay 
tends to be softer , and progressively harden westward towards the Everglades. I t may 
be reasonable to assume that the harder  limestone is older , have smaller  concentrations 
of salt and hence, higher  calcium carbonate cementation.

Using the modulus ratio (Erock / qu) values from 148 to as high as 260, the value of the in-
situ unconfined compressive strength of the limestone qu can be separated from the 
elastic modulus Erock by finding the latter  through pulse velocity tests, such as cross-bole 
and seismic ver tical velocity measurements within the test bor ings, thereby reducing the 
need of samples and laboratory testing.



A useful measure of the in-situ (that is: “ in the field” ) rock strength comes from the 
Point Load Test. This strength index is used in the laboratory by subjecting a rock 
specimen to loads between two hardened steel cones, somewhat identical to the 
crowd/cur l forces of an excavator ’s ugly bucket’s teeth. The point strength I s is defined 
as,

where P is the test load when the rock ruptures, D is the distance between the teeth, and 
qu is the unconfined compressive strength of the rock. The cur rently known minimums 
and maximums for  the point load I s for  our  local limestone is, 

- Oolitic limestone qu � 24 (0.018 – 0.48) MPa = 63 psi to 1,680 psi
- Freshwater  limestone qu � 24 (0.410 – 1.51) MPa = 1,450 psi to 5,290 psi

(There are two many references that can be used for  the above, but a commonly available one is to refer  to Pr ieto-
Por tar  L . “ The Elastic and Strength Proper ties of Calcareous Rocks of Dade County, Flor ida” , Amer ican Society 
of Testing and Mater ials, Special Publication 777, 1983).
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Figure 4.  An empir ical definition of “ failure” of the limestone is defined by the envelope shown above on the 
Mohr-Coulomb failure cr iter ion. I t compr ises, (A) a simple direct tension test, (B) the Brazilian tension test, (C) 
unconfined compression tests, and (D) tr iaxial compression tests. Diagram by L. Pr ieto-Portar .



Selection of the Optimal Equipment.

Since MD-DERM prohibits the use of explosives for  excavations in Miami-Dade County 
because of the proximity of residences, exper ienced local contractors (such as Trans-
Flor ida and Persant) are able to break through these layers on a daily basis through the 
use of heavy digger  excavators such as Caterpillar  375 and 385C. Smaller  equipment can 
easily be damaged, including the splitting their  stick boom frames, etc.

South Flor ida is not alone in the US for  this requirement of r ipping versus blasting. 
Areas with caliches (Texas, New Mexico, Ar izona and California), shale (Utah and 
Wyoming) have the same r ipping requirements as South Flor ida’s limestone.

The choice of bucket is also cr itical. The initial penetration of the freshwater  stratum is 
attained through a relative small bucket (from 16"  wide) with only three to five teeth (3 
teeth for  a CAT330 and 5 teeth for  the CAT385C as shown in Figures 8 and 9) in order  
to carefully apply the entire crowd and cur l forces into a very small tooth area. This 
highly directed force permits the operator  to carefully break open a hole through the 
through the freshwater  stratum, and then increase their  production using a larger  
bucket by under-excavating the layer  and " scaling"  the freshwater  rock into small slabs.



The effectiveness of the excavator -bucket combination depends on their  cur l and 
crowding forces.  Buckets are as a rule, selected as the narrowest and with the 
shor test tip radius for  r ipping freshwater  limestone. 

The contractor  will thus follow a procedure such as this:

(1) Select the largest available digging (versus loading) excavator  and match it with the 
bucket having the narrowest width and shor test tip radius. We can star t with 
CAT385C and a G5.5HB bucket (Komatsu has a similar  ar rangement).

(2) Check the available booms. CAT385C has a general purpose boom that will reach a 
depth of 30’ -5” (see table below). This is more than satisfactory (need only 15 feet is 
excavating from the canal banks or  only 13 feet if excavating from the 2-foot 
freeboard barge).

(3) Check lifting capacity envelope.

(4) Check the excavator  specifications for  drawbar  pull force. A CAT385C has a 6 
cylinder  523 hp engine, weighs 185.5 kips, and has a drawbar pull of 133 kips. I t 
sits upon 10,137 in2 of shoe area (treads), which imposes a bear ing pressure of 2.64
ksf upon the soil sur face. Many sites will not car ry this high load. 



Figure 5.  This is a plot of the rated lifting force capacity at different locations of the bucket for  a hypothetical 
excavator . The maximum lifting force (tipping load) occurs when the rear  roller  lifts clear  of the track rails at a 
specified radius. The rated load is usually 75% of the tipping load, and 85% of the hydraulic capacity. Caterpillar  
Per formance Handbook, Edition 37, February 2007.





(1) Check the excavator ’s digging envelope. For  the CAT385C, these are,

Figure 6. Digging envelope for  the CAT385C.





Calculate the “ r ipping” force of the bucket to overcome the rock’s strength. 

The r ipping force is a combination of the curling and the crowd forces. The cur ling 
force FB is the force of penetration of the bucket into the limestone, whereas the 
crowding force FS is the force that keeps the pressure of the bucket into the rock. 

Let us calculate each for  the CAT385C with a G3.4JB bucket (the “ ugly” bucket).
The calculation for  the cur ling force FB and the crowding force FS uses the table 
shown below, and the dimensions from the figure below. 





Figure 7. Dimensions for  the CAT385C excavator  with the G3.4JB bucket 
combination: A = 49” / B = 32” / C = 27” / D = 77.25” / E = 49” / F = 211.25”



( )
( )

( ) ( )
( )

( )
( )

( )( )
( )

The bucket curl force  is given by,

bucket cylinder force arm A arm C 86,400 lb 49" 27"
46.2 kips

bucket tip radius D arm B 77.25 inches 32"

Similarly, the bucket crowd force  is given by,
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stick cylinder force arm E 76,950 lb 49"
17.8 kips

arm F=bucket tip radius D + stick length 77.25" + 134"
= =

(8) These forces must overwhelm the rock’s strength. Let us spread these forces over  
the teeth that are exper tly applied by an exper ienced operator .
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The pressure from the curl force  is given by curl pressure ,
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advanced teeth each tooth area 2 4" 1"

Similarly, the pressure from the bucket crowd force  is given by the crowd p
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Finally, compare these forces with those shown at the beginning of this lecture,

- Oolitic limestone qu � 24(0.018 – 0.48) MPa = 63 psi to 1,680 psi
-Freshwater  limestone qu � 24(0.410 – 1.51) MPa = 1,450 to 5,290 psi

Therefore, the curl force provided by the CAT385C of 5,800 psi is in excess of the highest 
value 5,290 psi of the unconfined compressive strength of the strongest freshwater 
limestone reported in our area.

Obviously, some contractors may be lucky and have an area with the weaker var iety of 
freshwater  limestone. They may thus be able to excavate with a less power ful 
excavator . However, this approach would be a hit-or -miss proposition.



Figure 8.  An ideal bucket to break through a freshwater  limestone stratum is this 5-tooth rock r ipper  bucket 
shown above, the CAT G3.4JB, also known among contractors as an “ ugly bucket” . This bucket is used on a 
Caterpillar  385C digger  excavator . Notice the difference in the teeth of the ugly versus the conventional bucket 
(below it). The Caterpillar  Corporation is so confident in the effectiveness of this bucket, that they guarantee the 
teeth against breakage (they replace them free of charge).  The teeth are spaced and aligned so that the two outer  
ones engage the rock first, followed by the next two inner  ones, and finally the center  tooth. This ar rangement 
permits a higher  load via the cur ling force FB upon the rock, in order  to initiate penetration. That force is 
followed by the crowd force FS that keeps the bucket pressured into the rock. Photo by author  of repor t, at Kelly 
Tractor ’s yard.



Figure 9.  This 3-tooth modified rock spade bucket is operated with a CAT330D digger  excavator , which is a more 
economical alternative to the CAT385C digger  excavator , but provides much smaller  bucket cur ling and 
crowding forces.  I ts ability to cut through thicker  layers of freshwater  limestone is limited to the softer  range. 
Photo by author  of repor t, at Kelly Tractor ’s yard.
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