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Case Study

Geotechnical Resistances of Drilled Shafts in Triassic Basin  
Sedimentary Rocks
John P. Turner1* and William A. Billiet2

Abstract: Load tests on drilled shaft foundations with rock sockets in sedimentary formations associated 
with various Triassic Basins in the Mid-Atlantic region show that some generalizations are possible for 
estimating geotechnical resistances. Axial load tests on drilled shafts in locations several hundred miles 
apart produce surprisingly similar results. The common feature is the geology: all of the load-tested rock 
sockets considered were constructed in sedimentary rock associated with one of the rift basins that devel-
oped in response to breaking apart of the supercontinent Pangaea that began during the late Triassic Period 
(about 220 million years ago) and coincided with opening of the Atlantic Ocean. More specifically, all of 
the tested rock sockets were in the ‘red bed’ facies of the rift basin sediments consisting of reddish-brown 
siltstone, sandstone, and shale.

Each of the projects described herein and the associated load tests are described and used to illustrate 
fundamental principles of rock socket design and how load testing can be used as a design tool. The im-
portant role of quality construction, in combination with quality assurance through inspection and testing, 
is emphasized, especially as it relates to the evaluation of base resistance for rock socket design. 
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Geologic Background
During the late Triassic Period, approximately 220 million 
years ago, the supercontinent Pangaea began to break apart. 
The focus of rifting began where present day eastern North 
America and north-western Africa were joined. A rift refers 
to a linear zone where the earth’s crust is being pulled apart 
(i.e., is in tension) and is thinning. Upper portions of the 
crust, which are brittle, rupture along normal faults, resulting 
in downward deformation of the hanging wall relative to the 
footwall and formation of down-dropped blocks, or grabens. 

Rifting associated with the breakup of Pangaea result-
ed in the formation of numerous grabens, as illustrated in 
 Figure 1. Where full rifting occurred, the Atlantic Ocean was 
created. Magmatic activity continues to the present day and 
is responsible for creation of new oceanic crust by extrusion 
of lava along the Mid-Atlantic Rift. At other locations, exten-
sion stopped before full rifting occurred. These aborted rifts 
created basins where sediment eroded from the topograph-
ically elevated footwall of the graben and was deposited. 

Magmatic intrusions forming sills and dikes also occurred in 
conjunction with sediment deposition. A series of approxi-
mately twenty such Triassic rift basins, extending from North 
Carolina to Newfoundland, have been identified by geolo-
gists as being associated with the breakup of Pangaea.

The Newark, Gettysburg, and Culpeper Basins are ex-
amples of failed rift basins in the Mid-Atlantic region. Each 
is a half-graben filled over time by characteristic red bed 
sediments eroded from the uplifted footwalls of the border 
faults that bound the western margin of each basin. The north- 
eastern end of the Newark basin is well-defined where it ter-
minates at the Hudson River, but its south-western margin is 
merely a narrowing where the graben then re-opens into the 
Gettysburg Basin. Many geologists therefore consider the 
Newark and Gettysburg Basins to be continuous, constitut-
ing a single basin referred to as the Newark-Narrow Neck- 
Gettysburg Basin in recognition of the narrow zone (Narrow 
Neck) in Central Pennsylvania connecting the two sub- basins. 
Furthermore, some geologic maps show the Culpeper Basin 
as being continuous at its northern end with the south end of 
the Gettysburg Basin. If so, the three locations considered in 
this paper are subdivisions of a single Triassic Basin.

Case Histories
Goethals Bridge
The Goethals Bridge Replacement (GBR) spans the Arthur 
Kill Waterway between Elizabeth, NJ and Staten Island, NY. 
The GBR is a dual-span, 604-m long cable-stayed bridge with 
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approximately 800-m long approach spans on the NJ and 
NY sides. The bridge is supported on over 200 drilled shaft 
foundations ranging in diameter from 1.37m to 3.05m and 
socketed into Passaic Formation siltstone. Figure 2 shows the 
GBR during construction, with the eastbound span opened 
and the westbound span still under construction. The origi-
nal Goethals Bridge, seen on the left of Figure 2, is now de-
molished and the new GBR has been operational since May 
2018. Each of the main pylon towers is supported on a group 

of six, 2.74-m diameter drilled shafts and each anchor pier 
is supported by two, 3.05-m diameter shafts. Approach piers 
consist of two-column bents with each column supported on 
a rock-socketed drilled shaft. Design of the drilled shafts for 
GBR is described in Turner et al. (2016).

The GBR site is located geologically at the east margin 
of the Newark Basin, the largest of the rift basins that devel-
oped in response to breaking apart of Pangaea. The Newark 
basin is a half-graben bounded by the Ramapo fault on the 

Figure 1. Rifting conditions in the Mid-Atlantic region, Triassic-Lower Jurassic (Adapted from Fichter, 2006)

Figure 2. Goethals Bridge under construction, August 2017; View is toward NY (west)
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west and subsequently filled with sediments eroded from 
the adjacent uplifted footwalls. One of the sedimentary units 
comprising the Newark Supergroup is the Passaic Formation, 
Lower Jurassic to Upper Triassic ‘red beds’ consisting of ar-
gillaceous siltstone, silty mudstone, fine-grained sandstone, 
and shale. At the GBR site, the Passaic Formation is predom-
inately siltstone with occasional interbedded shale and sand-
stone layers. Bedding is near horizontal and is observed in 
many core samples to be wavy or undulating.

Engineering properties of the Passaic Formation silt-
stone were evaluated through a comprehensive program of 
rock core logging, sampling, and laboratory testing. A total of 
77 borings with rock coring were completed over the replace-
ment bridge alignment. Most were targeted to be within the 
footprint or as close as practical to one of the pier locations. 
Previous borings by the Port Authority of New York and New 
Jersey (PANYNJ) at the GBR site included rock core logs 
that were also relied upon to establish engineering properties 
of the rock.

Typical rock core classified as intact rock (IR) is shown 
in Figure 3. The first two core runs (C1 and C2) show high re-
covery but relatively low Rock Quality Designation (RQD); 
33 and 58 percent respectively. This can be misleading, be-
cause the discontinuities that result in individual pieces being 
less than 100mm in length are primarily horizontal. It was 
found that rock sockets could be excavated in this type of 
rock mass without caving or need for artificial support, thus 
preserving excellent side resistance. In the bearing zone be-
neath the tip, the horizontal discontinuities are in compres-
sion which results in excellent base resistance as determined 
by load testing described subsequently.  

Other features of Passaic Formation siltstone that can be 
observed in Figure 3 include occasional high angle disconti-
nuities, calcite-filled veins, and some highly fractured zones. 

Laboratory strength testing of 87 intact rock core speci-
mens, which included testing performed by the PANYNJ (52 
tests) and the developer, NYNJ Link (35 tests) show the fol-
lowing parameters associated with rock uniaxial compressive 
strength (qu):

Mean qu: 56.7 MPa Standard  
deviation of qu: 22.7 MPa

Range: 15.0 to 124.5 MPa Coefficient  
of variation: 40% 

Silver Line
The Silver Line is a 37-km extension of the Washington, D.C. 
existing Metrorail System. Phase 1 opened in July 2014 and 
extends from Falls Church to Reston, VA. Phase 2 extends 
from Reston to beyond Washington Dulles International Air-
port, terminating near Ashton in eastern Loudon County. In 
the vicinity of Dulles Airport, the track is conveyed along 
the Dulles Aerial Guideway, which is supported by 32 sin-
gle-column piers, 76 hammerhead piers, ten straddle bents, 
and two abutments. All of these features are supported on 
single drilled shaft foundations (mono-shafts) socketed into 
rock with shaft diameters of 2.0m, 2.3m, and 2.6m. Figure 4 
shows typical pier and straddle bent configurations during 
construction.

The Dulles Aerial Guideway portion of the Silver Line 
is located in the Culpeper Basin, the largest of the Triassic 
Basins in Virginia, which extends from south-central Virgin-
ia into western Maryland. Similar to the Newark Basin, the 
Culpeper Basin is a half-graben bounded on the west by the 
north-northeast trending Bull Run Fault. Sedimentary rock 
filling the basin exceeds five miles in thickness at the western 
margin and tapers to the east. Bedrock consists predominate-
ly of interbedded shale, siltstone, sandstone, and conglomer-
ate. The Dulles Aerial Guideway section is underlain by the 
Balls Bluff Member of the Bull Run Formation. As described 
by Ryan et al. (2007):

“Both lacustrine and fluvial phases of the Balls Bluff Mem-
ber siltstone are exposed in the Culpeper basin. The sequence 
astride the Dulles airport access road (just west of VA Rte. 28), 
for example, contains thin beds colored a deep rust orange and 
having distinctive westward dips. Inferred paleo-desiccation of 
the uppermost portions of beds occasionally has produced dehy-
dration shrinkage fractures arranged in crudely polygonal pat-

Figure 3. Typical rock core from Passaic Formation siltstone
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terns that extend vertically downward into the rock mass from 
bedding planes. The mineralization (calcite and quartz-domi-
nated) within these polygonal networks are thus remnants of 
some of the first ‘fracture flow events’ during basin evolution.”

“Fracture patterns in the Balls Bluff Member include bedding 
plane fractures and cross-bedding fractures. Both the bedding 
plane and cross-bedding fractures are consistent with origins 
dominantly related to decompression-induced expansion dur-
ing erosional unroofing. Mineralized fractures corresponding 
to paleo flow events are typically open today, and available 
for contemporary groundwater flow. Cross-bedding fractures 
tend to be mutually orthogonal to each other and they are also 
collectively orthogonal to the bounding bedding planes. This 

overall fracture geometry produces an orthorhombic fracture 
network in three dimensions, when the Balls Bluff Member is 
considered as a whole. Thus the Balls Bluff fracture systems 
define a crudely “brick work” geometry in three-dimensions.”

A test boring was performed at each of the load test sites. 
Figure 5 shows a typical core of the Balls Bluff Member. Li-
thology, bedding, fracture patterns, and secondary minerali-
zation are consistent with the description above. The ‘brick 
work’ description implied by Ryan et al. is clearly applica-
ble. Also note the close similarity in appearance between the 
Balls Bluff core and core obtained from Passaic Formation 
siltstone shown in Figure 3.  

Figure 4. Elevated Guideway for Silver Line to Dulles Airport

Figure 5. Typical rock core from Balls Bluff Member siltstone
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Laboratory strength testing of 61 intact rock core spec-
imens show the following parameters associated with rock 
uniaxial compressive strength (qu):

Mean qu: 49.7 MPa Standard  
deviation of qu: 29.2 MPa

Range: 5.9 to 185.2 MPa Coefficient  
of variation: 59%

Susquehanna River Bridge
The Susquehanna River Bridge (SRB) carries the Pennsyl-
vania Turnpike over the Susquehanna River near Harrisburg, 
PA. The separate eastbound and westbound bridges are precast 
concrete segmental structures with 40 spans each, supported 
on a total of 78 piers and four abutments. Drilled shafts for 
the piers (156 total) are 2.0-m diameter with  1.8-m diameter 
rock sockets averaging 4.6m in length. Twenty drilled shafts 
supporting the abutments are 1.2-m diameter with 1.1-m di-
ameter rock sockets. The SRB was completed in 2007. As 
described by Gordon et al. (2004),  uncertainty about sock-
et resistance prior to design led to a load testing program to 
better establish design values of axial side and base resist-
ance. Figure 6 shows the SRB under construction. 

The SRB site is underlain by the Triassic Gettysburg For-
mation, which is the uppermost formation in this part of the 
Gettysburg Basin. Hawk (2004) presents a detailed study of 
the geologic and engineering characteristics of the Gettysburg 

Formation rock at SRB. 96 borings were performed at pier lo-
cations over the bridge alignment, with an additional six bor-
ings at the locations of two load-tested drilled shafts near the 
east end of the alignment. The average uniaxial compressive 
strength, based on a total of 83 tests on core samples, is 36.4 
MPa. However, as reported by Hawk (2004), the data show a 
distinct trend of decreasing strength going from the west to east 
ends of the bridge. Table 1 presents mean values of uniaxial 
compressive strength (qu) for various segments of the bridge 
alignment beginning at the west shore. Hawk (2004) attributes 
the high strength of rock at the west end to thermal alteration 
as a result of proximity to a diabase intrusion. East of Calver 
Island the strength decreases in response to the absence of con-
tact metamorphism. Low strength observed in rock on the east 
shore, outside of the thermal aureole and active river channel, 
is attributed to more extensive weathering. Both load tests were 
performed on drilled shafts installed on the east shore. Rock 
strength at these locations is considered in subsequent sections 
of this paper.

Load Tests
Goethals Bridge
At the GBR site, four drilled shafts, two on each side of the 
bridge (NJ and NY), were load tested using the bi- directional 
axial load method. One test shaft on each side was 2.7-m di-
ameter with permanent casing seated into rock and a 2.6-m 

Table 1. Trend of Spatial Variation in Rock Strength at SRB (Data from Hawk, 2004) 

Bridge Segment West Shore West Channel Calver Island East Channel East Shore

Mean Uniaxial Compressive Strength, qu (MPa) 91.7 54.8 41.7 29.2 22.0

Figure 6. Construction of piers for the Susquehanna River Bridge; (Photo courtesy of Wagman Construction, Inc.)
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Figure 7. Vibro-driving of casing for installation of TS3-NJ

Figure 8. Typical cuttings from excavation in rock

diameter rock socket. The second test shaft on each side was 
a 1.8-m diameter shaft with permanent casing to rock and a 
1.7-m diameter rock socket. Figure 7 shows the permanent 
casing installation for the 2.7-m diameter test shaft in New 
Jersey, while Figures 8 and 9 show some of the excavated 
rock. 

Test shaft designations, dimensions, and locations are 
summarized in Table 2. Note that the socket lengths of the test 

shafts exceed the design lengths of production shafts of the 
same diameters. The increased socket lengths were needed 
for bi-directional load testing which relies upon side resist-
ance of the shaft above the bi-directional load cell to provide 
the reaction necessary to develop base resistance. The socket 
lengths in Table 2 were selected to mobilize the anticipated 
base resistance of the Passaic Formation rock, estimated to be 
at least equal to 15MPa.
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Figure 9. Intact rock extracted by core barrel (production shaft)

Table 2. Summary of Load-Tested Drilled Shafts, Goethals Bridge 
Replacement

Test Shaft

Diameter Lengths

Shaft Socket Total(1) Socket

(mm) (mm) (m) (m)

TS1-NY 2,743 2,591 29.5 10.2

TS2-NY 1,829 1,676 26.2 7.9

TS3-NJ 2,743 2,591 19.4 8.8

TS4-NJ 1,829 1,676 16.1 6.3
(1) Total length is from grade elevation to tip of socket

The four GBR test shafts, as well as the production 
shafts, were subject to stringent quality assurance measures 
(QA) for base cleanliness. The base of each shaft was airlifted 
until it passed inspection using a mini-SID (Shaft Inspection 
Device). The QA criterion was that no more than 50 percent 
of readings could show greater than 13mm of sediment on 
the base of the excavation and that no reading could exceed 

38mm. Figure 10 shows airlifting at one of the production 
shafts. 

The axial load tests at Goethals were designed to meas-
ure unit side and unit base resistances in Passaic Formation 
rock. Results are summarized in Table 3. Figure 11 shows the 
bi-directional load-displacement curves for TS1-NY, which 
is representative of all four tests where the shafts  lower 
 section resistance was well balanced against the upper. The 
following general aspects of socket response are noted:

• Base resistance in every case was mobilized at small 
 displacement and achieved values exceeding 15MPa at 
displacements ranging from 5.3mm to 15.2mm (less than 
0.5 percent of diameter).

• Unit side resistances exceeded 1.45MPa in all cases at 
 displacements of less than 12.5mm (½ inch).

• Side and base resistances can be combined for LRFD limit 
state design; there is no issue associated with ‘strain com-
patibility’ for combining side and base resistances. Both 
components of resistance were achieved within tolerable 
displacements. 
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• The maximum load in every case was governed by the 
bi-directional load cell capacity, not the geotechnical 
 resistances; it is clear that all four shafts could provide 
higher values of resistance than those mobilized and re-
ported in Table 3.

Silver Line
Three 1.8-m diameter drilled shafts were load tested for the 
Silver Line. Each shaft included 1.86-m diameter perma-
nent casing to rock and a 1.8-m diameter socket. Details of 
the tests are described in Schnabel (2014). Each test shaft 

is  situated in a different location, intended to capture the 
range of rock conditions anticipated over the alignment of 
the Dulles Aerial Guideway. Figure 12 shows a test shaft 
 installation, while Figure 13 shows typical rock cuttings 
from socket  excavation in the Balls Bluff siltstone. Test shaft 
designations, dimensions, and locations are summarized in 
Table 4. 

During installation of the Silver Line test shafts, ground-
water was observed seeping into the excavations from the 
bottom of the permanent casing. At completion of the exca-
vation, remaining water was removed using a pump and the 

Figure 10. Airlifting for base cleanout at Goethals Bridge

Table 3. Summary of Resistances and Displacements Mobilized in Goethals Load Tests

Test Shaft
Mobilized Unit Side 

 Resistance,  
(MPa)

O-cell Upward 
 Displacement  

(mm)

Mobilized Unit Base 
Resistance 

(MPa)

O-cell Downward 
 Displacement 

(mm)

TS1-NY 1.56 8.4 17.2 5.3

TS2-NY 1.47 2.8 15.3 5.3

TS3-NY 1.73 12.4 16.0 15.2

TS4-NY 1.64 4.1 16.3 8.1
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Figure 11. Bi-directional load-displacement curves, TS1-NY (2.7-m dia)

Figure 12. Test shaft installation, Dulles Metro Silver Line
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Figure 13. Typical socket excavation cuttings, Balls Bluff Member siltstone

Table 4. Summary of Load-Tested Drilled Shafts, Silver Line

Test Shaft

Diameter Lengths

Shaft Socket Total(1) Socket

(mm) (mm) (m) (m)

ATS-1 1,861 1,829 16.9 9.1

ATS-2 1,861 1,829 9.9 6.9

ATS-3 1,861 1,829 9.1 6.8

(1) Total length is from grade elevation to tip of socket

base was cleaned with a mechanical mud bucket. Typically 
about 25mm of sediment remained at the base.

The Silver Line load tests were designed to measure unit 
side and unit base resistances in rock of the Balls Bluff Mem-
ber. Results are summarized in Table 5, and Figure 14 shows 
the bi-directional load-displacement curves for ATS-2, which 
is representative of all three tests. The following general as-

pects of socket response are noted, all of which are quite sim-
ilar to those noted for the Goethals load tests:

• Base resistance in test shafts ATS-2 and ATS-3 achieved 
values approaching or exceeding 14MPa at displacements 
ranging from 1.9mm to 3.3mm (less than 0.2 percent of 
diameter).

• Base resistance in test shaft ATS-1 reached 14MPa, but re-
quired 36mm of displacement, possibly indicating ineffi-
cient cleanout of the base. This displacement is still within 
2 percent of the shaft diameter.

• Unit side resistances range from 1.3MPa to 1.5MPa at dis-
placements of less than 8mm.

• Side and base resistances are mobilized at ‘compatible’ 
displacements and can be combined for design. Both com-
ponents of resistance were achieved within tolerable dis-
placements. 

• The maximum load in every case was governed by 
the bi-directional load cell capacity, not the geotechni-
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Table 5. Summary of Resistances and Displacements Mobilized in Silver Line Load Tests

Test Shaft
Mobilized Unit Side 

Resistance,  
(MPa)

O-cell Upward  
Displacement  

(mm)

Mobilized Unit Base 
Resistance  

(MPa)

O-cell Downward  
Displacement  

(mm)

ATS-1 1.31 5.4 14.0 35.8

ATS-2 1.37 7.8 14.3 1.9

ATS-3 1.51 5.1 13.8 3.3

Figure 14. Bi-directional load test results, Test Shaft ATS-2, Silver Line

cal  resistances; all three shafts could provide higher values 
of resistance than those mobilized and reported in  Table 5.

Susquehanna River Bridge
Two 1.8-m diameter drilled shafts were load tested for the 
Susquehanna River Bridge. Both test shafts were installed at 
the east shore end of the alignment, where the rock exhibits 
the lowest strength (see Table 1) and is described as being 
more weathered. Both shafts were installed with permanent 
casing to rock and with the dimensions given in Table 6. The 
information presented herein is as reported by Gordon et al. 
(2004). Test Shaft S-2 was intended to be representative of 
poor rock conditions, while Test Shaft S-6 was intended to 
be representative of average rock conditions. The test shafts 
are located approximately 183m apart. For evaluation of rock 
socket side resistance, each test shaft socket was subdivid-

Table 6. Summary of Load-Tested Drilled Shafts, Susquehanna River 
Bridge (data from Gordon et al., 2004)

Test Shaft Diameter  
(mm)

Total 
Length  

(m)

Socket Lengths (ft)

Upper Lower

Test Shaft S-2 1,829 13.3 2.4 2.3

Test Shaft S-6 1,829 17.0 2.1 2.2

ed into an upper and lower section (above and below the bi- 
directional load cell), as noted in Table 6. 

As reported by Gordon et al. (2004), a ‘compressible 
end bearing material’ was added to the base of each load cell 
testing frame to minimize mobilization of base resistance, 
based on the primary objective to measure side resistances. 
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Furthermore, the authors report the following construction 
and testing observations:

“ . . the casing did not completely prevent groundwater infil-
tration, which was observed to flow into the excavation from 
around the bottom of the casing.” [Both test shafts]

“Difficulties were encountered during concrete placement, 
which resulted in the entire carrying frame moving upwards 2 
ft [0.6m] while the concrete pump was operating.” [Test Shaft 
S-6]

“During load testing of this shaft, excessive lateral movement 
and upward translation was observed” [Test Shaft S-6]

“A tilt of approximately 0.10 inches [2.5 mm] was calculated 
at the bottom Osterberg Cell plate”    [Test Shaft S-2]

“The bottom plate of the Osterberg Cell was calculated to tilt 
approximately 1.03 inches [26 mm]”     [Test Shaft S-6]

Results of the load tests are summarized in Table 7. In gen-
eral, the mobilized side resistances at the Susquehanna site 
are lower than those reported at Goethals and Dulles. Lower 
resistances would be expected considering the lower values 
of rock strength; however the construction and testing ob-
servations noted above could also have contributed to low-
er resistances. For base resistance to develop, downward 
movement would have to be sufficient to compress the com-
pressible base material. At Test Shaft S-2, at a downward 
displacement of 63mm, mobilized base resistance reached 
14MPa, similar to Goethals and Dulles. For Test Shaft S-6, 
a displacement of just less than 24mm mobilized a base re-
sistance of 5.9MPa. 

Comparisons and Discussion
The current FHWA Drilled Shaft Design manual (Brown 
et al., 2018; also designated as GEC 10) recommends the fol-
lowing equation for predicting the nominal unit side resist-
ance of rock-socketed drilled shafts:

fSN
pa

qu
pa

=C  (1)

in which:
fSN = nominal unit side resistance, 
  qu =  mean value of uniaxial compressive strength for the 

rock layer, 
 pa = atmospheric pressure in the same units as qu, and 

  C =  a regression coefficient used to analyze load test results. 

The value of the coefficient C recommended for ‘normal’ 
rock sockets, defined as sockets that can be excavated with-
out caving or the need to provide support with casing or other 
means, is 1.0. The value of qu used in the above equation 
should be limited to the design compressive strength of the 
drilled shaft concrete, fc′. For the Goethals and Silver Line, 
this value was 27.6MPa and would govern the value used 
in the equation because the rock strength is greater than the 
concrete design strength. Using the applicable values of qu or 
fc′, the values of nominal unit side resistance at each site cal-
culated in accordance with the Equation (1) are summarized 
in Table 8.

Based on Table 8, unit side resistances mobilized at Goe-
thals show good agreement with the design equation given in 
GEC 10. The calculated nominal value is 1.67MPa. Of the 
three values less than this, the upward displacement at the 
mobilized side resistance ranged from 2.8 to 8.4mm, which 
is not sufficient to mobilize the strength limit. In the single 
test in which the measured value of 1.73MPa exceeded the 
calculated value, upward displacement was 12.4mm, which 
approaches the displacement typically required to reach a 
strength limit (around 12.5mm or more).

Similarly, load testing results at the Silver Line validate 
the GEC 10 design equation. Mobilized side resistances rang-
ing from 1.31MPa to 1.51MPa occurred at displacements 
ranging from 5.3mm to 7.6mm, which is below the defor-
mation corresponding to a strength limit, and the stress vs. 
displacement curves clearly indicate that additional side re-
sistance was available (see Figure 14).

The load tests at the Susquehanna River Bridge clear-
ly fall below the calculated nominal values; however, the 
construction issues noted by Gordon et al. (2004) and noted 
above apparently had a significant effect. All of the reported 
displacements (see Table 7) should have been sufficient to 
mobilize the full side resistance, but the measured values are 
less than calculated using the recommended equation in GEC 
10. In particular, the lower section of Test Shaft T-6 yielded 
a unit side resistance of only 0.19MPa despite rock strength 
exceeding that of the concrete. In the writers’ experience, in-
ward seepage, as reported by the authors to have occurred 
due to insufficient seal at the bottom of the casing, can cause 
significant loosening of rock at the base and along the side-
wall of a socket, with corresponding decreases in both side 
and base resistances. The reported movement of the testing 
frame during concrete placement and the reported excessive 
lateral movement and upward translation during the load test 

Table 7. Summary of Resistances and Displacements Mobilized, Susquehanna River Bridge

Test Shaft

Mobilized Unit Side 
 Resistance, (MPa)

O-cell Upward 
 Displacement  

(mm)

Mobilized Unit Base 
Resistance  

(ksf)

O-cell Downward 
Displacement  

(mm)Upper Lower

Test Shaft S-2 0.98 0.76 19.6 14.0 63.0

Test Shaft S-6 1.00 0.19 13.5 5.9 23.6
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also indicate the importance of quality construction on the 
performance of drilled shafts.

Base resistances mobilized in the Goethals and Dulles 
load tests illustrate several important points:

• With proper cleanout and quality placement of concrete, 
drilled shafts in Triassic red bed sedimentary rock can 
provide significant base resistance, approaching and ex-
ceeding 15MPa, at small displacements. All four drilled 
shafts at Goethals exhibited mobilized base resistances 
in the range of 15.3 to 17.2MPa at downward displace-
ment ranging from 5.3 to 15.2mm. Two of the three test 
shafts at Silver Line exhibited mobilized base resistances 
of 14.3MPa and 13.8MPa, at downward displacements of 
1.8mm and 3.3mm, respectively.

• Where ‘soft bottom’ conditions exist, whether caused by 
material trapped between the concrete and rock or inten-
tionally placed such as the load tests at Susquehanna Riv-
er, the rock base resistance still exists but requires greater 
displacement before being mobilized. Test Shaft ATS-1 at 
Silver Line required 35.8mm of displacement but mobi-
lized 14.0MPa of resistance. Similarly, Test Shaft S-2 at 
Susquehanna also mobilized base resistance of 14.0MPa, 
but at a displacement of 63mm, presumably as the ‘com-
pressible material’ at the base was fully compressed. Test 
Shaft S-6 mobilized 5.9MPa at downward displacement 
of less than 25mm. It would be anticipated that further 
displacement would completely compress the material in-
serted beneath the base and that significant additional base 
resistance could be mobilized. 

Summary and Conclusions
Case histories of load tests on socketed drilled shafts in Trias-
sic basin sedimentary rocks, including the Newark, Culpeper, 
and Gettysburg Basins, demonstrate that unit side and base 
resistances can be predicted to a level of engineering accura-
cy acceptable for design purposes by applying the equations 
given in the current FHWA Drilled Shaft Manual (Brown 
et al., 2018), provided that quality construction practices and 
associated quality assurance measures are employed. Com-
pressive strength of rock core is the primary engineering 
property required, but also consideration of rock structure in 

terms of RQD and orientation of discontinuities.  In the cases 
considered in this paper, the rock sockets were constructed 
in Triassic red beds consisting of siltstone, sandstone, and 
shale. Rock characteristics, in terms of lithology, compres-
sive strengths, bedding, and structure, are similar at all three 
locations, which is consistent with their common geologic 
origin. 

The load test results at the Goethals Bridge and the 
Dulles Silver Line demonstrate the benefits of rigorous qual-
ity assurance measures on mobilization of base resistance. 
At Goethals, airlifting combined with base cleanout criteria 
based on mini-SID measurements yielded load test results 
in which base resistances exceeding 15MPa were obtained 
at downward displacements in the range of 5mm to 15mm. 
Applying the same quality control and quality assurance cri-
teria to the production shafts allowed the designers to rely 
on side and base resistances in combination when comput-
ing axial resistances to meet LRFD design criteria. Similarly, 
at the Dulles Silver Line, base cleanout by mechanical mud 
buckets and visual inspection to verify 25mm or less of sed-
iment yielded load test results in which two shafts exhibited 
mobilized base resistance of approximately 14MPa at very 
small displacements (2 to 3mm). One shaft required larger 
displacement of 36mm to mobilize 14MPa of base resist-
ance, possibly reflecting inward seepage, more compressible 
rock beneath the base, or the effects of allowing 25mm of 
 sediment. 

The load tests performed at Susquehanna River 
Bridge and reported by Gordon et al. (2004) illustrate the 
 potentially detrimental effects of poor construction qual-
ity control on socket side resistance. Failure to obtain 
 adequate seating of casing into the top-of-rock and the re-
sulting  inward groundwater seepage resulted in decreased 
side  resistance. 
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