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The University of Missouri performed a lateral load test program involving 32 drilled shaft 
load tests for the Missouri Department of Transportation (MoDOT). Tests were performed 
at two MoDOT geotechnical research sites, and all shafts were founded in shale. Shafts 
were instrumented to measure the displacement of the shaft head, and the structural 
response of each shaft was interpreted from strain gage data and from ShapeAccelArray 
(SAA) data. The SAA is a chain of rigid segments with sensors that use MEMS 
(microelectromechanical systems) technology to measure the tilt of each segment/joint. 
The measuring principle of the SAA is therefore similar to that of an inclinometer. The 
SAA device was placed in a casing installed in the center of each test shaft to provide a 
continuous record of deflection along the length of the shaft throughout each test. 

Bending moment profiles were calculated from strain gage data and from SAA data.  
Interpretation of bending moments from measurements of strain (via strain gages) and 
displacement (via SAA) is a nontrivial exercise, primarily because the bending stiffness, 
EI, is nonlinear and greatly influenced by concrete cracking, which is difficult to predict.  
The procedure used for this work predicted values of bending stiffness along the length of 
the shaft as a function of the bending curvature, which was interpreted from the SAA 
data. Values for bending stiffness as a function of curvature were computed using Ensoft 
LPile v2012. Bending moment profiles from SAA data were typically similar to those from 
strain gage data. The SAA bending moment profiles were often “noisier” than the strain 
gage bending moment profiles, but the SAA bending moment profiles had more data 
points since the SAA chain was continuous from the top to the bottom of each shaft.

INTRODUCTION 

A comprehensive drilled shaft load testing 
program for the Missouri Department of 
Transportation (MoDOT) was performed by the 
University of Missouri. Part of the program 
involved lateral load testing 25 drilled shafts. All 
shafts were instrumented with vibrating wire 
strain gages and ShapeArrayAccel devices, both 
of which can be used to interpret the structural 
response of the shaft. This paper describes 
interpretation of data from each device and 
presents a comparison of the observed results 
from each. 

LOAD TESTING PROGRAM 

The load testing program involved 25 drilled 
shafts constructed during the summer of 2010 at 
two MoDOT research sites, one near Frankford, 
which is northwest of St. Louis, and one near 
Warrensburg, which is southeast of Kansas City. 
The purpose of the research program was to 
develop specific design relations for MoDOT to 

design drilled shafts in Missouri shale for axial 
and lateral loading and to establish appropriate 
resistance factors to achieve target reliability. 
Complete details regarding the drilled shafts and 
testing program can be found in Pierce et al. 
(2014) and Boeckmann et al. (2014).This paper 
only considers the lateral tests. 

Subsurface Conditions 

Both sites are founded on shale. The strength of 
the shale is rather variable, with uniaxial 
compressive strengths ranging from 3 to 100 ksf 
as shown in Figure 1 for the Frankford Load 
Test Site. The shale at Warrensburg is similarly 
variable, with UCS from 5 to 160 ksf and layer 
UCS coefficients of variation near 1.0. The shale 
layers at Warrensburg are 10 to 15 ft beneath 
the ground surface. To facilitate load transfer to 
the shale during the lateral load testing, some 
drilled shaft test pairs were re-tested after drilling 
several 3-in. diameter holes down to shale in 
front of the test shafts. 
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Table 1. Summary of Load Tests. “Soil removed” refers to shaft pairs that were re-tested after 
drilling several 3-in. holes in front of the shafts. 

Test Pair 
Test 

Date in 
2012 

Number of 
Load 

Increments 

Maximum 
Load 
(kips) 

Maximum 
Displacement 

(in.) 
Notes 

F1-F2 8/23 11 306 6.0 Popping noise from F2 during 88-
kip load increment. 

F4-F6 8/29 11 321 7.8 Popping noise from F4 heard 
during 321-kip load increment. 

F7-F8 8/27 13 365 7.3  

W1-W2 8/1 16 321 2.7 Popping noise from W2 during 
263-kip load increment. 

W1-W2 
Soil Removed 8/9 10 277 4.0 Popping noise from W1 during 

263-kip load increment. 
W1-W5 

Soil Removed 8/20 12 350 6.9  

W3-W4 8/6 11 321 4.1  
W3-W4 

Soil Removal 8/7 10 292 4.3  

W6-W7 7/30 8 173 1.1 Jacks readjusted several times 
during test. No SAA data. 

W6-W7 
Soil Removed 8/11 11 306 5.7  

W8-W9 Soil 
Removed 8/15 12 350 6.5  

W8-W9 7/24 20 115 0.8 Load and displacement were 
limited for first two tests as 
researchers became familiar with 
test equipment and procedure. 

W10-W11 7/27 20 146 0.7 

W10-W11 
Soil Removed 8/13 9 262 5.1 Soil removal in front of W11 only 

(limited rig access near W10). 
W12-W13 

Soil Removed 8/18 8 233 8.0  

W14-W15 
Soil Removed 8/17 9 262 6.1  

 

INSTRUMENTATION 

All test shafts were instrumented with six levels 
of four strain gages and a SAA casing extending 
nearly the full depth of the shaft. In addition, 
vibrating wire displacement transducers and dial 
gages were used to measure the shaft head 
displacement, and the load applied to each shaft 
was measured by monitoring the hydraulic 
pressure supplied to the jacks. Data acquisition 
varied by device; strain gages and displacement 
transducers were read with a DataTaker 85g, 
which is equipped for vibrating wire 
measurements. Each SAA has its own data 
acquisition hardware that connects between the 
SAA device and a computer used for 
communication with the SAA and data storage. 

Vibrating Wire Strain Gages 

Each shaft was instrumented with six levels of 
vibrating wire strain gages.  The strain gages 
were vibrating wire concrete embedment gages 
(Geokon Model 4200) attached to u-brackets 
welded inside the reinforcing cage.  Most shafts 
were instrumented with four gages at each level 
(24 gages total per shaft), but six shafts at 
Warrensburg were post-grouted shafts and were 
instrumented with just two gages at each level 
(12 gages total per shaft). 

ShapeAccelArray (SAA) 

The SAA is a chain of rigid segments with 
sensors that use MEMS (microelectro-
mechanical systems) technology to measure the 
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For all calculations, the bending stiffness at a 
particular depth was limited to its minimum 
historic value if the L-Pile analysis indicated 
concrete cracking had ever occurred at that 
depth.  For example, if the curvature at a depth 
of 10 ft was great enough to initiate concrete 
cracking for an applied lateral load of 100 kips, 
the bending stiffness used to calculate the 
bending moment for subsequent loads would be 
limited to a maximum value of the stiffness 
calculated for the 100-kip load, even if the 
bending curvature at a subsequent load was 
less than it had been at a load of 100 kips.  This 
reasoning was extended to the shafts at 
Warrensburg that were tested twice, once before 
drilling out soil between shafts and once after. 

RESULTS 

The data interpretation procedures explained in 
the previous section were applied to data from 
all 25 test shafts to produce displacement and 
bending moment profiles (i.e. with depth). 
Example results are presented and discussed 
below. Complete results are presented in 
Boeckmann (2014). 

SAA Displacement Profiles 

Profiles with depth of transverse displacement 
from SAA data were calculated for all test shafts 
for all load steps according to the explanation 
presented above. An example result is included 
in Figure 6, showing a pair of shafts from one 
test side-by-side and including profiles for each 
load step. Similar plots for all tests can be found 
in Boeckmann (2014). 

The shapes of the displacement profiles in 
Figure 6 are consistent for both shafts as well as 
for all load steps.  Each profile indicates the 
respective shaft is essentially fixed around 
elevation 765, which is 2 to 3 ft below 
permanent casing.  The bottom of permanent 
casing is approximately at the depth of 
overburden, so a point of fixity could be 
interpreted 2 to 3 ft into the shale layer.  Above 
the shale, the shaft deflects without much 
curvature; the rotation in the overburden is 
relatively uniform. 

Bending Moment Profiles 

Profiles with depth of bending moment from 
strain gage and SAA data were calculated for all 
test shafts for all load steps according to the 
explanations presented above. Example results 

are included in Figure 7 (Frankford), Figure 8 
(Warrensburg), and Figure 9 (Warrensburg after 
Soil Removed), with each including profiles for 
each load step from strain gages and SAA. 
Similar plots for all tests can be found in 
Boeckmann (2014), and Table 2 includes a 
summary of ultimate results for each test. 

Both sets of bending moment profiles for 
Frankford test shaft F4 (Figure 7) show similar 
shapes and magnitudes below the permanent 
casing and in the first shale layer, where the 
data suggest the maximum moment occurs.  
The bending moment profile from the SAA data 
shows considerably more “noise” than the strain 
gage profile.  This could perhaps be explained 
by there being more SAA segments than strain 
gages, but the noise is better explained by 
having to differentiate the SAA data twice to 
calculate bending moment from displacement, 
whereas the strain gages provide a direct 
measurement of the bending strain.   

Large negative bending moments shown near 
the ground surface for SAA data are difficult to 
explain. They are perhaps a result wind rattling 
the top segments, which could have been 
slightly loose in some casings. The negative 
moments do not show up in strain gage data, 
but there are no corresponding measurements. 
(Topmost moments shown are calculated from 
the known height of load above the ground.) 

The same observations apply to the 
Warrensburg data before (Figure 8) and after 
(Figure 9) soil removal.  For both tests shown, 
the shape and magnitudes from SAA and strain 
gage data are similar, but interpretation of the 
SAA data produces considerably more noise 
and unreasonable values toward the top of the 
shaft.  Two main observations arise from 
comparing the results before and after soil 
removal: (1) the ultimate load was decreased 
after soil removal by about 30 kips, and (2) after 
soil removal, the bending moment in the soil was 
decreased considerably while the bending 
moment in the rock increased, producing a 
flatter bending moment profile that extends 
deeper than before soil removal.  This indicates 
the drilling operation was successful for 
increasing the depth of load transfer. 

The results in Table 2 indicate the maximum 
bending moment observed in each shaft was 
typically greater for SAA data than strain gage 
data.  
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Table 2. Summary of ultimate drilled shaft responses.  

Test Pair 
(Shaft 1-Shaft 2) 

Maximum 
Load 
(kips) 

Shaft 1 Shaft 2 

Displacement 
at Head (in.) 

Max Moment (k-ft) Displacement 
at Head (in.) 

Max Moment (k-ft) 
Strain 
Gage SAA Strain 

Gage SAA 

F1-F2 306 5.4 2194 4983 6.0 1454 6399 
F4-F6 321 3.5 1503 2041 7.8 2591 6249 
F7-F8 365 4.8 2166 3622 7.3 3842 8463 

W1-W2 321 2.0 1793 2792 2.7 3004 3371 
W1-W2 Soil 
Removed 277 2.5 1467 2290 4.0 2655 4609 

W1-W5 Soil 
Removed 350 5.3 2116 2657 6.9 7764 4024 

W3-W4 321 3.8 3080 3699 4.1 2798 2421 
W3-W4 Soil 

Removal 292 4.3 1469 2997 3.0 1708 2558 

W6-W7 173 0.9 1856 N/A 1.1 1295 N/A 
W6-W7 Soil 
Removed 306 5.7 800 5129 4.0 3048 3031 

W8-W9 115 0.5 2245 1441 0.8 1317 1748 
W8-W9 Soil 
Removed 350 5.5 3060 3308 6.5 3309 4732 

W10-W11 146 0.7 1780 1633 0.6 455 1429 
W10-W11 Soil 

Removed 262 3.4 1696 2911 5.1 2047 2691 

W12-W13 Soil 
Removed 233 3.6 N/A 2246 8.0 2550 2471 

W14-W15 Soil 
Removed 262 4.4 2763 2749 6.1 1779 2549 

 
CONCLUSIONS 

The drilled shaft lateral load test program 
documented in this paper and in Boeckmann 
(2014) produced an extensive dataset and 
valuable experience comparing drilled shaft 
responses interpreted from strain gage data and 
from SAA data. Among the most important 
observations: 

• Interpretation of data from strain gages and 
from SAA both involve relatively 
straightforward bending mechanics formulae, 
but application of the formulae is complicated 
by the need to define bending stiffness of 
concrete and to compute second-order 
derivatives. 

• Ensoft L-Pile includes a convenient method 
for computing the bending stiffness of 
reinforced concrete sections as a function of 
bending curvature, which can be estimated 
from the slope of the strain profile between 
gages along the shaft cross section or from 

the second derivative of the SAA 
displacement profile. 

• Strain gages provide a direct estimate of 
bending strain (i.e., without computing 
derivatives), but many strain gages 
implementations will be limited by quantity in 
their ability to produce a well-defined bending 
moment profile. The incidence of strain gages 
not being installed correctly, being damaged 
during installation, or shorting out after 
installation can exacerbate this problem. 

• SAA data is well-defined with depth, but 
interpretation of SAA data to calculate 
bending moments requires computing 
second-order derivatives that typically result 
in “noisier” profiles. 

• Results from the load test program are 
largely consistent with the interpretation 
observations: bending moments from strain 
gage data and SAA data were often similar in 
shape and magnitude, but profiles based on 
SAA were noisier, especially near the top of 
the shaft. 
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• Maximum bending moments interpreted from 
SAA data were typically greater than those 
interpreted from strain gage data. 

Both the SAA and strain gages are useful 
devices for measuring drilled shaft structural 
response during lateral load testing.  Selection 
of SAA versus strain gage is of course 
dependent on needs that will vary from project to 
project. Cost of the SAA is “front loaded” (i.e. 
significant for the first shaft), but may be less 
than strain gages on a per shaft basis in many 
cases (since the device can be reused).  Strain 
gages are sacrificial but with little upfront cost. 
An additional advantage of strain gages is they 
provide measurement of axial load whereas the 
SAA does not. 
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