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Abstract. Static pile loading tests were performed in the 1950s and 1960s to upgrade the Mississippi 

River and tributaries. The test reports gave rise to several papers in the ASCE Journal and conferences 

that became important references for the development of state of practice of pile analysis and design. The 

tests were amongst the very first to include instrumentation for measuring the strain imposed by the 

applied test loads. They still contain insights of value to the current practice and to further that end, some 

of the results of the tests for the Mississippi River Lock and Dam 4 published in mid-1950s have here 

been digitized and made available for re-analysis to show, historically, the beginning of understanding 

how load is transferred from a pile to the soil and, also, to put the papers into the context of aspects, in 

those days not yet recognized, such as residual force and the need for accurate separation of shaft and toe 

response and analysis applying effective stress conditions. 

INTRODUCTION 

The response of a piled foundation to an applied load depends on shaft resistance, which is a function of 

soil shear, and on toe resistance, which is a function of compression and displacement. Other than for 

cases where the response if dominated by toe resistance and the pile toe is located in a definite bearing 

material, the response depends on a large variety of factors, such as geology, shear strength, and 

compressibility, offering different force-movement response. Current understanding of the response has 

evolved over many years as a collection of results of full-scale studies of static loading tests on 

instrumented single piles to separate the shaft response from the toe response, Such instrumentation only 

started in about the 1950s. Initially, the most common instrumentation comprised telltales to measure pile 

compression that then could be converted to strain, ε, which, in turn was converted to force by 

multiplication with the pile axial stiffness (EA/L). A few of those studies became milestone developments 

in the state-of-the-art. One such was the report by Mansur and Kaufman (1956) on the static compression 

and tension loading tests for the Lock and Dam 4 sill structure in the Mississippi River. As stated, the 

tests were carried out "to determine the required type size and length of piles necessary to carry the 

design compression and tension loading without any significant movement of the structure". 

SOIL PROFILE AND TEST PILES 

The original soil profile comprised a 15 m thick layer of clay and silt on 12 m of clay (wn = 30 %), 4 m of 

silt and sand, and more than 15 m of dense sand. Because the soil profile below 15 m depth was 

essentially similar to the soil where the structure was to be built, in order to have the tests in a soil profile 

similar to that for the project, an area 30 m by 45 m wide around the test pile location was excavated 

to 15 m depth before driving the test piles. This will have created a prestressed condition for the tests. 

Mansur and Kaufman did not state if this prestressed condition was also present at the project site. The 

groundwater table was at the bottom of the excavation and the pore pressure distribution ranged from 

hydrostatic to having a 1.5 m artesian head in the dense sand in reference to the excavated surface. 
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At the time, the convention was to perform stress-independent ("total stress") analysis. Therefore, no 

attention was given to the fact that despite the apparently wide excavation, the distribution of effective 

stress (for hydrostatic conditions) at the test site would not quite be that at the project site, as shown in 

Figure 1. The unloading effect of the excavation is calculated by means of Boussinesq distribution. 

 
Fig. 1  Distribution of effective stress at the test pile location 

 

The tests comprised six driven, telltale instrumented piles; four closed-toe pipe piles and two, 14-inch 

H-piles with diameters ranging from 16 through 20 inches (406 through 508 mm). The shortest distance 

from the piles to the excavation wall was 11 m. The piles were driven in the center of the excavation to 

embedments ranging from about 14 m through about 22 m. The wall thickness of the pipe piles was not 

mentioned in the paper. Figure 2 shows the layout and sizes of the test piles. Three of the pipe piles 

(Piles , 4, and 6) were driven to 19.8 m depth and one (Pile 5) was driven to 13.7 m depth terminating in 

the silt and sand. The H-piles (Piles 1 and 3) were driven to embedments of 21.6 and 24.6 m, respectively. 

Pile 1 was equipped with a toe plate covering the cross section. The desired working loads were 900 

and 400 kN in compression and tension, respectively, considering both settlement and plunging failure. 

 
Figure 2 Plan of test pile locations 
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All six piles were instrumented with telltale rods spaced evenly in the pile. The telltales were housed 

inside two protective u-channels, three telltales in each, which increased the circumferential pile area by 

about 11 %. The telltale measurements were converted to strain and used to calculate the distribution of 

axial force down the pile during the static loading tests. The pipe piles were tested first in compression 

(push) and then in tension (pull), while the H-piles were only tested in push. 

 

TEST SCHEDULE AND RESULTS 

 

The loading tests started about two to three weeks after the driving. The loading schedule generally 

comprised applying 15 and 20-ton (133 and 178 kN) load increments, holding the load constant for 

different lengths of time with intermediate unloadings held for different lengths of time, as illustrated in 

Figure 3, showing applied load vs. time and measured movement over time for Pile 2 (the data are 

extracted from scanned and digitized paper original). 

 

 
Fig. 3  Load and measured movement vs. time for Pile 2, compression test 

 

The rather variable schedule was included because back then it was thought that the pile-head movements 

at different zero-loads events would provide information useful in assessing piled foundation settlement. 

We now know that no useful information is obtained from unloading-reloading events and, moreover, that 

in regard to instrumented piles, such events only serve to greatly disturb the measurements (Fellenius and 

Nguyen 2019, Fellenius 2023). 

 

Figure 4 is a two-graph presentation of the Pile 6 results in terms of measured load-movement. It is 

noteworthy that the pile toe movement for loads beyond 2,500 kN (250 tons) exceeded 5 mm. Therefore, 

it is likely that the shaft resistance was fully mobilized already before the 2,500-kN load was applied. 
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Fig. 4  Load-movements measured for Pile 6 in push and pull (Mansur and Kaufman 1956) 

 

Figure 5 shows the distribution of axial force in the same pile for the applied loads as evaluated from the 

differentiation of the telltale records. The graphs are supplemented with sloping lines where the slopes 

represent the mobilized shaft resistance. 

 
Fig. 5  Force distribution reported for Pile 6 in push and pull (Mansur and Kaufman 1956) 

 

Figure 6 shows a replot of Pile 6 records combining the pair of graphs of Figure 4, which simplifies 

comparing the push and tension test results. The vertical red bar in Figure 6 indicates the range of 

evaluated "capacity" determined by Mansur and Kaufman (1956) using three definitions: the load that 

after unloading showed a 4 mm (0.25 inch) net pile head movement, the load that appeared as an 

intersection between an initial and final straight line approximation of the load-movement curve, and the 

load that gave a gross 4 mm (0.25-in) pile toe movement. The range-bar is plotted so that the average of 

the "capacity" values lies on the curve. The paper neither indicated a preferred definition nor stated what 

factor of safety that was or would be applied. 
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Fig. 6  Replot of load-movements measured for Pile 6 in push and pull 

 

The original push and tension test results of Figure 5 are similarly combined in Figure 7. The x-marks, 

numbered 1 through 6, in the "pile column" indicate the telltale ends. The force distributions shown in 

Figures 4 and 6, were obtained by differentiation, that is, they were determined from the shortening 

between two adjacent telltales and the force values are plotted mid-way between the telltale ends. But for 

the records determined from the pull-test difference in length between Telltales 3 and 4 (dashed lines), the 

force distributions were remarkably free from scatter. The records of Telltale 3 appears questionable 

which means that the force determined from the difference between values from Telltales 2 and 3 was not 

reliable for use. The difference between Telltales 2 and 4 was not used to replace the two erroneous 

Telltale 3 records. 

 
Fig. 7  Replot of force distributions reported for Pile 6 in push and pull 
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The Figure 7 pull test curves indicated that there would be a resisting tension force at the pile toe in the 

pull test. Of course, that is not possible. Mansur and Kaufman (1956) did not recognize that the indication 

in the pull test of distinct force and large shear resistance near the pile toe (Telltales 1 and 2) was caused 

by the presence of a locked-in force, called residual force in the pile at the start of the pull test, as left in 

the pile after the preceding push test. They actually stated that there was no residual force present in the 

pile at the start of the push test and they also accepted as true the very large difference in magnitude 

between the shaft resistance in the silt and sand as opposed to in the dense sand. Back in the 1950s, it had 

not yet been established that the pile driving leaves a pile with residual force. Indeed, the push tests were 

affected by presence of residual force as discussed below. 

 

Because of Mansur and Kaufman's trust in the evaluated forces, they believed and reported that the shaft 

resistance in pull was smaller than that in push. This finding in the paper has been cited by several others 

and many still claim that shaft shear in sand in negative direction is smaller than that in positive direction. 

That this erroneous belief was caused by omitting the effect of residual force present in the pile before the 

static loading test was later proposed by Hunter and Davisson (1969) and proven by direct measurements 

by Gregersen et al. (1973). 

 

Figure 8 shows the force distributions of the four pipe piles calculated from the telltale records at the 

maximum applied load, about 3,000 kN (blue dots and solid blue curves). Again, remarkably similar and 

consistent curves. The solid red curve represent simulated distributions from curve-fitting in effective 

stress analysis with no correction of residual force. The fit was to the push test distribution and the same 

shaft resistance input is used for the pull test. The red-dot curve for the pull test is the distribution fitted to 

the pull test average and the curve was applied to the push test to indicate distribution for a pile with the 

same shaft response as the pull test (also a red-dot curve. This curve would represent the true distribution 

for the push test including the true toe resistance. The red dashed curve shows the fit to Pile 5 push test 

distribution using the same beta-coefficients and the green dotted curve are the fit to the pull test. 

 
Fig. 8  Calculated and simulated force distributions  
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The beta coefficients range for the fit to maximum applied load of the push test results in the clay, the silt 

and sand, and the dense sand range from about 1.2, 0.6 through 0.4 and for the fit to the pull test, the 

average beta-coefficients are 0.4, 0.5, and 0.8. The back-calculated beta-coefficients for the pull test are 

likely quite close to the true values. They are larger than usually found for similar soils, which is probably 

due to the fact that the soil was in a prestressed state because of the 15-m excavation of the site. 

 

The fact that the residual force indicated for the push test distributions (distance between solid and dotted 

simulation curves) is larger than the shaft resistance shows that the test data are somewhat uncertain, 

understandably so, considering the telltale measurements and the differentiation analysis. It is quite 

possible that the forces determined from the telltale compressions are slightly smaller than actual. 

 

Hunter and Kaufman (1956) determined the unit shaft resistance in the silt and sand and dense sand layers 

and correlated these to the average effective stress (σ') and an estimated friction angle (ϕ') in the layers. 

The latter was set to 28° in the silt and sand and 36° in the dense sand. The values were combined with 

the earth stress coefficient (K) in the relation for unit shaft resistance, rs = σ' tanϕ' K, which resulted in the 

conclusion that, on average, K was 1.6 in compression and 0.6 in tension, again the omission of the 

residual force in the push tests resulted in a large overestimation of the shaft resistance in push. 

 

Figure 9 shows the pile-head load-movement curves from the pipe piles plotted together. The load-

movement agreement between the three equal-length piles is remarkable. The dashed red curve show the 

simulation for an 18-inch pipe pile affected by the beta coefficients used to simulate the tests in push. The 

dotted red curves show the simulation for an 18-inch pipe pile affected by the beta coefficients used to 

simulate the tests in pull. The "#6 head-toe" shows the simulated pile-toe response for Pile #6, assuming 

a 3/8" pile wall thickness. 

 
Fig. 9  All push and pull load-movement curves plotted together 
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The simulations are made for a 12-mm relative pile-soil movement using the same hyperbolic t-z function 

for all pile elements. If using a 5-mm movement instead, a more common target value, the beta-

coefficients producing the same load-movement fit would be 75 % of those indicated. 

 

Figure 10 shows force-movement curves. The blue curves show records scanned and digitized from the 

paper and the red curves show curves are simulated curves fitted to the push test. That is, the curves 

include the effect of residual force. It is difficult to simulate (fit) a curve to records that are affected by 

residual force because the residual force always includes a corresponding residual movement, but the 

simulation assumes that the resistance starts are zero shear force between the pile and the soil. Along the 

upper length of the piles, there is presence of past negative direction movement, with corresponding shaft 

resistance gradually turning to positive direction movement as the test progresses. The response along the 

lower length starts at some beginning values of past positive direction movement and quickly develops 

fully mobilized condition, if not already at that state. For examples and details, see Fellenius (2015; 

2023). 

 
Fig. 10  Force-movement records vs. measured pile toe movement (scanned from the paper) 

 

The response of a pile toe affected by residual force is initially affected by the fact that the soil below the 

pile toe is prestressed and the toe force increases rapidly for small movement. Once the stress has 

exceeded the prestress level, the continued movement is back to following a virgin curve. The solid red 

line in the figure projects to the original movement and the dot-dashed curve suggests what a true virgin 

curve would have looked like. 

 

0

500

1,000

1,500

2,000

2,500

3,000

3,500

0 2 4 6 8 10 12 14

L
O

A
D

  
a

n
d

  
F

O
R

C
E

  (
k

N
)

TOE  MOVEMENT  (mm)

Head

In silt layer, TTL 3+4

In sand layer, TTL 2+3 

Toe

Hyperbolic
simulation

Speculative true toe response

Toe response without 
residual  toe  force,  just 
residual  toe movement



Page 9 

The two H-piles, Piles 1 and 3, differed by Pile 3 being equipped with a toe plate. Figure 11 shows the 

back-calculated force distribution for the maximum test load applied to the H-piles. The distributions 

indicate that the base plate had not increased the toe resistance. The steeper slope of the Pile 3 force 

distribution indicates that the plate had instead reduced the shaft resistance. This interpretation would 

remain after correction for presence of residual force.  

 

 
Fig. 11  Force distribution back-calculated for the H-piles at the maximum applied load 

 

CONCLUSIONS 

 

This pioneering paper by Mansur and Kaufman (1956) showed that instrumenting a test pile to determine 

the force distribution, separating shaft response from toe response will enable a more informed analysis 

and design of the intended piled foundation than obtained from just measuring the pile-head response. 

The paper is one of the first to indicate the concept of residual force. The authors should not be criticized 

for not quite understanding the full impact of this, which caused them to erroneously conclude that the 

shaft resistance in pull would be smaller than that in push. 

 

The paper is one of the first that showed the benefit of analyzing the results of a static loading test in 

terms of force-movement response of the pile elements and assessing the settlement of the piled 

foundation supported on the piles rather than by designing according to some definition of capacity and a 

factor of safety (or resistance factor). 
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