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Introduction 

Background
Improved predictions of axially loaded drilled foundation 

response could lead to a more efficient design of full scale 
load tests, thereby enabling the collection of more useful data. 
Currently, the design methodologies provided in Brown et 
al. [1] and the AASHTO LRFD Bridge Specification [2] enable 
reasonable estimates, as long as it is possible to classify each 
geomaterial encountered as one of those described within the 
manuals. The same is typically true for t-z style analyses such 
as those employed in software suites such as TZ-PILE [3], FB-
Deep [4], or CGI-DFSAP [5]. However, for problems involving 
materials that cannot be accurately classified as sand, clay, 
c-ϕ, etc.; measured axial drilled foundation response is often 
more difficult to predict. One of these challenging materials is 
carbonaceous cemented sandy soil, colloquially referred to as 
caliche in the Las Vegas Valley. Caliche is common in Las Vegas 
as well as in many other arid and semi-arid regions throughout 
the world including, but not limited to, central and western 
Australia, parts of southern and northern Africa, western Spain, 
the Thar Desert in India, eastern Saudi Arabia, and other parts 
of the United States such as Arizona, California, Colorado, Idaho, 
Montana, New Mexico, Utah, Washington, and Wyoming [6].

According to Stone et al. [7], the presence of a highly 
cemented caliche layer, at least as thick at the shaft diameter, 
can reduce the response (i.e. settlement) by more than 50%. 
As reported previously in [8,9], and Zafir and Vanderpool 
[10], the compressive strength of caliche has ranged from 
19,150 to 38,300kPa; although caliche strength was highly 
variable in general [11]. Even if laboratory testing indicates 
the presence of high strength caliche, other factors such as the 
lateral extent, continuity, and thicknesses of these layers must 
be evaluated before the caliche layer can be considered viable 
for load bearing. Consequently, base resistance in caliche is 
typically neglected in practice. There is also no widely accepted 
method for considering the strength of caliche in nominal axial 
resistance predictions for drilled shaft foundations. Hence, the 
goal of the present study is to explore the accuracy of couple 
of existing methods for predicting load-movement behavior of 
drilled foundations in highly cemented material and provide 
some general recommendations.

Motamed et al. [12] used the Deep Foundation System 
Analysis Program [13] to predict the load-movement response 
of one drilled foundation that had been subjected to a full scale 
bi-directional axial load test. The prediction results were very 
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close to the measured data for this test but the soil conditions 
did not include cemented material.

Therefore, this study aims to provide evidence about the 
impact of caliche on similar analyses to those conducted by 
Motamed et al. [12]. To accomplish this, a sensitivity analysis 
was carried out to investigate how the overall caliche percentage 
of the soil profile and the average thickness of caliche layers 
correlated with load-movement prediction accuracy. The 
methods employed for modeling caliche, described in more 
detail in the next section, were developed based on different 
design practices that are common in Las Vegas and are more 
thoroughly evaluated herein.

Approach
In this study, the two different t-z style analyses were 

carried out to make load-movement predictions for four 
drilled foundations subjected to bi-directional loading with an 

Osterberg load cell (O-Cell). For all cases, the test foundations 
were modeled, based on the information provided in the load 
test reports, as reinforced concrete shafts with free-head fixity, 
constant stiffness, and a uniaxial compressive strength of 
concrete assumed to be 27530kPa.

The first analysis type, hereafter referred to as M1, was 
implemented with the computer program CGI-DFSAP [5]. CGI-
DFSAP employs a semi-empirical framework to enable the 
same t-z style analysis as its predecessor, DFSAP, but it allows 
for 15 soil layers as opposed to only 10. The program develops 
internally computed t-z and Q-z curves (i.e. for side and tip 
resistance, respectively) by employing the procedures described 
by Ashour and Helal [14] for cohesionless material and Ashour 
et al. [15] for cohesive and rock-like material. Both of these 
methodologies rely on the constitutive model to characterize 
soil behavior developed by Norris [16] and modified by Ashour 
et al. [17]. This is depicted in Figure 1.

Figure 1: Stress-strain model from Ashour et al. [17] for the behavior of soil.

The second analysis type, hereafter referred to as M2, is more 
representative of the standard of practice. M2 was implemented 
herein with the computer program SHAFT [18] which is based 
on methodologies presented in past FHWA guidelines for design 
and construction of drilled foundations [19,20].

Thus, the load-movement predictions from SHAFT were 
assumed to represent those of traditional design methods and 
provide a reference for the quality of the CGI-DFSAP predictions.

Each model developed herein was reproduced using three 
approaches to investigate the effects of modeling caliche as 
dense sand, stiff clay, or weak rock formations. The drilled shafts 
included in this study were chosen mainly for the load test data 
quality and because the descriptions provided within the boring 
logs and drilling rates suggested that all caliche layers were 
medium to highly cemented. As a result, it was assumed that 
the strength properties of caliche were the same for all of the 
tests that were analyzed. This assumption is also supported by 
information provided in Cibor [21] that relates drilling rates and 

caliche hardness classification to the degree of cementation.

Analysis
Shaft and soil properties

All of the full scale load test that were analyzed in this study 
were conducted by Load test, Inc. in the Las Vegas Valley. The 
shaft and soil properties were either taken directly from the 
corresponding Load test, Inc. reports or were obtained through 
additional material that was provided by Load test, Inc.

For all of the caliche models in M1 and M2, the unit weight 
was assumed to be 21.9kN/m3 based on data from Stone [9]. 
Also, the strain at 50% stress level, which was only required for 
M1 and known as ε50, was determined internally by CGI-DFSAP. 
This was accomplished in the program using empirically derived 
relationships from Evans and Duncan [22] for cohesive material 
and Norris [23] for cohesionless material. These relate ε50 to 
the undrained shear strength of cohesive material (Figure 2) and 
to void ratio of cohesionless material (Figure 3), respectively.
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Figure 2 : Relationship between ε50 and undrained shear 
strength for cohesive material [22].

Figure 3 : Relationship between ε50 and void ratio for various 
coefficients of uniformity (Cu) for cohesionless material [23].

Rock mass strength was required for modeling caliche as 
rock in CGI-DFSAP as well as in SHAFT and was estimated herein 
based on unconfined compression test data and Rock Quality 
Designation (RQD) values from Stone [9]. Assuming an average 
RQD value of 52%, the methods given in Hoek et al. [24] were 
employed to make the appropriate corrections to the rock mass 
strength to account for the effects of fracturing, discontinuities, 
etc. It should be noted that there was a considerable amount of 
uncertainty involved with these corrections since no laboratory 
data was available concerning the degree of cementation and 
fracturing of the caliche layers herein. Overall, laboratory 
tests on caliche were limited due to difficulties with retrieving 
quality samples and coring. The only useable evidence was from 
standard penetration blow counts, visual-manual descriptions 
and drilling rates from the boring logs.

Caliche was modeled as rock in SHAFT using the weak rock 
soil-type option. The interface between the caliche and the 
shaft concrete was assumed to be rough with closed joints and 

an interface friction angle equal to 2/3 of the internal angle of 
friction assumed for the caliche.

Table 1: Average properties used for modeling caliche as different 
material types in CGI- DFSAP and SHAFT.

Property
Assumed Material Type for Caliche

Dense Sand Stiff Clay Weak Rock

ϕ/deg 45 ... 45

Cohesion/kPa ... 11013 ...

Rock Mass Strength/kPa ... ... 18960

Since the rock mass strength had already been corrected as 
described above, the RQD was entered as 100% so that no further 
changes would be applied. Data from triaxial tests performed for 
Kleinfelder [25] was averaged to estimate the friction angle of 
caliche for the both the sand and rock models in CGI-DFSAP and 
SHAFT. A summary of the average properties used for modeling 
caliche is given in Table 1.

Table 2: Test shaft properties and relative material presence for the load tests in this study.

Shaft I.D. Embedded 
Length/m

Shaft Top 
Depth/m Diameter/m Caliche 

Fraction/%
Cohesive 

Fraction/%
Cohesionless 
Fraction/%

Mean 
Thickness 
of Caliche 
Layers/m

LT-1 31.4 5.8 1.22 12.6 31.6 55.8 0.99

LT-2 27.6 2.4 1.22 2.8 80.1 17.1 0.38

LT-3 21.3 3 1.07 19.3 55.7 25 0.72

LT-4 22.9 4.6 1.07 27.2 70 2.8 1.55

The percentage of a geomaterial along each test shaft is 
hereafter referred to as the material fraction. Hence, the caliche 
fraction was used to determine the relative impact of caliche 
on the predicted results. It follows that the best method for 
modeling caliche should show the smallest change in prediction 
accuracy as the caliche fraction increases. The mean caliche layer 
thickness, which ranges from 0.38m to 1.55m in this study, helps 
to reveal how both programs perform when modeling many thin 
caliche layers as opposed to a few thicker layers. It is possible 
that the appropriate method for modeling caliche is dependent 
on the thickness of an individual caliche layer; however, the scope 

of this study was to provide qualitative evidence regarding this 
question. The material fractions, mean caliche layer thickness, 
and other properties of the drilled shaft foundations are given 
in Table 2.

The geomaterial properties assumed for each test 
foundation are given in Tables 3 through 6. Note that unconfined 
compression and consolidated undrained triaxial test data was 
available for most of the non-caliche soil layers. Thus, the soil 
properties were based on this information as well as correlations 
to standard penetration test blow counts when needed.
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Table 3: Geomaterial properties for LT-1 (see properties for caliche in Table 2).

Depth Below Ground Surface/m Soil Type Effective Unit Weight/kN/m3 ϕ/deg Cohesion/kPa

0-1.22 Sand 15.7 28 0

1.22-4.12 Clay 18.8 0 161

4.12-5.03 Caliche 21.9 … …

5.03-5.49 Clay 18.8 0 72

5.49-5.80 Sand 21.5 40 0

5.80-6.71 Caliche 21.9 … ...

6.71-9.15 Sand 18.8 33 0

9.15-11.13 Caliche 21.9 … …

11.13-12.51 Clay 18.8 0 120

12.51-17.39 Sand 9.7 24 …

17.39-18.30 Clay 11.6 0 191

18.30-18.91 Caliche 12.2 … …

18.91-21.20 Clay 11.8 0 191

21.20-26.23 Clay 9.4 0 167

26.23-37.22 Sand 9.8 25 0

Definition of failure
There were two potential failure modes considered herein 

from which the nominal axial resistance can be determined: 
geotechnical and structural. It should be noted that geotechnical 
failure is identified by one of two criteria: plunging or exceeding 
the strength limit state.

While none of the load tests displayed evidence of structural 
failure (e.g. concrete crushing above or below the O-Cell), 
geotechnical failure in the form of plunging appears to have 
occurred before the criteria for the strength failure state 
recommended in the AASHTO and FHWA design manuals was 
met for LT-2 and LT-3. Therefore, it was important to compare 
the measured and predicted values at the displacements for 
which movements occur without additional load. These values 
corresponded to about 1.91cm and 2.16cm for LT-2 and LT-3, 
respectively.

Each analysis was extended to show the predicted load-
movement behavior up to and past the movement corresponding 

to geotechnical failure, which in the absence of plunging 
was defined as the displacement (δ) equal to 5 percent of the 
shaft diameter (D), as is suggested by the AASHTO and FHWA 
design manuals. This geotechnical strength limit state was the 
assumed failure mode for LT-1 and LT-4, although LT-1 did meet 
the plunging criteria at this settlement level. To determine the 
measured axial capacities, the movement recorded above the 
O-Cell had to be extrapolated for all of the load tests except 
LT-4. This was accomplished by using hyperbolic curve fitting, 
as described in Chin [26]. Before the measured data was 
extrapolated, however, the procedure outlined in Load test [27] 
was used to adjust the movement above the bi-directional load 
cell for elastic compression.

Results
Figures 4 through 7 show the predicted results for each 

caliche material model as well as the measured response and 
movements corresponding to geotechnical failure. Table 7 
provides the predicted and measured resistances at geotechnical 
failure for each test shaft.

Figure 4: Load-movement predictions from CGI-DFSAP (M1) and SHAFT (M2) as well as the measured response for LT-1.
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Figure 5: Load-movement predictions from CGI-DFSAP (M1) and SHAFT (M2) as well as the measured response for LT-1.

Figure 6 : Load-movement predictions from CGI-DFSAP (M1) and SHAFT (M2) as well as the measured response for LT-3.

Figure 7 :Load-movement predictions from CGI-DFSAP (M1) and SHAFT (M2) as well as the measured response for LT-4.

Table 4: Geomaterial properties for LT-2 (see properties for caliche in Table 2).

Depth Below Ground Surface/m Soil Type Effective Unit Weight/kN/m3 ϕ/deg Cohesion/kPa

0-1.98 Clay 20.4 0 105

1.98-2.44 Caliche 21.9 … …

2.44-3.05 Sand 20.4 40 0

3.05-4.88 Clay 20.4 0 182
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4.88-5.18 Caliche 21.9 … …

5.18-7.62 Clay 20.4 0 144

7.62-8.53 Clay 20.4 0 36

8.53-9.14 Clay 10.6 0 36

9.14-10.67 Sand 10.6 39 0

10.67-12.19 Clay 10.6 0 72

12.19-13.72 Clay 10.6 0 36

13.72-16.76 Clay 10.6 0 72

16.76-18.29 Clay 10.6 0 144

18.29-23.47 Clay 10.6 0 72

23.47-26.06 Sand 11.4 42 0

26.06-30.00 Clay 10.6 0 144

Table 5: Geomaterial properties for LT-3 (see properties for caliche in Table 2).

Depth Below Ground Surface/m Soil Type Effective Unit Weight/kN/m3 ϕ/deg Cohesion/kPa

0-1.83 Sand 19.3 35 0

1.83-3.66 Caliche 21.9 … …

3.66-6.10 Sand 20.8 38 0

6.10-7.63 Sand 11.1 38 0

7.63-8.39 Clay 10.3 0 191

8.39-9.15 Caliche 12.2 … …

9.15-11.90 Sand 11.4 39 0

11.90-13.73 Clay 9.8 0 167

13.73-15.10 Caliche 12.2 … …

15.10-24.3 Clay 10.9 0 191

Table 6: Geomaterial properties for LT-4 (see properties for caliche in Table 2).

Depth Below Ground 
Surface/m Soil Type Effective Unit Weight/

kN/m3 ϕ/deg Cohesion/kPa

0-0.31 Sand 17.2 44 0

0.31-1.53 Clay 16.9 0 96

1.53-3.36 Caliche 21.9 … …

3.36-4.27 Sand 21.1 40 0

4.27-4.73 Caliche 21.9 … …

4.73-7.17 Caliche 12.2 … …

7.17-11.90 Clay 9.3 0 191

11.90-12.20 Clay 12.2 0 167

12.20-18.30 Clay 10 0 144

18.30-21.35 Sand 10.3 30 0

21.35-25.93 Clay 9.2 0 191

25.93-27.15 Caliche 12.2 … …

27.15-27.46 Clay 7.7 0 191
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Table 7: Axial capacities based on the geotechnical strength limit state for different caliche material models.

Shaft I.D.
Measured 
Nominal 

Resistance/kN

Nominal Resistance (Rp) for Assumed Caliche Material Type/kN

Sand Clay Rock

M1 M2 M1 M2 M1 M2

LT-1 52660 12740 15550 56220 177490 49850 51630

LT-2 17410 12740 7110 25310 25420 21380 12110

LT-3 37650 7260 8230 38810 83380 29930 28360

LT-4 34360 8450 7990 57936 109600 51831 54570

Table 8: Measured axial capacities based on plunging failure and predicted loads for the corresponding settlements.

Shaft I.D.

Measured 
Nominal 

Resistance/
kN

Predicted Load for Assumed Caliche Material Type/kN

Disp./cm
Sand Clay Rock

M1 M2 M1 M2 M1 M2

LT-2 16800 1.91 8630 6980 21690 97410 16910 12450

LT-3 34440 2.16 5980 8150 37330 82310 28510 29750

The data shown in Table 7 was for the strength limit state 
only. However, as previously mentioned, it was also necessary 
to evaluate the load-movement levels at which plunging failure 
was measured for LT-2 and LT-3. This information is given in 
Table 8. Note that plunging failure is defined as the point at 
which displacement continues without additional load. This 
was indicated by a vertical or negative slope as calculated with 
the sign convention from Figure 4 through 7. Therefore, for 

LT-3, even though a larger load was eventually reached, the 
nominal axial resistance must be taken as the load associated 
with the onset of plunging failure. It should also be noted that 
geotechnical failure was evident before any extrapolation was 
applied for both LT-2 and LT-3. Hence, the ratios of measured and 
predicted resistances (Rp/Rm) based on the governing limit state 
criteria (i.e. strength limit for LT-1 and LT-4, plunging for LT-2 
and LT-3) are presented in Figure 8.

Figure 8 : Ratios of predicted to measured nominal axial resistances (Rp/Rm) based on governing limit state criteria. The dashed line 
indicates a perfect prediction (Rp/Rm=1).

Discussion
Inspection of Figures 4 through 8 reveals that modeling 

caliche as sand was not appropriate when using CGI-DFSAP or 
SHAFT. For both programs, assuming caliche behaves as dense 
sand gives a drastically underestimated response when compared 
to the measured resistance. It was also clear that, compared to 
the caliche clay model, the caliche rock model employed herein 
was associated with more accurate estimates of axial response. 
This was especially true for the SHAFT analyses, in which the 
clay models significantly overestimate the resistance in all cases.

While it was arguable that geotechnical failure was evident 
from the CGI-DFSAP predicted results for LT-3 (for the rock 
and clay assumptions), the same cannot be said for the LT-2 
predictions. Consequently, a blind prediction of the LT-2 
response would not have indicated plunging failure unless a 
more conservative definition of the strength limit state was 
employed to interpret the load-movement curve. Conversely, the 
predicted responses from SHAFT would suggest plunging failure 
would occur in all cases except LT-4. Thus, CGI- DFSAP appears 
somewhat capable of predicting the failure mode, though more 
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data and additional analyses are needed to properly understand 
the reliability of these predictions. In addition, the results from 
SHAFT may only be useful for estimating the nominal resistance 
assuming plunging failure does not occur.

Overall, the weak rock model for caliche provides the most 
accurate results for both SHAFT and CGI-DFSAP. However, the 
clay assumption still gives reasonable estimates when using 
CGI-DFSAP; in fact, the LT-3 prediction was more accurate 
when the clay model was employed than when the rock model 

was employed. Thus, to gain more insight from the results, the 
root mean squared errors (RMSE) associated with the clay 
and rock models from CGI-DFSAP and the weak rock models 
from SHAFT were calculated by taking the square root of the 
sum of the squared residual errors between the predicted and 
measured resistances up to the settlements corresponding to 
the geotechnical strength limit state. This information is plotted 
against material fractions in Figures 9 through 11 and against 
mean caliche layer thickness in Figure 12.

Figure 9 : Variation of the RMSE of the measured and predicted resistances with the caliche fraction of the soil along the embedded length 
of each test shaft.

Figure 10 : Variation of the RMSE of the measured and predicted resistances with the cohesionless fraction of the soil along the embedded 
length of each test shaft.

Figure 11 : Variation of the RMSE of the measured and predicted resistances with the cohesive fraction of the soil along the embedded 
length of each test shaft.
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Figure 12 : Variation of the RMSE of the measured and predicted resistances with the mean caliche layer thickness along the embedded 
length of each test shaft.

Figures 9 & 12 portray a generally negative correlation 
between the accuracy of the predictions and both the caliche 
fraction of the soil profile as well as the mean caliche layer 
thickness. Also, for the rock models, there is a more consistent 
negative correlation between mean caliche layer thickness 
and RMSE than caliche fraction. Comparing to the impact of 
other material types, Figures 10 & 11 reveal that, for this data 
set, the RMSE tends to decrease with increasing cohesionless 
fraction and does not appear to correlate with cohesive fraction. 
It is important to note that any observations regarding the 
dependency of prediction accuracy on caliche fraction must be 
made under the assumption that the caliche present in- situ 
was very similar for each of the test foundations considered 
herein. While an attempt was made to select data for which 
this assumption was valid, it should be kept in mind that it is 
possible that strength variations in the caliche formations 
have contributed to the variations in the RMSEs computed 
herein. Hence, more data is needed to determine if this was 
more impactful than the caliche fraction or mean caliche layer 
thickness.

Also evident by inspecting Figures 9 & 12 is that the caliche 
rock model implemented in CGI-DFSAP was the most accurate 
overall followed closely by the SHAFT rock model and the CGI-
DFSAP clay model. Nevertheless, it was important to note that 
while a small RMSE does indicate a better fit to the measured 
data in general, it does not necessarily mean that a particular 
model was best suited for practical purposes. The most practical 
model should also have the greatest likelihood of predicting the 
correct failure mode, especially in cemented soil conditions for 
which plunging failure was common. Hence, the rock model for 
caliche employed in CGI-DFSAP appears to be the most practical 
approach investigated herein.

Conclusion
It has been shown that reasonable estimates of drilled 

foundation axial load-movement response can be obtained by 
modeling caliche as either weak rock or stiff clay in CGI- DFSAP 
with the parameters proposed in this study. Additionally, for 

the data herein, modeling caliche as weak rock in SHAFT also 
gives reasonable results that are generally more accurate than 
those from the CGI-DFSAP caliche clay models but slightly less 
than those from the CGI-DFSAP caliche rock models. Based on 
these analyses, the following recommendations and conclusions 
were made for modeling axially loaded drilled foundations in 
cemented soils:

•	 It was not appropriate to treat cemented soils as 
dense sand when using either CGI- DFSAP or SHAFT as 
the predicted responses were excessively conservative. 
Conversely, treating caliche as clay in SHAFT results in 
overestimated capacities and was also not recommended.

•	 In general, caliche was most accurately modeled 
as weak rock in CGI-DFSAP. The rock mass strength was 
determined by first estimating the unconfined compressive 
strength either from Stone [8] or from site-specific data. 
Then the methods from Hoek et al. [23] were used to adjust 
the strength based on an RQD which reflects the level of 
cementation and consistency of the caliche.

•	 Results should be interpreted with the knowledge 
that the onset of plunging failure might not be accurately 
predicted. This may not drastically affect the accuracy of the 
estimated nominal axial resistance but should be considered 
before assuming the failure mode indicated by the analysis.

•	 The program SHAFT (and the equivalent design 
procedures given in FHWA manuals) was prone to 
erroneously predicting geotechnical failure when analyzing 
cemented soils. Nevertheless, it was capable of estimating 
nominal axial resistance based on the geotechnical strength 
limit state with reasonable accuracy (particularly for LT-1) 
when the caliche was treated as weak rock and the strength 
was determined as previously discussed.

•	 The prediction accuracy decreased as the relative 
amount of caliche and mean caliche layer thickness increase 
for caliche fractions ranging from 3 percent to 27 percent 
and for mean layer thicknesses of 0.4m to 1.5m.
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While results from this study were promising, they also show 
that there was significant need for improvement in estimating 
axially loaded drilled foundation response in cemented soils. 
The conclusions drawn from these analyses shed light on how 
improvement might be achieved and also provide a basis for 
more focused research, which should add additional data to 
build on in the future.
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