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Abstract Proper estimation of settlement of shallow foun-

dations resting on granular soil deposits has a significant role

in the design and construction of buildings and other related

structures. While several procedures are available in the

literature, discrepancies still exist between the predicted and

observed responses. Furthermore, there is a decoupling

between bearing capacity and settlement assessment for the

same foundation and soil type. This paper presents a new

model which was developed to assess load–settlement

response up to ultimate soil failure. The model utilizes

Mohr–Coulomb criteria coupled with a stress–strain rela-

tionship that captures the behavior of granular soil up to large

strains. The model has been verified using documented

results reported in the literature. Furthermore, two full-scale

plate load experiments were recently performed at the

University of Nevada, Reno (UNR), utilizing a large soil box

10 ft. (3.048 m) 9 10 ft. (3.048 m) 9 7 ft. (2.134 m). The

experiments modeled single-layer and multi-layer soil

structure. The load-settlement responses up to bearing

capacity failure are reported for both experiments.

Keywords Shallow foundation � Bearing capacity �
Settlement

Introduction

Foundations are essential for engineered structures, trans-

mitting and distributing the supported loads into the

underlying soil structure. Engineers typically aim for

designs where soil pressures at all depths are maintained

within acceptable levels, preventing soil shear failure and

limiting soil settlements within tolerable levels. Foundation

settlement starts as early as during construction, and

increases gradually as the load is increased. This load-

settlement response, if permitted, continues up to the point

where the load per unit area equals ultimate pressure, at

which the soil supporting the foundation fails, referred to as

the ultimate bearing capacity (qult).

The classical solution for Ultimate Bearing Capacity

of soil with cohesion, c, and friction angle, /, is typi-

cally assessed based on a bearing capacity equation

composed of three terms, as a function of the pressure

generated by the foundation width, B, embedment depth,

Df, and c; as in Terzaghi, Meyerhof, Hansen and Vesic

models. Each term is multiplied by a bearing capacity

factor; these factors are a function of /. These models

are thoroughly reported in the literature. For instance,

The Army Corps of Engineers (republished by ASCE

[1]) provides a comprehensive listing of Terzaghi,

Meyerhof, Hansen, and Vesic equations and factors.

While there is an agreement on the basic bearing

capacity equation, differences regarding the form of the

factors exist between them.

However, the equations for bearing capacity factors

are largely theoretical utilizing multiple correction fac-

tors that are semi-empirical in nature, based on lab scale

model tests, where B is usually less than 12 inches. Only

a few field tests with more realistic values of B have

been documented in the literature. Then again, most field
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tests are usually terminated as some arbitrarily prede-

termined failure criterion based on settlement, rather

than carrying out the test to the ultimate soil failure

where no additional load carrying capacity is observed,

regardless of the settlement. Hence, these solutions

provide an ultimate bearing capacity value without

regard to the progression of the load response (up to

failure), then this load response is decoupled from the

corresponding settlement response.

It is time to re-examine bearing capacity on a fun-

damental but practical basis, without some of the com-

plexities (inclined load, inclined base, eccentricity,

foundation shape, and choice of strength test) to better

judge what occurs and how to calculate it realistically.

The goal is to address the stress–strain-strength behavior

of the soil and its variation with pressure, to capture the

load-settlement response culminating in true bearing

capacity failure and to compare it with well-documented

field and large-scale lab tests that are supported with

adequate soil data.

The model is based on standard triaxial test stress–

strain-strength behavior, since large-scale lab or field test

information from the literature will in most cases be for

square or circular foundations. The model provides a full

load-settlement curve, up to ultimate bearing capacity,

giving a detailed picture of the soil behavior during the

mobilized state progressing to failure. Eventually, engi-

neers will apply their desired failure criteria (e.g., 0.5

inch settlement), knowing the expected progression of

load-settlement response, up to the ultimate bearing

capacity failure. In fact, the resulting predicted curve

should be directly comparable to the field load-settle-

ment curve, up to and sometimes beyond the field test

failure criterion.

Proposed model

The failure mechanism under shallow foundations can be

separated into three zones (orwedges), as shown inFig. 1. The

interdependent stress state of the three zones, and Mohr–

Coulomb failure envelope are illustrated in Fig. 2. The minor

principal stress of zone I is the effective overburden pressure,

Po, at the depth of 0.5 Bj where j is taken as 1.5 tan / (after

Hansen). The vertical or major principal stress of zone III at

the same depth is (qult ? 0.5 B j cy). Zone II of Fig. 1 (rep-

resented by a dashed Mohr circle II of Fig. 2) is the classical

radial shear zone over which stress state is continuously

varying from that of the boundary of zone I to that of zone III.

Note that cx and cy are the effective unit weights of the

respective soil above and below the foundation base at

embedment depth Df below soil surface. Effective horizontal

pressure, Ph, the major principal stress of zone I, is also the

minor principal stress of zone II. Likewise, themajor principal

stress of the dashed Mohr circle of zone II is the minor prin-

cipal stress of zone III.

A new origin, O0, at the distance (c/tan /) from O is

introduced to deal with just a frictional material, /. Based
on the new origin, the c–/ envelope relative to O becomes

a / envelope relative to the transformed origin O0. Hence,
the effective overburden pressure of zone I relative to O0 is

Po� ¼ Po þ c= tan/

Po� ¼ Df cx þ 0:5Bjcy þ c= tan/; ðj ¼ 1:5 tan/Þ

Note that the horizontal distance between the lower end

or minor principal stress of circle I and the upper end or

major principal stress of circle III is the net ultimate

bearing pressure, qnet, while qult is the ultimate bearing

capacity or the gross pressure applied at the base of the

foundation at failure, as shown in Fig. 2. The net pressure

Fig. 1 Three zone model of

developing failure mass in

shallow foundations
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is the gross pressure at foundation base minus the over-

burden pressure due to base embedment, i.e., Df cx.

qnet ¼ qult � Df cx

Figures 1 and 2 characterize failure conditions, however, at

some mobilized friction angle, /m, and mobilized cohesion,

cm, the distance noted as qnet, would instead be a netmobilized

pressure, qnet,m. In fact, the traditionally defined factor of

safety against (net) bearing capacity failure is the ratio qnet/

qnet,m, while its reciprocal, qnet,m/qnet, is the pressure level, PL,

both of which are pictured in Fig. 3. Alternatively, a factor of

safety based on shear strength (as employed, for instance, in

slope stability analysis) is the ratio of the slopes, tan//tan/m,

also pictured in Fig. 3.

Single-layer soil structure

Load calculation

Based on the model depicted in Figs. 1 and 2, the resulting

(net) ultimate bearing capacity becomes

qnet ¼ Po � ðtan6 af�1Þ; ð1Þ

where

af ¼ 45� þ f=2

Po� ¼ Po þ c= tan/¼ Df cx þ 0:5B ð1:5 tan/Þcy þ c= tan/

while the equation for a given mobilized condition is

Fig. 2 Three zone Model–

Mohr circle representation

Fig. 3 FOS, FOSstr (based on

shear strength) and PL (FOS

reciprocal)
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qnet;m ¼ Po � ðtan6 am�1Þ
am ¼ 45� þ /m=2

ð2Þ

qnet and qnet,m of Eqs. 1 and 2 are both expressed entirely in

terms of a friction angle / and or /m relative to O0 with c

(from c/tan /) considered only as an effective stress (ES)

component of Po*. Comparing Eq. 1 with the general (net)

bearing capacity equation of Hansen, Vesic, and Meyerhof,

qnet ¼ qult � Df cx ¼ 0:5B cyj Nc þ Df cx Nq � 1
� �

þ c Nc;

ð3Þ

where

Nc ¼ Nq � 1
� �

Nc ¼ Nq � 1
� �

= tan/

qnet ¼ Df cx Nq � 1
� �

þ 0:5B cyj Nq � 1
� �

þ c= tan f Nq � 1
� �

¼ Df cx þ 0:5B cyj þ c = tan f Nq � 1
� �� �

Nq � 1
� �

Since

Po� ¼ Df cx þ 0:5B ð1:5 tan/Þ cy þ c= tan/

this yields

qnet ¼ Po � Nq � 1
� �

Hansen, Vesic, and Meyerhof’s Nq for the strip footing

is given by

Nq ¼ eðp tan/Þ½tan2ð45þ /=2Þ�

By comparison, Nq for the proposed model is given, for

a square or circular rigid foundation (with no additional

shape correction), with negligible depth correction and

using standard triaxial test’s stress–strain and strength

response, as

Nq ¼ tan6ð45þ /=2Þ

Hansen, Vesic, and Meyerhof’s equation and the pro-

posed model equations differ in terms of j, where

j = 1.5 tan / for Hansen and the proposed model

j = 1.5 tan / for Meyerhof

j = 2 tan / (Nq ? 1)/(Nq - 1) for Vesic

The proposed model assumes the same stress level (SL)

in all three zones for a mobilized condition, though the

strain might not be the same in all three zones at this SL.

The effect of soil compressibility on the stress state can be

accounted via changing the secant friction angle as a

function of the corresponding current effective confining

pressure (r0
3,m) in each of the three zones, see Fig. 4.

While Fig. 4 illustrates the angles at failure, it can be

shown that the corresponding value of mobilized friction

angle in terms of the peak value at the same confining

pressure at the specified stress level (SL) is

sin/m ¼ SL A= SL Aþ 2ð Þ
A ¼ tan2ð45þ /=2Þ � 1 ¼ 2 sin/=ð1� sin/Þ

ð4Þ

Since the model considers a square or circular founda-

tion, the stress state in zones II and III represent conditions

in any radial direction (from vertical centerline of the

footing). The stress and strain that occurs in zone III of

Fig. 1 can be thought of as what occurs in the upper cone

of a standard triaxial test (with due consideration for the

changing confining pressure of zone III). Since there is full

friction between the base and underlying soil of the foun-

dation, this is equivalent to the standard triaxial test with

friction between the soil and cap or base at the ends of the

soil specimen. Elfass et al. [2] provides more details on the

load calculations.

Settlement Calculation

Foundation settlement, q, is directly related to the peak

vertical or major principal strain, e, of zone III of the

Schmertmann et al. [3] strain triangle over depth 2B (for

the square and circular foundation). The strain, e, is the

current deviatoric stress of zone III (rd = Dr01 - Dr03)
divided by the secant Young’s modulus, E, corresponding

to r03 of zone III. Picture this as a point on a triaxial test

stress–strain curve at that confining pressure (r03). As qnet,m
increases, so does r03 of zone III. As if the point of concern
for zone III jumps from one triaxial test stress–strain curve

to another.

Settlement, q, at any qnet,m is equal to the area of the

strain triangle or e(B). (The area is the same whether e is

taken to occur at 0.5B or 0.5jB.) One should note that rdm
of zone III from the model increases from 0.5 to 0.75 of

qnet,m which corresponds quite well with Schmertmann’s

qIz (where q = qnet,m). The characterization of the triaxial

test deviatoric axial stress-strain curve at constant confin-

ing pressure as presented by Ashour and Norris [4] is given

in terms of SL (rdm/rdf) as

e ¼ SL
e3:707SLe50

k
; ð5Þ

where e50 is the strain at SL = 0.5 and k is a function of

triaxial test stress level, SL, i.e.,

k ¼ 3:19 for SL\0:5 ð6aÞ

k ¼ �7:1219 SL2 þ 7:0592 SLþ 1:4403 for SL[ 0:5

ð6bÞ

Note that the triaxial test rdf at constant confining

pressure, r30, is
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rdf ¼ Ar30 ð7Þ

A is presented in Eq. (4). Figures 5 and 6 illustrate the

consideration of SL, as if from the triaxial test stress–strain

curve relative to the current confining pressure of zone III.

Note that e50 of zone III will vary with confining pressure

r3
0
m,III as given by

e50;III ¼ e50;refðr30m;III=r30ref Þn; n ¼ 0:2�0:3 ð8Þ

While e50,ref is best obtained from the triaxial test stress–

strain curve conducted at constant confining pressure, r3-
ref, obtaining an undisturbed sample from below where the

foundation is to be located is not always achievable. In

such cases, e50,ref may be estimated from Fig. 7 corre-

sponding to a reference pressure of 0.425 kg/cm2

(* 42.5 kPa) or 0.87 ksf. Note that Eq. 8 takes account of

the effect of the soil’s compressibility on stress–strain

behavior. On the other hand, if triaxial tests on undisturbed

Fig. 4 Change in the secant

friction angle from one zone to

another

Fig. 5 Triaxial tests at different constant confining pressures

Fig. 6 Strain at 0.5 B of the Schmertmann triangle

Fig. 7 e50,ref (%) at r30ref = 0.87 ksf as a function of void ratio

(e) and uniformity coefficient (Cu)
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samples are not available, the friction angle, /, can be

estimated based on Fig. 8 taken from DM 7.1 [5].

Multi-layer soil structure

Soil structures often consist of more than one type of soil.

In fact, even when a single type of soil is present, the

variability in soil properties is often handled by subdivid-

ing the soil structure into multiple layers, to account for the

variation in properties (e.g., dense sand, loose sand).

Hence, there is the additional challenge of estimating the

ultimate bearing capacity of shallow foundations resting on

layered soil structures.

Load calculation

In case of multi-layer soil structure, the zone of the soil

structure contributing to the estimated load is assumed to

extend up to a depth of B below the foundation level. In the

beginning, each layer of the soil structure within the

influence zone is treated separately, repeating the same

calculation procedure outlined for a single-layer soil

structure. Then to combine the layered soil structure effect,

the load, P, resulting from a number of influential layers, n,

within a depth of B is expressed as

P ¼ 1

B
P1H1 þ P2H2 þ . . .þ PnHnð Þ; : ð9Þ

where Hi (H1, H2, …, Hn) are the layers’ thicknesses.

Settlement calculation

To estimate the settlement response corresponding to the

estimated load, the zone of influence is presented in Sch-

mertmann et al. [3] strain triangle, where the foundation

settlement is directly related to the peak vertical or major

principal strain, e, of zone III over depth 2B (for the square

and circular foundation) of the strain triangle. Each layer of

the soil structure within the influence zone is treated sep-

arately in the beginning, repeating the same calculation

procedure outlined for a single-layer soil structure. Then to

combine the layered soil structure effect, the area of the

strain triangle for each soil layer is normalized by the total

area of the triangle. The foundation settlement, q, is then

calculated as follows:

q ¼ 1

AreaðTÞ
Area1q1 þ Area2q2 þ � � � þ Areanqnð Þ; ð10Þ

Fig. 8 Chart for evaluating /ref

at an assumed r30ref of 1 tsf

taken from DM 7.1 [5], page

149
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where Areai (Area1, Area2, …, Arean) are Area(s) of the

strain triangle corresponding to the layer thickness Hi.

Area(T) is total Area of strain triangle.

Validation of proposed model

Two full-scale experiments were recently performed at the

University of Nevada, Reno (UNR), as part of UNR’s

large-scale pavement/soil experimental program. The

experiments modeled single-layer and multi-layer soil

structure utilizing a large soil box 10 ft. (3.048 m) 9 10 ft.

(3.048 m) 9 7 ft. (2.134 m). The load–settlement respon-

ses up to bearing capacity failure have been obtained for

both experiments. However, material characterization is

yet to be completed, and prediction of the load–settlement

response using the proposed model is yet to be presented.

A few of thewell-documented full-scale field and lab tests

were used to calibrate or validate the proposed model. Three

sets of tests were used to calibrate or validate the proposed

model, FHWA/ASCE footing tests undertaken at the Texas

A&MUniversity field test site [6], the lab tests performed on

circular footings at the Suez Canal University, [7] and the lab

tests performed at the University of Strathclyde [8].

UNR large-scale experiments

Two full-scale plate load experiments were performed at

the large-scale pavement/soil testing facility at UNR, uti-

lizing a large pavement/soil box 10 ft. (3.048 m) 9 10 ft.

(3.048 m) 9 7 ft. (2.134 m) height. An illustration of UNR

large-scale box is presented in Fig. 9. These experiments

are part of a larger pavement experimental program, aim-

ing to verify multiple theoretical approaches. Two types of

loading were applied in each experiment. The testing was

initially dynamic with increasing amplitudes, up to about

10% of the anticipated bearing capacity load level. The soil

structure was then allowed to recover for 30 min. Then, an

increasing static load was applied up to failure, with a

constant settlement rate of 0.4 in/min (10 mm/min). All

loads were applied on the loading plate positioned directly

at the top of the soil structure and at the center of the large-

scale box. Table 1, provides a brief description of the two

experiments and the loading protocol. The recorded load–

settlement response for both UNR experiments are shown

in Fig. 12.

Experiment No. 1 of UNR’s large scale consisted of a

single-layer c–/ soil structure (soil1), with a total thickness

of 5.5 feet (1.676 m). Soil1 is currently being tested at

Fig. 9 Illustration, plan, front elevation, side elevation, and isometric view of UNR large-scale box
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Table 1 UNR large-scale box experiments, material properties, and loading protocol

Exp.

no.

Soil description Soil strength

parameters

consolidated drained

(CD) triaxial test

Atterberg limits Max.

dry

density

Max.

wet

density

Optimum

moisture

content

Loading protocol Load plate

diameter

c / LL PL PI

1 Single type of

soil1 with a

thickness of 5.5

feet (1.676 m)

1.64 psi

(11.3 kPa)

38.2� 43.0 22.8 20.2 125.5

pcf

(19.7

kN/

m3)

140.3

pcf

(22.0

kN/

m3)

11.8% Apply increasing static

load, with a constant

loading Rate of 0.4

inch/min (10 mm/

min) until failure

11.9 inch

(300 mm)

circular

steel plate

2 Two types of soil

0.5 ft (0.152 m)

of soil2 on top

of 5.5 feet

(1.676 m) of

soil1

Total thickness is

6.0 feet

(1.829 m)

0.00 psia 42.0�a N/A N/A 0 138.2

pcf

(21.7

kN/

m3)

149.7

pcf

(23.5

kN/

m3)

8.3%

a The c–/ values of soil1 (CAB) were estimated using Fig. 8 taken from DM 7.1 [5], page 149

Fig. 10 Completed UNR’s large-scale Experiment No. 1 Fig. 11 Completed UNR’s large-scale Experiment No. 2

Table 2 Texas A&M field tests, footing dimensions, and material properties

Footing no. Length, L (m) Width, B (m) Embedment depth, D (m) Avg. N1,60 D to D ? B /� from PH&Ta /� from triaxial tests

1 0.991 0.991 0.711 26.0 34.8 34.0

2 1.505 1.492 0.762 23.6 33.2

3 2.489 2.496 0.762 22.8 32.8

4 3.004 3.004 0.762 23.5 33.2

5 3.023 3.016 0.889 22.5 32.6

Average 33.3

a Friction angles for the sand beneath each foundation were estimated for model use from the nearest borehole’s SPT N1,60 values using a

modified Peck, Hanson, and Thornburn chart (with additional curves for fines and PI) from Florida DOT [9]
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UNR geotechnical laboratories and the results of Atterberg

limits test, consolidated drained (CD) triaxial tests and

proctor test are presented in Table 1. In Experiment No. 2,

a two-layer soil structure was used, where two types of soil

were used. 6 inch (0.152 m) of soil2 on top of 5.5 feet

(1.676 m) of soil1, with a total thickness of 6.0 feet

(1.829 m). Soil2, a type 2 class B crushed aggregate base

(CAB), was used in large-scale box Experiment No. 2. The

CAB material was selected following the Nevada depart-

ment of transportation (NDOT) materials’ specification for

dense graded CAB. Soil2 properties are also presented in

Table 1. Figures 10 and 11 show the completed large-scale

experiments.

Texas A&M tests

Five well-documented foundation tests from the Texas

A&M field site are considered. Details of the tests are

reported in an ASCE Geotechnical Special Publication

No. 41 [6]. Sand with approximately 16% nonplastic

fines (SM) and relative density, Dr, of 55% is found at

the site. Table 2 summarizes the footing dimensions, the

N1,60 blow count values and chart assessed friction

angles determined for the sand within the depth Df to

Df ? B below the base of each footing and, separately,

reported triaxial test results. The e50,ref values were

established from the triaxial test stress–strain data. A

value of 0.6% at 870 psf was used.

Model-predicted load–settlement behavior is plotted

versus the recorded response for all five footings in Fig. 13.

One should consider such comparison as a calibration of

the model because the cohesion value of the soil was varied

for each case to give the best match of the predicted to the

recorded response.

Suez Canal University lab tests

Five lab tests from the Suez Canal University are con-

sidered. Details of the tests are reported in Housing and

Building National Research Center (HBRC) Journal [7].

Table 3 summarizes the footing dimensions and material

properties. Model-predicted load–settlement behavior is

overlaid on the recorded response for two of the footings

in Figs. 14 and 15. A good agreement between measured

and predicted load–settlement response is observed. This

observation indicates that the model predicts the load–

settlement response with reasonable accuracy for the

reported test conditions and material properties.

Fig. 13 Model predicted versus recorded load–settlement response of

the five Texas A&M tests

Table 3 Suez Canal University lab tests, material properties

Element Soil type Model c (kPa) / w c (kN/m3) Es (kN/m
2) m

Upper layer (drained) Medium to loose sand (series 1) Mohr column 1 35 5 19 20,000 0.3

Very dense sand (series 2) Mohr column 45 12 22 50,000 0.29

Lower layer (undrained) Soft clay Mohr column 21 0 0 20 4000 0.5

Footing Steel Elastic – – – – 2E ? 08 0.3

0.0

10.0

20.0

30.0

40.0

50.0

60.0

0 20 40 60 80 100 120 140

Se
tt

le
m

en
t (

m
m

)
Load (kN)

Experiment # 01 Experiment # 02

Fig. 12 Recorded load–settlement response of UNR large-scale

experiments
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University of Strathclyde experiments

Several experiments from the University of Strathclyde

experimental program are presented here. Details of the

testing are reported by Kenny and Andrawes [8]. A strip

footing 0.12-m wide, placed in a tank (2.0 m

length 9 0.3 m width 9 1.4 m height), was employed in

all tests. A soft clay subgrade (with undrained /u of 0 and

an average cu of 10.6 kN/m2) overlain by uniformly graded

coarse Leighton Buzzard sand (dense) was used under the

footing. Properties of the Leighton Buzzard sand are pre-

sented in Table 4.

Model-predicted load–settlement behavior is shown side

by side with the recorded response for two of the footings

in Figs. 16 and 17. Comparing the measured and predicted

load–settlement response, the model again predicts the

load–settlement response reasonably well for the reported

testing conditions and material properties, given that the

clay is not a granular material as the model assumes.

Conclusions

A numerical model for shallow foundation load–settlement

response up to bearing capacity failure has been presented

and calibrated/verified against both bearing capacity and

load–settlement response reported in the literature. It is
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Fig. 14 Model predicted versus recorded load–settlement response of

Suez Canal University lab tests
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Fig. 15 Model predicted versus recorded load–settlement response of

Suez Canal University lab tests

Table 4 University of Strathclyde experiments, properties of the fill

material (Leighton Buzzard sand)

Property Values

Mineral composition Mainly quartz

Specific gravity 2.65

Particle size range 0.3–2.0 mm

Uniformly coefficient, d60/d10 1.22

Mean diameter, d50 0.85 mm

Porosity limits 34.0% (min.) to 44.5% (max.)
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Fig. 16 Model predicted versus recorded load–settlement response of

University of Strathclyde experiments
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Fig. 17 Model predicted versus recorded load–settlement response of

University of Strathclyde experiments
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easily programmed in a spreadsheet and can be used for

design to assess true bearing capacity or more importantly

to develop a curve of predicted load–settlement response,

which can be used to define any desired failure criteria. It

can likewise be used to develop specific analysis charts or

to undertake a sensitivity study of input parameter effects

on response. A similar model for undrained soil conditions

(i.e., strength Su = c) based on the same principles is also

possible. The experiments performed at UNR’s large-scale

pavement/soil testing facility show very interesting results,

where the testing is continued to ultimate bearing capacity.

These experiments will help further verify/calibrate the

model at higher load levels once material characterization

is complete and fully reported.
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