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EXECUTIVE SUMMARY 

Summarized in this report are comparisons between measured and predicted 

settlements obtained from three project sites in the State of Washington (13 individual 

measurements and predictions), two sites in western Washington and one site in eastern 

Washington.  The eastern Washington case is a cut-and-cover tunnel in which the tunnel 

footing settlement was measured; however, the surrounding fill was the driver regarding 

the settlement measured there.  The two western Washington cases represent bridge 

abutment fill settlement, though two of the measurement locations included an MSE wall. 

These measurements and predictions are used to determine the accuracy of two 

settlement estimation methods, the Hough Method and the Schmertmann Method, in 

Washington soils.  The database of measurements reported here are not comprehensive, 

but do represent some typical cases.   

Based on these data, both methods appear to be reliable, though in general, 

settlement estimates were conservative.  The Hough Method was more consistent than 

the Schmertmann Method when SPT data are used, but on average was conservative by 

an approximate factor of 1.5 for the sites investigated.  The Schmertmann Method 

predictions using CPT data were the most accurate, but that data set is extremely limited, 

so all that can be said at this point is that the Schmertmann Method has the potential to 

provide the most accurate results when CPT data are available.   
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THE PROBLEM 

Estimation of settlement due to structure loads and beneath embankments is a 

common geotechnical design requirement.  For structures, this settlement has a direct 

impact on the loads induced in a structure, affecting the structural design of the structure.  

For embankments, settlement can affect pavement design, impacts to adjacent structures, 

differential settlement between the bridge abutment and the approach fill, down drag 

loads on structure foundations, and the need to add fill to reestablish the embankment 

grade. 

Settlement estimation methods typically used (e.g., Hough 1959) were developed 

decades ago, were based on limited data, and were not specifically developed for 

Washington soils.  Settlement data collected for WSDOT projects can be used to assess 

the accuracy of these existing methods for soils commonly encountered in the state of 

Washington.
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BACKGROUND FOR AND SUMMARY OF MOST COMMONLY 

USED SETTLEMENT PREDICTION METHODS 

Two empirical settlement prediction methods have been commonly used for 

WSDOT projects to estimate “elastic” (i.e., not time dependent, but immediate) 

settlement in cohesionless soils: the Hough Method, and the Schmertmann Method, 

though the Schmertmann Method does have an empirical coefficient that can be used to 

simulate potential time dependency.  Of these two methods, the Hough Method has been 

the most often used for WSDOT projects.  Settlement of cohesionless soils usually occurs 

rapidly, essentially as soon as the foundation is loaded. Hence, this type of settlement is 

often characterized as elastic. 

Note that it may be necessary to use more than one settlement estimation 

approach for layered profiles consisting of a combination of cohesive soil, cohesionless 

soil and/or rock.  For example, for a cohesive soil layer, the settlement should be 

estimated using consolidation theory in combination with undisturbed soil samples tested 

using a laboratory consolidation test.  For the cohesionless soil layers, the settlement 

estimation methods described in this report should be used.  An appropriate settlement 

estimation procedure for each layer within the zone of influence of induced stress beneath 

the footing or embankment should be used. 

Settlement prediction requires knowledge of: 

 The applied stress increase due to the structure footing or embankment, 

 The rate at which the stress increase dissipates with depth below the structure 

footing or embankment, and 

 The compression characteristics of the soil layers (e.g., as estimated using the 

Hough or Schmertmann methods). 

Prediction of Stress Increase as a Function of Depth 

To estimate settlement, the stress increase at various depths below the applied 

load (i.e., due to the foundation or embankment load) must be estimated.  Typically the 

estimation of stress increase as a function of depth is accomplished with linear elastic 

half-space methods such as by Boussinesq (1885) or Westegaard (1938).  While most 
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soils are not elastic materials, the theory of elasticity is the most widely used 

methodology to estimate the stress distribution in a soil deposit from a surface load.   

The equations for the theory of elasticity have been incorporated into design 

charts and tables for typical loading scenarios, such as below a foundation or an 

embankment.  Almost all foundation engineering textbooks include these charts.  For 

convenience, charts to evaluate embankment loading are included as figures 1 and 2. 

 
Figure 1.  Influence factors for vertical stress under a very long embankment (after 

Osterberg 1957 as reported in Holtz and Kovacs, 1981). 
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Figure 2.  Influence values for vertical stress under the corners of a triangular load 

of limited length (after NAVFAC, 1971 as reported in Holtz and Kovacs, 1981). 

 

The distribution of vertical stress increase below circular or square foundations, 

and long rectangular footings (i.e., where L > 5B), may be estimated using Figure 3. 
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Figure 3. Boussinesq Vertical Stress Contours for Continuous and Square Footings 

Modified after Sowers (1979). 

 

A more simplified approach that is sometimes used to estimate stress distribution 

at depth is the 2V:1H (vertical to horizontal) method.  This empirical approach is based 

on the assumption that the area the load acts over increases geometrically with depth as 

depicted in Figure 4.  Since the same vertical load is spread over a much larger area at 

depth, the unit stress decreases. 
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Figure 4.  2V:1H method to estimate vertical stress increase as a function of depth 

below ground (after Holtz and Kovacs, 1981). 

 

The Hough Method uses the methods described above to estimate the stress 

increase at various depths below the applied load.  The Schmertmann Method, however, 

uses its own approach developed from finite element modeling and greatly reduced scale 

laboratory experiments to estimate the stress and strain increase at various depths below 

the applied load (Schmertmann et al., 1978).  Since the Schmertmann Method stress 

increase as a function of depth was originally developed for rigid footings, it may not be 

as applicable to embankment settlement. 

The Hough Method 

Estimation of settlement on cohesionless soils using the Hough Method is determined 

using Eqs. 1 and 2. Standard Penetration Test (SPT) blow counts are corrected as 
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specified in the AASHTO LRFD Bridge Design Specifications  (AASHTO 2017), Article 

10.4.6.2.4, for depth, i.e. overburden stress, and hammer efficiency, before correlating the 

SPT blow counts to the bearing capacity index, C′. 
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where: 

 

n = number of soil layers within zone of stress influence of the footing 

 

Hi = elastic settlement of layer i (ft) 

 

HC = initial height of layer i (ft) 

 

C′ = bearing capacity index from Figure 5 (dim) 

 

′o    = initial vertical effective stress at the midpoint of layer i (ksf) 

 

v  = increase in vertical stress at the midpoint of layer i (ksf) 

 

Figure 5 provides the empirical correlation between the Hough bearing capacity 

index C’ and the corrected SPT blow counts, N160. 
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Figure 5.  Bearing Capacity Index versus Corrected SPT (Hough, 1959, as modified 

in Samtani and Nowatzki, 2006) 

 

The Hough Method was developed for normally consolidated cohesionless soils.  The 

“Inorganic Silt” curve should generally not be applied to soils that exhibit plasticity. The 

settlement characteristics of cohesive soils that exhibit plasticity should be investigated 

using undisturbed samples and laboratory consolidation tests. 
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The Hough Method has several advantages over other methods used to estimate 

settlement in cohesionless soil deposits, including express consideration of soil layering 

and the zone of stress influence beneath a footing of finite size. 

The subsurface soil profile should be subdivided into layers based on stratigraphy to a 

depth of about three times the footing width. The maximum layer thickness should be 

about 10 ft. 

While Hough (1959) did not specifically state that the SPT N values should be 

corrected for hammer energy in addition to overburden pressure, due to the vintage of the 

original work, hammers that typically have an efficiency of approximately 60 percent 

were in general used to develop the empirical correlations contained in the method. If 

using SPT hammers with efficiencies that differ significantly from this 60 percent value, 

the N values should also be corrected for hammer energy, in effect requiring that N160 be 

used (Samtani and Nowatzki, 2006).   

Studies conducted by Gifford et al. (1987) and Samtani and Nowatzki (2006) 

indicate that Hough’s procedure is more conservative, but has less prediction variability, 

than the Schmertmann Method. However, this difference is mostly taken into account 

through the load factor, SE, since it has been calibrated using reliability theory (Kulicki, 

et al., 2015; Samtani and Kulicki, 2018; and Samtani and Allen, 2018). 

The Schmertmann Method 

The Schmertmann Method was originally developed for rigid footings in sand using 

CPT data (Schmertmann 1970; Schmertmann et al. 1978), and has also been adapted for 

use with SPT data in Samtani and Nowatzki (2006).  This method was originally 

developed for use with the static cone bearing resistance qc, in which qc was correlated to 

the soil modulus, E, and E is used directly in this method.  The original formulation by 

Schmertmann (1970) for this correlation assumed E was in units of tsf (i.e., E (in tsf) = 

2qc (in tsf or kg/cm2).  The correlation in Table 1 predicts E in ksi. Correlations between 

E and the SPT N value are also available and provided in Table 1.  

Equations 3 through 6 are used to estimate spread footing immediate, or elastic, 

settlement, Si, on cohesionless soils by this method (Samtani and Nowatzki 2006). 
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where: 

Ji = elastic spring stiffness of layer i (ft/ksf) 

HC = height of compressible soil layer i (ft) 

Iz = strain influence factor from Figure 6.  The dimension Bf represents the least lateral 

dimension of the footing after correction for eccentricities, i.e. use least lateral 

effective footing dimension.  The strain influence factor is a function of depth and 

is obtained from the strain influence diagram.  The strain influence diagram is 

constructed for the axisymmetric case (Lf/Bf = 1) and the plane strain case (Lf/Bf ≥ 

10) as shown in Figure 6a.  The strain influence diagram for intermediate 

conditions should be determined by simple linear interpolation. 

n = number of soil layers within the zone of strain influence (strain influence 

diagram). 

∆p = net uniform applied stress (load intensity) at the foundation depth (see Figure 6b) 

(ksf). 

E = elastic modulus of layer i based on guidance provided in Table 1 (ksi). 

X = a factor used to determine the value of elastic modulus.  If the value of elastic 

modulus is based on correlations with N160-values or qc from Table 1, then values 

of X are as follows: 

X = 1.25 for axisymmetric case (Lf/Bf = 1) 

X = 1.75 for plane strain case (Lf/Bf ≥ 10) 

Use interpolation for footings with values of Lf/Bf between 1 and 10. 
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If the value of elastic modulus is based on other sources, such as in-situ testing 

(e.g., pressuremeter), use X = 1.0. 

C1 = correction factor to incorporate the effect of strain relief due to embedment 

po = effective in-situ overburden stress at the foundation depth - pressure as shown in 

Figure 6b (ksf) 

p = net uniform applied stress (load intensity) at the foundation depth as shown in 

Figure 6b (ksf). 

C2 = correction factor to incorporate time-dependent (creep) increase in settlement for 

time t after construction  

t = time t from completion of construction to date under consideration for evaluation 

of C2 (yrs) 

 

The C2 parameter is not used to estimate time-dependent consolidation 

settlements. Where consolidation settlement can occur within the depth of the strain 

distribution diagram, the magnitude of the consolidation settlement should be estimated 

from consolidation tests conducted on undisturbed samples (see AASHTO LRFD Bridge 

Design Specifications Article 10.6.2.4.3) and added to the immediate settlement of other 

layers within the strain distribution diagram where consolidation settlement may not 

occur. 

The variables in the equation for Ji (Equation 4) require specific units for Hc (ft) 

and E (provided in Table 1) is in ksi.  This results in the units for Ji being ft/ksf.  

Furthermore, in Equation 3 and 5, units of po and p must be ksf. 

For C2 correction factor the time duration, t, in Eq. 6 is set to 0.1 years to evaluate 

the settlement immediately after construction, i.e., C2 = 1.  If long-term creep 

deformation of the soil is suspected then an appropriate time duration, t, should be used 

in the computation of C2. Creep deformation is not the same as consolidation settlement.  

This factor can have an important influence on the reported settlement since it is included 

in Eq. 3 as a multiplier.  For example, the C2 factor for time durations of 0.1 yrs, 1 yr, 10 

yrs and 50 yrs are 1.0, 1.2, 1.4 and 1.54, respectively.  In cohesionless soils and 

unsaturated fine-grained silts with low plasticity, time durations of 0.1 yr and 1 yr, 

respectively, are generally appropriate and sufficient for cases of static loads. 
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(a) 

 

(b) 

Figure 6—(a) Simplified vertical strain influence factor distributions, (b) 

Explanation of pressure terms in equation for Izp (Samtani and Notatzki, 2006, 

after Schmertmann, et al., 1978). 
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Table 1:  Correlations between Elastic Soil Modulus and SPT N160 or static Cone qc 

values for the Schmertmann Method (Schmertmann 1970, and Samtani and 

Nowatzki 2006). 

 

 Correlation between E and SPT N160 Value 

Soil Type E (ksi) 

Silts, sandy silts, slightly cohesive mixtures 

Clean fine to medium sands and slightly silty sands 

Coarse sands and sands with little gravel 

Sandy gravel and gravels 

0.056 N160 

0.097 N160 

0.139 N160 

0.167 N160 

Correlation between E and qc (static cone resistance, in tsf or 

kg/cm2) 

Soil Type E (ksi) 

Sandy soils 0.028qc 
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OBJECTIVE AND SCOPE OF THIS REPORT 

The objective of this report is to summarize several WSDOT case histories in 

which settlement was measured and compare those measured settlements to the predicted 

settlement using both the Hough and Schmertmann methods.  The data from these case 

histories can then be used to begin developing a database of predicted and estimated 

settlements to refine WSDOT design practice.  The scope of this report is limited to cases 

in which the native soils are generally cohesionless in nature (i.e., silts, sands, and 

gravels).  While some of the case histories have included foundation elements, in those 

cases, new fill was adjacent to or even surrounding the foundation elements such that the 

total load applied to the foundation soil is strongly influenced by the fill load. 
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CASE HISTORY DESCRIPTIONS 

Case histories addressed in this report are as follows: 

 

 SR395, Francis Avenue to US2 Structures, BNSF Railroad Overcrossing Tunnel 

 SR522, University of Washington – Bothell/Cascadia Community College South 

Campus Access Walls 

 I-5, I-5/SR432 Talley Way Interchange 

SR395, BNSF Railroad Tunnel 

This project involved construction of a spread footing supported (arch) tunnel to 

allow the proposed State Route (SR) 395 alignment/fill to pass over the existing 

Burlington Northern Santa Fe (BNSF) Railroad at the north end of Spokane, Washington.  

The project location is shown in Figure 7.  The arch had a clear span (i.e., interior width) 

of approximately 51 feet at the base, and the footings were designed for a service limit 

state bearing stress of approximately 7 kips per square foot to keep the footing stress 

approximately the same as the added overburden stress due to the fill located beside the 

tunnel. A cross-section of the tunnel is provided in Figure 8, and a tunnel footing detail is 

provided in Figure 9.  The proposed embankment over the existing BNSF tracks varied 

from 50 to 58 feet in total height.  Figure 10 shows the tunnel and fill under construction. 

Due to the large amount of fill over and around the tunnel, the fill footprint is what 

controlled the stress increase with depth below the tunnel. 

The subsurface conditions consisted of loose to dense sands above granitic 

bedrock at depths of 45 to 110 feet.  The layout of the tunnel and the soil boring locations 

are shown in Figure 11.  A longitudinal soil profile along the tunnel is provided in Figure 

12. 

Settlement predictions and measurements for this case history were conducted at 

eight locations along the tunnel alignment.  The settlement estimates and measurements 

near the ends of the tunnel were treated as outliers for this study due to the extreme 

changes in fill/tunnel geometry that happen there.  Therefore, only data at test holes RR-

2-04 through RR-7-04 are used, corresponding to Site No’s 1 through 6, respectively. 
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Figure 7.  SR395 BNSF Railroad tunnel vicinity map. 
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Figure 8.  Cross-section of spread footing supported arch tunnel. 

 

Figure 9. Close-up of spread footing that supports arch tunnel. 
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Figure 10.  Overview showing arch and fill under construction. 
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Figure 11.  Plan view of tunnel showing boring locations. 
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Figure 12.  Geologic profile along tunnel showing subsurface conditions. 
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SR522, University of Washington – Bothell/Cascadia Community College 

South Campus Access Walls 

This project involved construction of a number of transportation and associated 

infrastructure improvements intended to provide improved access to the University of 

Washington Bothell/Cascadia Community College campus from SR522 in Bothell, 

Washington.  The project location is shown in Figure 13.   

One of the project infrastructure improvements consisted of widening the 

SR522/28N Bridge and constructing geosynthetic approach walls (Walls 9 and 10) to 

accommodate this widening.  The walls are located on the north side of the proposed 

widening, and they both were designed to match to the curtain walls of the bridge 

widening.  Wall 9 is on the west abutment, and Wall 10 is on the east abutment. The 

general plan locations of the walls along with a subsurface profile are provided in figures 

14 and 15, respectively.  The walls were generally 7 to 8 feet tall in the areas monitored, 

and approximately 175 ft long.  At the settlement plate locations, the soil was 

characterized as very loose to medium dense interbedded silt, organic silt, clayey sand, 

silty sand, and poorly-graded sand for the upper 10 ft to 20 ft (recent alluvium).  Below 

that, it transitioned to a very dense silty sand and gravel (glacial till). Groundwater at this 

site was generally encountered within the upper 10 feet to 20 feet of the deposit.  Due to 

near surface organic soils, the top 3 ft of soils at Wall 9 were over-excavated and 

replaced with compacted gravel borrow.  Both walls were surcharged by over-building 

the wall by 5 feet in height, which was removed after the majority of the settlement 

occurred.   

Settlements were predicted and measured at one location for each wall.  These 

two locations are designated as Site No’s 7 (i.e., Wall 9) and 8 (i.e., Wall 10). 
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Figure 13. SR522, University of Washington – Bothell/Cascadia Community College 

South Campus Access Walls vicinity map. 
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Figure 14. Plan View of Sites No. 7 and No. 8. 
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Figure 15. Subsurface Profile for Sites No.7 and No.8. 

Approximate Location of 

Settlement Plate at Site No. 7 

 

Approximate Location of 

Settlement Plate at Site No. 8 
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I-5/SR432 Talley Way Interchange 

This project involved construction of a number of transportation and associated 

infrastructure improvements intended to provide improved access from I-5 to SR432 and 

Longview, Washington.  The project location is shown in Figure 16.  Deep soft soils at 

the project location created geotechnical design complications due to settlement and 

liquefaction effects such as lateral spreading and liquefaction induced settlement that had 

to be addressed during design and monitored during construction. Liquefaction problems 

were addressed in the vicinity of the structures through the use of stone columns. 

Settlements were predicted and monitored at 16 sites across the project area, 

including both areas where stone columns were installed to mitigate liquefaction 

problems and areas where fill and wall settlement due to the static loads was expected. 

These sites were located along fill walls, embankments and bridge approaches.  There 

were only five of the 16 settlement plates that were not installed in stone column 

improved areas, and these five settlement plates were used in this study.  The locations of 

these five settlement plates were used to monitor settlement under fill embankments, a 

geosynthetic wall, and under a pre-load embankment between bridge abutments during 

the construction of the I-5/SR 432 Talley Way Interchange. These five individual sites 

are designated as Site No’s 9 to 13.   

The new embankments typically ranged from 20 ft to 30 ft in height.  The 

geosynthetic wall was approximately 17 feet tall at the settlement plate location, and the 

pre-load embankment was typically 20 feet tall. A photograph of the pre-load 

embankment during construction is presented in Figure 17, and its cross-section is 

presented in Figure 18.  The subsurface conditions consisted of up to 100 feet of very 

loose to medium dense sandy silt (alluvium), underlain by very dense sand, silt, or 

bedrock.  Plan views of the approximate settlement plate locations including boring 

locations are provided in figures 19 through 21.  Typical sections with soil profile data 

are provided in figures 22 through 24. 
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Figure 16.  I-5/SR432 Talley Way Interchange vicinity map. 

 
Figure 17. P-line Bridge Pre-load between Abutments (Sites No.10 and No.11). 
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Figure 18. Typical Section of Pre-load for the P-Line Bridge at Sites No.10 and 

No.11 (width of structure was assumed to be 40 ft). 
 

 
Figure 19. Plan View of Site No. 9, Section 15+00, on the P-Line with Boring 

Locations. 
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Figure 20. Plan View of Sites No.10 and No.11, the P-Line Bridge Pre-Load Area 

with Boring Locations. 

 
Figure 21. Plan View of Sites No.12 and No.13, Embankment between Stations 

19+87 and 23+83 on the R-Line with Boring Locations. 
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Figure 22. Site No.9, P-Line Cross-Section at Station 15+00 (The location of site/settlement plate No.9 was not underlain by stone columns). 

Approximate location 

of settlement plate 
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Figure 23. Profile of P-Line Bridge for Sites/Settlement Plates No.10 and No.11. 
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Figure 24. Typical Embankment Cross-Section for Sites/Settlement Plates No.12 and No.13 (R-Line Stations 19+87 and 23+83). 
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CASE HISTORY SETTLEMENT PREDICTIONS 

SR395, BNSF Railroad Tunnel 

Settlements were predicted and monitored at six sites along the locations of the 

spread footings for the tunnel structure. For design of the structure, settlements were 

estimated using the Hough Method.  The combined footing/fill applied stress ranged from 

650 psf near the ends of the tunnel to 9,000 psf near the mid-point of the tunnel length 

where the fill depth was deepest.  The footing was essentially considered to be infinitely 

long to determine the distribution of stress with depth below the footing/fill.  The soil was 

characterized as a clean uniform sand for much of the deposit, with layers of well graded 

silty sand and gravel and well graded fine to medium sand.  The sand was loose to 

medium dense in the upper 35 to 40 ft of the deposit, and was medium dense to dense 

below that.  Ground water at this site was deep and was not a factor in the design.  

Settlement at a given point along the tunnel was estimated using the depth of fill and 

footing stress at that location to calculate the stress increase, as the depth of fill over the 

tunnel was variable due to the fill side slopes and due to the extreme skew of the tunnel 

relative to the fill centerline – Figure 10 provides an illustration of the fill depth that was 

to be placed over the tunnel. 

Table 2 provides a summary of one of the Hough Method settlement calculations.  

This example calculation was conducted near the halfway point along the tunnel’s length.  

The input parameters used for the Hough analysis as well as the calculated values are 

summarized in this table and are based on Test Hole RR-5-04 (i.e., Site No. 4).  All of the 

predicted settlements along the tunnel profile, using the Hough Method, are provided in 

Figure 25. 

Settlement of this tunnel was also estimated by others using the Schmertmann 

Method (Naresh Samtani, personal communication, 1-27-2018).  Table 3 provides a 

summary of Schmertmann Method settlement calculations at the same location (Test 

Hole RR-5-04) where the Hough Method calculations were performed in Table 2.  The 

input parameters used for the Schmertmann analysis as well as the calculated values are 
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summarized in this table. The soil modulus E was obtained through correlation to SPT N 

values (see Table 1). All of the predicted settlements along the tunnel profile, using the 

Schmertmann Method, are provided in Table 4. 

 

Table 2.  Summary of example Hough analysis (analyzed near mid-point of tunnel 

length) for BNSF Railroad tunnel, based on Test Hole RR-5-04 (Site No. 4). 

Depth 

Below 

Footing 

(ft) 

SPT N 

Field 

(bpf) 

Soil 

sat 

(pcf) 

N'/N 
SPT N' 

Corrected 

Material 

Type 

Hough 

C' 

Effective 

Stress 

(psf) 

I 

Stress 

Change 

(psf) 

Cumm. 

Settle. (in) 

0 (N/A)  125 2.00 14 1 70 125 0.000 0.00 0.00 

4 7  1.76 12 1 66 625 0.993 6580 0.85 

9 7  1.12 8 1 55 1250 0.992 6576 1.77 

14 8  0.96 8 1 54 1875 0.991 65690 2.55 

19 9  0.88 8 1 55 2500 0.990 6562 3.20 

24 13  0.82 11 1 61 3125 0.988 6554 3.73 

29 12  0.77 9 1 58 3750 0.987 6544 4.19 

34 8  0.73 6 4 36 4375 0.986 6534 4.69 

39 22  0.66 15 2 64 5000 0.984 6523 5.19 

44 50  0.60 30 2 102 5625 0.982 6512 5.43 

49 37  0.60 22 2 82 6250 0.980 6500 5.64 

54 24  0.60 14 2 64 6875 0.978 6487 5.90 

59 10  0.60 6 4 36 7500 0.976 6474 6.23 

64 24  0.60 14 2 64 8125 0.974 6460 6.58 

74 43  0.60 26 2 91 9375 0.970 6432 6.95 

80 50  0.60 30 2 102 10130 0.967 6414 7.12 

85 41  0.60 25 2 88 10750 0.965 6398 7.25 

90 19  0.60 11 2 57 11380 0.963 6382 7.42 

95 23  0.60 14 2 62 12000 0.960 6366 7.61 

100 38  0.60 23 2 83 12500 0.958 6350 7.76 

105 19  0.60 11 2 57 12810 0.955 6333 7.92 

107       12880 0.955 6330 7.95 
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Table 3.  Summary of example Schmertmann analysis (analyzed near mid-point of 

tunnel length) for BNSF Railroad tunnel, based on Test Hole RR-5-04 (Site No. 4). 

 

Layer 

No. 

 

Z 

(ft) 

Layer 

Mid-

Depth 

Layer Midpoint 

Depth Below Df 

 

USCS 

Raw 

N-

Value 

Corrected 

N-Val. 

N160 

 

Iz 

 

E (ksf) 

 

Z(Iz/E) 

(ft/ksf) 

Settle. 

S (ft) 

1 4.6 2.3 2.3 -- 11.0 11.0 0.201 269 0.00343 0.0227 

2 5 7.1 7.1 SP 7.0 13.0 0.202 318 0.00318 0.0211 

3 5 12.1 12.1 SP 7.0 10.8 0.204 265 0.00385 0.0255 

4 5 17.1 17.1 SP 8.0 10.9 0.206 267 0.00384 0.0255 

5 5 22.1 22.1 SP 9.0 11.1 0.207 273 0.00380 0.0252 

6 5 27.1 27.1 SP 13.0 14.8 0.209 362 0.00288 0.0191 

7 5 32.1 32.1 SP 12.0 12.7 0.210 310 0.00339 0.0226 

8 5 37.1 37.1 SM 8.0 7.9 0.212 138 0.00767 0.0509 

9 5 42.1 42.1 SW 22.0 20.4 0.214 714 0.00150 0.0099 

10 5 47.1 47.1 SW 50.0 43.7 0.215 1530 0.00070 0.0047 

11 5 52.1 52.1 SW-SM 37.0 30.6 0.217 750 0.00145 0.0096 

12 5 57.1 57.1 SP 24.0 18.8 0.218 462 0.00237 0.0157 

13 5 62.1 62.1 SM 10.0 7.5 0.220 131 0.00843 0.0559 

14 10 69.6 69.6 SP 24.0 17.1 0.222 418 0.00533 0.0353 

15 5 77.1 77.1 GW 43.0 27.8 0.225 1168 0.00096 0.0064 

16 5 82.1 82.1 SP 50.0 30.9 0.226 757 0.00150 0.0099 

17 5 87.1 87.1 SP 41.0 24.2 0.228 594 0.00192 0.0127 

18 5 92.1 92.1 SM 19.0 10.7 0.230 188 0.00611 0.0405 

19 5 97.1 97.0 GW 23.0 12.5 0.231 523 0.00221 0.0147 

20 5 102.1 102.1 GW 38.0 19.7 0.233 827 0.00141 0.0093 

21 5 107.1 107.1 GW 19.0 9.6 0.235 1000000 0.00000 0.00001 

22 100 159.6 159.6 GW 55.0 27.3 0.252 1000000 0.00003 0.00017 

23 100 259.6 259.6 GW 100.0 100 0.284 1000000 0.00003 0.00019 

24 100 359.6 359.6 GW 100.0 100 0.316 1000000 0.00003 0.00021 

25 100 459.6 459.6 GW 100.0 100 0.348 1000000 0.00003 0.00023 

26 100 559.6 559.6 GW 100.0 100 0.381 1000000 0.00004 0.00025 

27 100 659.6 659.6 GW 100.0 100 0.413 1000000 0.00004 0.00027 

28 100 759.6 759.6 GW 100.0 100 0.445 1000000 0.00004 0.00030 

29 100 859.6 859.6 GW 100.0 100 0.477 1000000 0.00005 0.00032 

30 100 959.6 959.6 GW 100.0 100 0.510 1000000 0.00005 0.00034 

31 100 1059.6 1059.6 GW 100.0 100 0.513 1000000 0.00005 0.00034 

32 100 1159.6 1159.6 GW 100.0 100 0.495 1000000 0.00005 0.00033 

33 100 1259.6 1259.6 GW 100.0 100 0.478 1000000 0.00005 0.00032 

34 100 1359.6 1359.6 GW 100.0 100 0.461 1000000 0.00005 0.00031 

35 100 1459.6 1459.6 GW 100.0 100 0.443 1000000 0.00004 0.00029 

36 100 1559.6 1559.6 GW 100.0 100 0.426 1000000 0.00004 0.00028 

37 100 1659.6 1659.6 GW 100.0 100 0.408 1000000 0.00004 0.00027 

38 100 1759.6 1759.6 GW 100.0 100 0.391 1000000 0.00004 0.00026 

39 100 1859.6 1859.6 GW 100.0 100 0.373 1000000 0.00004 0.00025 

40 100 1959.6 1959.6 GW 100.0 100 0.356 1000000 0.00004 0.00024 

          = 0.442 

Calculate C1   1.000  
Calculate C2   1.000  
Immediate Settlement (Start to end of construction) 0.442 ft 5.31 inches 

Creep (Long-Term) Settlement (During Design Life) 0.000 ft 0.00 inches 

Total Settlement (Start of Const. to end of design life) 0.442 ft 5.31 inches 
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Table 4.  Summary of Estimated Settlements using Schmertmann Method for the 

BNSF Railroad tunnel. 

Test Hole Number Settlement (inches) 

RR-2-04 (Site No. 1) 1.26 

RR-3-04 (Site No. 2) 3.50 

RR-4-04 (Site No. 3) 5.04 

RR-5-04 (Site No. 4) 5.31 

RR-6-04 (Site No. 5) 2.98 

RR-7-04 (Site No. 6) 2.28 

 

SR522, University of Washington – Bothell/Cascadia Community College 

South Campus Access Walls 

Settlements were predicted and monitored at each of the two geosynthetic 

approach walls (Walls 9 and 10, corresponding to Site No’s 7 and 8).  For design of the 

walls, settlements were estimated using the Hough Method.  The applied design stress 

was approximately 1,625 psf at the settlement plates.  The wall footings were essentially 

considered to be infinitely long, and Figure 1 was used to determine the distribution of 

stress with depth below the footing/fill.   

Table 5 provides a summary of one of the Hough Method settlement calculations, 

and Table 6 summarizes the predicted settlements for both wall locations.  The example 

calculation was conducted for the Wall 9 settlement plate at Site #7.  The input 

parameters used for the Hough analysis as well as the calculated values summarized in 

Table 5 are based on Test Hole H-32-02.  A detailed summary of the Schmertmann 

Method settlement estimate for Site No. 7 provided by others (Naresh Samtani, personal 

communication, 1-27-2018) is shown in Table 7, and Table 8 summarizes the predicted 

settlements for both wall locations. 

 

Table 5.  Summary of Hough analysis at Site #7, based on Test Hole H-32-02. 

Depth 

Below 

Wall 

(ft) 

SPT 

N 

Field 

(bpf) 

γsat 

(pcf) 
N'/N 

SPT N' 

Corrected 

Material 

Type 

Hough 

C' 

Effective 

Stress 

(psf) 

I 

Stress 

Change 

(psf) 

Cumm. 

Settlement 

(in.) 

1.5 35 130 1.78 83 2 300 195 1 1625 0.12 

6.4 14 90 1.36 25 6 49 694 0.83 1349 0.90 

13.1 64 90 1.15 98 6 158 1301 0.56 910 1.01 

18.3 64 130 1.03 88 4 140 1833 0.43 699 1.05 

22.5 50 67.6 0.97 64 4 235 2229 0.36 585 1.08 

27.5 50 130 0.90 59 4 97 2723 0.3 488 1.13 
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Table 6.  Hough settlement predictions at settlement plate at Site No’s 7 and 8. 

Site # Settlement Prediction (in) 

H-32-02 (Site 7) 1.1 

H-31-02 (Site 8) 0.8 

 

Table 7.  Schmertmann analysis at Site No. 7, based on Test Hole H-32-02. 

Layer 

No. 

Z 

(ft) 

Layer 

Mid-

Depth 

Layer 

Midpoint 

Depth 

Below Df USCS 

Raw 

N-

Value 

Corrected 

N-Val. 

N160 Iz E (ksf) 

Z(Iz/E) 

(ft/ksf) 

Settle 

S (ft) 

1 3 1.5 1.5 -- 35 35.0 0.288 858 0.00101 0.00166 

2 7 6.5 6.5 CL 14 28.0 0.580 392 0.01036 0.01709 

3 5 12.5 12.5 ML 64 100 0.450 1400 0.00161 0.00265 

4 5 17.5 17.5 SM 50 75.5 0.305 1322 0.00115 0.00190 

5 5 22.5 22.5 ML 50 69.1 0.160 968 0.00082 0.00136 

6 5 27.5 27.5 ML 50 62.3 0.015 872 0.00008 0.00014 

7 5 32.5 32.5 SM 50 59.4 0.000 1039 0.00000 0.00000 

8 5 37.5 37.5 ML 50 54.7 0.000 766 0.00000 0.00000 

9 5 42.5 42.5 SM 50 50.8 0.000 890 0.00000 0.00000 

         = 0.025 

 

Calculate C1   1.000  
Calculate C2   1.000  
Immediate Settlement (Start to end of construction) 0.025 ft 0.31 inches 

Creep (Long-Term) Settlement (During Design Life) 0.000 ft 0.00 inches 

Calculate Total Settlement (Start of Const. to end of design life) 0.025 ft 0.31 inches 

 

Table 8.  Summary of Estimated Settlements using Schmertmann Method for SR 

522 UWB CCC Campus S. Access. 

Test Hole Location Settlement, inches 

H-32-02 (Site 7) 0.31 

H-31-02 (Site 8) 0.30 

I-5/SR432 Talley Way Interchange 

Settlements were predicted and monitored at sixteen sites across the project area. 

These sites were along fill walls, embankments and bridge approaches.  There were only 

six of the settlement plates that were not installed in stone column improved areas, and 

these six settlement plates were used in this study.  For design of the wall and 

embankments, settlements were estimated using the Hough Method.  The applied stress 

was approximately1,620 psf for site No.9, 2,700 psf for site No’s 10 and 11 and 4,400 psf 

for site No’s 12 and 13. The wall footing at site No. 9 was essentially considered to be 
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infinitely long, and Figure 3 was used to determine the distribution of stress with depth 

below the footing/fill.  The embankments at site No’s 10 through 13 were essentially 

considered to be infinitely long, and Figure 1 was used to determine the distribution of 

stress with depth below the fill.  The soil at the sites was generally characterized as loose 

to very dense sand and gravel with varying amounts of silt (fill) for the upper 10 ft to 

15ft.  It transitioned to a very loose to medium dense sandy silt (alluvium) to depths of 

100 ft to 150 ft, underlain by very dense sand, silt, or bedrock. Groundwater at this site 

was generally encountered within the upper 10 feet of the deposit.   

Table 9 provides a summary of one of the Hough Method settlement calculations.  

This example calculation was conducted for the preload embankment on the P-Line for 

settlement plates No.10 and No.11.  The input parameters used for the Hough analysis as 

well as the calculated values are summarized in this table and are based on Test Hole H-

23-08.  Predicted settlements at each of the settlement plates, using the Hough Method, 

are provided in Table 10. 

Settlements for the Talley Way Interchange were also estimated by others using 

the Schmertmann Method (Naresh Samtani, personal communication, 1-27-2018).  Table 

11 provides a summary of Schmertmann Method settlement calculations for Site No’s 10 

and 11 as an example.  The input parameters used for the Schmertmann analysis as well 

as the calculated values are summarized in this table. All of the predicted settlements 

using the Schmertmann Method for this case history are provided in Table 12.  

Settlement analyses for Site No’s 10 through 13 were performed using CPT results since 

the logs for test holes at these locations showed a SPT N-value of zero at some depths. 

For such cases, it is not possible to obtain a reliable value of elastic modulus, since the 

elastic modulus is a direct function of the N-value. In these cases, results from CPTs in 

the vicinity of the test holes were utilized. When CPTs were used, the elastic modulus, 

Es, was calculated using Es (tsf) = 3.5qc, where qc is the cone tip resistance. This is based 

on the equation in Table 1 where E (ksi) = 0.028qc which qc is in tsf.  For E in tsf, E = 

2.0qc. Since the wall geometry can be considered to be plane-strain (i.e., its length is 

much greater than its width), the elastic modulus is multiplied by X=1.75.  Thus, E (tsf) = 

(1.75)(2.0)qc = 3.5qc. 
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Table 9.  Summary of example Hough analysis (site No’s 10 and 11), based on Test 

Hole H-23-08. 

Depth Below 

Embank. (ft) 

SPT N 

Field 

(bpf) 

Soil 

γsat 

(pcf) 

N'/N 

SPT N' 

Cor-

rected 

Mater 

-ial 

No. 

Hough 

C' 

Effective 

Stress 

(psf) 

I 

Stress 

Change 

(psf) 

Cumm. 

Settlement 

(in) 

2 5 120 2.00 10 2 54 115 1 2700 0.31 

7 6 120 2.00 12 2 58 403 1.00 2691 1.41 

12 23 120 1.64 38 2 125 691 0.98 2655 1.77 

14 15* 120 1.48 22 2 80 806 0.97 2631 1.92 

15 10* 100 1.43 15 5 43 844 0.97 2617 2.09 

17 2 100 1.35 3 5 27 919 0.96 2586 2.56 

24 1 100 1.16 1 5 25 1182 0.91 2452 4.28 

29 3 100 1.07 3 5 27 1370 0.87 2341 5.32 

32 0 100 1.04 0 5 23 1483 0.84 2273 5.92 

37 3 100 1.00 3 5 27 1671 0.80 2159 6.80 

42 0 100 0.97 0 5 23 1859 0.76 2047 7.62 

51 3 100 0.92 3 5 27 2198 0.69 1860 8.86 

57 0 100 0.89 0 5 23 2423 0.65 1746 9.58 

64 0 100 0.86 0 5 23 2686 0.60 1624 10.36 

67 1 100 0.85 1 5 24 2799 0.58 1576 10.65 

74 0 100 0.82 0 5 23 3062 0.55 1472 11.29 

77 0 100 0.81 0 5 23 3175 0.53 1430 11.54 

84 5 100 0.79 4 5 28 3438 0.50 1341 12.03 

87 9 100 0.79 7 5 32 3551 0.48 1305 12.19 

94 3 100 0.77 2 5 26 3814 0.45 1228 12.56 

97 5 100 0.76 4 5 28 3927 0.44 1198 12.71 

102 6 100 0.75 5 5 29 4115 0.43 1150 12.94 

109 6 100 0.73 4 5 29 4378 0.40 1088 13.24 

112 6 100 0.72 4 5 29 4491 0.39 1063 13.35 

119 4 100 0.69 3 5 27 4754 0.37 1010 13.62 

122 6 100 0.68 4 5 28 4867 0.37 988 13.72 

129 5 100 0.65 3 5 27 5130 0.35 941 13.95 

132 0 100 0.65 0 5 23 5243 0.34 922 14.06 

137 2 100 0.65 1 5 25 5431 0.33 892 14.22 

141 8* 100 0.60 5 5 30 5582 0.32 869 14.33 

142 10* 110 0.60 6 6 23 5629 0.32 864 14.37 

144 13 110 0.60 8 6 26 5724 0.32 853 14.42 

147 30 110 0.60 18 6 39 5867 0.31 837 14.49 

152 30 140 0.60 18 1 81 6135 0.30 812 14.56 

157 28 140 0.60 17 1 78 6523 0.29 789 14.60 

162 101 140 0.60 61 1 337 6911 0.28 766 14.61 

The asterisk in Table 9 indicates that the value was interpolated. 
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Table 10.  Hough Method Settlement predictions at site No’s 9 through No.13. 

Site/Settlement Plate No. Settlement Prediction (in) 

9 (H-28-08) 3.1 

10 (H-23-08) 14.6 

11 (H-23-08) 14.6 

12 (H-38-08) 30.0 

13 (H-38-08) 24.1 

 

Table 11.  Summary of example Schmertmann analysis for I-5/SR432 Talley Way 

Interchange R-Line Station 20+00 based on CPT 10-08 (Site No.12).  

 

Layer 

No. 

 

Z 

(ft) 

Layer 

Mid-

Depth 

Layer 

Midpoint 

Depth 

Below Df 

 

USCS 

Raw 

N-

Value 

Corrected 

N-Val. 

N160 

 

Iz 

 

E (ksf) 

 

Z(Iz/Es) 

(ft/ksf) 

Settle. 

S (ft) 

1 4.7 2.35 2.35 -- 35.0 35.0 0.209 140 0.00702 0.0310 

2 5 7.2 7.20 GM 32.0 59.9 0.228 140 0.00813 0.0359 

3 5 12.2 12.20 GM 24.0 37.5 0.247 140 0.00882 0.0390 

4 5 17.2 17.20 GM 12.0 17.6 0.266 140 0.00950 0.0420 

5 5 22.2 22.20 ML 2.0 2.8 0.285 245 0.00582 0.0257 

6 5 27.2 27.20 ML 2.0 2.7 0.304 245 0.00621 0.0275 

7 5 32.2 32.20 ML 3.0 3.9 0.324 245 0.00661 0.0292 

8 5 37.2 37.20 ML 5.0 6.3 0.343 70 0.02449 0.1083 

9 5 42.2 42.20 ML 2.0 2.4 0.362 70 0.02586 0.1143 

10 5 47.2 47.20 ML 3.0 3.5 0.381 70 0.02723 0.1204 

11 5 52.2 52.20 ML 2.0 2.3 0.400 70 0.02860 0.1264 

12 5 57.2 57.20 ML 1.0 1.1 0.420 70 0.02998 0.1325 

13 5 62.2 62.20 ML 1.0 1.1 0.439 70 0.03135 0.1386 

14 5 67.2 67.20 ML 2.0 2.1 0.458 70 0.03272 0.1446 

15 5 72.2 72.20 ML 3.0 3.1 0.477 70 0.03409 0.1507 

16 5 77.2 77.20 ML 2.0 2.0 0.496 280 0.00887 0.0392 

17 5 82.2 82.20 ML 3.0 3.0 0.516 280 0.00921 0.0407 

18 5 87.2 87.20 ML 5.0 4.8 0.535 280 0.00955 0.0422 

19 5 92.2 92.20 ML 11.0 10.4 0.554 280 0.00989 0.0437 

20 5 97.2 97.20 ML 0.0 0.0 0.573 105 0.02730 0.1207 

21 5 102.2 102.20 ML 4.0 3.6 0.580 105 0.02761 0.1220 

22 5 107.2 107.20 ML 4.0 3.6 0.570 105 0.02714 0.1200 

23 10 114.7 114.70 ML 4.0 3.5 0.555 105 0.05290 0.2338 

24 5 122.2 122.20 ML 6.0 5.1 0.541 71 0.03818 0.1687 

25 6 127.7 127.70 ML 5.0 4.1 0.530 58 0.05489 0.2426 

26 4 132.7 132.70 ML 9.0 7.3 0.520 102 0.02040 0.0902 

27 5 137.2 137.20 ML 13.0 10.4 0.512 145 0.01761 0.0778 

28 5 142.2 142.20 ML 24.0 18.8 0.502 264 0.00952 0.0421 

29 5 147.2 147.20 ML 27.0 20.8 0.492 291 0.00845 0.0373 

30 5 152.2 152.20 ML 50.0 37.9 0.482 530 0.00455 0.0201 

31 5 157.2 157.20 ML 50.0 37.2 0.473 521 0.00453 0.0200 

32 5 162.2 162.20 SP 50.0 36.6 0.463 897 0.00258 0.0114 

33 5 167.2 167.20 SP 50.0 36.0 0.453 882 0.00257 0.0114 

34 5 172.2 172.20 SP 100.0 100.0 0.443 2450 0.00091 0.0040 

35 5 177.2 177.20 SP 100.0 100.0 0.434 2450 0.00089 0.0039 
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36 5 182.2 182.20 SP 100.0 100.0 0.424 2450 0.00087 0.0038 

37 5 187.2 187.20 SP 100.0 100.0 0.414 2450 0.00085 0.0037 

38 5 192.2 192.20 SP 100.0 100.0 0.405 2450 0.00083 0.0037 

39 5 197.2 197.20 SP 100.0 100.0 0.395 2450 0.00081 0.0036 

40 5 202.2 202.20 SP 100.0 100.0 0.385 2450 0.00079 0.0035 

          = 2.78 

 

Calculate C1   1.000  
Calculate C2   1.000  
Immediate Settlement (Start to end of construction) 2.78 ft 33.3 inches 

Creep (Long-Term) Settlement (During Design Life) 0.000 ft 0.00 inches 

Calculate Total Settlement (Start of Const to end of design life) 2.78 ft 33.3 inches 

 

Table 12.  Summary of Estimated Settlements using Schmertmann Method for  

I-5/SR432 Talley Way Interchange. 

Test Hole Location Settlement, inches 

H-28-08 [Site No.9] 4.3 

H-23-08 (CPT-5-08) [Site No.10] 11.3 

H-23-08 (CPT-5-08) [Site No.11] 11.3 

H-38-08 (CPT-10-08) [Site No.12] 33.3 

H-38-08 (CPT-10-08) [Site No.13)] 22.3 
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CASE HISTORY SETTLEMENT MEASUREMENTS 

SR395, BNSF Railroad Tunnel 

Settlement was monitored using a survey method, using targets established on the 

stem wall inside the tunnel.  Settlement was monitored beginning with the placement of 

the targets on the stem walls after it was constructed.  Settlement of the ground due to 

placement of the stem wall structure was assumed to be less than 0.5 inch.  Settlement 

monitoring targets were established on both sides of the tunnel.  Final settlement 

measurement results are provided in Table 13.  Once the structure and fill were 

completed, settlement was also completed (no long-term settlement).  For comparison to 

the predicted settlements along the length of the tunnel, the measured settlements were 

the average of the two settlement monitoring points (i.e., east and west stem walls) at 

each section of the tunnel, as shown in Table 13. 

 

Table 13.  Final settlement measurements and corresponding predictions for SR395 

BNSF Railroad Tunnel. 

1Station. 
Corresponding Site 

No. (Boring No.) 

Measured 

Settlement (in.) 

Average 

Measured 

Settlement 

(in.) 

Hough Method 

Predicted 

Settlement (in.) 

Schmertmann 

Method 

Predicted 

Settlement (in.) 

West 

Wall 

East 

Wall 

18+00  3.36 2.52 2.94   

17+00 Site No. 1 (RR-2-04) 4.20 5.04 4.62 3.8 1.3 

16+00  4.20 5.88 5.04   

15+00 Site No. 2 (RR-3-04) 5.64 5.76 5.70 7.2 3.5 

14+00  4.92 4.32 4.62   

13+00 Site No. 3 (RR-4-04) 4.68 4.56 4.62 7.9 5.0 

12+00  4.32 4.08 4.20   

11+00  4.44 3.96    

10+50* Site No. 4 (RR-5-04)   3.87 8.0 5.3 

10+00  4.32 2.76    

9+00 Site No. 5 (RR-6-04) 3.24 2.28 2.76 6.3 3.0 

8+00  3.24 1.92 2.58   

7+00  2.52 1.32 1.92   

6+00 Site No. 6 (RR-7-04) 3.00 2.04 2.52 5.0 2.3 

*Since there were no settlement monitoring points at this station, the settlement measurements at both 

station 10+00 and station 11+00 were averaged together. 
1Tunnel begins at tunnel station 5+00 and ends at tunnel station 18+24.  The roadway alignment stationing 

increases in the opposite direction, however. 
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SR522, University of Washington – Bothell/Cascadia Community College 

South Campus Access Walls 

Settlement was monitored using a survey method.  The method consisted of 

survey of settlement plates.  See Figure 25 for the contract settlement plate detail. The 

settlement plates were placed a foot below the ground surface after clearing and grubbing 

operations were completed.  A steel pipe was welded to the base of the steel plate, and 

steel riser pipe was used as the fill was placed.  The pipe was wide enough for a survey 

rod to be inserted down to the plate.  The plates were surveyed at the beginning and 

ending of each shift until the engineer allowed survey at longer intervals.  Settlement was 

monitored until the survey readings approached zero vertical displacement.  Final 

settlement measurement results, with their corresponding settlement predictions, are 

provided in Table 14.   

 

Table 14.  Settlement measurements of settlement and corresponding predictions at 

settlement plates at sites No’s 7 and 8. 

Site No. 

Settlement 

Measurement 

(in) 

Hough Method 

Predicted 

Settlement (in.) 

Schmertmann 

Method Predicted 

Settlement (in.) 

7 0.37 1.1 0.31 

8 0.2 0.8 0.30 
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Figure 25. Installation Details for Settlement Plates at Site No’s 7 and 8. 
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I-5/SR432 Talley Way Interchange 

Settlement was monitored using a survey method.  The method consisted of 

survey of settlement plates.  See Figure 26 for the contract settlement plate detail. The 

settlement plates were placed a foot below the ground surface after clearing and grubbing 

operations were completed.  A steel pipe was welded to the base of the steel plate, and 

steel riser pipe was used as the fill was placed.  The pipe was wide enough for a survey 

rod to be inserted down to the plate.  The plates were surveyed at the beginning and 

ending of each shift until the engineer allowed survey at longer intervals.  Final 

settlement measurement results, with their corresponding settlement predictions, are 

provided in Table 15.  Settlement was monitored until the survey readings approached 

zero vertical displacement. 
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Figure 26. Settlement Plate Detail. 

 

Table 15.  Settlement measurements and corresponding predictions at settlement 

plates No’s 9 through 13. 

Site No. 
Settlement 

Measurement (in.) 

Hough Method 

Predicted Settlement 

(in.) 

Schmertmann Method 

Predicted Settlement 

(in.)* 

9 1.3 3.1 4.3 

10 12.2 14.6 11.3 

11 11.4 14.6 11.3 

12 41.0 29.8 33.3 

13 24.7 24.1 22.3 

*Sites 10 through 13 are based on nearest CPT data. 
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CASE HISTORY DATA ANALYSES 

Analyses were carried out to assess the ability of each settlement prediction 

method to accurately predict the settlement that was measured in the case histories 

presented in this report.  This assessment of prediction accuracy is carried out using the 

bias, which is defined as the measured/predicted value.  Predicted values have been 

generated using the Hough and Schmertmann methods.   

Figure 27 shows measured and predicted values for settlement using the Hough 

Method.  Dark symbols represent the WSDOT case history data, whereas the white 

symbols represent the data presented in Samtani and Allen (2018) except for the WSDOT 

case histories.  This figure shows that the WSDOT cases settlement estimates tend to be 

conservative relative to the rest of the data presented in Samtani and Allen (2018) and 

relative to the one-to-one correspondence line shown. 

 

Figure 27.  Predicted and measured settlement values for the Hough Method, 

comparing the WSDOT case history data to the rest of the data presented in 

Samtani and Allen (2018). 
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Similar to Figure 27, Figure 28 shows measured and predicted values for 

settlement using the Schmertmann Method.  While data scatter for the Schmertmann 

Method appears to be greater than for the Hough Method predictions, the Schmertmann 

Method appears to be a little less conservative than the Hough Method. 

 

 

Figure 28.  Predicted and measured settlement values for the Schmertmann 

Method, comparing the WSDOT case history data to the rest of the data presented 

in Samtani and Allen (2018). 

 

Figures 29 and 30 show the same data, but instead prediction bias is shown on the 

vertical axis.  When the bias is less than 1.0, the prediction is conservative (i.e., less 

settlement occurred than was predicted), and when the bias is greater than 1.0, the 

prediction is unconservative.  Based on these figures, both prediction methods are 

conservative for settlements of approximately three-fourths inch or more.  However, at a 

settlement of approximately 0.5 inch or less (vertical dotted line in figures), data scatter 

increases significantly.  The increase in data scatter at 0.5 inch or less could not be 

verified for the WSDOT data, due to lack of WSDOT settlement data less than 0.5 inch. 
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Figure 29.  Bias versus predicted settlement for the Hough Method. 

 

Figure 30.  Bias versus predicted settlement for the Schmertmann Method. 
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Figure 31 shows the Schmertmann Method predictions for the WSDOT case 

histories site using CPT and SPT data.  While a direct comparison between the SPT and 

CPT based settlement estimates was not possible, this figure shows that estimates using 

both types of data track reasonably well on the one-to-one correspondence line. 

 

 

Figure 31.  Measured settlement and Schmertmann Method settlement predictions 

using both CPT and SPT data for the WSDOT case histories. 

 

Table 16 summarizes the mean and coefficient of variation (i.e., COV) for each 

case history for both settlement prediction methods.  Table 17 summarizes the mean and 

COV for the case where CPT data are available for estimating settlement using the 

Schmertmann Method.  Based on these results, the Hough Method has less data scatter 

than the Schmertmann Method when basing the settlement estimates based on SPT data.  

There were not adequate data available to assess the potential accuracy of CPT based 

Schmertmann Method estimates, though for the data that were available, the CPT based 

estimates followed the one-to-one correspondence line fairly closely, indicating that if 

CPT data are available, the Schmertmann Method has the potential to be the most 
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accurate prediction method.  Considering that the Schmertmann Method was developed 

with CPT data in mind, the potential for the Schmertmann Method to be the most 

accurate alternative when CPT data are available was not unexpected. 

 

Table 16.  Summary statistics for each settlement case history, for both the Hough 

and Schmertmann methods, based on SPT blow counts. 

Case History N 
Hough Method 

N 
*Schmertmann Method 

Mean Bias COV Mean Bias COV 

SR395, BNSF 

Railroad Tunnel 
6 0.60 26.5% 6 1.33 55.6% 

SR522, U of W 

Bothell Campus 
2 0.29 20.8% 2 0.93 40.1% 

I-5/SR432 Talley Way 

Interchange 
5 0.89 39.1% 1 0.30 -- 

All WSDOT Case 

Histories 
13 0.67 46.9% 9 1.13 61.7% 

*Based on SPT data only. 

 

Table 17.  Summary statistics for the case where CPT data are available as the basis 

for estimating settlement using the Schmertmann Method. 

Case History N 
*Schmertmann Method 

Mean Bias COV 

I-5/SR432 Talley Way Interchange 4 1.11 8.2% 

*Based on CPT data only. 

 

Figures 32 and 33 show the Cumulative Distribution Functions (CDFs) for both 

the Hough and Schmertmann method predictions, respectively.  Both bias and ln(bias) 

plots are shown.  These figures indicate that the data are generally lognormally 

distributed.  This is consistent with the larger data set gathered and analyzed by Samtani 

and Allen (2018).   
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Figure 32.  Cumulative Distribution Functions (CDFs) of Hough Method prediction 

bias values for the WSDOT case histories, using (a) bias plotted on a lognormal axis, 

and (b) ln(bias) plotted on a normal axis. 

 

 

Figure 33.  Cumulative Distribution Functions (CDFs) of Schmertmann Method 

prediction bias values for the WSDOT case histories, using (a) bias plotted on a 

lognormal axis, and (b) ln(bias) plotted on a normal axis. 
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SUMMARY AND CONCLUSIONS 

Summarized in this report are comparisons between measured and predicted 

settlements obtained from three project sites in the State of Washington (13 individual 

measurements and predictions), two sites in western Washington and one site in eastern 

Washington.  The eastern Washington case is a cut-and-cover tunnel in which the tunnel 

footing settlement was measured; however, the surrounding fill was the driver regarding 

the settlement measured there.  The two western Washington cases represent bridge 

abutment fill settlement, though two of the measurement locations included an MSE wall. 

These measurements and predictions are used to determine the accuracy of two 

settlement estimation methods, the Hough Method and the Schmertmann Method, in 

Washington soils.  The database of measurements reported here are not comprehensive, 

but do represent some typical cases.   

Based on these data, both methods appear to be reliable, though in general, 

settlement estimates were conservative.  The Hough Method was more consistent than 

the Schmertmann Method when SPT data are used, but on average was conservative by 

an approximate factor of 1.5 for the sites investigated.  The Schmertmann Method 

predictions using CPT data were the most accurate, but that data set is extremely limited, 

so all that can be said at this point is that the Schmertmann Method has the potential to 

provide the most accurate results when CPT data are available.   
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APPENDIX A 

SUBSURFACE DATA FOR SR395 BNSF TUNNEL PROJECT 
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APPENDIX B 

SUBSURFACE DATA FOR SR522 CAMPUS ACCESS PROJECT 
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APPENDIX C 

SUBSURFACE DATA FOR SR5/SR432 TALLEY WAY I/C PROJECT 

 

 



























































































WSDOT Geotech.Division
Operator:   Brian Hilts
Sounding:   CPT-5-08
Elevation:  

CPT Date/Time:  4/16/2008 8:15:01 AM
Location:  N291319.5001 E1036246.802
Job Number:  XL-2963

Maximum Depth = 138.29 feet Depth Step = 0.164 feet

*Soil behavior type and SPT based on data from UBC-1983

Tip Resistance 

 Qt TSF
2000

0
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140

Depth
(ft)

Local Friction 

 Fs TSF
30

Pore Pressure  

 Pw PSI
200-50

Friction Ratio  

 Fs/Qt (%)    
60

SPT N*

60% Hammer
400

Seismic Velocity

(ft/s)

 686.1548 

 1308.497 

 901.6404 

 585.7611 

 376.9685 

 495.0459 

 517.5853 

 534.941 

 500.2297 

 535.958 

 619.7507 

 664.3373 

 606.8569 

 520.3412 

 570.046 

 864.1076 

14000



WSDOT Geotech.Division
Operator:   Brian Hilts
Sounding:   CPT-10-08
Elevation:  

CPT Date/Time:  5/1/2008 1:30:08 PM
Location:  N291032.3104E1036434.908
Job Number:  XL-2963

Maximum Depth = 122.54 feet Depth Step = 0.164 feet

I-5/SR-432 Talley Way I/C A hub and stake marking hole location

*Soil behavior type and SPT based on data from UBC-1983

Tip Resistance 

 Qt TSF
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Local Friction 

 Fs TSF
50

Pore Pressure  

 Pw PSI
1800

Friction Ratio  

 Fs/Qt (%)    
100

Soil Behavior Type*

Zone: UBC-1983

 1   sensitive fine grained   
 2      organic material      
 3            clay            

 4     silty clay to clay     
 5  clayey silt to silty clay 
 6  sandy silt to clayey silt 

 7  silty sand to sandy silt  
 8     sand to silty sand     
 9            sand            

 10    gravelly sand to sand   
 11 very stiff fine grained (*)
 12   sand to clayey sand (*)  

120

SPT N*

60% Hammer
600
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APPENDIX D 

EXAMPLE HAND CALCULATION FOR SCHMERTMANN METHOD 

(Source:  Naresh Samtani, personal Communication 1‐27‐18) 
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