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ABSTRACT 
 
Parts of U.S. Route 44 relocation project travel through cranberry bog areas with peat deposits. 
Because of its high compressibility, poor bearing capacity, and significant creep effects, all the peat in 
the proposed roadway side was required to be completely excavated and then backfilled with granular 
soils without dewatering, using sheet pile walls as retaining structures. It was suspected that the 
backfill was in a loose saturated state, and there was a high probability that the backfill would liquefy 
when subjected to earthquake motions. Two passes of deep dynamic compaction (DDC) were carried 
out to mitigate potential liquefaction hazards of the site. In order to investigate compaction effects, 
cone penetration testing (CPT) was performed before and after DDC.  The CPT results prior to DDC 
indicate that most of backfill would liquefy under earthquake motions. After two passes of DDC, 
backfill within the upper 4.0 meters is densified to the level of preventing potential liquefaction 
hazards. However, for the backfill at a depth of 4.0 meters below, DDC did not show significant 
improvement. The liquefaction analysis indicates a minimum cone resistance, qc, value equal to 8 to 9 
MPa is required to be achieved by DDC to resist potential liquefaction for the site studied.  
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INTRODUCTION 
 
The U.S. Route 44 relocation project starts from the existing Route 44 at Carver, MA to the existing 
Route 3 near Plymouth, MA, USA. The relocated roadway will be a four-lane divided highway with a 
typical median width of 18.3 m instead of the current two-lane road. Many areas of the project 
required embankment fills to accommodate the proposed highway. The underlying soils for the 
majority of the proposed embankments consist of sand, gravel and inorganic silt. The underlying 
granular soils are considered as suitable for the foundations of the proposed embankments. However, a 
large portion of the proposed embankments was to be constructed in cranberry bog and pond areas 
where organic peat exists. Figure 1 presents typical soil-profiles around stations 135+00 (R) to 147+00 
(R) at U.S. Route 44. At some stations, peat deposits are up to 10.5 meters deep. Due to its extremely 
high compressibility, low strength and “creep” behavior, the peat presents major obstacles to 
construction in bog and pond areas. If embankment was built without removing peat, as the peat areas 
varied in thickness, long-term settlements would not be uniform beneath the proposed embankments 
and would vary sharply between areas overlying peat and areas overlying sands. These differential 
settlements would cause local depressions in roadway and would continue to be serviceability and 
maintenance problems. Additional complications could arise during construction (i.e. controlled 
placement rates, instrumentation and monitoring, excessive wall settlement, surcharge periods, etc.). 
The above considered factors are thought to negatively outweigh the cost of removing peat entirely. 
Therefore, it was finally determined to excavate the peat deposits at the proposed embankments’ 
location and then replace with suitable granular soils, using sheet pile walls as retaining structures. 
Figure 2 presents typical peat bog construction at the site. Because the site was not dewatered during 
                                                 
1 Ph.D, Geotechnical Engineer, WPC Engineering, Inc., 2201 Rowland Avenue, Savannah, GA 31404, 
USA, Email: tanyong21th@hotmail.com   



this process, it is suspected that the backfill was in a loose saturated state, which has a high probability 
of liquefying when subjected to earthquake motions. In order to mitigate potential liquefaction hazards 
at the project site, two passes of deep dynamic compaction (DDC) were employed to densify the 
backfill.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical soil-profiles around stations 135+00 (R) to 147+00 (R) at U.S. Route 44 
 
 
The objective of this study is to verify whether backfill has been densified by DDC to the level of 
mitigating potential liquefaction hazards during earthquake motions, using the in-situ CPT data 
obtained prior to and after DDC, respectively. The minimum cone resistance, qc, value required to be 
achieved by DDC to resist potential liquefaction is also studied.  
 
 

SOIL CONDITIONS 
 
The backfill depth at the project site ranges between 2.5 and 10.5 m. According to sieve analysis 
results (refer to Figure 3), the backfill mainly consists of fine to coarse sand, with a trace of gravel and 
silt. It could be defined as liquefiable soil according to Tsuchida (1970). Based on the triaxial tests on 
the representative backfill samples, its effective friction angle, φ′ , is around 32°. The backfill is 
underlain by medium to dense natural sand.  
 
Before DDC was planned to be applied, it was very important to determine whether the backfill could 
be improved by DDC. Mitchell (1982) identified soils according to grain size distribution and 
suggested that most granular soils with a fine content (particles sizes< 0.064 mm) lower than 10% 
could be compacted by vibratory and impact methods. According to his criterion, the backfill at Rt. 44 
lies in the boundary of compactable. The disadvantage of the criterion developed by Mitchell (1982) is 
that soil samples at different depths have to be taken (Massarch, 1991). It is preferable here to use the 
compaction criterion developed by Massarch (1991) based on cone resistance, qc, and friction ratio, Rf, 
assuming homogeneous soil conditions. In the case of thin layers of silt and clay, the effectiveness of 
compaction will be reduced. Figure 4 present soil identification of backfill for DDC improvement at 
different stations at Route 44. The soil identification in Figure 4 is using the procedure developed by 
Robertson and Campanella (1983) and the compaction criterion is defined by Massarch (1991). Most 
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backfill at the site is classified as compactable and marginally compactable soils which are considered 
suitable for DDC improvement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Typical peat bog construction at U.S. route 44 (modified from Tan 2005) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Grain-size distribution of the backfill at U.S. Rt. 44 (from Tan 2005) 

 

LC
Ave.10.7 m

Steel Strip 

Route 44

Existing Grade

             Backfill

LC

A
ve

. 
4
.3

 m Not to Scale

On-site sand

3.0 m

MSE Wall

3.7 m

0.9~1.5 m

1.2 m Min.
Access Road

4.6 m

Peat

Existing Grade

Sheet Pile

 

100 10 1 0.1 0.01 0.001 0.0001
Diameter (mm)

0

10

20

30

40

50

60

70

80

90

100

P
er

ce
nt

 fi
ne

r b
y 

w
ei

gh
t (

%
)

100

90

80

70

60

50

40

30

20

10

0
P

er
ce

nt
 c

oa
rs

er
 b

y 
w

ei
gh

t (
%

)

Cobble Gravel Sand Silt Clay

U.S. Standard Sieve Sizes

Grain size distribution curve
Most liquefiable 
(Tsuchida, 1970)
Potentially liquefiable 
(Tsuchida, 1970)

Sieve Analysis  
(Miller et al. 2006)

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Soil identification of backfill for DDC improvement (after Massarch 1991) 
 
 

DEEP DYNAMIC COMPACTION (DDC) 
 
Deep dynamic compaction (DDC) is commonly used to densify coarse, unsaturated soils by vibrating 
soil for soil particles rearrangement thereby decreasing void volume and making soils denser. The 
mechanism of densification of saturated soils by DDC is based on dynamic consolidation (Ye et al., 
1992). The shock wave caused by dynamic compaction can be classified as volumetric wave and 
boundary wave according to their way of propagation in soils and their influence on soils. Volumetric 
waves can be classified as compression wave and shear waves (or horizontal wave and vertical wave). 
Compacted energy is transmitted from the ground surface to deeper layers by propagating shear and 
compression waves, which expels out the water trapped between soil particles.  As a result, “crack” is 
formed in soils, allowing rapid dissipation of pore pressure generated during DDC. Then, soils 
consolidate and soil particles are forced into a denser state. The boundary waves propagate along 
ground surface, which can not densify soil particle but make ground surface loose. According to Ye et 
al. (1992), three different areas are formed along depth as a result of DDC. Figure 5 illustrates DDC 
effects on saturated granular soils. The loose area is formed in topsoil due to the disturbance caused by 
boundary waves and shear waves. Consolidation area is formed below loose area, due to the 
densification caused by compression wave. Below consolidation area, shock waves decrease with 
depth and can not provide enough energy to cause plastic deformation and hence densification in soil. 
This area is called elastic area.  
 
The backfill at Rt. 44 was impacted by two passes of a 14.4-ton tamper with a base area of 1.8 m2, 
dropped from a height of 18.3 m. Each tamping point was repeatedly impacted nine times. The time 
interval between the two passes was six days. Figure 6 presents a typical DDC square grid-pattern with 
a spacing of 4.6 m and the locations of CPT soundings used in this study. The second pass of DDC 
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was conducted at the center spacing of the first pass. The distance between tamping locations and sheet 
pile wall was no less than 4.6 m to avoid unexpected large sheeting deflection during DDC.  Following 
the completion of each pass of DDC, all the craters caused by DDC were filled and compacted by 
rollers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Illustration of DDC effects in saturated granular soils (from Tan, 2005) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6. Typical deep dynamic compaction (DDC) grid-pattern at U.S. Rt. 44 
 

Consolidation area

Elastic area

Backfill

In-situ sands

Peat Bog

In-situ sands

Disturbance area

Sheet Pile

 

4.6m

DDC CRATER (the First Pass)

Backfill

PEAT BOG

Backfill
PEAT BOG

(a) DDC Grid-Pattern

L

Sheet Pile Wall

4.6m

4.6m

4.6m

4.6m

C

Sheet Pile Wall

4.6m

4.6m

4.6m

4.6m 4.6m 4.6m4.6m

Backfill outside DDC Treated Area

Sta.142+00

(b) CPT Sounding Location

Backfill outside DDC Treated Area

CPT SoundingDDC CRATER (the Second Pass, six days later)

Sheet Pile Wall

Sta.140+00

L

Not to Scale

4
.6

m

C

1
3

.8
m

4.6m4.6m4.6m

1
3

.8
m

4
.6

m

4
.6

m

Backfill inside DDC Treated Area

Sta.141+00

4.6m

PEAT BOG

Backfill inside DDC treated Area

2.3m
30.5m 30.5m

LC
2.3m

 



CONE PENETRATION TESTING (CPT) 
 
A series of cone penetration tests (CPT) were carried out inside and outside the compaction-treated 
area to evaluate compaction effects. The initial evaluation test (EI) was conducted prior to the start of 
DDC. The second test (EV1) was conducted following the completion of the first pass. The 
subsequent third test (EV2) was conducted following the completion of the second pass. In this paper, 
only the CPT results inside the compaction-treated area are presented and discussed. The CPT 
soundings were located at the center spacing of the first and second pass of tamping points, and spaced 
30.5 m apart along the central line of the constructed roadway. 
 
CPT DATA 
Figures 7(a) and 7(b) present typical CPT results before and after DDC at stations 140+00 and 
142+00, respectively. The backfill mainly consisted of clean sands and gravelly sands.  However, at 
station 142+00, layers of soft soils were identified at a depth of 9.5 to 11 m. The soft soils were the 
residual peat which had not been replaced. This was also verified by the standard penetration test 
(SPT) performed by the Massachusetts Highway Department (MHD). Except for topsoil near the 
ground surface, the cone resistance, qc, and side friction, fs, of the backfill were significantly improved 
after each pass of DDC. For most of the backfill, the qc values were improved up to 7 times after the 
first pass, and up to 12 times after two passes. The criterions based on cone resistance, qc, values have 
been widely used for ground improvement evaluation. Commonly, the increase of qc indicates 
densification effects. At the site studied, densification depth after two passes of DDC is up to 11 
meters (Tan et al., 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7(a). Typical CPT site-characterization results at station 140+00 
 
 
The water table levels did not show significant changes because of the cut-holes on the steel sheeting, 
which were designed to allow the water table level on both sides of sheeting to be at the same level to 
keep sheeting structure in balance. The distribution of friction ratio, Rf, versus depth was more 
uniform after DDC. The total vertical stress, 0vσ , along depth had some increase following the 
completion of the first pass of DDC, while the second pass did not cause apparent changes. The CPT 
results also indicate that the compaction did not induce significant densification effects on the in-situ 
medium to dense sand underneath the backfill. 
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Figure 7(b). Typical CPT site-characterization results at station 142+00 
 
 
Evaluation of Potential Liquefaction 
The method developed by Robertson and Wride (1998) is used for liquefaction evaluation based on 
the in-situ CPT data, which assumes liquefaction to occur if FS is greater than or equal to 1.0 and no 
liquefaction occurs if FS is less than 1.0. The safety factor FS is defined as the ratio of cyclic resistance 
ratio (CRR) to cyclic stress ratio (CSR): 
  CSRCRRFS =  (1) 
in which, CSR is calculated as (Seed and Idriss 1971):  
  ( ) ( ) dvov rgCSR ×′××= σσα 0max5.7 65.0  (2) 
where, maxα  is peak horizontal acceleration at the ground surface generated by earthquake; g is 
acceleration of gravity; 0vσ and 0vσ ′ are total and effective vertical overburden stresses, respectively; 

and rd is shear stress reduction coefficient. The value of 0vσ  along depth presented in Figures 7(a) and 
7(b) is used in equation (2). For the backfill above water table level, the effective vertical overburden 
stresses, 0vσ ′  equal to its total vertical stress, 0vσ ; for the backfill below water table level, the value of 

0vσ ′  at a depth of z  is calculated as: 
  uvv −=′ 00 σσ  (3) 
where, u  is water pressure at the depth of z . Water pressure u  is calculated as: 
  ww zu ⋅= γ  (4) 
where, wγ  is unit weight of water, equal to 9.8 kN/m3; wz  is depth below water table level in meters. 

The value of dr  in equation (2) is estimated by the equations (Liao and Whitman 1986): 
  dr  = 1.0 – 0.00765z       for z U 9.15 m  (5a) 
  dr  = 1.174 – 0.0267z      for 9.15 m < z U 23 m  (5b) 
where, z is depth below ground surface in meters. CRR is calculated as (Robertson and Wride 1998) 
  if (qc1N) < 50, CRR7.5 = 0.833[(qc1N)cs/1000] +0.05  (6a) 

  if 50 U (qc1N) < 160, CRR7.5 = 93[(qc1N)cs/1000]3 + 0.08  (6b) 
where, (qc1N)cs is clean-sand cone penetration resistance normalized by approximately 100 kPa (1 atm). 
The site studied is designed to withstand a maximum earthquake magnitude Mw of 7.5 with a two 
percent probability of being exceeded in fifty years (this implies a mean recurrence interval of 2500 
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years). Accord to USGS seismic hazard map, the site studied is located in the seismic 2A area, and a 
maximum horizontal ground acceleration maxα  equal to 0.15g is used in the liquefaction analysis. For 
the natural residual peat at station 142+00, it is considered unliquefiable during earthquake motions. 
 
Figures 8(a) and 8(b) present typical liquefaction analysis results at two stations. Before ground 
improvement work, at both stations the backfill below water level would liquefy when subjected to the 
designed earthquake motions. Following the completion of the first pass of DDC, most backfill were 
still liquefiable. After two passes of compaction, the backfill within upper 4.0 m below the ground 
surface were significantly improved to the levels of unliquefiable. However, for those at a depth of 4.0 
m below, they were still at the risk of liquefiable even though the investigated densification depth was 
up to 11 m (Tan et al., 2007). As shown in Figures 8(a) and 8(b), in order to resist potential 
liquefaction when subjected to the designed earthquake motions, a minimum cone resistance, qc, value 
equal to 8 to 9 MPa is required to be achieved after DDC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8(a). Results of liquefaction analysis at station 140+00 before and after DDC 
 
 
In reality, soils may liquefy even if the calculated safety factor FS > 1.0. There is a need to assess 
likelihood of liquefaction (Juang et al., 2002). Based on the calibration of Robertson and Wride 
method (1998) using large database of field observed cases, Juang and Jiang (2000) presented the 
following mapping function to relate the safety factor FS to the probability of liquefaction LP ,  
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Where, FS is the safety factor calculated by equation (1). Figure 9 presents typical estimated 
liquefaction probabilities at stations 140+00 and 142+00. After two passes of DDC, the liquefaction 
probability of the backfill within upper 4 m was significantly reduced from a range between 50% and 
90% prior to DDC to a range of no more than 20% after DDC. For the backfill at a depth of 4.0 m 
below, its liquefaction probability was reduced from a range of around 90% before DDC to a range of 
no less than 50% after DDC. For the natural sand underneath the backfill, its liquefaction probability 
was hardly improved after DDC.  
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Figure 8(b). Results of liquefaction analysis at station 142+00 before and after DDC 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 

 
 

Figure 9. Estimated liquefaction probabilities before and after DDC 
 

 
CONCLUSIONS 

 
Based on above liquefaction analysis using in-situ CPT data, the following conclusions are obtained: 
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(1) DDC was very effective for densifying loose saturated granular soils at the site studied. After 
compaction, the cone resistance qc and side friction, fs of backfill increased significantly. The 
distribution of friction ratio, Rf, with depth was more uniform after each pass of DDC.  

(2) DDC can significantly improve the capability of resisting potential liquefaction of the backfill 
within upper 4 meters. After two passes of compaction, the backfill within upper 4.0 m deep has 
similar minimum liquefaction probability of no more than 20%.  For the backfill at a depth of 4.0 
m below, it still has great liquefaction probability of no less than 50%, although the densification 
depth induced by two passes of DDC could reach 11 m below ground surface. For the natural sand 
underneath the backfill, its liquefaction probability was hardly improved by compaction.  

(3) A minimum cone resistance, qc, value equal to 8 to 9 MPa is required to be achieved after DDC at 
the site studied to mitigate liquefaction hazards.  
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