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Abstract. The Compaction effect is important for evaluating the subgrade construction. However, there is little research
exploring the compaction quality of deep soil using hydraulic compaction. According to reinforcement effect analysis,
dimensional analysis is adopted in this work to analyze subgrade compactness within the effective reinforcement depth, and a
prediction model is obtained. A hydraulic compactor is then employed to carry out an in-situ reinforcement test on gravel soil
subgrade, and the subgrade parameters before and after reinforcement are analyzed. Results show that a reinforcement
difference exists inside the subgrade, and the effective reinforcement depth is defined as increasing compactness to 90% in the
depth direction. Layered compactness within the effective reinforcement depth is expressed by parameters including the drop
distance of the rammer, peak acceleration, tamping times, subgrade settlement, and properties of rammer and filler. Finally, a
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field test is conducted to verify the results.
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1. Introduction

Dynamic compaction is one of the most effective
methods for subgrade reinforcement that can effectively
improve soil strength and compactness (Hu et al. 2018,
Ghanbari et al. 2014). However, it is difficult to operate the
dynamic compaction machinery used for small-size
construction projects, such as abutment, which can create
safety hazards (Huang et al. 2014, Zhang et al. 2013, Carter
et al. 2015, Javier et al. 2017, Ma et al. 2014). In contrast,
hydraulic compaction is flexible, efficient, and most
importantly, can be applied to special subgrade sections like
the backside of abutments (Adam et al. 2011, Allouzi et al.
2019, Dobrzycki et al. 2019, Wu and Sang 2012).

Highway construction has developed rapidly in China in
recent years. The total length and maintenance mileage of
highways is increasing annually, and the maintenance
expenditure is huge, mainly because the subgrade is
relatively complex (Fig. 1). When the compactness of the
subgrade fails to meet the requirements, longitudinal cracks
or pavement cross-sections will occur (Wang 2011, Barman
et al. 2016, Viyanant et al. 2004, Xu et al. 2018, Kodikara
et al. 2018). Therefore, it is of great significance to monitor
compactness during the subgrade construction process.
Previous studies have mainly focused on the evaluation of
the compactness and settlement of the subgrade (Zhang et
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al. 2013, Erem'yants and Uraimov 2009, Gu and Xiong
2008, Meehan et al. 2012, Min et al. 2020, Wersall et al.
2018, Tehrani et al. 2014, Nie 2011, Meehan et al. 2017,
Cai et al. 2017). This research is largely centered on the
deformation characteristics of the subgrade surface,
ignoring the deep soil compactness of the subgrade
(Senseney and Mooney 2010). While some scholars have
considered deep soil compactness, their evaluation methods
are destructive and intermittent in the detection process,
which is also difficult to control in practical engineering
(White et al 2005, Herrera et al 2018, Rinehart et al 2012,
Pistrol and Adam 2018, Ling 2018).

At present, only a few works examine the compaction
quality of deep soil using hydraulic compaction. Based on
the collision theory in the elastic half space, Xu et al.
(2020) proposed a calculation method to explore the
relationship between the compactness of deep soil of
subgrade and the peak acceleration of rammer. Zhang et al.
(2021) established the basic model of hydraulic compaction
and the relationship between layered compactness before
and after reinforcement using layered compaction theory.
However, these works ignored dimensional unification and
the interaction of tamping points (Butterfield 2001, Zhou et
al. 2019, Dimitrakopoulos et al. 2010). Further, the above
works were carried out in a road test tank (using rigid
constraints to limit the diffusion of tamping energy),
meaning that the measured compactness of the model test
would be larger than that of an actual project under the
same conditions. The hydraulic compactor, construction
parameters and subgrade filler can also influence the
reinforcement effect in practical engineering (Wang and
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Liao 2012, Cai et al. 2013). Hence, in this study, the
relationship between the compactness of deep soil and
influencing parameters of reinforcement effect is obtained
using dimensional analysis. The settlement and
compactness of the subgrade before and after reinforcement
are analyzed by in-situ reinforcement test to obtain the
effective reinforcement depth (H). A calculation method to
determine the layered compactness of subgrade within the
effective reinforcement depth is then proposed. Finally, this
calculation method is verified considering different soils,
indicating that the test results are generally applicable.

2. Dimensional analysis
2.1 Basic principles of dimensional analysis

Dimensional analysis was proposed in the early 20th
century for establishing mathematical models in the field of
physics. It is an effective means to study scientific laws and
solve engineering problems. On the basis of experience and
experiments, the dimensions of physical variables related to
problems are expressed by basic dimensions, and
dimensionless quantities containing variables are obtained
by the principle of dimensional homogeneity. Dimensional
analysis has been applied in numerous fields, including
geotechnical expansion and structural collision (Buzzi ef al.
2011, Wu et al. 2019, Dimitrakopoulos ef al. 2009b).

The IT theorem is the theoretical core of dimensional
analysis. If a physical problem has n variables (w1, w2, -,
wn), the functional relationship of dependent variable o is
expressed as

o=&(@, @y, Dppy e @0y) =0 (1)

Among them, there are k basic quantities. If they are
ranked first among the independent variables, then w1, wa,

-, wy are the basic quantities, and their dimensions are w1,

w2, -+, Wk, respectively. The other (n-k) independent

variables are derived quantities, and their dimensions can be
expressed as the dimensional power equation of the basic

quantities

[wm]:l//lamWZrm "'Wksm’ k<m<n (2)

The dimension of dependent variable w is
0
[o]=v"vy" i 3)

Where om, tm, ***, Om; 0, 7,”**, 0 are the corresponding
power values.

The basic quantity wi, w2, -, wx is employed to
measure the above functional relationship

Okl
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The left end of the above formula is a dimensionless
dependent variable, which is recorded as II. The last (n-k)
dimensionless dependent variables at the left and are
recorded as IT;, Iy, ‘-, ITy; then, the dependent variable I1
is [T=g(I1,, I, -, Isk), and the equivalent equation of Eq.
(1) is

g(l_ll,l_lz,"‘,l_[n,k)=0 (5)

2.2 Analysis on Influencing factors of subgrade
compactness

Hydraulic compaction is a method that converts the
gravitational potential energy into kinetic energy to compact
subgrade. During hydraulic compaction, soil particles will
produce mutual displacement under the external force. The
soil under the rammer moves to the depth, and the
surrounding soil remains stationary, or the displacement is
small enough to form a shear surface. The gravel enhances
the shear strength of the filler during this process (Sabbar et
al. 2018). The reinforcement mechanism is shown in Fig. 2.

The existing research shows that diffusion/ absorption of
tamping energy is affected by the rammer and subgrade
filler. Therefore, the compactness evaluation of subgrade is
a complex engineering problem (Yao and Zhang 2016, Feng
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Table 1 Physical quantities involved under compaction

Physical quantity Dimension
Settlement of subgrade (u) LM °T°
Djsreiggleent Compactness of Subgrade (K) -
Peak acceleration of rammer (a) L*MOT 2
Weight of rammer (Q) L'MIT 2
Drop distance of rammer (%) [ESV e ol
Tamping times (N) -
Independent variable Bottom area of rammer (4) LZMOTO
Soil-rock ratio (P) -
Density of filler (p) L°M*TO
Cohesion of filler (¢) LiMIT 2
*Note: “-” indicates dimensionless coefficient
compactness after reinforcement can be expressed as
Subgrade ' K=1f(uaQhN,AP,pc) (6)
W & ’"ﬁr"*“\ Tamping Where K is the compactness of subgrade surface, N and
"3}‘ Y o)‘; ‘Q“;y - P are dimensionless coefficients, which are not discussed in
o P gm o the dimensional analysis. Therefore, Eq. (6) can be
Before & simplified to Eq. (7)

Fig. 2 Schematic diagram of reinforcement mechanism

et al. 2012, Bai et al. 2020, Mei et al. 2016). As
geotechnical engineering problems are too complex to be
expressed by simple mathematical equations, dimensional
analysis is used to simplify the factors affecting the
reinforcement effect (Butterfield 2001). The parameters
involved in reinforcement include peak acceleration, the
weight and bottom area of the rammer, drop distance,
tamping times, subgrade settlement, compactness, soil-rock
ratio, density and filler cohesion. The dimensions of the
above parameters are shown in Table 1 (Anderegg and
Kaufmann 1868, Xing et al. 2019, Hua et al. 2018, Xia and
Li 2015, Xing, Liu and Luo 2019, Xu, Li and Zhang 2015,
Xu, Song and Cao 2009).

As described by Zhang et al. (2021) and Xu et al.
(2020), the tamping energy reinforces the subgrade within
the effective reinforcement depth (Nazhat and Airey 2015).
There is also a dynamic displacement response relationship
between the rammer and subgrade during reinforcement
(Parvizi 2009, Mayne et al. 1984, Gruzin et al. 2018,
Thilakasiri et al. 1996, Arias-Lara and De-la-Colina 2018).
That is, the peak acceleration of rammer and the settlement
of subgrade reflect the subgrade compaction state, which
provides a theoretical basis to establish a dimensionless
model.

2.3 Construction of dimensionless model

2.3.1 Dimensionless model of surface compactness

According to the previous analysis, different parameters
can be used to quantify the compactness of subgrade, which
is mainly affected by the hydraulic compaction,
construction parameters and subgrade. Therefore, the

K=f(u,aQ,hA pc) (7

The physical relationship between the parameters is
determined according to the properties of each physical
quantity and correlation. At the same time, the dimension of
Eq. (7) is normalized according to the principle of
dimensional unification, and u, a, Q are selected as
independent dimensions to represent other physical
quantities

K=f (h/u,A/uz,u3ap/Q,u2c/Q) (8)

Where mi=h/u, m=A/u?, ms=ulap/Q, rs=u*c/Q. Since the
multiplication of dimensionless parameters and power are
dimensionless quantities (Buzzi 2010, Buzzi et al. 2011),
(w1 w2737 m4) " = au’h-pcA/Q? is a dimensionless parameter,
so that K~au’h-pcA/Q* has a functional relationship.
Finally, the compactness after reinforcement can be

expressed as

InNK =, + 3, In[(auzh)-pcA/Qz]

P P

:In|:a1~(auzh~pCA/Q2)ﬂl:| =K =g [(auh)- pcA/Q* | (9)

For the same test, p, ¢, 4 and Q are the same; that is,
pcA/Q’ are constants. o is the dimensionless coefficient in
the above mathematical expression, which is mainly related
to N and P. According to the relationship curve between on-
site compactness and tamping times, the subgrade
compactness and tamping times have a power function
(K~N"), and the compactness increases with the increase of
tamping times. This rising trend gradually slows down and
finally tends to be stable. a; is obtained as

a=¢(N,P)=0, = AN" + 14 (10)
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Where A1, v1 and p,; are dimensionless coefficients.
To summarize, the calculation equation of the surface
compactness of the subgrade is

K=(AN"+4)-(auh- pea/Q?)" (1)

2.3.2 Dimensionless model of effective reinforcement
depth

The reinforcement of the hydraulic compaction is
accompanied by energy loss. The improvement in
compactness gradually slows down with increasing depth of
subgrade (Yan et al. 2011). The depth where compactness
increased from 86.5% to 90% is taken as the effective
reinforcement depth in this work.

While scholars have studied the calculation of the
effective reinforcement depth of dynamic compaction (Li
2018), the dimension is ignored, making it impossible to
perform transcendental function calculations. Therefore, in
this study, the effective reinforcement depth is obtained
based on dimensional analysis.

H=0(QhN,AP,pc)=H=0(QhApc) (12)

Taking O, 7 and p as independent dimension, the
following can be obtained

H/h =9(A/h2,h2c/Q) (13)

w12 m=hcA"?/Q is the dimensionless physical quantity, in
which m=4/h? and m,=h*c/Q. Therefore, the compactness of
subgrade after reinforcement can be expressed as

H/h=a,-(hcA®?/Q)”

= H = (2N )(cA”/Q)* -n (14)
a, = LN

2.3.3 Dimensionless model of layered settlement

Previous research shows that the layered settlement of
subgrade is related to u, H, h, N and z (Zhang et al. 2021).
Combined with the influencing parameters of the

reinforcement effect, the layered settlement after
reinforcement is obtained as
U =¢(u,H,h,N,z)=u, =¢(u,H,h,z) (15)

Where u; is the layered settlement of subgrade.
h is selected as the basic physical quantity to obtain

u;/h=g(u/h,H/h,z/h) (16)

Where mi=u/h, m=H/h, m5=z/h, (m-m 73 )=uH/hz is a
dimensionless physical quantity. Therefore, ui~uH/hz is
considered to exhibit a functional relationship, and the
mathematical model of layered settlement is

U, =as(uH/z)* 0™ a7
2.3.4 Dimensionless model of layered compactness

According to relevant literature (Xu ef al. 2020, Zhang et
al. 2021), the layered compactness after reinforcement is

mainly related to tamping times, the drop distance of the
rammer and the subgrade depth, and has a dynamic response
relationship with subgrade settlement (including the surface
and interior of the subgrade) and the peak acceleration of
rammer. At the same time, N and P are not discussed in terms
of dimensions and dimensionless coefficients. Therefore, the
simplified layered compactness can be expressed as

K =f(uaQhN,AP pcu)=K ="f(uaQhApcu) (18)

Where K; is the layered compactness of the subgrade.
u, a, and Q are taken as the basic physical quantities and
can be obtained

K, = f(h/u,A/uZ,usap/Q,uzc/Q,ui/u) (19)

Where mi=h/u, m=A?, ms=ulap/Q, m=u’c/Q, ms=ui/u;
then, (7' m2 73 w4 ws%) = a’uih-pcA/Q?. As mentioned above,
the layered compactness after reinforcement can be
expressed as

K, =a, [ peA/Q?-(au’h)]” (20)

It can be seen from the above analysis that pcA/Q? is a
constant and as=A4N"*+us. According to the principle of
dimensional unity, the following can be obtained

Ko =(2N" +11,)- (auh- poa/Q? )" 1)

3. Test method
3.1 Test site

We conducted a field test on the gravel soil subgrade
behind an abutment on Taibai-Fengxian Expressway in Baoji
City, Shaanxi Province (Fig. 3). Screen test, compaction, large-
scale direct shear, and large-scale consolidation tests were
carried out to determine the physical and mechanical properties
of the on-site filler (Fig. 4). The corresponding performance
index values are provided in Table 2.

A screening test of the on-site filler was first carried out to
determine the particle size distribution of the soil sample. The
compaction test was conducted according to the on-site
grading and batching. The maximum particle size on site
exceeds 40 mm. According to the specification (JTG E40-
2007), when the maximum particle size exceeds 40 mm and
the mass content of the excess part is 5% ~ 30%, the particles
exceeding 40 mm must be removed and their percentage
obtained. Thus, we conducted compaction tests on the particles
less than 40 mm in size. The maximum dry density and
optimal moisture content obtained from the test were then
corrected, respectively. Three groups of parallel samples were
employed, and the relationship curve between the moisture
content and dry density of the soil samples under moisture
content of 2%, 4.5%, 6%, 8% and 10% were determined.
Finally, the optimal moisture content and maximum dry
density of samples were obtained.

We used a similar grading method to prepare samples with
optimal moisture content. Three groups of samples were taken
to obtain the shear stress-shear displacement curve under the
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Compaction
test

Large-scale
direct shear
test

Large-scale
consolidation
test

Table 2 Physical and mechanical properties of gravel soil

2 L
Fig. 4 Flow chart of indoor test

Maximum

. Optimum moisture . Internal friction =~ Compressibility Compression Compression
dr/ygdcerrrlls;ty content /% Cohesion /Pa angle /° factor /Mpa’! modulus /Mpa index
2.38 3.34 25230 38.36 0.16 7.91 0.053

stress conditions of 100, 200, 400 and 600kpa, respectively,
and the normal stress-shear strength lines of the gravel soil
were fitted. Finally, the average cohesion and friction angle of
sandy gravel soil were obtained as 25.23 kpa and 38.36°,
respectively.

A similar grading method was also adopted for the on-site
super particle size. A consolidation test was carried out after
batching with optimal moisture content and stuffing for 24h.
The test was loaded at 0, 50, 100, 200, 300, 400, 500, 600, 700
and 800 kpa. When the displacement within 1h of a certain
load was less than 0.01 mm, the sample was considered stable,
and then the next level was applied successively until all loads
were loaded. The compression modulus and compression
index of gravel soil were then obtained.

3.2 Test steps

Xu et al. (2020) carried out a model test in a road test
tank surrounded by rigid constraints. This limited the
diffusion of the tamping energy so that the measured value
of compactness in the model test was larger than that in the
actual project under the same conditions. Based on previous
studies, we analyzed the layered settlement of subgrade
under different drop distance and tamping times. The
effective reinforcement depth was obtained by combining
peak rammer acceleration at the moment of tamping and the
layered compactness before and after reinforcement.
Considering different material properties, the dimensionless
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Fig. 5 Flow chart of field test
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equation of the layered compactness within the effective
reinforcement depth was established.

An HHT-66 hydraulic compactor was used for the field
test, which had a rammer weight of 3t and a bottom side
length of 0.7 m. The field layout scheme is shown in Fig. 5.
The tamping energy range of the hydraulic compactor is
0~6 6kJ, the drop distance of the rammer is 0~2.2 m, the
tamping frequency could reach 30 times/min, and the
system pressure was 20~25 MPa.

Tamping point spacing (s) is an important parameter in
reinforcement, which is consistent with the conclusion in
the literature (Carter et al. 2015, Allouzi et al. 2019,
Mollamahmutoglu and Avci 2018). When the tamping point
spacing is small, the mutual extrusion of soil caused by the
interaction between tamping points makes the effective
reinforcement range larger than the actual reinforcement
range (Yang et al. 2004). Therefore, as there is little
research on the lateral influence range of hydraulic
compaction, the tamping point spacing is determined using
dynamic compaction. Finally, the lateral influence range is
obtained as (He 2006, Hu 2007)

(22)

H =¢M}:>L=r+~/§wm

L=r+2vH

Where R is the side length of the rammer; ¢ is the
correction coefficient, which is taken as 0.5 in this paper; v
is Poisson's ratio, which is taken as 0.32.

We conservatively calculated the lateral influence range
based on the maximum drop distance (hmax=2.0 m),
obtaining a lateral influence range of Lmax=1.26 m. The
rammer compresses the surrounding soil laterally during the
ramming process, resulting in negative displacement of
early settlement. Yang et al. proposed that the tamping
point spacing is generally determined according to the
nature of soil and the required reinforcement depth. In order
to facilitate the dissipation of excess pore water pressure,
the tamping point spacing should not be too small, so as not
to form a dense layer in the shallow layer during tamping
and affect the transmission of tamping energy to the deep.
On the other hand, the ramming pit produced by the
previous ramming reduces the lateral restraint, whereby
subsequent re-ramming can easily cause ramming pit
collapse and rammer skew, which will affect the
reinforcement effect. Considering the economy of dynamic
compaction project, the on-site tamping point spacing was
set to 2.0 m/1.5 m (5> Lmax), Which is more than twice the
diameter of rammer.

As the construction parameters are related to the
subgrade filler, we selected three non-influencing points for
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Fig. 7 Schematic diagram of surface settlement of subgrade under different drop distances

trial tamping to determine the maximum tamping times.
According to the trial tamping results, the maximum
tamping times is determined as 12. As shown in Fig. 5,
layered paving is carried out at 0.4m during construction,
and the roller compaction difference is less than 0.2 cm,
which is considered to meet the requirements (JTG/T 3610-
2019). In the process of subgrade filling, each layered
interface was marked using white powder. Settlement nails
were buried at each layered interface in the center of the
tamping point (Fig. 6), and the initial elevation was
recorded wusing a leveling instrument. When the
reinforcement was completed, the tamping points were
excavated layer by layer from the surface of the subgrade.
The elevation change of the settlement nail was then
measured to determine the settlement of each layer interface
after reinforcement. A DH5902N data acquisition
instrument was connected with an acceleration sensor, the
acquisition parameters were set, and data acquisition was
performed.

4. Test results and discussion
4.1 Soil displacement analysis

4.1.1 Settlement analysis of soil surface at the center
of tamping point

The curves of the settlement with tamping times under
three conditions are obtained and combined with the
settlement results of the hydraulic compactor to better study

the deformation characteristics of the subgrade. It can be
seen from Fig. 7 that the variation trend of total settlement
under the three conditions is the same and shows a positive
correlation with the drop distance of the rammer. At the
same time, the settlement increment of the subgrade
decreases with increasing tamping times. The settlement
curve can be divided into the accelerated descent stage i, the
deceleration descent stage ii, and structural failure stage iii.

In the accelerated descent stage i (1~6 blows), the loose
pores or overhead structures in the soil are damaged under
compaction, resulting in significant settlement of the
subgrade and speed of settlement is rapid. The deceleration
stage ii (7~9 blows) belongs to the re-compaction stage of
soil, which is dominated by small changes in the pores
between particles. The decrease in settlement speed
indicates that the soil at this stage gradually adapts to the
new dynamic system, tends to stabilize, and achieves
compactness. The soil settlement in the structural failure
stage iii (10~12 blows) approaches zero. The soil at this
stage will hardly be compressed, and plastic deformation
will occur instead, which will cause the soil around the
tamping pit to bulge upwards. The above phenomenon is
consistent with the principle of soil tamping and
strengthening.

4.1.2 Layered settlement analysis at the center of
tamping point

The curves of tamping times and layered settlement under
three conditions are shown in Fig. 8. It can be seen that there is
a positive correlation between tamping times and settlement,
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Fig. 9 Schematic diagram of rammer foundation interaction

and the settlement growth rate gradually slows down and
eventually stabilizes. When the depth of the subgrade is 0~0.8
m, the settlement decreases with increasing depth and
decelerates rapidly. When the depth is 0.8~1.6 m, the
deceleration of settlement decreases. And when the depth
exceeds 1.6 m, the settlement is small and gradually tends to be
gentle. This is because different forms of shock waves are
generated when the rammer tamps the soil, which are
transmitted into the subgrade to compact the soil. The wave
speed decreases with the increase of depth, as shown in Fig.
9(a). This is consistent with our interpretation of dynamic load
(Nazhat and Airey 2015). Moreover, according to the stress
distribution relationship of the subgrade, it can be divided into
relaxation disturbance, main reinforcement, secondary

reinforcement and vibration affected zone (Fig. 9(b)).
Therefore, the determine the effective reinforcement depth
must be determined to fully understanding the reinforcing
effect and prevent waste ramming.

4.2 Peak acceleration analysis of rammer

The curve of peak acceleration is shown in Fig. 10. The
peak acceleration of conditions 1, 2 and 3 at 12 blows are
2126, 1852 and 926 m/s?, respectively. The results show that
the peak acceleration increases with the increase of drop
distance. The peak acceleration of the rammer also gradually
rises with increasing tamping times, but its increase rate
gradually stabilizes. This is mainly because, for the soil that
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has not yet been tamped, the depth of soil along the subgrade
gradually becomes harder as tamping times increase. The
different compactness of subgrade makes the absorption
degree of tamping energy different. The denser the subgrade,
the less ramming energy absorbed by the soil, the more energy
is reflected back, and the greater the tamping response signal
detected by the acceleration sensor on the rammer. This finding
is similar to the previous conclusions on dynamic response
(Tian et al. 2018). The earlier analysis shows that tamping is a
process in which the soil is gradually compacted with the
increase of tamping times, but the rate gradually slows down,
which explains why the increasing rate of peak acceleration
decreases gradually.

4.3 Determination of effective reinforcement depth

Combined with Fig. 11, the effective reinforcement depth
of different tamping times under three conditions are obtained,
as shown in Table 3. There are many factors affecting the
effective reinforcement depth, mainly including the nature of
soil, the bottom area of rammer, the drop distance of rammer,
the tamping times and the tamping energy of rammer (weight
x drop distance), which affects the effective reinforcement
depth directly. The difference of the effective reinforcement
depth in this table is mainly caused by the drop distance of
rammer and tamping times.
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Fig. 12 Linear fitting relationship between compactness and key parameters

Table 3 The effective reinforcement depth under the tamping
times

Drop distances
Condition 2

Tamping times Condition 1 Condition 3

(2.0 m) (15 m) (1.0 m)
3 0.763 0.579 0.422
6 0.971 0.863 0.689
9 1.253 1.112 0.878
12 1.458 1.266 0.991

Similar to the variation law of peak acceleration, Fig. 11
shows that the effective reinforcement depth increases with the
increasing tamping times. The greater the tamping energy, the
greater the effective reinforcement depth at the same tamping
times, but the growth rate gradually tends to be flat. This is
because with the increasing tamping times, the soil becomes
more and more dense, and the impact on the soil becomes
smaller and smaller. When a certain number of tamping times
is reached, the additional stress generated by impact loading in
the soil is close to yield stress within the affected depth. The
stress state is within the yield surface and is not enough to
significantly change the soil yield surface's spatial position,
size and shape. At this time, the increase rate of the effective
reinforcement depth will approach 0.

4.4 Derivation of dimensionless model

4.4.1 Prediction model of surface compactness

0w

P 001757 |
K = (8.21337 x 107*N 300123 1 90.8961) - (Fauzh)
°

v I
9 R*=0.90
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89.30 |
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Fig. 13 Fitting of surface compactness

Figs. 12(a)-12(d) show the scattering results when the
subgrade compactness is expressed as a single parameter
function of u, a, h and N, respectively. The following
conclusions can be drawn from the results in Figs. 12(a)-
12(d). First, the correlation between compactness and single
parameter is poor, while plotting au®h, N as a function of
compactness for nonlinear surface fitting leads to a
satisfactory correlation. The values of u, a, h, N and K are
shown in Figs. 7, 8, 10 and 11, and the other parameters
used for model fitting are shown in Table 4.
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Table 4 Value of argument
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Density Cohesion Rammer

/kg'm™ /Pa Weight /kg Bottom area /m? Tamping times Drop distance /m

2058 25230 30000 0.7x0.7 3/6/9/12 2.0/1.5/1.0

effective reinforcement depth. According to nonlinear

. surface fitting, the calculation equation of effective
2 = oao7sawosm  (2) " s reinforcement depth is obtained, and the fitting correlation
g R?=099 is 0.99.
G112
g‘ —0.4449

: om0 | H =0.20743- N (cA”?/Q) " h**! (24)
g f \¥ oms |

208 o :;;Zz‘:
1 A

1.274
315
L 1.475

WHA 092714
u; = 0.23131 (T) hpo7286

R?=0.88

0.20
= 0.13
0.10
0.0%

000

Fig. 15 Fitting of layered settlement

As shown in Fig. 13, the compactness obtained from
field test is fitted, and the correlation is 0.90. A confidence
interval at 95% is estimated, and the maximum deviation
between the measured and calculated value is only 1.24%.
Thus, for 95% of the predictions, the relative error between
the calculated and measured values is less than 1.24%,
confirming that the prediction of compactness by
dimensional analysis is effective. Finally, the calculation

equation for the compactness of the subgrade surface is
obtained as

K = (8.21337x10N**% + 90.8961)- (au’h- pecA/Q? ) (23)

4.4.2 Prediction model of effective reinforcement
depth

A schematic diagram of the effective reinforcement
depth fitting for gravel soil subgrade reinforcement is
shown in Fig. 14. The dimensional analysis shows that there
is a functional relationship between N, cAYh/Q and the

4.4.3 Prediction model of layered settlement

The settlement of deep soil is difficult to determine
when the subgrade is reinforced. According to the previous
analysis, it can be known that there is a functional
relationship between uH/z, h and the layered settlement.
Therefore, u, h, Z and H are used to represent the
displacement of deep soil. Fig. 15 shows the fitting of the

layer settlement, where the layered settlement is obtained
(fitting correlation 0.88).

U= 0,23131-(UH/Z)0'92714 homzse (25)

Fig. 15 also shows the fitting of the settlement within a
depth of 3.2 m, and that the effective reinforcement depth
measured on-site is 0.422 m~1.458 m. The fitted curve
shows that the larger errors are mainly concentrated outside
the effective reinforcement depth. Therefore, it can be
concluded that the prediction model of layered settlement
based on dimensional analysis is reliable.

4.4.4 Prediction model of layered compactness

Similarly, there is a power function relationship between
Ki and aui?h, N within the effective reinforcement depth.
Fig. 16 shows the nonlinear surface fitting, where the R? is

0.91. Therefore, the layered compactness can be expressed
as

K, =(144.89058N " ~52.10025)-(auh-pcA/Q?) " (26)

0

oo1se |

A
K, = (144.89058N 09054 _ 52.10025) x (%:m,lh)
R? =086

88

(o/g)ssamadedio)

803

Fig. 16 Fitting of layered compactness
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Table 5 Parameters of references

Density Cohesion Rammer

/kg-m? /Pa Weight /kg Bottom area /m? Tamping times Drop distance /m

1610 15470 30000 0.7x0.7 3/6/9/12 2.2/1.6/0.7

Table 6 Calculated values of K and H

h /m N a/m-s? u /m K /% H/m

3 1462 0.24 92.34 0.91

6 1737 0.31 93.65 1.33

22 9 1846 0.35 94.58 1.65

12 1979 0.36 95.68 1.93

3 1000 0.23 91.07 0.77

L6 1174 0.27 92.06 1.11

1426 0.30 93.10 1.38

12 1630 0.32 94.41 1.62

3 815 0.13 87.80 0.48

6 1033 0.17 89.12 0.70

07 1145 0.19 90.02 0.88

12 1210 0.20 91.04 1.02

Combined with the field test and theoretical analysis, the
subgrade settlement and peak acceleration of the rammer can
reflect the compaction quality. Therefore, based on the
previous analysis, the surface settlement of the subgrade and
peak acceleration of the rammer can be used to calculate the
compactness. A guide diagram illustrating the analysis process
is shown in Fig. 17.

5. Application case analysis

5.1 validation for prediction model

This section aims to verify the efficiency of the prediction
model proposed in this paper. The test data from Xu et al.

(2010) was used for validation, and the model parameters used
in the validation were listed in Table 5, where the packing
density is calculated according to the maximum dry density
and initial compactness. In the study by Xu et al. (2020), the
tamping times were 3, 6, 9 and 12 blows, and the drop
distances of the rammer were 2.2, 1.6, and 0.7 m, respectively.
The entire model test was carried out in a test tank, with a
length of 108 m, a width of 10 m and depth of 2.5 m.

This paper establishes a series of prediction model for the
surface compactness, the effective reinforcement depth, the
layered settlement and the layered compactness based on
dimensional analysis and field test data. In this section, the
proposed prediction model is used to incorporate the model test
parameters (¢ p~ A+ Q- N), and is compared with the
measured values by Xu et al. to verify reliability. The
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Table 7 Calculated values of u; and K;
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N
h/m z/m 3 6 9 12
Ki/% Ki/% Ki/% Ki/%
ui/m ui/m ui/m ui/m
Kc Km Kc Km Kc Km Kc Km
0 0.24 9234 92.27 0.31 93.65 9496 035 94.58 97.19 0.36  95.68 98.10
0.3 0.18  90.58 90.90 033 9146 9287 045 91.86 94.90 0.53 92.08 96.08
5 0.6 0.1 89.24 90.72 0.17 90.10 92.16 0.23 90.50 93.93 0.28 90.72 95.24
' 09 0.07 88.46 89.48 0.12 89.32 90.01 0.16 89.71 90.67 0.19 8994 91.65
1.2 - - - 0.09 88.77 8799 0.12 89.16 88.97 0.15 89.38 89.50
1.5 - - - - - - 0.1 88.73 87.47 0.12 8895 87.93
0 0.23  91.07 91.16 027 92.06 9272 030 93.10 93.70 0.32 9441 94.54
0.3 0.14  89.37 89.79 024 90.06 90.83 032 90.54 91.67 0.39 9090 92.52
L6 0.6 0.08 88.05 89.33 0.13 88.72 90.10 0.17 89.2 90.75 0.21 8955 9147
' 0.9 - - - 0.09 8795 88.60 0.12 8843 89.18 0.14 88.78 89.77
1.2 - - - - - - 0.09 87.88 88.14 0.11 88.23 88.52
1.5 - - - - - - - - - 0.09 87.81 8741
0 0.13  87.80 90.14 0.17 89.12 91.18 0.19 90.02 91.77 0.20 91.04 9236
07 0.3 0.05 86.31 89.43 0.1 87.13 90.02 0.13 87.58 90.54 0.16 87.82 90.93
' 0.6 - - - 0.05 8584 89.83 0.07 86.29 90.16 0.08 86.52 90.81
0.9 - - - - - - - - - 0.06 8577 89.71
*Note: “-” indicates no value
100 0.25
3 6 = i 0.20 |
< ., L k=100 764
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Fig. 18 Predictive model

calculated values of surface compactness and the effective
reinforcement depth using the proposed prediction model are
shown in Table 6. Moreover, the calculated layered settlement
and layered compactness within the effective reinforcement
depth are shown in Table 7.

The predicted and measured layered compactness are
compared in Fig. 18(a) in order to assess the accuracy. For
each tamping point, the difference between the measured value
and the prediction is plotted as an error histogram in Fig. 18(b).
The scattered points in Fig. (18) are near the straight line with a
slope of 1 (k=1), which shows that the subgrade compactness
from the proposed prediction and measured model are overall
close, despite a little of difference. Moreover, the predicted
value of compactness is lower than measured. This is due to

the rigid constraints around the test tank, which limit the
diffusion of tamping energy to a certain extent, thereby
improving the compactness. As a result, the actual measured
compactness by Xu ef al. (2020) is slightly larger than the
subgrade site under the same conditions.

The histogram of error frequency distribution calculated by
compactness is shown in Fig. 18(b), illustrating that 76% of the
calculation shave an error less than 3%. The probability of
error between 2.5% and 5.5% is about 25%, which is mainly
concentrated in the deep of soil and condition 3. The
compactness of the deep soil has little effect on the stability of
the subgrade. On the other hand, the tamping point under
condition 3 is close to the boundary of the test tank, so that the
soil reinforcement was based on rigid constraints analysis,
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Fig. 19 Comparison of layered compactness prediction models

which affect the values of compactness evaluation. Given the
limitations of the model test, the calculated results are
considered to be in acceptable agreement with the measured
compactness.

5.2 Comparison for prediction model

The prediction model proposed in this paper and
proposed by Xu et al. (2020) are compared to perform an
overall validation, as shown in Fig. 19. In the study by Xu
et al. (2020), the peak acceleration of the rammer (a), the
effective reinforcement depth (H), the settlement (x) and
compactness (K) under the different drop distance (%) and
tamping times (N) were obtained through the model test,
and proposed a layered compactness monitoring method for
reinforcing subgrade with a hydraulic compactor. The
calculation process is the layered compactness (Ki) and the
peak acceleration of rammer (a) within the effective
reinforcement depth could be well fitted by a quadratic
function model (Ki=Aia*+Bia +C), in which the parameters
Ai, Bi and C; are the fitting coefficients for each layered.

However, Xu et al. (2020) ignored influence of
dimensional unification, the construction parameters and
the subgrade filler, making the calculated layered
compactness are quite different and slightly larger than the
measured data at depth (2)=0.6 to 0.9 within the effective
reinforcement depth. Meanwhile, the layered compactness
by the prediction model proposed in this paper was more
analogous with measured data. The prediction of
compactness is particularly important for construction
quality. If the calculated compactness is slightly smaller
than actual compactness, an adequate amount of surplus
space will be left, which will improve the safety of the
subgrade and pavement engineering. Furthermore, our
prediction model appears to reflect the trend of layered
compactness using a hydraulic compactor. While there are
some differences in the deep soil, this soil has little
influence on the stability, and some errors are caused by the
field measurement collection process. Therefore, the
calculated layered compactness is considered to be in good
agreement with the measured results. To summarize, the
results using the prediction model are similar to the
experiment in both qualitative and numerical terms. Thus,
the model is reasonable and can be used to predict the
layered compactness of the subgrade.

6. Conclusions

This study examined the compactness of deep soil based
on dimensional analysis. In-situ reinforcement tests of
gravel soil subgrade in the Taibai-Fengxian Expressway in
Shaanxi Province were carries out using a hydraulic
compactor. According to the changes of subgrade
parameters before and after reinforcement, the prediction
model of compactness within the effective reinforcement
depth was obtained. The main conclusions can be
summarized as follows:

e The functional relationship between the peak
acceleration of the rammer, the settlement, and
subgrade compactness was established based on the
analysis of the factors influencing the reinforcement
effect. A compactness prediction model by
dimensional analysis was then proposed.

*  The results show that there were differences in the
reinforcement effect inside the subgrade. The increase
rate of compactness and the settlement decrease with
increasing subgrade depth. The compactness and
settlement increased faster at a depth of 0~0.8m. The
increase rate then gradually slow down and finally
stabilized.

*  The compactness could be described by the settlement
of the subgrade and the peak acceleration of the
rammer within the effective reinforcement depth using
dimensional analysis. A power function relationship
was demonstrated among the combined physical
quantities of the rammer, the compactness and the
subgrade filler.

*  Compared with predecessors, our prediction model
considers the influencing factors of reinforcement and
dimension. The calculated compactness in this paper is
slightly lower than the measured compactness, which
is safer for subgrade monitoring. The prediction model
has been verified by engineering, and the error is
within the allowable range. Thus, the model is
considered to have universal applicability.
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