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Abstract

A rigid pavement consists of a subbase, base, and a surface in the form of concrete slabs with varying thicknesses and
strengths. The design methods currently known are the AAHSTO, PCI, ACI, and others, which are traditionally based on
analytical solutions of beams or long plates supported by an elastic foundation under static loads. Recently, research has
emphasized dynamic modeling and analysis of loads. Other research focused on a parametric study to identify key aspects
of the dynamic behavior of rigid pavement slabs on an elastic layer. The Pasternak model presented a spring layer and a
shearing layer to simulate the dynamic behavior of the slab. A shearing layer contributes to dynamic behavior through the
shearing modulus (Gmax), Where it plays a role in dynamic analysis. This research is purposed at formulating the empirical
equation for the shear modulus of the subbase layer of toll road rigid pavement in Indonesia based on soil samples taken
from beneath the rigid pavement. The result of this research shows that Gmax values (unit MPa) based on Kakusho equations
are 24.294 (max) and 16.325 (min), Marcuson’s are 32.015 (max) and 22.306 (min), Menard’s are 34.527 (max) and
10.634 (min). All Gnmax tend to be within similar corridors. While Hardin’s are 67.112 (max) and 31.982 (min), it tends to be
higher than other Gmax values above. Other result was a semi-empirical equation successfully developed to calculate Gmax
from plasticity index (Ip) : Gmax = 0.0313(Ip)? - 3.1147Ip + 88.798. By having those results, designing a rigid pavement
slab may be used above Gmax Values and equations to carry a dynamic analysis design.
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1. Introduction

The addition of toll road length in Indonesia has been very rapid in recent years. According to data from the Toll Road
Regulatory Agency (BPJT) of the Ministry of Public Works of the Republic of Indonesia, in 2025 toll roads will operate
with a total length of 3,020 km, consisting of 75 toll road sections. Toll roads generally use rigid pavement/concrete. Rigid
pavement consists of a subbase layer, base layer, and a surface in the form of concrete slabs with varying thicknesses and
concrete strengths.

The rigid pavement design methods currently known are the AAHSTO, PCI, ACI, and others, which are traditionally
based on analytical solutions of beams or long plates supported by an elastic foundation under static loads [1]. At present,
rigid pavement design models moving loads as static loads, even though they actually have dynamic characteristics [2].
Sawant (2010) stated, “the most available analytical solutions represent the pavement by an infinitely long beam or plate
and neglect dynamic interaction between the moving load and pavement” [3].

Subsequent developments in research on moving loads modeled/analyzed dynamically have continued to progress. In
2003, Alisjahbana and Wangsadinata studied the dynamic response of rigid pavement to dynamic loads. The rigid
pavement slab was modeled as a square, orthotropic plate supported by an elastic foundation [4]. In 2004, Rahman and
Anam conducted a parametric study to identify important aspects of the dynamic behavior of rigid pavement slabs on an
elastic layer. The modeling used was Winkler foundation, Pasternak foundation, and Vlasov foundation [5]. In 2016,
Nguyen et al. used Winkler and Pasternak modeling to obtain an overview of the dynamic response of a beam subjected to
dynamic loads [6].

Subsequent research began using modeling that was a development of the Winkler foundation model, namely the
Pasternak model and the Kerr model. In 2018, Alisjahbana et al. proposed a semi-analytical solution for the plate problem
with Kerr modeling due to moving loads [7]. The main difference between the Winkler, Pasternak, and Kerr models lies in
the shearing layer, which is only present in the Pasternak and Kerr models.

This research is aimed at formulating the equation for the shear modulus of the subbase layer of rigid toll road
pavement in Indonesia based on soil samples taken from beneath the rigid pavement, which will then be tested in the
laboratory. The results obtained are useful for the dynamic analysis of concrete slabs/rigid pavement subjected to dynamic
loads in the form of moving vehicle loads.

1.1. Plates on Elastic Foundation

In 1954, Pasternak developed the Winkler model by adding a shearing layer located between the plate and the spring
layer. In 1964, A. D. Kerr proposed a development of the previous model by adding a spring layer, so that the Kerr model
consists of two spring layers and one shearing layer [8].

In general, the modeling of beams or plates on an elastic foundation satisfies the equilibrium conditions (see Figure 1).
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Figure 1.
Beam on equilibrium condition Das [8].
gV )
ax4 - q p

E is the modulus of elasticity of the plate/beam, I is the moment of inertia of the beam/plate, w is the vertical deflection
experienced by the plate, while q is the load acting on the plate including self-weight, and p is the response of the
foundation.
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1.2. Pasternak Model

The Pasternak model is the first model to place a shearing layer in the modeling of a plate on an elastic foundation. The
shearing layer is located beneath the plate and above the spring layer. A one-dimensional beam with Pasternak modeling is
presented in Figure 2 below.

dx

|t

Shear layer e

X
(a) A beam resting on a Pasternak
foundation
V+dV'
lewdx
(b) Free body diagram of an element of the shear layer
Figure 2.

Free-body diagram of the shearing layer element Das [8].
Governing equation for Pasternak one-dimensional beam is as follows ( Equation 2).

o*w o%w
EIW_GSW-l_kW:q (2)
G:; is the shear modulus, which is an indication of the shearing layer parameter, and k is the coefficient of the spring
layer. It is clearly seen that the Pasternak model is a modeling approach that incorporates a shearing layer.

2. Literature Review

Research on shear modulus has been widely conducted by researchers for various purposes. One important study was
carried out by Hardin and Drnevich [9] to obtain equations and curves for shear modulus and damping modulus [9]. A few
years later lwasaki, et al. [10] and colleagues conducted a study on the shear modulus equation of sandy soil using cyclic
torsional loading Iwasaki, et al. [10]. Gabry$ and Szymanski [11] researched the shear modulus of cohesive soil Gabry$ and
Szymanski [11]. Nasarani, et al. [12] studied the effect of adding volcanic ash on the maximum shear modulus through
triaxial testing [12]. Similarly, Purwanto [13] conducted research on shear modulus based on the equations of Purwanto
[13]. Another study in 2015 by Massarsch involved determining the shear modulus from static and seismic penetration tests
[14]. Research correlated with shear modulus, namely the study of the Overconsolidated Ratio (OCR) of clay soil, was
conducted by Mayne [15].

Another significant research conducted by Wong, et al. [16]. This research emphasized an extended model of the shear
modulus reduction in cohesive soil. According to this research, there was a degradation in hyperbolic curve relationship
with increasing shear strain. In Zsolt Szilvagyil, et al. [17] determined soil shearing modulus from the resonant column, the
torsional shear and bender element tests. This research showed that shear modulus value from resonant column was like
torsional test value [17]. The newest research was established a mathematical model for the estimation of shear modulus for
unsaturated compacted soils, conducted by Zhai, et al. [18]. In this research, a new mathematical model was proposed for
the estimation of the shear modulus function.

3. Research Method

This research is a combination of utilizing primary data in the form of in-situ soil samples (undisturbed soil sample,
UDS) and the implementation of empirical equations obtained from previous studies. In general, the research flow is shown
in Figure 3.
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Figure 3.
Research flow.

3.1. Shearing Modulus

The parameter that indicates the condition of the shearing layer is the shear modulus. The shear modulus of soil (Gs) is
the ratio between shear stress (Ss) and shear strain (). The shear modulus has a relationship with the modulus of elasticity
(Young’s modulus, Es) and Poisson’s ratio. The shear modulus equation is presented as follows ( Equation 3) [19].

,_Ss Es
Gs = € 2(1+p ®)

The shear modulus (Gs) is a soil parameter that plays a role in dynamic analysis [11]. Thus, the influence of the shear
modulus is very significant on the dynamic analysis of rigid pavement slabs.

Currently, there are several empirical equations for calculating the maximum shear modulus (Gmax). These various
equations require verification to determine whether they are in accordance with the available deformation parameters [11].
Several well-known equations are presented in Table 1.

Table 1.
Maximum shear modulus equation.
1 445.(4.4 —e)* | 05 Marcuson and Wahls [20] Cohesive clayey
max = T(U o)
2 90.(7.32 —e)?* 06 Kakusho and Yanagida Cohesive clayey
Gnax = T(J o)™ [21]
3 1230.(2.973 — e)*0CR* — Hardin and Drnevich [9] Cohesive and sand
max — 1+e VO o
4 = E Menard [22]
max T 2(1 4+ v)Ry
Note: e : void ratio;
OCR : overconsolidated ratio;
a'y : mean effective principal stress

In the equation above, Gmax has units of Psi.

For Equation 3 in Table 1, there is a coefficient k determined based on the Plasticity Index (Ip) parameter. The value
of k is determined based on the Ip value shown in Table 2.

Table 2.

k value according to Ip.

Ir (%) 20 40 60 80 > 100
k 0.18 0.30 0.41 0.48 0.50
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In Equation 4 in Table 1, the parameters required are the soil modulus of elasticity (E), the soil Poisson’s ratio, and the
Rwm coefficient, which is a function of the Plasticity Index (lp). Rwm is calculated by implementing Equation 4 below.
Ry = 0.0043Ip + 0.103 (4)

3.2. Calculation of the Parameters Involved
Referring to the Standard Test Method for CU Triaxial Compression Test for Cohesive Soil (ASTM D4767 — 11)
Reapproved 2020 [14], the mean effective principal stress, gy, is calculated using Equation 5 as presented below.

=2 (5
s1 : major principal stress from the Triaxial test
s3 : minor principal stress from the Triaxial test

The Overconsolidated Ratio (OCR) is the ratio between the preconsolidation pressure (before natural consolidation)
and the effective overburden stress [15]. In-situ investigation of OCR is not easy to carry out due to the sample disturbance
effect in natural soil samples. An alternative for determining OCR is through laboratory testing, particularly triaxial
(undrained) and direct shear tests. The following is Equation (6) for calculating OCR based on triaxial test results.

Y
(Cu/ 0'1;0) '

OCR =
0.75sin@’

(6)

Equation 7 refers to Skempton (1954/1957), in the journal “Overconsolidation Ratio Determination of Cohesive Soil”
by Urbaitis, et al. [23]

u —_—
— =

0.11+ 03711, (7)

v0
Ip : plasticity index (%), obtained from the Atterberg limits test. f is an internal shearing angle which obtained from
Triaxial test. The last coefficient is A which took 0.7 as the value as suggested by Urbaitis, et al. [23].
Equation 4 in Table 1, consists of poisson ratio (n) and elastic modulus (E). Poisson ratio took value as listed in Table
3. While E implemented values from Triaxial test.

Table 3.

Poisson’s ratio (n) values for several types of soil [19].

Soil type n
Clay, saturated 0.4-0.5
Clay, unsaturated 0.1-0.3
Sandy clay 0.2-0.3
Silt 0.3-0.35
Sand, gravelly sand 0.1-1.00
Most common 03-04
Rock 0.1 -04

3.3. Soil Sampling

The location of field study was in Cikampek — Palimanan (Cipali) toll road which part of trans Java toll road. Cipali toll
road stretches from Cikampek (Karawang regency) to Palimanan (Cirebon regency). Total length of Cipali toll road is 116
kms. The original pavement type of Cipali Toll Road is concrete (rigid) pavement. Nonetheless some locations have been
overlayed by asphalt. The definite location where field study was conducted was in Sta. 178 Jakarta direction. In this
location, the pavement is concrete (rigid) with layers as shown in Figure 4.
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Figure 4.

Pavement plan.

Original design of Cipali toll road is two lanes for each direction. Typical dimension slab is 5.0 x 4.0 m. Comprehend

cross section is presented in Figure 4.
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Figure 5.
Typical cross section of concrete pavement.

The testing specifically intended to understand the subbase condition beneath the rigid pavement on a toll road in
Indonesia. The initial condition of existing rigid pavement was cracks on whole areas consequently the reconstruction was
held. The concrete slab was crushed by breaker; debris was removed then soil sampling was able to be carried out. The
concrete slab was reconstructed at the 1% lane of the traffic lane while 2" traffic lane was still active. Figure 6 depicts a

definite slab in Sta. 178 where field study was taking place.
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Location of field study.

Undisturbed samples (UDS) were distributed evenly with total samples of 20 (Figure 7). The samples were taken by
using hand auger apparatus then sent to laboratory in paraffin sealed tubes (see Figure 9). The length of the tubes is 60 cm.
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Figure 7.
Undisturbed soil sampling (UDS) point of sampling.
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Photos during the test are presented in Figure 8.

Figure 8.
UDS sampling using hand auger.

TILIITTT

A

Figure 9.
UDS in sealed tubing.
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3.4. Properties of Soil

The results of testing in the soil mechanics laboratory yielded soil properties in the form of index properties and
mechanical properties. In addition, a conclusion was obtained regarding the type of soil for the layer beneath the rigid
pavement.

Soil samples tested in laboratory also showed the characteristics of soil which indicated by index and engineering
properties. Index properties include grain size, relative density, Atterberg limits and consistency. Engineering properties
consisted of cohesion, internal friction angle, permeability, elasticity, compressibility. Another important result was soil
classification which guided by above properties.

Laboratory tests provided result that particle size distribution as listed on Table 4 and Atterberg limit. Plasticity index
(IP) ranges from 24.49 — 44.84%. By implementing Unified Soil Classification System (USCS), it was shown that the soil
types are silts and clays. It comprises MH (inorganic silts), CH (inorganic clays of high plasticity) and OH (organic clays of
medium to high plasticity). While AASHTO soil classification showed, soil classification is silt clayey with liquid limit
above 40%.

Table 4.
Soil Classification.
ID Particle Size Distribution Atterberg Limits USCS AASHTO
Gravel | Sand Silt Clay | Fines LL PL IP | Classification | Classification
(%) (%) (%) (%) (%) | (%) | (%) | (%)

BH-01 394 | 17357 | 38.99 | 39.51 | 78,50 | 72.97 | 40.96 | 32.02 MH or OH A-7-5
BH-02 4.82 17.00 | 51.15 | 27.04 | 78.19 | 76.52 | 41.14 | 35.38 MH or OH A-7-5
BH-03 3.94 16.57 | 39.48 | 40.01 | 79.50 | 73.12 | 38.22 | 34.90 MH or OH A-7-5
BH-04 1.96 18.27 | 46.08 | 33.69 | 79.77 | 77.50 | 37.65 | 39.85 MH or OH A-7-5
BH-05 3.39 18.87 | 43.30 | 34.45 | 77.75 | 77.09 | 43.78 | 33.31 MH or OH A-7-5
BH-06 2.46 16.28 | 40.42 | 40.85 | 81.27 | 77.93 | 40.68 | 37.25 MH or OH A-7-5
BH-07 2.67 1545 | 5552 | 26.36 | 81.89 | 78.32 | 42.71 | 35.61 MH or OH A-7-5
BH-08 1.61 11.74 | 37.88 | 48.78 | 86.66 | 77.40 | 4153 | 35.87 MH or OH A-7-5
BH-09 4.90 18.47 | 39.47 | 27.17 | 76.64 | 7490 | 35.34 | 39.56 MH or OH A-7-5
BH-10 3.35 15.78 | 38.44 | 42.44 | 80.89 | 80.62 | 31.96 | 48.66 CH A-7-5
BH-11 3.47 18.04 | 45.16 | 33.34 | 7850 | 68.91 | 35.70 | 33.21 MH or OH A-7-5
BH-12 14.87 | 19.88 | 42.01 | 23.24 | 65.25 | 55.78 | 29.43 | 26.35 MH or OH A-7-5
BH-13 2.54 2048 | 47.53 | 29.45 | 76.98 | 68.52 | 37.94 | 30.58 MH or OH A-7-5
BH-14 2.15 16.79 | 4558 | 35.48 | 81.06 | 73.09 | 34.65 | 38.44 CH A-7-5
BH-15 2.43 2041 | 4212 | 35.04 | 77.16 | 7454 | 37.24 | 37.30 MH or OH A-7-5
BH-16 2.43 2041 | 4212 | 35.04 | 77.16 | 7454 | 37.24 | 37.30 MH or OH A-7-6
BH-17 1.82 19.08 | 43.19 | 3591 | 79.10 | 74.13 | 35.47 | 38.66 CH A-7-6
BH-18 3.68 20.69 | 42.38 | 33.25 | 75.63 | 71.17 | 35.84 | 35.33 CH A-7-6
BH-19 2.63 17.73 | 44.02 | 35.62 | 79.64 | 76.02 | 35.87 | 40.15 CH A-7-6
BH-20 1.74 18.14 | 42.68 | 37.44 | 80.12 | 74.12 | 36.19 | 37.93 MH or OH A-7-5

Note: LL  : liquid limit

PL : plastic limit

IP : index of plasticity.

Laboratory tests provided result that specific gravity (Gs) of soil ranges from 2.555 - 2.679 ton/m?, while density (gwet)
ranges from 1.64 — 1.78 (t/m®). Porosity value (e) shows range 1.00 — 1.33 ( Table 5).

334



International Journal of Innovative Research and Scientific Studies, 8(9) 2025, pages: 326-341

Table 5.

Soil Index Properties.

ID WN (%) Ywet (t/M3) Ydry (t/md) Gs (t/m?) e N S (%)
BH-01 47.04 1.71 1.16 2.610 1.25 0.56 98.40
BH-02 46.17 1.71 1.17 2.650 1.27 0.56 96.23
BH-03 42.60 1.74 1.22 2.640 1.16 0.54 96.79
BH-04 45.03 1.74 1.20 2.622 1.19 0.54 99.25
BH-05 45.23 1.72 1.19 2.595 1.19 0.54 98.89
BH-06 45.59 1.64 1.13 2.630 1.33 0.57 89.92
BH-07 41.37 1.71 1.21 2.631 1.17 0.54 92.64
BH-08 43.66 1.65 1.15 2.623 1.28 0.56 89.54
BH-09 43.58 1.71 1.19 2.572 1.16 0.54 96.52
BH-10 44.32 1.72 1.19 2.614 1.19 0.54 97.15
BH-11 43.78 1.72 1.20 2.649 1.21 0.55 95.92
BH-12 42.51 1.76 1.24 2.664 1.15 0.54 98.12
BH-13 41.71 1.76 1.24 2.634 1.12 0.53 97.91
BH-14 39.94 1.78 1.27 2.620 1.06 0.52 98.50
BH-15 43.44 1.76 1.22 2.691 1.20 0.55 97.56
BH-16 41.39 1.77 1.25 2.679 1.15 0.53 96.79
BH-17 40.37 1.75 1.24 2.586 1.08 0.52 96.75
BH-18 37.70 1.78 1.30 2.597 1.00 0.50 97.43
BH-19 41.94 1.74 1.22 2.555 1.09 0.52 98.39
BH-20 40.28 1.77 1.26 2.651 1.10 0.52 96.89
Note: Wn: Water content.

Queet : Specific gravity of soil in a saturated condition.

Qdry : Specific gravity of soil in a dry condition.

n : Porosity.

e : Void ratio.

Laboratory tests also provided result of triaxial and consolidation as presented in Table 6.

Table 6.
Soil Triaxial and Consolidation.
ID Triaxial Consolidation

¢ (kg/lcm?) f (%) eo (t/m?3) Pc (kg/cm?) Cc Cr
BH-01 0.89 5.14 1.369 0.95 0.368 0.009
BH-02 0.86 5.33 1.281 1.00 0.317 0.017
BH-03 0.88 5.21 1.252 0.97 0.322 0.003
BH-04 0.72 2.10 1.292 1.26 0.395 0.007
BH-05 0.70 2.23 1.498 1.01 0.634 0.019
BH-06 0.68 2.35 1.264 1.00 0.334 0.006
BH-07 0.68 2.42 1.447 0.90 0.412 0.009
BH-08 0.88 5.21 1.525 1.01 0.608 0.035
BH-09 0.86 5.33 1.283 1.01 0.308 0.026
BH-10 0.53 3.07 1.299 0.97 0.309 0.009
BH-11 0.35 3.34 1.259 0.98 0.333 0.004
BH-12 0.25 5.21 1.198 0.95 0.310 0.008
BH-13 0.72 2.10 1.450 0.90 0.410 0.012
BH-14 0.62 3.50 1.304 0.97 0.304 0.010
BH-15 0.49 3.56 1.327 0.99 0.441 0.011
BH-16 0.46 3.75 0.891 0.95 0.224 0.011
BH-17 0.43 3.94 1.295 0.99 0.321 0.013
BH-18 0.35 4.45 1.500 1.01 0.632 0.021
BH-19 0.53 3.09 1.250 0.93 0.315 0.011
BH-20 0.48 3.40 1.195 1.03 0.302 0.012

Note: ¢ : cohesion.

f: internal shear angle.

C. : compression index.

C: : re-compression index.
eo: : initial void ratio.

pe : pre-consolidation stress.

4. Results and Discussions
This section explains analysis, result and discussion.
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4.1. Shear Modulus of Soil Through the Marcuson and Wahls Equation
The soil shear modulus equation according to Marcuson & Wahls is written in Equation 8.
445.(44—e)* | .
Gmax = T (O' 0) ' (8)
By substituting the porosity parameter (e) and the mean effective principal stress (s'o) in Equation 8, Gmax is obtained as
described in Table 7.

Table 7.
Calculation of Gmax based on the Marcuson & Wahls equation.

ID E o1 o3 60 = (61t 63)/2 Gmax (psi) Gmax (MPa)
BH-01 1.25 1.0000 3.092 2.046 2807.058 28.071
BH-02 1.27 1.0000 3.093 2.046 2747.107 27471
BH-03 1.16 1.0000 3.083 2.042 3090.089 30.901
BH-04 1.19 1.0000 2.531 1.766 2782.017 27.820
BH-05 1.19 1.0000 2.531 1.766 2782.017 27.820
BH-06 1.33 1.0000 2.497 1.749 2380.201 23.802
BH-07 1.17 1.0000 2.505 1.753 2832.268 28.323
BH-08 1.28 1.0000 3.092 2.046 2717.610 27.176
BH-09 1.16 1.0000 3.092 2.046 3093.493 30.935
BH-10 1.19 1.0000 2.190 1.595 2644.273 26.443
BH-11 1.21 1.0000 1.923 1.462 2477.128 24.771
BH-12 1.15 1.0000 1.082 1.041 2230.559 22.306
BH-13 1.12 1.0000 2.531 1.766 3000.583 30.006
BH-14 1.06 1.0000 2.53 1.765 3201.534 32.015
BH-15 1.20 1.0000 2.15 1.574 2598.601 25.986
BH-16 1.15 1.0000 2.139 1.570 2738.854 27.389
BH-17 1.08 1.0000 2.085 1.543 2928.771 29.288
BH-18 1.00 1.0000 1.921 1.461 3108.412 31.084
BH-19 1.09 1.0000 2.184 1.592 2943.346 29.433
BH-20 1.10 1.0000 2.168 1.584 2904.331 29.043

4.2. Soil Shear Modulus through the Equation by Kakusho et al.
The soil shear modulus equation according to Kakusho et al. is written in Equation 9.

90.(7.32 — e)?
L AT ©

max —
1
By substituting the porosity parameter (e) and the mean effective principal stress (s'o) into Equation 9, Gmax is obtained
as described in Table 8.

Table 8.
Calculation of Gmax based on the Kakusho equation.
1D E o1 o3 60 = (o1t 63)/2 Gmax (psi) Gmax (MPa)
BH-01 1.25 1.0000 3.092 2.046 2264.544 22.645
BH-02 1.27 1.0000 3.093 2.046 2229.825 22.298
BH-03 1.16 1.0000 3.083 2.042 2426.162 24.262
BH-04 1.19 1.0000 2.531 1.766 2171.901 21.719
BH-05 1.19 1.0000 2.531 1.766 2171.901 21.719
BH-06 1.33 1.0000 2.497 1.749 1937.937 19.379
BH-07 1.17 1.0000 2.505 1.753 2196.483 21.965
BH-08 1.28 1.0000 3.092 2.046 2212.712 22.127
BH-09 1.16 1.0000 3.092 2.046 2429.369 24.294
BH-10 1.19 1.0000 2.190 1.595 2043.505 20.435
BH-11 1.21 1.0000 1.923 1.462 1909.026 19.090
BH-12 1.15 1.0000 1.082 1.041 1632.469 16.325
BH-13 1.12 1.0000 2.531 1.766 2295.148 22.951
BH-14 1.06 1.0000 2.53 1.765 2407.525 24.075
BH-15 1.20 1.0000 2.15 1.574 2011.525 20.115
BH-16 1.15 1.0000 2.139 1.570 2088.484 20.885
BH-17 1.08 1.0000 2.085 1.543 2185.161 21.852
BH-18 1.00 1.0000 1.921 1.461 2256.044 22.560
BH-19 1.09 1.0000 2.184 1.592 2209.216 22.092
BH-20 1.10 1.0000 2.168 1.584 2185.028 21.850
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4.3. Soil Shear Modulus Through the Hardin and Black Equation
The soil shear modulus equation as suggested by Hardin & Black is written in Equation 10.
1230.(2.973 — €)20CR* —
max — 1+e VO o (10)
Hardin & Black required the parameters porosity (€), OCR, and k to obtain the Gmax result, as shown in Table 9.

Table 9.
Calculation of Gmax based on the Hardin & Black equation.

ID Ip ® | Cce/e'c | OCR k e o1 o3 60 = (o1+ Gmax Gmax
(%) | 63)/2 (psi) (MPa)

BH-01 32.02 | 514 | 0.228 | 5.745 | 0.252 | 1.25 | 1.0000 | 3.092 2.046 3607.310 36.073

BH-02 35.38 | 5.33 | 0.241 | 5.885 | 0.272 | 1.27 | 1.0000 | 3.093 2.046 3642.021 36.420

BH-03 3490 | 521 | 0.239 | 6.015 | 0.269 | 1.16 | 1.0000 | 3.083 2.042 4336.551 43.366

BH-04 39.85 | 210 | 0.257 | 24.436 | 0.297 | 1.19 | 1.0000 | 2.531 1.766 6171.042 61.710

BH-05 33.31 | 2.23 | 0.233 | 19.478 | 0.260 | 1.19 | 1.0000 | 2.531 1.766 5132.146 51.321

BH-06 37.25 1235 | 0.248 | 10.976 | 0.274 | 1.33 | 1.0000 | 2.497 1.749 4387.253 43.873

BH-07 35.61 | 242 | 0.242 | 18.242 | 0.274 | 1.17 | 1.0000 | 2.505 1.753 5399.733 53.997

BH-08 35.87 | 521 | 0.243 | 6.144 | 0.275 | 1.28 | 1.0000 | 3.092 2.046 3645.344 36.453

BH-09 39.56 | 3.50 | 0.256 | 6.432 | 0.296 | 1.16 | 1.0000 | 3.092 2.046 4656.547 46.566

BH-10 48.66 | 3.07 | 0.290 | 16.848 | 0.345 | 1.19 | 1.0000 | 2.190 1.595 6019.119 60.191

BH-11 33.21 | 5.34 | 0.233 | 10.978 | 0.259 | 1.21 | 1.0000 | 1.923 1.462 3886.526 38.865

BH-12 35.89 | 521 | 0.242 | 6.147 | 0.275 | 1.15 | 1.0000 | 1.082 1.041 3198.259 31.983

BH-13 36.60 | 2.10 | 0.245 | 22.822 | 0.277 | 1.12 | 1.0000 | 2.531 1.766 6346.734 63.467

BH-14 4484 | 3.50 | 0.276 | 13.021 | 0.327 | 1.06 | 1.0000 | 2.53 1.765 6711.215 67.112

BH-15 30.67 | 3.56 | 0.223 | 9.398 | 0.244 | 1.20 | 1.0000 | 2.15 1.574 3809.284 38.093

BH-16 2449 | 3.75| 0.201 | 7.485 | 0.234 | 1.15 | 1.0000 | 2.139 1.570 3612.072 36.121

BH-17 25.13 1394 | 0.203 | 7.088 | 0.211 | 1.08 | 1.0000 | 2.085 1.543 3976.746 39.767

BH-18 29.83 | 445 | 0.220 | 7.111 | 0.260 | 1.00 | 1.0000 | 1.921 1.461 4558.365 45.584

BH-19 27.73 13.09 | 0.213 | 6.701 | 0.226 | 1.09 | 1.0000 | 2.184 1.592 4503.635 45.036

BH-20 33.33 | 3.40 | 0.233 | 10.673 | 0.260 | 1.10 | 1.0000 | 2.168 1.584 4785.964 47.860

4.4. Soil Shear Modulus Through the Menard Equation
Menard defines the shear modulus equation through Equation 11, to obtain the Gmax result, as shown Table 10.

Gmax = 2(1+v)Ry an
Table 10.
Calculations of Grax According to Menard equation.

ID Ip (%) RM E Soil Class v Gmax (MPa)
BH-01 32.02 0.241 12.1 MH or OH 0.3 19.336
BH-02 35.38 0.255 11.2 MH or OH 0.3 16.884
BH-03 34.90 0.253 10.3 MH or OH 0.3 15.654
BH-04 39.85 0.274 9.3 MH or OH 0.3 13.038
BH-05 33.31 0.246 9.3 MH or OH 0.3 14.527
BH-06 37.25 0.263 11.2 MH or OH 0.3 16.527
BH-07 35.61 0.256 12.1 MH or OH 0.3 18.170
BH-08 35.87 0.257 14.0 MH or OH 0.3 20.932
BH-09 39.56 0.273 12.1 MH or OH 0.3 17.040
BH-10 48.66 0.312 9.3 CH 0.4 10.637
BH-11 33.21 0.246 14.0 MH or OH 0.3 21.906
BH-12 35.89 0.257 9.3 MH or OH 0.3 13.900
BH-13 36.60 0.260 9.3 MH or OH 0.3 13.737
BH-14 44.84 0.296 11.2 CH 0.4 13.522
BH-15 30.67 0.235 16.8 MH or OH 0.3 27.510
BH-16 24.49 0.208 18.7 MH or OH 0.3 34.527
BH-17 25.13 0.211 15.9 CH 0.4 26.905
BH-18 29.83 0.231 12.1 CH 0.4 18.968
BH-19 27.73 0.222 16.8 CH 0.4 26.998
BH-20 33.33 0.246 18.7 MH or OH 0.3 29.199
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Now four gmax values are obtained as result of applying four empirical equations and utilizing laboratory test data as
well as references. The four Gmax vValues are summarized in Table 11 (unit MPa).

Table 11.
Summary of Gax.
Equation Marcuson & Wahls Kakusho Hardin & Black Menard
Gmax Maximum 32.015 24.294 67.112 34.527
Gmax Minimum 22.306 16.325 31.982 10.634
Gmax average 28.004 21.632 46.192 19.474
The summary of Gmax is compared in chart form through Figure 10 presented below.
G ax COMparison
80
~ 60
s
<40
P
=
O 20 —
0
Min Max

Min & max value of G,

=Nenard ==——Hardin ==Marcuson =Kakusho

Figure 10.
Gmax COMparison.

In Figure 10, the Gmax value from the Hardin & Black equation is above the Gmax values from the other equations,
while the Gmax values from the Marcuson, Menard, and Kakusho equations fall within a corridor of closely spaced

maximum and minimum values.
Next, all Gmax results (BH1-BH20) are plotted in a diagram against Ip, from which a regression equation can be

obtained showing the relationship between Gmax and Ip.

G,.x Equation Based on Marcuson
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< 15 |y =-8E-06x5+0.0007x* - 0.0008x? - 1.6464x” + 56.656X
@E -541.59
10 R2 = 0.2652
5
0
0.00 10.00 20.00 30.00 40.00 50.00 60.00
Ip (%)
Figure 11.

Marcuson Gnax plotting & equation.
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Figure 11 is the plot and regression equation based on Marcuson. The correlation is not sufficiently good, as evidenced
by R? = 0.2652.

G, .« Equation Based on Kakusho
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Ip (%)
Figure 12.

Kakusho Gmax plotting & equation.

Figure 12 is the plot and regression equation based on Kakusho. Although a 5"-order polynomial equation has been
used, it is concluded that the correlation is not sufficiently good, as evidenced by R? = 0.1612.

G,.x Equation Based on Hardin
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Figure 13.

Hardin & Black G plotting & equation.

Figure 13 is the plot and regression equation based on the research of Hardin & Black. Using a 5™-order polynomial
equation, a good correlation can be seen, indicated by R? = 0.5131.
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G.x Equation Based on Menard
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Figure 14.

Menard Gnax plotting & equation.

Figure 14 is the plot and regression equation based on Menard. Using a 5"-order polynomial equation, a fairly good
correlation is observed, indicated by R? = 0.7008.

4.6. Proposed equation of Gmax
From the calculations in Section 4.5, there are four regression equations representing the correlation between Ip and

Gmax. The four equations along with their correlation strengths are summarized in Table 12.

Table 12.
Summary of regression equation Gax.
Creator Equation R? Justification
Marcuson | Gmax = -8E-06(Ip)° + 0.0007(Ip)* - 0.0008(Ip)® - 1.6464(Ip)?> + 56.656(Ip) - | 0.2652 | Not accepted
541.59
Kakusho | Gmax = -6E-06(Ip)® + 0.0007(Ip)* - 0.0243(Ip)® - 0.0267(Ip)?> + 15.086lp - | 0.1612 | Not accepted
176.08
Hardin Gmax= 4E-05(Ip)° - 0.0095(Ip)* + 0.7955(Ip)® - 32.063(Ip)?> + 624.03(lp) - | 0.5131 Accepted
4671.2
Menard Gmax = -8E-05(Ip)® + 0.0137(lp)* - 0.9841(Ip)® + 34.844(lp)> - 610.7l1p + | 0.7008 Accepted
4272.6

In Table 12 above, it is concluded that the regression based on the Menard equation has the highest correlation
between Gmax and Ip, with R? = 0.7008. This can be understood since the Menard equation indirectly accounts for the Ip
factor through the Ry variable. Similarly, the regression equation based on Hardin & Black has a good correlation (R2 =
0.5131), as the Ip factor is accommodated through the k variable (see Section 3.1).

Thus, this study proposes Equation 12 as the proposed equation for the relationship between Gmax and Ip (units in
MPa).

Grmax = -8E-05(Ip)° + 0.0137(Ip)* - 0.9841(Ip)? + 34.844(Ip)? - 610.71p + 4272.6  (12)

To simplify the formula and its usage, Equation 13 can be reduced to a 2"-order polynomial with R2 of 0.687, as
follows.

Gmax = 0.0313(Ip)? - 3.11471p + 88.798  (13)

5. Conclusion

This study shows that calculating the soil shear modulus using in-situ soil data beneath rigid toll road pavements
provides adequate results and is feasible for use in the dynamic analysis of rigid pavement slabs.

Gmax from Marcuson, Kakusho and Menard equations produced maximum and minimum values within similar
corridors. While Gmax came from Hardin tends to be higher than Marcuson, Kakusho and Menard.

The calculation of soil shear modulus (Gmax) is made possible based on primary data of Plasticity Index (Ip) using a
semi-empirical equation:

Gumax = -8E-05(Ip)® + 0.0137(Ip)* - 0.9841(Ip)? + 34.844(Ip)? - 610.71p + 4272.6  (12)

While simple equation is required, Gmax Semi-empirical equation can be utilized :
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Gmax = 0.0313(Ip)? - 3.1147Ip + 88.798  (13)
The implementing those results, designing a rigid pavement slab may be used above Gmax values and equations to carry
dynamic analysis design.
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