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A B S T R A C T   

Rebar reinforced cemented soil is employed widely to solve the weak foundation problem led by sludge 
particularly. Nowadays, the glass fiber-reinforced polymer (GFRP) becomes a new tendon material instead of 
steel to avoid the performance degradation resulting from steel corrosion. The interface bond strength of GFRP 
tendon-reinforced cemented soils (GTRCS) displays its excellent mechanical capacity. Nevertheless, its appli-
cation is obstructed by the deficient studies between the bond strength and influence factors. Therefore, this 
study investigates the effects of varying water contents (Cw: 50%-90%), cement proportions (Cc: 6%-30%), and 
curing periods (Tc: 28 days, 90 days) on both pullout strength (Tp) and unconfined compression strength (UCS) of 
GTRCS. The results showed that the pullout strength and compressive strength were positively related to Tc and 
Cc and negatively related to Cw. Besides, these experimental results were also utilised to develop support vector 
regression (SVR) models. The beetle antennae search (BAS) algorithm was used to adjust the SVR’s hyper-
parameters. The high correlation coefficients (0.988 for UCS and 0.972 for Tp) proved the reliability of the 
established BAS-SVR models. In addition, the multi-objective beetle antennae search algorithm (MOBAS-SVR) 
was developed for bi-objective optimisation designs (UCS-cost and Tp-cost). Finally, sensitivity analysis was 
conducted to range the significance of variables for Tp and UCS.   

1. Introduction 

Cement is extensively applied in foundation improvement and sta-
bilisation to avoid sludge-induced problems particularly [1-3]. Cement- 
soil composite is generated from the pozzolanic activities caused by 
cement filling the pores in sludge using soil mixing technique. The 
characteristics of this mixed material are enhanced compared to that of 
the soil [4,5]. Even so, only cement-soil composite alone is deficient to 
withstand the lateral earth pressure in foundation pit support and 
blocking surface water. The utilization of steel rebar as part of the 
structure combined with cement-soil matrix is one safer way to sustain 

the exterior load [6-9]. However, the performance of the whole com-
posite is inevitably degraded by the steel corrosion during its usage 
which has an especially serious impact on permanent structures [10-13]. 
In case of degradation, the glass fiber-reinforced polymer (GFRP) be-
comes a new tendon material to displace the steel for its excellent en-
gineering characteristics and high affordability [14]. 

The interface bond performance of GFRP tendon-reinforced cemen-
ted soils (GTRCS) presents their pullout capability, in analogy to rein-
forced concrete [15-17]. In many circumstances, failures are induced by 
the bonding surface detachment but not the tendon reaching its ultimate 
strength. Although it is essential, the interface-bond-strength-related 
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failure patterns are still indeterminate resulting in insufficient design 
codes of reinforced cement-soil structures [6,18]. Furthermore, pre-
ceding studies are mainly about cemented soil’s mechanical and hy-
draulic capacities with few concerning the bond performance between 
soil and GFRP reinforcements [19,20]. These obstruct the application of 
GTRCS in practice. Therefore, the investigation related to the interface 
bonding strength of GTRCS is necessary. This research can also be used 
for future application to compare with concrete structures [21-25]. 

To this end, some influencing factors are explored for the bonding 
strength of GTRCS. Cement-soil composite consists of cement, soil, and 
water with its mechanical properties being affected by them [26]. 
Moreover, the relative slip displacement (Sp) between cemented soil and 
tendons is another factor to influence the interface bond strength of 
GTRCS [27,28]. Since the structure and texture of cemented soil similar 
to that of concrete instead of soil, the dry density and degree of satu-
ration (conventional parameters for soil) is not considered as the 
parameter in this study. Thereby, water content (Cw), cement content 
(Cc), curing time (Tc), and Sp are four variables in this study. The test 
process is laborious because of complicated facilities and numerous 
samples. Moreover, the subsequent result analysis is hindered because 
the traditional data analysing methodologies have defects in error 
control and obtaining the optimal mix proportion under multivariable 
conditions [29-31]. These methods based on linear or nonlinear 
regression equations also have difficulties in the actual application 
because of the experience requirements for selecting equations and 
generalisation of handling variables [32,33]. Hence, machine learning 
(ML) models such as artificial neural network (ANN) and random forest 
(RF) [34-36] were proposed to process complex nonlinear problems and 
obtain accurate results. Support vector regression (SVR) is another one 
of the most widely used ML models in the data processing field [37,38]. 
Researchers well accepted SVR because of its outstanding generalisation 
capability and quick computation operation compared to other ML 
models [39]. Besides, it enables to deal with classification and regression 
problems, including linear or nonlinear issues [40,41]. The regression 
functions developed by SVR could map into higher dimensional spaces 
to eliminate the complexity of the computation process [42,43]. 
Accordingly, this ML model was adopted in this study for data analysis. 

Although with excellence in utilization, SVR performance depends 
heavily on its hyperparameters, which encounter difficulties adjusting 
through conventional optimisation means [44]. The grid search method 
is one of the most commonly used conventional optimisation methods to 
search the optimal hyperparameters of SVR. However, the computation 
complexity is very high, which is mainly because of the searching 
mechanism that the exhaustive parameter combinations are tested 
through cross validation [45]. To solve this, several optimisation algo-
rithms were introduced, like the genetic algorithm (GA), firefly algo-
rithm (FA), and particle swarm optimisation (PSO) [46-48]. However, 
these algorithms require high demand in computation compared to the 
beetle antennae search (BAS) algorithm, which converges and calculates 
quickly [49-51]. Besides, Huang, et al. (2007) developed the method of 
uniform design to automatically search the hyperparameters of support 
vector machine [52]. In this study, the BAS algorithm was selected to 
tune hyperparameters of SVR in the processing progress (BAS-SVR). 

For cement-soil optimal design of this study, mechanical perfor-
mances, including pullout strength (Tp) and unconfined compressive 
strength (UCS), were required to achieve a balance with cost. Therefore, 
the BAS-SVR based multi-objective optimisation model (MOBAS-SVR) 
was developed through a metaheuristic algorithm to address this prob-
lem. By introducing Pareto solutions, the multi-objective optimisation 
(MOO) can achieve the maximum efficiencies of two or more objectives. 
For instance, Naseri et al. (2019) utilised particle swarm optimisation 
and genetic algorithm to achieve the optimal goal of no-slump concrete 
[53]. Therefore, it is necessary to propose a MOO model maximizing 
utilization of the objectives within experiments. 

This study researched a sum of 150 groups of cement-soil specimens 
for laboratory experiments, obtaining corresponding 150 pullout 

strengths (Tp) and mean UCS. Depending on the overall laboratory data, 
highly accurate SVR models were established with the hyperparameters 
tuned by the BAS algorithm. Afterward, the bi-objective optimisation 
design, including Tp-cost and UCS-cost, were fulfilled by the MOBAS- 
SVR model by proposing the Pareto solutions. At last, the influence of 
input variables (Cc, Cw, Tc, Sp) was ranked based on a sensitivity 
analysis. 

2. Experimental programs 

2.1. Materials 

The soil was gathered from the floodplain at the confluence of 
Xiangjiang and Jinjiang River in Changsha, China. It was air-dried, 
ground in a machine, and then sifted out. Only particles with a diam-
eter less than 5 mm were reserved to gain uniform granularity and the 
particle-size distribution is presented in Fig. 1. The ordinary Portland 
cement with a strength grade of 42.5 and GFRP tendons with 230 mm in 
height were selected to form GTRCS as pullout specimens. The proper-
ties of the soil sample, cement, and GFRP tendons are presented in 
Table 1. 

2.2. Mixture design 

Cw, Cc, and Tc are the three main influence variables of GTRCS per-
formance as mentioned before. Water and cement contents are defined 
as below: 

Cw =
mw

ms
(1)  

Cc =
mc

mw + ms
(2)  

where mw means the weight of the water added; ms is the weight of the 
dry soil; mc denotes the weight of the cement. 

Cw ranged from 50% to 90% in this study because areas where 
cemented stabilization is widely applied usually feature clay with water 
content near the liquid limit. Cc was designed between 6% and 30% to 
offer sufficient workability and optimum stabilization efficiency [54]. 
Besides, composites cured for 15 to 30 days are widely used in practice 
to solve problems such as tight schedules [54]. In ground improvement 
applications, the hydration and hardening process for the cemented soil 
acquires at least 90 days to develop the full strength [55]. Hence, 5 
stepwise increasing levels were chosen for Cw and Cc, and 6 levels for Tc 
with specific details shown in Table 2. In total, 150 GTRCS specimens 
were prepared in this study (5 levels for Cc × 5 levels for Cw × 6 levels for 
Tc). 

Fig. 1. Detailed particle sizes of soil sample.  
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2.3. Pullout test 

To prepare cement-soil composites for pullout test, soil and cement 
samples were mixed for a first 60-second and another 480-second with 
water added. The GFRP tendon was installed in the middle of the pullout 
cell, as presented in Fig. 2. The cell’s internal surface was lubricated to 
lower the boundary friction and its bottom was sealed with paper plates 
to avoid leaking. After that, the cemented soil was placed into the 
pullout cell which was then vibrated to make the density even. Fig. 3 
depicts the images of GFRP tendon and cemented soil that placed in the 
cell. Subsequently, each cell was sealed with a plastic bag and cured for a 
predetermined time. The paper plates were removed in case of extra 
adhesion after 7-day curing. 

After curing the sample at specific ages, the pullout test is conducted 
using a pile interface friction testing system (PIFTS) presented in Fig. 4. 
The tendon’s top was fixed to the load cell and the GTRCS sample was 
installed on the mobile platform which conducted the pullout force on 
the tendon. The platform and a constraining plate held the specimen 
tightly to guarantee proper interface shear displacement while it was 
descending 1.0 mm/min. The load cell and linear variable differential 
transformer (LVDT) recorded the load and corresponding displacement. 
The cemented soil and tendon were completely detached as soon as the 
platform got a 20-mm displacement, and operators ended the loading 
process [10,56]. Eventually, 15 pullout strengths at corresponding 
interface slip distances were obtained for each specimen, shown in 

Appendix. 

2.4. Unconfined compression test 

The procedure of sample preparation for the unconfined compres-
sion test is the same as that prepared for the pullout test. These samples 
were initially prepared in cubic forms with the dimensions of 10 cm and 
then conducted by the TYA-2000S Electron-Hydraulic compression 
machine with 0.01 KN precision. The loading rate was 0.03–0.15 KN/S 
during the process, and failures happened when compressive forces 
exceeded the capacities of specimens. The corresponding stress was used 
as the samples’ compressive strength, calculated from the ratio between 
failing force and their cross-section area. 

3. Multi-objective optimisation approach 

The schematic illustrations of the whole process for MOBAS-SVR 
operation to obtain optimal GTRCS mixtures were shown in Fig. 5. 
The initial procedure was proposals of two SVR models to predict UCS 
and Tp. To obtain desired models, their involving hyperparameters were 
adjusted through the BAS algorithm based on 10-fold cross-validations 
(CV). Then, the expense was determined for each mix. The weighted 
sum method was utilised for building up a multi-target work and the 
Pareto front was created to show the enhancement blend plan of GTRCS. 
The ML and optimisation experiments were both implemented through 
Matlab R2020a. 

3.1. Data description 

As mentioned before, the variables are the cement content, water 
content, curing ages, and slip displacement. These variables can be used 
to calculate the amounts of the raw materials (cement, water, and soil). 
The outputs are the compressive strength and pullout strength with their 
datasets derived from the mechanical tests. The raw material informa-
tion and output factors are summarised in Table 3 for UCS and Table 4 
for Tp. 

The relationships between input variables are visualized using a 
correlation matrix in Fig. 6, representing the Pearson correlation co-
efficients between any two different variables. Pearson correlation co-
efficient is a commonly used method to evaluate the degree of 
correlation between variable X and variable Y. On condition that the 
coefficients are not larger than 0.5, the correlation between these input 
variables are supposed to be small. In this case, the multi-collinearity 
problems will not be produced reducing the prediction error. It can be 
observed that only the coefficient between cement and water is around 
0.5 and others are close to zero. This is reasonable since only the cement 
and water are designed based on the Cc (6% to 30%) and Cw (50% to 
90%) while the other variables are independent such as curing time, slip 
displacement, and soil. In this manner, the fundamental BAS-SVR model 
of the optimal multi-objective scheme was proposed. 

3.2. Establishment of BAS-SVR model 

3.2.1. Support vector regression (SVR) 
SVR is a popular regression model proposed by Vapnik (1995). It uses 

a kernel function to project original data from its space to high- 
dimensional space, and then solve nonlinear problems. The data is 
described as (xi,yi) where xi and yi are the one-dimensional vector and 
scalar regression value, respectively. For its groups, the training dataset 
has the limit value of n like (xn,yn). The regression function is expressed 
in the linear equation form as Equation (3) where w, β, and φ(x) are the 
weight vector, bias, and a mapping function. 

f (x) = w∙φ(x)+ β (3) 

The loss function is described as Equation (4) used to calculate the 
deviation extent from the predicted to actual values (e is the largest 

Table 1 
Materials used in the experimental program.  

Properties Values 

Soil 
Specific gravity 2.705 
Natural moisture content (%) 30–90 
Liquid limit (%) 58.1 
Plasticity limit (%) 28.6 
Cement 
Type P.O 42.5 
Specific gravity (t/m3) 3.0–3.2 
Compressive strength (MPa) ≥42.5 (28-day) 
Normal consistency (%) 27 
GFRP reinforcement 
Type GFRP tendon 
Rib spacing (mm) 10.1 
Tensile strength (MPa) 466 
External diameter (mm) 16.8 
Internal diameter (mm) 15 
Young’s modulus (GPa) 40  

Table 2 
Influence variables with all levels used in the experimental project.  

Influence factor Number of levels Magnitude 

Water content Cw (%) 5 50, 60, 70, 80, 90 
Cement content Cc (%) 5 6, 12, 18, 24, 30 
Curing duration Tc (days) 6 7, 14, 28, 42, 60, 90  

Fig. 2. Details of pullout cell: (a) diagram of cross-sectional elevation, (b) 
three-dimension view of cell, and (c) diagram of cross-sectional plan. 
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tolerance error). 

L (x, y, f ) = |yi − f (xi)|e =

{
0, |yi − f (xi)| < e

|yi − f (xi)| − ei, |yi − f (xi)| ≥ e (4) 

Considering the minimum structural risk, the problem is described as 

follows. 

R (w) =
1
2
‖w‖2

+
∑n

i=1
L (x, y, f ) (5) 

the slack variables δi and δ*
i are utilised to improve the tolerance of 

biased data. Equation (5) can be converted to a convex optimise function 
in the following manner. 

minw,e,δ,δ* R (w) =
1
2
‖w‖2

+C
∑n

i=1

(
δi + δ*

i

)

G
FR

P
te

nd
on
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ut
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g
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p

(a) (b)

Fig. 3. The images of GFRP tendon and cemented soil in the cell.  

Fig. 4. The (a) schematic diagram and (b) actual application of PIFTS.  

Fig. 5. Schematic descriptions of the MOBAS-SVR system to obtain optimal GTRCS mixtures.  

Table 3 
Detailed information of input and output variables in the UCS aspect.  

Variables Minimum Maximum Mean Std Dev 

Cement (kg/m3) 87 438 259 113 
Water (kg/m3) 487 684 594 52 
Soil (kg/m3) 681 1102 848 118 
Curing age (day) 7 90 35 28 
UCS (kPa) 31 10,255 1274 2214  
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s.t

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

yi − w⋅φ(x) − β ≤ e + δi

w⋅φ(x) + β − yi ≤ e + δ*
i

δi ≥ 0
δ*

i ≥ 0

(6)  

where C represents the penalty coefficient calculated with respect to a 
few differences between regression lines and samples out of the e-tube. 
The schematic figure of SVR is shown in Fig. 7. By introducting positive 
Lagrange multipliers (αi, α*

i , ui, u*
i ), a dual-issue can be obtained as 

Equation (7). 

L(w, β, δ, a, u) =
1
2
‖w‖2

+C
∑n

i=1

(
δi + δ*

i

)

−
∑n

i=1
ai(e+ δi − yi +w⋅φ(xi)+ β )

−
∑n

i=1
a*

i (e + δi + yi − w⋅φ(xi) − β)

−
∑n

i=1

(
uiδi + u*

i δ*
i

)
(7) 

When an imperative condition is fully inversely opposite and the 
target equation is different, all of the first and both points of Equation (8) 
should be completed by the Kush-Kuhn-Tuck (KKT) Rules [58]. Ac-
cording to this rule, the results of dual variables and corresponding 
constraints are 0 in Equation (9). Besides, the weight factor w is in the 
form of 

∑n
i=1

(
ai − a*

i

)
φ(xi). 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂L
∂w

= w −
∑n

i=1

(
ai − a*

i

)
φ(xi) = 0

∂L
∂β

=
∑n

i=1

(
ai − a*

i

)
= 0

C − ai − ui = 0

C − a*
i − u*

i = 0

(8)  

ai(e + δi − yi + w⋅φ(xi) + β ) = 0
a*

i (e + δi + yi − w⋅φ(xi) − β) = 0
(C − ai)δi = 0
(
C − a*

i

)
δ*

i = 0

(9) 

After solving the above equations, the language dual problem is 
derived as follows: 

maxi

(

−
1
2
∑n

i=1

∑n

j=1

(
ai − a*

i

)(
aj − a*

j

)
xT

j xj − e
∑n

i=1

(
ai − a*

i

)
+
∑n

i=1
yi
(
ai

− a*
i

)
)

s.t

{∑n

i=1

(
ai − a*

i

)
= 0

ai, a*
i ∈ [0,C]

(10) 

And the final regression function is shown as Equation (11). 

f (x) =
∑n

i=1

(
ai − a*

i

)
φ(xi)x+ β (11)  

3.2.2. Beetle antennae search (BAS) 
BAS is a metaheuristic algorithm to spontaneously search the most 

desirable hyperparameters of ML models, deriving from the longhorn 
beetle behaviour simulation [59]. The beetle uses its two antennae to 
detect smell concentration and moves towards the direction where the 
concentration is strongest. The positions of the left and right antennae 
are represented as the symbols xi

l and xi
r with superscript i illustrating the 

ith time instant. As a result, Equation (12) can be used to calculate the 
location of antennae instantly. 

xi
l = xi + dib  

xi
r = xi − dib (12)  

where b is a random vector illustrating the beetle’s randomized move-
ment. The vector can be represented as Equation (13) by introducing the 

Table 4 
Detailed information of input and output variables in the UCS aspect.  

Variables Minimum Maximum Mean Std Dev 

Cement (kg/m3) 87 438 259 113 
Water (kg/m3) 487 684 594 52 
Soil (kg/m3) 681 1102 848 118 
Curing age (day) 7 90 28 28 
Slip displacement (mm) 1 20 5 6 
Tp (kPa)  0 5332 216 774  

Fig. 6. Correlation diagrams of influencing factors in mechanical performances 
(a) the UCS (b) the.Tp 
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rand and k, which represent a random function and the dimension, 
respectively. 

b =
rand(k, 1)
‖rand(k, 1)‖

(13) 

The vector indicating beetle position is shown in the following 
equations, where δ denotes the step distance and f(x) means the fitness 
function. In addition, the length of the antennae and the step distance 
may be changed through the following BAS pseudocode, illustrated in 
Fig. 8. 

xi = xi− 1 + δibsign
(
f
(
xi

r

)
− f
(
xi

l

))
(14)  

di = 0.95di− 1 + 0.01 (15)  

δi = 0.95δi− 1 (16)  

3.3. Cross fold validation 

The overfitting issue caused by limited numbers of data is a difficult 

problem that may be resolved by 10-fold cross-validation (CV) shown in 
Fig. 9. All the data is used for ML through CV, giving a fair and 
comprehensive evaluation metric when the database is small. Particu-
larly, the hyperparameters are adjusted on a randomly segmented 
training set (the external training set) that accounts for seventy percent 
of the samples [45]. Afterward, the external training set is divided into 
two parts: a validation set (ten percent of the training set) and an in-
ternal training set (ninety percent of the training set). Since the vali-
dation set is mainly used to compare the performance of established 
models within cross validation, ten percent of the training set is sup-
posed to be appropriate. On the internal training set, the model is 
established with BAS searching for the optimal hyperparameters. After 
training process, the validation set’s root-mean-square error (RMSE) is 
subsequently obtained to evaluate the model’s properties. This proced-
ure is repeated ten times corresponding to 10-fold cross validation. 
Finally, the ML model trained by the training set with prime hyper-
parameters (chosen from the minimum RMSE values) is evaluated for 
the test set (30% of dataset). 

In this research, the root mean square error (RMSE), correlation 
coefficient (R), mean absolute percentage error (MAPE), and mean 

Fig. 7. A support vector regression machine [57]  

Fig. 8. The pseudocode for BAS.  
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absolute error (MAE) employed to assess the ML models’ characteristics 
are defined as: 

RMSE =

̅̅̅̅
1
N

√
∑N

i=1

(
y*

i − yi
)2 (17)  

R =
ΣN

i− 1

(
y*

i − y*
)
(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΣN
i=1(y*

i − y*)
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΣN
i=1(yi − y)2

√ (18)  

MAPE =
1
N
∑n

i=1

⃒
⃒
⃒
⃒
y*

i − yi

yi

⃒
⃒
⃒
⃒ (19)  

MAE =
1
N
∑n

i=1

⃒
⃒y*

i − yi
⃒
⃒ (20) 

where the number of samples in the dataset is denoted by N; the 
predicted output of ML models is denoted by y*

i ; the real output in the 
dataset is denoted by yi; the projected mean value is y*, whereas the true 
mean value in the dataset is y. 

3.4. Multi-objective optimisation 

3.4.1. Objective function establishment 
The established BAS-SVR model is the representing function of UCS 

and Tp. Meanwhile, the polynomial fuction is used as the objective 
function for cost as follows: 

Cost
(
$
/

m3) = CcQc +CwQw +CsQs (21) 

In Equation (21), Qw, Qs, Qc represents the amount (kg/m3) of water, 
soil, and cement, respectively. As for C, it indicates the unit price (kg/ 
m3) of components involving in GTRCS, shown in Table 5. 

3.4.2. Constraints 
The following constraints need to be set for MOO problems, 

including material range, volume, and ratio constraints. The data scope 
comes from the datasets of GTRCS, determining the top and bottom 
limitations of raw materials. The volume constraints illustrate that the 
amount of the cemented soil should control within unit cubic meter like 
Equation (22). 

Vm =
Qc

Uc
+

Qw

Uw
+

Qs

Us
(22)  

where Uc, Uw, and Us are unit weights of cement, water, and soil, 
respectively. 

Besides, to search for optimal GTRCS mixture, the fixed ratios are 
controlled for the correlation establishment of different raw materials. 
Table 6 summarises these constraints. 

3.4.3. MOBAS-SVR establishment 
The MOBAS-SVR is introduced by combining the objective functions 

of UCS, Tp, and cost. The weighted sum function F is shown as follows: 

F =
∑k

k=1
wkfk,

∑k

k=1
wk = 1 (23)  

where fk is the objective function; weights (wk) are calculated as pk
K ; pk is 

the random value (from 0 to 1) with uniform distribution. In this study, 
two bi-objective functions showing the relationship between UCS and 
cost and Tp and cost can be defined as follows: 

F1 = w1∙UCS(90days)+w2∙cost  

F2 = w1∙Tp(90days)+w2∙cost (24)  

∑2

k=1
wk = 1 (25) 

To optimise multi-purpose objectives, the Pareto front is recom-
mended to provide non-dominate solutions, which follows the condition 
that other objectives cannot be improved without deterioration. If Z is 
the group of feasible solutions and x* ∈ Z is one of the Pareto points, x* 

can be recognised that no existence of x ∈ Z could satisfy: 

fk(x) ≤ fk(x*)fork = 1, 2, 3,⋯, tand (26)  

fk(x) < fk(x*)foratleastonek (27) 

If f(x*) is larger than f(x) for every x, Pareto optimal solution x* will 
be achieved. Fig. 10 shows the Pareto front that consist of several Pareto 

Fig. 9. 10-fold cross validation.  

Table 5 
The unit cost of each variable of GTRCS.  

Variables Notation Unit price ($/kg) Unit weight (kg/m3) 

OPC Cc   0.057 3100 
Water Cw   0.001 1000 
Soil Cs   0.014 2650  

Table 6 
The constraints of GTRCS input variables.  

Variables Expressions Lower limit Upper limit 

OPC Cc  87 438 
Water Cw  487 684 
Soil Cs  681 1102 
Water content Cw/Cs  0.5 0.9 
Cement content Cc/(Cw + Cs) 0.06 0.3  
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Fig. 10. Pareto front and feasible points [60]  

Fig. 11. The pseudocode of MOBAS.  
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points. In this study, the MOBAS is proposed based on BAS algorithm by 
the weight sum method with the pseudocode being summed up in 
Fig. 11. 

3.4.4. Decision-making for MOO 
The Pareto front, as shown before, can be used to address MOO 

problems, whereas the ultimate optimal mixing percentage is inade-
quate for decision-making. As a consequence, the Technique for Order 
Preference by Similarity to Ideal Solution (TOPSIS) is proposed in this 
study [61]. It can pick a solution that is closest to the positive ideal point 
(di+) and farthest from the negative ideal point (di− ) simultaneously. The 
di+ and di− are the objective function’s best value and worst value, 
respectively. Consequently, using the following formulas, the solution 
with the greatest Ci is regarded as the best: 

di+ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
Fij − Fideal

j

)2
√

(28)  

di− =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
Fij − Fnon− ideal

j

)2
√

(29)  

Ci =
di−

di+ + di−
(30)  

where n is the total objective number and i represents the ith Pareto 
point; Fideal

j and Fnon− ideal
j are the ideal and non-ideal values of the jth 

objective, respectively. 

3.5. Variable importance measure 

The sensitivity analysis (SA) was used to evaluate the relationship 
between data inputs and outputs. It can compare the influence of vari-
ables on the ML results when the input value changes. The inputs and 
outputs of the dataset must be pre-determined. Afterward, each variable 
can be analysed separately on condition that other variables remain 
unchanged. The SA can be used for both global and local analysis, 
however, locating model uncertainties cannot be achieved through local 
sensitivity analysis. All input variables can be assessed at the same time 
using global sensitivity analysis (GSA). As a consequence, GAS is used to 
rank the significance of numerous factors in this investigation using bar 
charts to demonstrate the significance of variables [62]. The following 

Fig. 12. The ultimate interface bond strength of samples cured at (a) 28 days (b) and 90 days.  
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equations provide a gradient metric for assessing output change as well 
as the relative significance formulation [63]. 

gε =
∑L

j=2

⃒
⃒ŷε,j − ŷ∊,j− 1

⃒
⃒

L − 1
(31)  

Rε = gε

/
∑I

i=1
gi (32)  

where ŷε,j is the sensitivity response for input xε,j at j th level; Rε is the 
relative importance of the variable ε; I is the number of input variables. 

4. Results and discussion 

4.1. Results of laboratory tests 

The results of ultimate interface bond strength on the overall 150 
samples are shown in Fig. 12 summarising the Tp of specimens cured at 
28 days and 90 days, respectively. The increase of cement content would 
improve the bonding strength between cement soil and GFRP with fixed 
water content, which results from more cementitious products. Similar 
to cement, an enhanced pullout strength is achieved at a longer curing 
time. Conversely, the uniform 10% moisture increment in the water 
aspect leads to a general decreasing trend in the ultimate interface 
bonding performance under the same cement content. It can be attrib-
uted to the excess water developing a porous microstructure to impair 
the pullout strength [64-66]. However, when Cw increases from 80% to 
90%, it positively influences the pullout strength, which seems to be in 
contrast with above findings. This is mainly because of an optimised 
water content (corresponding to a specific cement content), which leads 
to a state with the most compacted structure corresponding to the 
instantaneous ultimate strength. Within the range towards the optimised 
water content, the increasing water renders an increasing loose porous 
space which facilitates the growth of ettringite. The growth of strength 
depends essentially on the content of ettringite, which tends to expand 
and compact the structure of the mixture. However, within the range 
beyond the optimized water content, the increasing water could un-
dermine the bond between the ettringite and the soil particles, as well as 
increase the pore water which weaken the bond between soil particles 
induced by the electrical double layer. Therefore, a strength increase 
when increasing water content is reasonable since the optimised water 
content has not been attained. In conclusion, Cc, Cw, and TC dominates 
the performance of GTRCS. 

Figs. 13 and 14 depict the relationship between slip distance and 
interface bond strength for samples with various Cc and Cw at 28 and 90 
curing days, respectively. The typical linear increase before the first 
crest comes from the combined effect of GFRP tendons and cemented 
soil mixtures, representing the elastic stage of the interface bond per-
formance when experiencing initial slip behavior [67-69]. Clearly, 
increasing cement content would enhance the stiffness and bonding 
strength capacity of the whole innovative tendon-soil structure, possibly 
because of rising stabilizing hydration products. As slip continues, the 
interlock within tendon ribs and soil matrix is destroyed, and therefore 
the interface bond strength decline, reaching the first trough point 
where determines the residual strength. From Figs. 13 and 14, most 
curves experience fluctuations after the residual stage, owning the sec-
ond peaking point. This phenomenon is related to the detached cement- 
soil fragments in consecutive ribs that accumulate and climb to the rib 
location, creating an additional slip-resistant plane when slippage pro-
ceeds. It is noteworthy that these strength fluctuations happen on bond- 
slip curves with high cement content, verifying the positive impact of 
cement addition. More detailed analysis of the progressive failure of 
tendon-cemented soil interface was demonstrated in the previous 
research by Chen, et al. (2020) [70]. 

Comparing results in Fig. 13 (a), (b) and (c), Tp shows a dramatic 

drop in the first and second peak points for samples when increasing the 
moisture content. For instance, sample C18W50T28 has a bond strength 
reaching 2015.96 and 763.94 kPa for crests, much higher than 395.29 
and 131.19 kPa on sample C18W70T28. As for the curve of C18W90T28, 
the first crest owns 275.21 kPa while the second peak disappears. The 
possible explanation is the excess water causes pore pressures and 
weakens the structure, destroying the bonding performance. Unlike the 
negative influence of excess water, curing time Tc corresponds positively 
to the interface bonding relationship. Besides, 90-day samples exhibit 
greater peak strength values and extended slip elastic ranges than 28- 
day samples, which benefit from a prolonged cure period. It possibly 
comes from the sufficient hydration process producing adequate stabi-
lizing products. In conclusion, both cement content and curing time are 

Fig. 13. The bond-slip curves specimens (28 day) with increasing Cc and (a) 
Cw: 50% (b) Cw: 70% (c) Cw: 90% 
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positively related to the GTRCS interface adhesion strength, converse to 
the water content in this study. 

Regarding unconfined compressive strength, Fig. 15 illustrates the 
UCS of specimens that were prepared by combinations of different water 
and cement ratios and cured at two periods. With cement addition ris-
ing, the compressive strength witnesses a sharp improvement initially 
before the slow enhancement, like the ultimate interface bond strength. 
It also exhibits a similar decreasing trend as that of bonding performance 
when excess water was gradually introduced. Besides, extended curing 
time would result in better compression capacities of cement-soil sam-
ples by comparing Fig. 15(a) and (b). The mechanisms for the positive 
impacts of cement and curing time and the negative consequence of 
excess water on UCS are analogous to those for the pullout strength. 

4.2. Modelling results 

4.2.1. Results of hyperparameter tuning 
Fig. 16 (a) indicates that the optimum hyperparameters should be 

chosen from the 1st fold among 10 cross-validations to run the SVR 
model based on the UCS dataset. This was attributed to the minimum 
RMSE value of fold 1. Fig. 17 (a) illustrates how the RMSE of the se-
lection fold converges as iteration proceeds. The RMSE value of this fold 
declined dramatically initially, indicating the outstanding performance 
of BAS-SVR. The least figure was reached at the 46th iterations, and 
optimal hyperparameters were obtained with C = 480343.30 and γ =

1.68 for UCS prediction. A similar procedure applied for the Tp dataset. 
The selection fold was the 7th fold with the minimum RMSE, and iter-
ation converged at the 35th times from Fig. 16 (b) and 16 (b). The 
corresponding hyperparameters of the BAS model for pullout strength 
estimation were C = 256312.13 and γ = 11.18. 

4.2.2. Performance of BAS-SVR 
Fig. 18 compares predicted mechanical values from adjusted BAS- 

SVR models and actual data for both sets, including the training and 
test set. The most clustering of test result points around the prediction 
line verified the reliability of the BAS-SVR model in predicting UCS. The 
correlation coefficients (R) for the training and test set were 0.9953 and 
0.9879, as shown in Fig. 18 (a), which also proved the excellent per-
formance of the tunned model. Comparing with the UCS estimation 
figure, it is noteworthy that more outlier points appeared in Tp 
predicted-actual graph away from the fitting line gathering the majority 
of experimental results. The possible reason is that Tp possessed rela-
tively larger noise than UCS, which might be derived from the larger 
experimental errors since only one sample was conducted in the pullout 
test whereas three parallel samples were conducted in the UCS test. 
Besides, the limited dataset (especially when Tp value smaller than 10 
kPa) will also be the influencing factor, causing larger scatter of the ratio 
of predicted Tp to actual Tp and even negative prediction values when 
actual Tp close to zero. However, this was supposed to be acceptable in 
the pullout strength simulation. From Fig. 18 (b), the corresponding 
correlation values were 0.987 and 0.972 for training as well as test sets, 
respectively, indicating the high accuracy of the BAS-SVR model. Close 
R values in both figures showed that no overfitting problems existed, 
indicating the effectiveness of cross validation. Apart from the R value, 
Table 7 summarises other evaluation indices of the BAS-SVR model 
performance for strength aspects, including RMSE, MAE, and MAPE. 

4.2.3. GTRCS mixture optimisation 
By using the MOBAS-SVR, the possible solutions can be found to 

minimize the objective function (maximise the Tp or UCS and simulta-
neously minimise the cost). The 20 non-dominated solutions for UCS- 
cost are obtained within the restrictions based on the dataset, as pre-
sented in Fig. 19. The widely distributed Pareto points can be observed 
in this figure with reasonable ranges of cost and UCS, illustrating the 
effectiveness of MOBAS-SVR in solving the bi-objective optimisation 
problem. The UCS is in positive relationship with cost. In Fig. 19, the 
minimum UCS and maximum UCS are 1158 and 9807 kPa, respectively, 
corresponding to the lowest (15.33 $/m3) and highest cost (44.28 $/m3) 
of GTRCS. Therefore, the balance between UCS and budget must be 
judged by the decision-maker. As mentioned before, the most suitable 
design solution can be automatically obtained through the TOPSIS 
approach. The point with the value of TOPSIS 1 shows the 9307 kPa UCS 
and 39.80 $/m3 cost. The corresponding cement and water content is 
32.23% and 53.90%, respectively. 

Regarding the bi-objective optimisation between cost and Tp, Fig. 20 
presents the Pareto fronts for GTRCS. Besides, the influence of slip dis-
tance must be taken into account since it significantly affects the pullout 
strength as analysed before. Therefore, the relationships between cost 
and Tp under varying limitations of slip distance (5, 10, 15, 20 mm) are 

Fig. 14. The bond-slip curves specimens (90 days) with increasing Cc and (a) 
Cw: 50% (b) Cw: 70% (c) Cw: 90% 
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investigated through the MOBAS-SVR program. In total, five Pareto 
fronts based on the slip distance limitation are developed showing the 
similar relationship between cost and Tp. Specifically, the pullout 
strength can only be improved by increasing the cost of GTRCS. The 

pullout strength gradually decreases with the increase of slip distance 
except for the situation of 15 mm slip distance. This phenomenon agrees 
well with the laboratory tests results. Five points with the highest 
TOPSIS value corresponding to varying situations of slip distance are 
presented in Fig. 20. The corresponding mixture proportions of these 

Fig. 15. The results for samples with various water and cement content under two cure periods (a) 28-day (b) 90-day.  

Fig. 16. RMSE of 10-fold CV for on the (a) UCS and (b) Tp dataset.  
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designs are summarised in Table 8. In general, decision-makers should 
achieve the balance between the budget and desired mechanical per-
formance. Otherwise, it is optimal to have the ideal solution with the 
highest TOPSIS. 

4.2.4. Variable significance 
The ranking importance of input variables for UCS and Tp of GTRCS 

is depicted in Fig. 21. For influential factors on the UCS, Cc owned the 
most significant value at 0.4736, which indicated its greater weight than 
the other two variables. Then followed by Cw with 0.3879, it was around 
2.8 times higher than that of Tc (0.1386). A similar trend was observed 
in the Tp aspect, where Cc was 0.292, slightly higher than that of Cw 

(0.2777) and Sp (0.2615) in importance ratio. As for Tc, it influenced less 
around 0.1615 among these factors. This is mainly attributed to the less 
effect of curing time than cement/water ratio on strength at late stage (e. 
g., 90 days), which can be found on the strength evolution curve. In 
conclusion, Cc governed the mechanical strengths of GFRCS while Tc 
behaved inferior. Besides, Sp was also essential in the pullout behavior of 
GTRCS. 

5. Conclusions 

In this study, the compressive test and pullout test were conducted to 
investigate UCS and the interface bond strength between the cemented 
soil and GFRP tendons. Based on the laboratory tests results, the Pareto 
fronts for UCS-cost and Tp-cost were successfully achieved through 
proposing MOBAS-SVR. The main conclusions were depicted as follows. 

Fig. 17. RMSE iteration in the optimal fold of (a) UCS and (b)Tp  

Fig. 18. Actual versus predicted values for (a) UCS (b) and.Tp  

Table 7 
Evaluation index of UCS and Tp modelling.  

Test Evaluation index 
RMSE R MAE MAPE 

UCS (kPa)  313.039  0.988  170.901  0.145 
Tp (kPa)   167.130  0.972  68.019  0.762 s  

Fig. 19. Pareto fronts of cost and UCS for GTRCS.  
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• The Tp and UCS were both positively related to the cement content 
and curing ages. However, the excessive water negatively affected 
the mechanical performance of GTRCS mainly due to the porous 
structure generalisation.  

• The increased elastic phase and residual pullout strength can be 
observed on specimens with high cement to water ratio (high cement 
content or low water content) owing to improved robustness of 
GTRCS to withstand detachment of soil matrix.  

• The BAS-SVR models were successfully established on both UCS and 
Tp datasets with high values of correlation coefficients (UCS: 0.988, 
Tp: 0.972) and low RMSE values (UCS: 313 kPa, Tp: 167 kPa). 
However, the proposed models have its specificity on the laboratory 

Fig. 20. Pareto fronts of cost and Tp for GTRCS.  

Table 8 
Mixture proportions of Pareto solutions of GTRCS.  

Cc Cw Sp (mm) Tp (kPa)  Cost ($/m3) TPOSIS  

27.30%  59.70% 3.298  4122.23  35.38 1  
28.59%  51.80% 5  4443.40  42.15 1  
29.35%  55.70% 10  1320.82  41.54 1  
25.51%  52.50% 15  1322.76  39.72 1  
26.73%  60.10% 20  428.99  38.50 1  

Fig. 21. The relative importance of each variable on UCS and Tp of GTRCS mixture optimisation.  
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data. The models must be revised according to the field data owing to 
the inevitable difference between the laboratory and field test 
results.  

• The Pareto fronts for bi-objective optimisation (UCS-cost and 
Tp-cost) based on MOBAS-SVR were successfully obtained, providing 
feasible design solutions for decision-makers. Apart from the specific 
requirements, the solution with the highest TOPSIS is preferable. 

• From sensitivity analysis, the cement content was the most signifi-
cant influencing factor for both UCS and Tp, followed by water 
content. The curing time was of the least significance. 

It is noted that only one type of cement and GFRP tendon are used in 
this study, inevitably affecting the generalisation performance of 
established models. The models are recommended to be adjusted by 
enlarging the database if the difference of the cement (or tendon) be-
tween others and the used one is significant. In the future, more possible 
influencing factors need to be investigated such as the tendon type, soil 
components, etc. Besides, the experimental investigation of the impact 
of bond length of GFRP tendon on the averaged bond strength is in 
progress. It is reported that the bond length-diameter ratio ranging from 
5 to 8 is required to induce approximately uniform bond stress distri-
bution along bond length (the requisite for element pullout test) for 
rockbolts [71,72]. 
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Appendix  

Specimen Cc Cw Tc 
(day) 

UCS 
(kPa) 

Sp (mm)-Tp (kPa) 
0.5 1 1.5 2 2.5 3 3.5 5 7 9 11 13 15 17 20 

C06W50T07  0.06  0.50 7  186.43  46.24  53.50  51.08  48.12  45.17  42.48  38.71  28.50  18.28  11.02  11.83  11.56  9.68  8.60  6.18 
C06W50T14  0.06  0.50 14  182.38  37.37  52.69  52.42  51.35  50.27  48.66  46.24  38.44  27.42  23.93  23.12  23.12  22.58  19.89  18.55 
C06W50T28  0.06  0.50 28  219.86  68.95  70.31  67.59  65.68  62.95  59.96  56.14  38.43  23.16  14.72  10.63  11.45  9.81  7.36  5.72 
C06W50T42  0.06  0.50 42  304.08  62.24  71.34  72.19  69.35  66.50  63.95  59.97  49.45  38.65  32.12  32.40  31.26  27.28  23.87  19.89 
C06W50T60  0.06  0.50 60  337.41  73.21  78.52  79.05  78.52  76.66  74.01  71.62  62.34  45.36  36.08  35.01  35.54  34.22   
C06W50T90  0.06  0.50 90  358.50  82.14  91.23  91.80  91.23  89.24  86.11  81.85  68.78  54.57  42.63  40.93  41.21  40.93  37.23  33.25 
C06W60T07  0.06  0.60 7  43.51  11.33  14.37  15.47  15.20  14.92  14.64  13.82  11.61  8.57  8.29  7.18  6.63  3.87  3.59  3.32 
C06W60T14  0.06  0.60 14  54.54  2.56  3.41  4.55  5.97  6.25  7.11  7.39  6.82  4.83  3.41  3.98  3.69  3.41  2.84  2.56 
C06W60T28  0.06  0.60 28  68.76  4.70  9.12  11.88  12.99  13.54  13.54  12.71  9.12  6.08  6.08  6.36  7.18  6.36  4.70  4.70 
C06W60T42  0.06  0.60 42  108.82  41.34  49.09  46.51  43.92  43.92  43.92  41.34  33.59  23.25  20.67  20.67  20.67  18.09  12.92  10.33 
C06W60T60  0.06  0.60 60  150.14  35.31  47.07  49.04  49.32  48.19  46.79  45.11  36.99  26.90  21.86  22.70  21.02  18.21  15.69  12.61 
C06W60T90  0.06  0.60 90  268.37  43.88  45.51  45.51  45.78  45.24  44.42  42.79  37.34  30.52  24.53  24.25  23.16  20.71  17.71  13.90 
C06W70T07  0.06  0.70 7  54.29  3.80  6.73  7.02  7.02  6.73  6.44  6.14  4.39  3.51  2.93  2.93  2.93  2.63  2.34  2.34 
C06W70T14  0.06  0.70 14  70.80  7.21  9.70  9.95  9.70  8.95  8.46  7.71  4.23  2.49  3.73  2.98  3.23  2.74  1.99  2.49 
C06W70T28  0.06  0.70 28  83.40  5.27  9.07  9.95  9.36  8.19  7.31  6.14  4.10  2.63  2.63  2.93  2.93  2.34  1.76  2.05 
C06W70T42  0.06  0.70 42  130.82  16.58  27.35  30.12  30.95  30.39  29.29  28.46  25.14  17.96  14.09  9.39  12.16  11.61  9.67  7.46 
C06W70T60  0.06  0.70 60  140.35  26.72  32.37  34.15  34.44  33.55  33.26  32.66  28.21  20.49  15.14  14.85  17.22  18.11  14.85  10.99 
C06W70T90  0.06  0.70 90  169.46  29.22  44.76  46.63  44.76  43.21  41.96  40.72  36.68  27.35  19.89  19.27  21.14  20.52  18.03  13.68 
C06W80T07  0.06  0.80 7  41.88  8.78  9.95  10.24  10.53  10.53  9.95  9.36  7.31  5.27  4.39  5.27  5.27  4.97  3.51  3.22 
C06W80T14  0.06  0.80 14  52.65  1.36  1.64  2.18  2.73  3.00  3.00  3.00  2.73  2.18  1.36  1.36  1.64  1.64  1.36  1.36 
C06W80T28  0.06  0.80 28  58.45  3.17  3.46  4.04  4.32  4.04  4.32  4.32  3.75  2.59  2.31  1.73  2.02  1.44  1.73  1.15 
C06W80T42  0.06  0.80 42  61.46  10.76  12.07  12.39  11.41  10.11  9.13  8.15  5.87  4.89  2.94  3.26  2.28  1.96  1.63  0.98 
C06W80T60  0.06  0.80 60  73.91  14.53  15.79  15.47  13.26  12.32  11.68  10.74  8.84  5.68  4.74  5.05  4.11  4.42  3.79  3.47 
C06W80T90  0.06  0.80 90  86.26  8.31  12.77  13.36  13.06  12.47  11.88  11.88  9.50  5.94  5.05  5.05  5.05  4.45  3.86  3.56 
C06W90T07  0.06  0.90 7  31.18  2.59  3.17  3.46  3.17  2.88  2.59  2.31  1.73  1.44  1.15  0.86  0.58  0.29  0.29  0.29 
C06W90T14  0.06  0.90 14  52.87  28.18  26.80  24.87  23.21  21.28  19.89  17.96  16.03  14.64  10.78  11.88  11.33  9.95  10.22  8.57 
C06W90T28  0.06  0.90 28  62.24  15.58  27.52  24.20  22.22  20.56  19.23  17.57  13.93  10.28  8.29  6.96  5.64  5.64  4.64  4.97 
C06W90T42  0.06  0.90 42  120.39  21.42  28.77  26.32  22.65  19.89  17.14  15.00  8.88  5.20  4.90  6.12  5.82  4.90  3.67  4.90 
C06W90T60  0.06  0.90 60  122.31  40.94  56.80  53.92  51.61  49.30  47.57  44.69  34.89  30.56  25.08  23.07  23.35  19.89  18.16  15.86 
C06W90T90  0.06  0.90 90  136.26  24.58  34.82  40.08  41.54  41.54  40.37  38.03  28.67  18.14  14.34  15.80  16.38  13.46  8.78  8.48 
C12W50T07  0.12  0.50 7  933.88  195.99  354.33  376.92  375.57  365.09  343.85  321.54  244.38  166.68  108.07  98.13  100.28  96.78  79.04  54.84 
C12W50T14  0.12  0.50 14  1209.18  91.80  236.17  389.08  461.27  457.85  450.75  443.64  375.44  231.63  143.81  148.36  160.86  157.17  111.12  77.87 
C12W50T28  0.12  0.50 28  1468.98  377.71  646.00  623.83  622.41  610.19  589.44  562.73  437.68  282.50  227.93  263.46  286.48  262.89  204.34  175.64 
C12W50T42  0.12  0.50 42  1692.52  426.31  755.99  738.93  721.88  704.83  670.72  628.09  485.99  338.20  264.31  289.89  309.78  264.31  207.47  170.52 
C12W50T60  0.12  0.50 60  1868.03  186.85  436.87  546.56  583.93  582.58  508.11  487.95  411.06  297.07  191.95  181.47  189.53  197.06  182.54  116.95 
C12W50T90  0.12  0.50 90  2003.61  364.73  721.17  870.38  886.96  881.43  853.80  809.59  649.33  489.07  395.12  400.65  408.94  384.07  331.57  298.42 
C12W60T07  0.12  0.60 7  623.95  200.10  259.49  264.10  262.38  257.47  248.54  238.16  190.58  127.44  83.04  81.60  91.11  92.84  74.96  60.55 
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Specimen Cc Cw Tc 
(day) 

UCS 
(kPa) 

Sp (mm)-Tp (kPa) 
0.5 1 1.5 2 2.5 3 3.5 5 7 9 11 13 15 17 20 

C12W60T14  0.12  0.60 14  835.46  143.18  270.12  274.60  272.36  272.64  267.59  257.51  217.44  149.63  87.14  77.62  87.14  93.31  79.02  44.27 
C12W60T28  0.12  0.60 28  967.62  233.48  308.64  311.95  313.34  302.84  272.44  246.47  164.68  90.08  73.22  100.02  110.52  91.46  57.20  58.58 
C12W60T42  0.12  0.60 42  933.33  108.31  256.97  326.05  319.97  303.94  303.94  268.57  208.34  138.16  103.06  114.39  119.64  106.93  83.72  73.22 
C12W60T60  0.12  0.60 60  934.00  255.78  494.52  500.20  491.68  454.73  426.31  400.73  321.15  269.99  176.21  196.10  204.63  187.58  150.63  130.73 
C12W60T90  0.12  0.60 90  1055.10  150.01  329.60  382.29  382.03  375.84  369.12  358.91  296.00  190.07  89.26  74.47  95.44  112.65  96.78  54.31 
C12W70T07  0.12  0.70 7  354.08  38.87  62.13  75.90  76.52  72.23  66.72  58.15  36.42  26.32  28.46  32.44  32.14  23.87  20.20  21.73 
C12W70T14  0.12  0.70 14  535.05  44.99  64.27  79.58  75.90  72.23  63.66  56.01  31.22  11.94  14.08  16.83  19.89  13.47  6.12  9.18 
C12W70T28  0.12  0.70 28  577.55  52.95  83.67  98.89  104.45  105.03  98.89  90.99  61.44  31.01  15.80  19.89  22.82  19.60  10.53  11.41 
C12W70T42  0.12  0.70 42  644.56  156.63  236.21  222.20  216.04  211.55  207.91  201.47  167.00  116.84  77.62  71.17  74.81  77.34  63.89  51.56 
C12W70T60  0.12  0.70 60  668.03  265.45  269.71  273.12  272.55  272.27  268.86  262.32  226.51  160.01  90.66  79.29  100.04  111.69  99.19  61.39 
C12W70T90  0.12  0.70 90  816.46  247.38  270.16  276.79  273.91  267.56  262.09  256.61  224.32  159.44  99.18  99.18  121.67  127.44  114.75  91.11 
C12W80T07  0.12  0.80 7  209.93  20.47  23.64  27.68  29.41  29.70  27.68  23.64  9.80  5.48  4.90  6.63  6.63  3.46  2.02  2.88 
C12W80T14  0.12  0.80 14  376.05  31.57  38.73  40.32  39.52  36.61  32.36  28.91  18.57  9.81  10.88  14.59  16.18  11.41  7.16  11.14 
C12W80T28  0.12  0.80 28  384.45  31.26  47.46  47.46  46.04  44.34  42.35  39.22  23.87  8.53  7.39  11.65  15.35  12.51  5.68  7.11 
C12W80T42  0.12  0.80 42  421.43  129.80  116.10  109.91  105.34  101.10  97.52  94.25  79.58  51.20  38.16  30.66  32.61  30.33  22.18  15.33 
C12W80T60  0.12  0.80 60  432.93  40.38  98.28  126.20  120.55  112.24  104.52  97.69  75.12  56.12  37.41  32.66  33.55  29.99  25.83  20.79 
C12W80T90  0.12  0.80 90  477.01  144.09  134.14  128.46  121.07  116.81  112.26  106.29  87.82  63.95  43.77  36.95  32.40  28.70  28.99  24.16 
C12W90T07  0.12  0.90 7  161.77  9.44  23.21  31.37  32.39  31.63  29.59  27.04  18.11  14.03  14.54  17.34  15.81  11.22  8.93  9.95 
C12W90T14  0.12  0.90 14  260.76  86.84  74.52  66.31  60.31  53.68  47.37  43.26  33.47  26.84  17.37  17.05  12.63  15.47  13.89  13.26 
C12W90T28  0.12  0.90 28  324.08  88.57  82.85  83.67  87.48  96.47  106.28  108.47  84.76  66.77  47.42  32.98  23.44  25.62  23.16  20.17 
C12W90T42  0.12  0.90 42  410.78  65.37  76.17  108.57  144.66  168.82  169.67  162.85  125.05  66.79  26.43  29.56  38.65  32.12  24.73  19.04 
C12W90T60  0.12  0.90 60  429.24  82.34  98.09  135.39  167.44  170.48  168.83  157.22  103.06  46.70  17.68  25.70  31.78  27.35  21.28  11.33 
C12W90T90  0.12  0.90 90  469.25  101.23  118.61  125.66  125.41  118.36  108.03  97.71  64.72  33.74  28.96  39.54  43.06  32.74  20.65  20.90 
C18W50T07  0.18  0.50 7  2469.45  459.48  649.16  674.23  683.22  674.77  636.07  569.03  388.35  234.37  206.85  227.83  226.20  181.50  135.72  129.45 
C18W50T14  0.18  0.50 14  2580.66  817.58  1381.70  1482.54  1501.62  1482.54  1436.21  1359.90  1060.12  596.83  463.29  547.78  588.66  501.45  337.93  280.70 
C18W50T28  0.18  0.50 28  3431.97  610.09  1305.07  1803.76  1976.17  2015.96  2005.35  1912.51  1498.71  901.88  607.44  708.24  763.94  705.59  578.26  480.12 
C18W50T42  0.18  0.50 42  4075.51  997.41  1887.28  2056.65  2123.86  2118.48  2053.96  1951.80  1411.42  825.35  521.56  688.24  774.27  674.80  513.49  424.77 
C18W50T60  0.18  0.50 60  4432.27  806.68  1626.98  2093.00  2133.88  2147.50  2122.97  2035.77  1547.95  970.19  610.46  730.37  817.58  768.52  618.63  476.92 
C18W50T90  0.18  0.50 90  4931.29  1293.13  2177.63  2317.43  2344.31  2309.36  2234.08  2088.91  1513.59  908.69  604.90  731.25  825.35  750.07  610.27  475.85 
C18W60T07  0.18  0.60 7  1546.43  470.74  495.96  495.96  487.55  473.54  451.13  425.91  358.66  308.22  302.62  288.61  280.20  252.18  235.37  221.36 
C18W60T14  0.18  0.60 14  2085.78  385.69  640.60  652.00  633.70  608.50  579.06  542.72  391.79  214.33  171.62  209.55  226.80  189.66  122.02  106.10 
C18W60T28  0.18  0.60 28  2291.43  739.73  1165.64  1140.42  1109.60  1056.36  997.52  935.88  689.30  403.49  299.82  358.66  361.46  319.43  252.18  218.56 
C18W60T42  0.18  0.60 42  2548.09  1022.35  1558.39  1646.81  1613.65  1608.13  1569.44  1514.18  1199.19  734.99  356.44  323.28  431.04  461.44  364.73  140.92 
C18W60T60  0.18  0.60 60  2878.23  843.52  1469.53  1530.54  1488.10  1429.74  1342.21  1246.71  923.10  557.04  435.02  551.74  562.35  485.42  371.36  331.57 
C18W60T90  0.18  0.60 90  3098.16  1040.19  1614.29  1659.76  1642.71  1617.13  1531.87  1435.24  1040.19  417.78  386.52  525.78  596.83  517.25  355.26  312.63 
C18W70T07  0.18  0.70 7  898.78  184.23  277.16  293.51  285.33  276.61  267.62  255.63  201.12  120.18  55.87  53.96  76.03  79.03  62.95  26.16 
C18W70T14  0.18  0.70 14  1157.21  206.55  291.39  327.38  346.10  345.23  327.96  301.34  192.51  98.59  96.55  134.29  143.36  98.89  53.83  64.95 
C18W70T28  0.18  0.70 28  1243.20  217.11  360.12  393.56  395.29  374.24  345.99  312.26  207.88  106.39  103.80  131.19  127.73  89.67  59.68  83.61 
C18W70T42  0.18  0.70 42  1506.12  258.34  442.51  484.57  489.69  472.63  433.13  395.05  250.10  103.17  98.90  162.85  180.19  131.59  65.37  87.54 
C18W70T60  0.18  0.70 60  1802.99  137.27  293.02  466.95  521.23  528.91  514.13  486.56  343.89  144.66  117.66  186.72  214.01  173.37  96.06  93.50 
C18W70T90  0.18  0.70 90  1983.95  231.17  496.80  575.26  596.83  589.83  547.80  488.95  276.56  104.80  95.83  144.58  154.95  102.83  55.48  63.61 
C18W80T07  0.18  0.80 7  505.65  34.10  62.24  67.64  66.50  62.81  56.84  51.44  32.12  19.04  20.46  27.28  25.01  17.34  12.22  19.04 
C18W80T14  0.18  0.80 14  744.76  132.05  168.38  176.45  170.69  160.60  149.64  138.68  105.81  69.49  32.87  27.68  29.99  28.83  27.10  14.99 
C18W80T28  0.18  0.80 28  776.53  76.91  116.10  136.89  142.82  142.23  134.21  123.52  72.75  26.13  29.40  41.87  46.62  31.18  16.63  19.30 
C18W80T42  0.18  0.80 42  936.05  172.42  283.49  298.42  303.06  306.70  304.38  296.76  253.98  178.05  114.06  113.73  128.98  126.66  112.40  91.85 
C18W80T60  0.18  0.80 60  1039.52  320.84  299.68  296.52  287.36  279.78  265.26  253.26  197.05  142.10  110.21  103.89  98.52  93.16  85.58  65.05 
C18W80T90  0.18  0.80 90  1142.72  290.92  309.95  290.92  284.00  284.00  269.87  258.05  221.72  153.39  110.14  97.45  91.98  92.84  73.23  61.41 
C18W90T07  0.18  0.90 7  421.02  67.75  147.06  183.89  165.88  155.12  147.86  142.49  126.62  101.89  62.64  48.39  48.66  50.27  47.85  38.44 
C18W90T14  0.18  0.90 14  586.75  231.53  192.77  180.42  171.50  167.73  160.18  152.29  127.94  101.53  80.26  78.89  82.66  83.01  81.64  67.23 
C18W90T28  0.18  0.90 28  763.88  275.21  220.83  204.25  191.32  180.04  167.44  162.80  135.61  100.80  78.58  55.04  47.08  46.09  41.45  32.83 
C18W90T42  0.18  0.90 42  863.06  137.56  248.40  305.80  326.27  310.35  292.16  269.14  191.84  102.31  59.40  74.75  80.43  73.04  41.78  30.41 
C18W90T60  0.18  0.90 60  969.22  117.97  194.18  262.83  297.01  303.74  287.49  272.64  162.80  73.13  48.76  70.33  77.06  59.40  35.31  29.70 
C18W90T90  0.18  0.90 90  1083.40  125.51  195.43  271.21  315.68  335.28  332.35  319.48  261.26  98.01  82.21  118.49  131.65  122.58  87.18  48.86 
C24W50T07  0.24  0.50 7  4176.33  853.01  1700.56  1760.52  1735.99  1670.58  1599.73  1466.19  1046.50  645.89  564.13  664.96  703.12  610.46  479.65  427.87 
C24W50T14  0.24  0.50 14  4666.67  814.59  1707.15  2317.43  2277.10  2158.81  2083.53  1970.62  1537.78  981.28  731.25  822.66  865.67  836.10  680.17  623.72 
C24W50T28  0.24  0.50 28  4770.39  679.72  1898.25  2434.30  2652.58  1185.37  1141.16  1121.82  944.98  414.47  268.02  392.36  538.81  444.86  229.34  201.71 
C24W50T42  0.24  0.50 42  5817.69  908.00  3083.63  3466.21  1349.25  1517.58  1678.27  1747.13  1706.32  976.86  308.62  517.76  905.45  925.85  642.74  278.01 
C24W50T60  0.24  0.50 60  5979.59  664.04  1922.23  2513.68  2664.23  2771.77  2734.13  2594.33  1992.13  1113.01  588.77  795.77  967.83  908.69  677.48  440.90 
C24W50T90  0.24  0.50 90  6197.96  540.79  1832.52  2639.51  3227.93  3530.55  3460.50  3314.79  2443.36  1297.34  708.91  986.31  1227.29  1095.59  829.40  616.45 
C24W60T07  0.24  0.60 7  2585.33  1045.15  1165.64  1148.83  1123.61  1098.39  1070.37  1019.94  818.19  602.44  574.41  549.20  568.81  532.38  386.68  372.67 
C24W60T14  0.24  0.60 14  3297.28  1026.13  1518.25  1633.43  1628.20  1581.08  1473.75  1355.96  900.48  429.30  376.95  502.59  557.57  416.21  253.91  280.09 
C24W60T28  0.24  0.60 28  3708.16  357.56  1037.73  1820.07  2099.66  2037.83  1879.21  1793.18  1457.13  809.22  491.98  631.78  723.19  701.68  551.13  491.98 
C24W60T42  0.24  0.60 42  4948.98  659.36  1818.91  2304.90  2543.64  2626.06  2586.27  2503.85  1975.23  1105.56  593.99  804.30  1020.30  954.93  707.67  460.41 
C24W60T60  0.24  0.60 60  5272.79  891.16  2300.12  2608.07  2831.54  2883.32  2777.04  2567.19  1978.54        
C24W60T90  0.24  0.60 90  5212.24  615.65  1661.45  2341.62  2672.30  2852.42  2825.54  2720.69  2191.07  1220.55  626.40  838.79  1024.29  975.90  763.51  610.27 
C24W70T07  0.24  0.70 7  1654.22  324.75  468.10  494.43  491.51  485.66  462.25  424.22  310.12  198.94  193.09  239.90  234.05  190.17  140.43  160.91 
C24W70T14  0.24  0.70 14  2319.09  350.25  577.22  711.71  753.74  731.33  700.51  636.06  437.12  215.76  187.74  268.99  288.61  224.16  126.09  140.10 
C24W70T28  0.24  0.70 28  2383.27  323.65  581.98  810.62  917.52  956.12  959.09  914.55  677.00  341.47  279.12  344.44  377.10  329.59  231.61  222.70 
C24W70T42  0.24  0.70 42  2837.41  792.85  1380.90  1462.82  1480.38  1454.04  1410.16  1369.20  1170.26  772.37  427.14  456.40  535.39  558.80  468.10  365.71 
C24W70T60  0.24  0.70 60  3353.06  669.97  1228.77  1515.48  1571.07  1550.59  1465.75  1339.94  789.92  283.79  301.34  535.39  558.80  359.85  178.46  275.01 
C24W70T90  0.24  0.70 90  3478.23  648.73  1035.08  1487.75  1585.78  1603.08  1496.40  1363.77  879.39  331.57  250.84  420.95  553.58  420.95  219.13  242.19 
C24W80T07  0.24  0.80 7  822.31  44.11  119.94  167.52  187.99  191.74  182.22  160.31  89.96  47.00  56.80  76.41  81.31  53.34  31.43  45.56 
C24W80T14  0.24  0.80 14  1228.30  185.59  207.75  212.59  212.02  207.19  199.51  190.70  161.71  126.47  97.48  93.50  88.96  79.29  70.20  55.99 
C24W80T28  0.24  0.80 28  1309.97  307.90  321.06  323.21  322.59  313.72  305.76  293.21  240.87  170.17  116.61  111.10  126.71  117.22  98.55  75.90 
C24W80T42  0.24  0.80 42  1983.67  298.42  653.84  676.71  678.78  681.75  671.06  652.36  562.39  393.73  203.99  177.56  216.17  229.53  199.54  119.07 
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Specimen Cc Cw Tc 
(day) 

UCS 
(kPa) 

Sp (mm)-Tp (kPa) 
0.5 1 1.5 2 2.5 3 3.5 5 7 9 11 13 15 17 20 

C24W80T60  0.24  0.80 60  2425.65  678.75  833.81  845.51  851.36  851.36  839.66  816.25  731.41  511.99  289.64  245.75  260.38  289.64  251.61  160.91 
C24W80T90  0.24  0.80 90  2448.98  1055.93  1156.93  1184.48  1172.24  1141.63  1101.84  1052.87  853.93  501.95  214.25  260.16  345.86  361.16  269.34  168.34 
C24W90T07  0.24  0.90 7  781.36  82.42  107.48  150.37  177.76  188.87  190.68  174.40  106.71  52.45  52.71  80.61  93.53  61.23  35.65  53.48 
C24W90T14  0.24  0.90 14  1059.83  159.15  336.78  283.07  271.13  262.32  256.35  248.11  209.74  155.74  100.61  88.10  82.42  74.75  70.48  51.73 
C24W90T28  0.24  0.90 28  1305.10  251.50  392.25  349.78  337.02  322.47  305.54  290.10  211.71  148.47  95.31  74.83  70.67  61.17  52.56  32.37 
C24W90T42  0.24  0.90 42  1607.55  333.31  473.49  507.15  518.48  497.67  479.61  459.71  369.73  203.53  110.49  139.87  162.52  167.42  141.40  127.63 
C24W90T60  0.24  0.90 60  1734.35  229.34  323.28  444.86  524.99  569.20  569.20  524.99  350.91  132.63  91.18  165.79  190.65  168.55  80.13  77.37 
C24W90T90  0.24  0.90 90  1891.84  456.68  547.84  579.02  595.35  592.38  578.72  560.31  472.71  347.41  150.25  115.51  155.29  177.56  160.05  59.68 
C30W50T07  0.30  0.50 7  4715.90  673.27  1367.74  1634.74  1758.03  1803.06  1788.66  1739.45  1391.30  895.25  620.65  657.82  733.74  673.53  570.39  438.98 
C30W50T14  0.30  0.50 14  6657.82  863.02  1882.96  2591.87  2989.76  2967.34  2802.02  2247.22  585.62  439.92  297.01  353.05  437.12  448.32  316.63  271.80 
C30W50T28  0.30 0.50 28  7695.24  2035.14  3454.63  3879.40  3831.01  951.70  992.03  1008.16  849.54  290.35  220.45  371.00  551.13  424.77  190.88  204.32 
C30W50T42  0.30  0.50 42  7916.33  1802.20  2817.39  3744.82  4169.04  4300.69  4286.07  4069.57  3054.37  1796.34  933.28  1161.48  1521.33  1369.20  1123.45  687.53 
C30W50T60  0.30  0.50 60  9260.82  1049.98  1867.86  2738.24  3650.06  4105.98  4329.79  4277.29  3216.26  1630.23  986.43  1279.32  1602.60  1508.66  1096.95  898.01 
C30W50T90  0.30  0.50 90  10255.10  722.92  2577.86  3981.68  4659.77  5197.75  5273.41  5332.25  4514.06  2667.53  1473.86  1807.31  2202.39  2059.49  1611.16  1109.60 
C30W60T07  0.30  0.60 7  4104.90  1520.50  1591.55  1611.44  1585.87  1546.08  1546.08  1423.87  1159.56  881.04  761.67  767.35  773.04  687.78  622.41  588.30 
C30W60T14  0.30  0.60 14  5389.29  681.31  1558.85  2090.27  2221.08  2172.03  2114.80  2008.51  1376.25  656.79  517.80  673.14  741.27  577.75  386.99  365.18 
C30W60T28  0.30  0.60 28  5980.95  1530.76  2550.35  2995.21  3188.63  3207.97  3116.78  2876.39  2025.36  1049.98  801.30  1005.77  1083.14  978.14  754.33  679.72 
C30W60T42  0.30  0.60 42  7687.07  1166.78  3360.54  4169.75  4309.55  4167.06  3933.17  3648.20  2795.97  1836.20  1250.12  1419.49  1481.32  1360.34  1139.89  986.65 
C30W60T60  0.30  0.60 60  7782.31  1225.49  2864.79  4063.76  4323.71  2774.60  2533.22  2363.45  1883.33        
C30W60T90  0.30  0.60 90  9115.65  976.15  2140.63  2801.13  3626.08  4016.01  4063.76  4018.66  2984.16  1702.96  901.88  1225.49  1450.96  1273.24  946.97  782.51 
C30W70T07  0.30  0.70 7  2621.32  257.30  480.12  753.33  981.46  1010.63  1002.68  968.19  753.33  456.24  307.70  366.06  397.89  352.79  241.39  190.99 
C30W70T14  0.30  0.70 14  3689.12  557.04  1179.45  1349.97  1421.03  1429.55  1367.03  1267.56  971.98  548.52  457.57  557.04  562.73  500.20  375.15  397.89 
C30W70T28  0.30  0.70 28  3732.65  605.12  1392.61  1530.76  1588.79  1594.31  1544.58  1417.47  969.85  508.41  502.89  596.83  605.12  469.73  317.76  339.86 
C30W70T42  0.30  0.70 42  4969.39  767.75  1852.14  2350.90  2488.20  2541.44  2485.40  2437.76  2174.37  1479.47  549.20  439.92  745.34  896.65  736.93  459.53 
C30W70T60  0.30  0.70 60  5480.27  900.62  1771.67  2244.84  2551.32  2672.30  2629.28  2476.04  1744.79  760.83  481.23  698.99  881.80  685.55  403.26  
C30W70T90  0.30  0.70 90  5780.27  718.57  2218.07  3028.69  3162.31  3194.98  3067.30  2853.51  1986.47  899.70  668.09  846.25  881.88  730.45  540.41  570.11 
C30W80T07  0.30  0.80 7  1481.50  192.95  480.46  608.82  639.89  626.54  605.82  569.58  388.35  206.85  177.14  223.20  232.74  188.59  148.25  
C30W80T14  0.30  0.80 14  2660.45  778.48  983.19  1032.20  1058.15  1046.62  1032.20  1000.48  836.14  539.17  334.46  363.29  444.02  449.79  343.11  276.79 
C30W80T28  0.30  0.80 28  2720.88  1068.17  1046.75  1028.39  991.66  967.17  936.57  896.78  743.74  517.25  400.95  373.40  370.34  355.04  321.37  278.52 
C30W80T42  0.30  0.80 42  3568.71  491.83  958.80  1224.06  1326.29  1329.05  1276.56  1201.95  853.80  361.97  254.21  397.89  422.76  361.97  234.86  218.29 
C30W80T60  0.30  0.80 60  3693.83  1348.40  1642.07  1673.65  1692.60  1714.71  1698.92  1648.39  1439.97  994.72  533.67  476.83  581.04  606.30  489.46  274.73 
C30W80T90  0.30  0.80 90  3977.55  1597.67  1762.95  1851.71  1870.07  1860.89  1805.80  1735.40  1493.61  991.66  517.25  483.59  633.56  722.32  612.13  413.19 
C30W90T07  0.30  0.90 7  1398.98  291.13  418.34  474.66  490.07  489.23  479.71  463.73  397.89  291.41  185.21  192.50  224.72  227.52  203.99  153.83 
C30W90T14  0.30  0.90 14  1768.91  145.89  198.28  304.72  355.45  365.39  349.48  313.34  161.81  40.45  25.20  51.06  72.28  51.06  15.58  12.60 
C30W90T28  0.30  0.90 28  2373.95  454.30  745.30  742.33  712.63  700.76  691.85  677.00  579.02  418.67  273.18  166.28  151.43  163.31  157.37  133.62 
C30W90T42  0.30  0.90 42  2400.32  301.93  490.92  643.06  704.20  726.14  702.15  650.08  357.81  122.29  99.76  165.59  214.74  157.11  72.26  73.14 
C30W90T60  0.30  0.90 60  2842.18  522.23  951.20  1103.52  1153.25  1125.28  1044.45  954.31  742.93  391.67  285.98  388.56  401.00  363.69  276.66  251.79 
C30W90T90  0.30  0.90 90  3283.40  535.39  751.89  863.06  950.83  965.46  947.91  892.32  588.05  204.79  149.21  234.05  304.27  234.05  99.47  125.80  
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