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Abstract

This study aims to investigate the performance of cemented sand pads after being incorporated with zeolite. Therefore,
mechanical properties of the prepared zeolite—cemented sand pads were measured by a series of unconfined compres-
sive strength (UCS) tests. Also, several small 1 g model tests were conducted to evaluate the behavior of shallow founda-
tions rested on the prepared pads. The results demonstrated a remarkable increase in the UCS of the 14 and 28 days cured
pads containing 40 wt% zeolite. In addition, incorporating 40 wt% zeolite into the cemented sand pads improved both
their strength improvement ratio (SIR) and settlement reduction ratio (SRR). In particular, the SIR and SRR of the pads
containing 40 wt% zeolite improved up to 323% and 86% respectively compared to that of the pristine cemented sand
pads. As such, adding zeolite to the cemented sand is one of the most promising candidate to overcome the shortcom-
ings of sandy soils in backfills, roadbeds, embankments, and etc. It is notable that this method taking the advantages of
easy fabrication, low cost, and absence of environmentally deleterious wastes.
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List of symbols SIR Strength improvement ratio
B Width of foundation SRR Settlement reduction ratio
C Cement content UCSs_cz Unconfined compressive strength of the
C, Coefficient of uniformity zeolite-cemented sand specimens
Dr Relative density UCSs.p  Unconfined compressive strength of the
Ds, Mean effective diameter cemented sand specimens
F.S. Factor of safety z Replacement of cement by zeolite
G, Specific gravity AS Net settlements
N Scaling factor used for small-scale 1 g model (V) max Maximum dry unit weight
test (Yo min Minimum dry unit weight
a1 Allowable bearing capacity of foundation
dr Strength ratio
q, Unconfined compressive strength 1 Introduction
Au(s—c_2) Bearing capacity of foundation rested on
stabilized sand (pad) Over the last century, several attempts have been made
Aus—o) Bearing capacity of foundation rested on to stabilize loose sandy soils by incorporating them with
unstabilized sand (without pad) cement. This is mainly because of the convenience, speed,
R? Coefficient of determination simplicity, and cost effectiveness of this method. Inspired
S Settlement of foundation by the findings, adding certain content of cement to

< Sina Salamatpoor, sina.salamatpoor@gmail.com; sina.salamatpoor@rouzbahan.ac.ir; Siavash Salamatpoor, ssalamatpoor@yahoo.com;
ssalamatpoor@rouzbahan.ac.ir | 'Department of Civil Engineering, University College of Rouzbahan, Sari, Iran.

®

Check for
updates

SN Applied Sciences (2019) 1:990 | https://doi.org/10.1007/542452-019-1042-y

Received: 15 March 2019 / Accepted: 1 August 2019 / Published online: 6 August 2019
SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1042-y&domain=pdf

Research Article

SN Applied Sciences (2019) 1:990 | https://doi.org/10.1007/542452-019-1042-y

the sandy soils benefits from improvement of the soil’s
strength, energy efficiency, sulfate resistance, shortening
the hydration process (shorter setting time), and shrinking
the soils” stiffness (reduction in the brittleness or plastic
deformation). In total, existence of cement in sandy soils
results in a significant improvement in their mechanical
properties. Nevertheless, the downside of this approach
is its negative environmental impacts.

In this regard, several attempts have been carried out
to improve the mechanical behavior and compression
strength of cemented sands using fillers, including fiber,
glass, silica fume, fly ash, rice husk ash, nanoparticle, and
metakaolin [1-7]. Recently, utilizing pozzolanic materials
(such as zeolite) as a means of cement counterpart has
become widespread to address environmental issues
attributed to cement. In addition, replacing cement with
pozzolanic materials can modify soil properties and save
costs. Natural zeolite is made up of volcanic particles con-
taining large quantities of reactive silicon dioxide (SiO,)
and aluminum oxide (AL,0;). Calcium hydroxide (Ca(OH),)
produced by hydration of Portland cement reacts with
zeolite, leading to chemical improvement in the interfacial
microstructure between the blended cement paste [8, 9].
Generally, natural zeolite, which contains high pozzolanic
activity, provides some benefits, including mechanical
strength improvement, increasing durability of cement,
and enhancing concrete properties [10, 11].

Many recent papers focus on applicability of zeolite in
terms of a permeable reactive barrier [12, 13], a landfill
liner material mixed with bentonites [14], or its effect on
the geotechnical properties of natural zeolite-soil blends
[15, 16]. Park et al. [15] added clinoptilolite to sand to fill
the barriers, which were in contact with contaminated
groundwater. The results revealed that filling the barriers
with clinoptilolite and sand composites increased con-
taminants removal. Furthermore, it increased the sand’s
shearing resistance angle in the direct shear tests.

Whilst a considerable amount of literature has been
carried out on improving load bearing capacity of foun-
dations rested on loose sandy soils, there have been few
experimental investigations into utilizing zeolite as a sta-
bilizer of loose sandy soils. It is notable that loose sandy
soils suffer from low shear strength both in liquefaction
and limited liquefaction conditions. Hamed et al. [17] and
Das [18] explored bearing capacity of a surface strip foun-
dation rested on a loose sandy soil. The experiment was
conducted by preparing a laboratory model test, where
the foundation was supported by a granular trench equal
with the foundation width. The results demonstrated a
direct relationship between ultimate bearing capacity of
the foundation and the granular trench depth. The authors
reported that the bearing capacity of the footing remained
constant when granular trench depth researched the
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maximum value. Lal et al. [19] investigated the behavior
of a square shape footing placed on a loose sandy soil,
which was reinforced with coir geotextile. The experi-
ments were conducted for two distinct coir geotextile
forms: geocell and planar. The results showed that 15%
settlement to foundation width (with the same amount of
material) ratio increased 7.9 and 5.83 order of magnitude
the maximum bearing capacity of the geocell and planar
coirs, respectively.

However, this study aims to utilize zeolite as a promising
candidate to improve the performance of loose sandy soil.
As aresult, zeolite is incorporated into the cemented sand,
which performs as a pad underneath a strip foundation.
First, several unconfined compressive strength tests have
been conducted to investigate mechanical behavior of the
prepared zeolite-cement-sand pads. Then, the pad with
optimum mixing ratio, concerning the highest strength,
has been selected for placing underneath the founda-
tion. In the second phase, a small-scale 1 g model has
been made to investigate behavior of the strip foundation
rested on the prepared pad. The objective of this study is
to increase load bearing capacity of the strip foundation
rested on the pad due to the chemical reactions between
cement, sand and zeolite. Increasing the bearing capacity
would ultimately reduce the foundation settlement.

2 Experimental investigations

2.1 Materials

The soil used in this study is sampled from Babolsar beach
located in southern shores of the Caspian Seain Iran. The

grain size distribution curve of the soil is depicted in
Fig. 1, which shows that the soil can be classified as poorly
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Fig. 1 Particle-size distribution curves of material used in this study
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graded sand (SP) based on Unified Soil Classification Sys-
tem (USCS) [20]. Table 1 shows the basic properties of this
sand, its mineralogical composition, and its morphological
characteristics [21, 22].

Due to high level of underground water in Babol-
sar, portland cement type Il has been utilized, which is
appropriate for structures exposed to soil/water contain-
ing sulfate ions [23]. The cement has been supplied from
Mazandaran Cement Company, which provides cement for
local construction industry.

Iran has abundant natural zeolites reservoirs. In a
recently conducted study, the proven reserves of zeolite
in Aftar mine, located 30 km far away from Semnan in
Iran, is over 600 thousand tons [9]. It is notable that 85%
of total zeolite extraction in the country is from this mine.
Aftar zeolite, which is used in this study, can be classified
as clinoptilolite type in the unified soil classification system
(Gs=2.2) due to its low plasticity silt (ML). Figure 1 presents
grain-size distribution curves of the materials utilized in
this study. Table 2 illustrates the chemical composition of
the fabricated zeolite.

3 Experimental procedures

In this study, two series of experiments have been con-
ducted. First, evaluating mechanical behavior of the pre-
pared zeolite-cemented sand pads through unconfined
compressive strength (UCS) tests to determine an opti-
mum ratio of zeolite in the composite. In fact, the optimum
proportion denotes the most efficient amount of zeolite in
the sand, leading to the highest strength. Second, small-
scale 1 g model tests to investigate the behavior of strip
foundations rested on the pads, which have been pre-
pared with respect to the optimum zeolite content. The
details of small-scale 1 g model will be described later.

3.1 Small-scale 1 g model test
Concerning the study by Salamatpoor et al. [24], the

experimental study involved three dominant equipment,
including a frame, a transparent tank (as a rigid box), and

Table 2 Chemical composition

of the natural zeolite of the Details Zeolite

clinoptilolite type Sio, 67.79
Al,0, 13.66
Fe,0, 1.44
Cao 1.68
Na,O 2.04
K,0 1.42
MgO 1.20
oR 0.50
L.O.l (Loss on Ignition) 10.23
Specific gravity 2.2
Blaine (m?/kg) 400

measuring instruments. The frame is composed of IPE 18,
which is screwed to a rigid foundation with eight M24
bolts. To avoid any possible displacement, angle bars and
reinforcements are also welded to the frame. The domi-
nant responsibility of the frame is to supply foundation
loads by means of a jack. The transparent tank is made
up of four 20 mm thick acrylic sheets with dimensions of
94 cm x40 cm X 94 cm. The tank is considered to be trans-
parent to make it possible to observe the soil deforma-
tion underneath the foundations attributed to the wedge
failure behavior.

To reinforce the test tank, a metal frame is integrated
to all transparent sheets. The 15 cm x40 c¢m strip footing
is composed of thick steel sheet, and some stiffeners are
welded to the upper part of the sheet to secure its rigid-
ity. A plain-strain condition is constantly maintained, since
inside width of the box is equal to length of the prepared
foundations. Before conducting the tests, for each test,
some preparations are required to enhance the precision,
such as calibrating the load cell and dialing the gauge. To
achieve the required uniformity in the model, the sedi-
mentation of soils in nature is mimicked for sand deposi-
tion. To start the tests, the tank is filled with de-aired water
up to 70 cm height. Then, the sand, dried in an oven for
24 h, is gradually poured by a sand shovel into the water
from 2 cm above the water level. This procedure is con-
tinued until achieving the desired loose density. As the

Table 1 Basic properties, mineralogical composition and morphological characteristics of Babolsar sand

Basic properties (Ya)max (Ya)min G, Dso (mm) G
17 15.1 2.78 0.24 1.8
Quartz Feldspar Mica Carbonate Chlorite
46% 27% 11% 16% 0
Average shape factor Average sphericity Average roundness
0.89 0.71 4.86
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width and the length of the testing tank are constant, the
relative density is controlled by measuring both the height
(or volume) and weight of each layers. It is considered to
repeat the sand deposition with a relative density (D,) of
30+ 2% through a water sedimentation process.

The sand is deposited 70 cm in height, which provides
enough thickness for the surface failure assigned to the
foundation loading. This thickness has been verified by
finite element modeling, where a 15 cm width founda-
tion was load up to the maximum surcharge of 100 kPa.
The results of the finite element modeling revealed that
the optimal value for both depth of the sand and width of
the test tank is 70 cm. For the sake of brevity, the details
of the finite element modeling have not been presented
in this paper.

After filling the tank with sand and reaching the desired
height, a zeolite-cement pad with specified dimensions
as shown in Table 3, has been produced and cured similar
with the UCS test. Afterwards, the pad has been placed
directly in the middle of the box and coated with sand,
whilst its top surface aligned with ground level. Finally, a
strip footing has been placed exactly on top surface of the
zeolite pad. Note that the length and width of the pad are
equal with those of the strip footing.

Vertical loading of the footing and its corresponding
settlement are measured by a load cell and three dial
gauges, respectively. Figure 2 illustrates applied equip-
ment for the small scale 1 g model test’s. It is notable that
it takes almost 8 h to fulfill the test preparations and the
main test, whereas all mentioned steps should be repeated
for each test individually. Importantly, the device and its
utilities have been specifically designed and constructed
for this study.

Table 3 Physical properties of the pad used in this study

No. Series Thickness C (%) Z (%)
(Opti-
mum)

1 A B/6 3 40

2 A B/6 7 40

3 B B/3 3 40

4 B B/3 7 40

5 C B/2 3 40

6 C B/2 7 40

7 D 2B/3 3 40

8 D 2B/3 7 40

9 E B 7 40

10 E B 3 40

B: Width of foundation in the present study (15 cm)

Also, Length and width of pad in this study are equal to length and
width foundation
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3.2 Model scaling

Wood [25] suggested that physical modeling is one of the
best approaches to overcome the limitations of analyti-
cal modeling. Precisely, in geotechnical engineering, the
extracted data from physical modeling is applied for vali-
dation of analytical and numerical modeling.

Physical modeling is divided into two categories,
including small-scale modeling and full-scale modeling.
Full-scale physical modeling simulates the real site con-
ditions such as ground conditions, pressures, and stress
levels. However, due to the great challenges of modeling
in the real conditions as well as the high costs, priority is
given to the small-scale physical modeling with respect to
the theory of similarity and scaling law.

Regarding ASTM D1194-72 [26] about plate load tests
in granular soils, replacement of a prototype with N times
smaller plate results in N times smaller ultimate bearing
capacity compared to that of the real prototype. There-
fore, herein, a small-scale model, which is 10 times smaller
than the real prototype, has been built. For low levels of
stress in small-scale modeling, the stress-strain behavior
of the prototype has been attributed to the model [27].
Importantly, the specified scaling factors are presumed
concerning the theory of scaling law defined by Wood [25].

4 Results and discussions
4.1 Results of unconfined compression test
4.1.1 Investigation of stress—strain behavior

This study aimed at investigating the effect of zeolite and
cement content on the strength of zeolite—cemented-
sand pads. Thus, a series of laboratory tests have been
conducted on Babolsar sand with either 3% or 7% cement
to dry soil ratio. Then the cement has been replaced by
zeolite in a weight percent of between 0 and 80% with
20% gaps. Finally, the composite samples have been cured
within three different curing times, including 7, 14, and
28 days. The UCS test (conducted regarding ASTM D2166
[28]) has been selected to address the optimal zeolite
concentration.

To investigate the behavior of stabilized soil in the
UCS test, it is required to study the stress-strain curves.
Figure 3 plots the results obtained from the unconfined
compression tests for 28 days cured samples containing
either 3% or 7% cement contents and were stabilized
with the specified zeolite contents. As it can be seen, for
both cement contents (3% and 7%), the strain, which
is correspondent to the peak stress, rises by increasing
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Fig.2 a Pouring sand in the testing tank, b placing pad in the box (H=B), ¢ front view of pad rested on the sand before sand deposition
around it, d setting test facilities and instrumentation on the strip foundation, e view of small scale 1 g model test apparatus before the test

the zeolite content. Likewise, increasing cement to sand
ratio (cement content) increases the highest strain,
resulting in a decrease in the peak axial stress. This
means that rising the zeolite content leads to failure
in higher strains, which exhibits the plastic behavior of
zeolite-cemented sand samples. Figure 3b depicts that
failure in 7% cement content is attributed to the rising
of zeolite content, which decreases the brittle behavior
of the sample (plastic deformation).

4.1.2 Effects of zeolite on cemented sand strength

Regarding the relationship between the zeolite content
as an additive and the strength of the stabilized samples,
Fig. 4a, b show the maximum axial stress of samples with
3% and 7% cement content cured for 7, 14, or 28 days.
As it can be seen, there is a tradeoff relationship between
the compressive strength of the 7 days cured samples
(either with 3% or 7% cement contents) and the zeolite
concentration. To put it another way, increasing the zeolite
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Fig.3 Stress-strain curves of zeolite—cemented sand specimen
with 3% cement and 7% cement after 28 days of curing

amount decreases the compressive strength of these sam-
ples. The dominant reason is that the pozzolanic reactions
remain incomplete in such mixtures. However, increasing
the weight percent of zeolite in 14 and 28 days cured sam-
ples initially enhances the compressive strength, but then
proceeds a down ward trend. The highest compressive
strength has been obtained by samples with an optimal
zeolite content of 40 wt%. In addition, the 28 days cured
samples containing 7% cement content and 40 wt% zeo-
lite concentration exhibit 238% higher strength compared
with that of samples with 7% cement content with similar
curing time and zeolite amount.

Moreover, adding 60 wt% zeolite increases the strength
rate up to 9% for the 28 days cured samples contain-
ing 7% cement content. However, this increase is only
2% for the samples with 14 days curing time and 3%
cement content. Therefore, it could be interpreted that
the compressive strength of the cemented sand samples
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Fig.4 Effects of zeolite on q, of cemented sand specimen a 3%
cement at 7, 14, 28 days of curing, b 7% cement at 7, 14, 28 days of
curing

increases by increasing the zeolite content up to 60 wt%,
but further increase in the zeolite content results in lower
strength compared to that of the pristine cemented sand
specimens.

4.1.3 Strength increase characteristic

As mentioned earlier, previous studies proved that the
mechanical strength of cement samples can be improve
by using a specific amount of additives [7]. Herein, the
impact of adding zeolite on the behavior of cemented
sand samples is qualified by strength ratio (qg) as an index
parameter.

The relationship between the UCS of the cement sam-
ples stabilized by zeolite and the qg value is depicted in
Eq. (1).

"™ UGSk
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where S—-C-Z refers to the stabilized zeolite—cemented
sand samples and S-C denotes the pristine cemented sand
samples. Figure 5 shows the strength ratios of the stabi-
lized samples with cement contents of 3% and 7% and cur-
ing time of 14 and 28 days. As it can be seen, for the sam-
ples with 40 wt% zeolite and 28 days curing time, the gy
value increases 2.09 and 1.28 order of magnitude respec-
tively in the samples with 7% and 3% cement contents.
Whereas, for the14 days cured samples, the gy increases
respectively 2 and 1.28 order of magnitude. Importantly,
or the 28 days cured samples with 40 wt% zeolite content,
rising the cement content from 3% to 7% increases the gy
value up to 63% (Fig. 5a), which is 7% higher than that of
the 14 days cured specimens (Fig. 5b). The primary reason
is the greater reaction of zeolite with calcium hydroxide
((Ca(OH),) in the 7% cemented samples, resulting in lower
porosity and ultimately greater strength. However, increas-
ing the zeolite content more than 40 wt% deteriorates the
strength ratio attributed to the limited pozzolanic reac-
tions. To illustrate, more than 40 wt% zeolite content fills

the capillary gaps between zeolite and its sedimentation
with gel, which precludes creating of the calcium silicate
hydrates (C-S-H) gel as a means of cohesion and strength
in the cement paste. Hence, in this study, 40 wt% zeolite
content is determined as an optimal amount of replacing
cement with zeolite. However, for 7 days cured samples,
all specified zeolite contents have an inverse relationship
with the strength ratio, as shown in (Fig. 5¢).

4.2 Small-scale 1 g model test

4.2.1 Effect of zeolite-cement pad on bearing capacity
foundation

In the second part of this study, a series of small-scale 1 g
model tests were conducted to evaluate the behavior of
strip foundations rested on the saturated sands (resem-
bles the condition of Babolsar sands) stabilized by a pad
composed of the optimal zeolite cemented sand mixture.
Regarding the results obtained from the compressive
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Fig.5 Strength ratio versus zeolite content for a 28 days, b 14 days, ¢ 7 days curing times
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strength tests, 40 wt% zeolite has been determined as
an optimal weight percent of zeolite content in the pads.
Table 3 shows the properties of the 28 days cured pads
constructed for the physical model tests.

Figure 6a plots the stress-settlement curve of the strip
foundation rested on the zeolite cemented pad for tests
A, Cand E. The load-settlement curves achieved by the
experimental studies exhibits that the ultimate bearing
capacity of a shallow foundation rested on sandy soil
could be determined by various approaches. De Beer [29]
suggests that the corresponding load to the intersecting
tangents of the two linear portions of the load-settlement
curve can be defined as the ultimate bearing capacity.
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Fig. 6 Curves of bearing pressure against foundation settlement in
cases of a A, C and E series, b different thickness of pad with 3%
and 7% cement contents in small-scale 1 g model test (note: the
optimum value of 40% cement replacement by zeolite and 28 days
curing time were considered for all samples)
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However, Vesic [30] and Das [31] demonstrate the ultimate
bearing capacity as a load corresponding to ~5% to 15%
(S/B=0.05-0.15) and ~ 15% to 25% (S/B=0.15~0.25) of
settlement, where B is equal to the foundation width. In
this study, the ultimate bearing capacity of each footing
has been determined through considering with respect to
the Das [31] method with a settlement correspondent to
20% of the foundation width (S/B=0.2).

The ultimate bearing capacity of a foundation without a
pad underneath, rested on the saturated sand, is equal to
0.15 kg/cm?. However, placing a pad with a thickness one-
sixth of the foundation width (B/6) underneath the strip
foundations increases the ultimate bearing capacity of
the samples with 3% cement content (A1) and 7% cement
content (A2) up to 16.7 kPa and 18.4 kPa, respectively. In
particular, the ultimate bearing capacity of A2 enhanced
9% more than that of AT.

Samples C containing 3% (C5) and 7% (C6) cement
content display 67% and 76% greater strength improve-
ment compared with their corresponding A series sam-
ples, respectively. Increasing the pad width up to 6 order
of magnitude leads to 310% greater strength of E9 com-
pared with A1, and 340% higher strength of E10 relative to
A2.The strength of E9 and E10 are respectively 354% and
423% higher than strip foundations without a pad. Conse-
quently, there is a direct relationship between increasing
the pad thickness and the bearing capacity, while there is
an inverse relationship between increasing the pad thick-
ness and the foundation’s settlement.

Figure 6b plots the stress-settlement curves of all speci-
fied conditions in Table 3. Accordingly, the relationship
between the stress and settlement is nonlinear for load-
ing in low values. This linear trend could be attributed to
the punching shear failure of the foundation. However,
the relationship between the stress and settlement gets a
linear trend with a high value loading. Comparing E9 and
E10, with similar pad thickness to foundation ratios but
different cement contents, the former showed 23% greater
bearing capacity than the latter. In addition, for samples A
to D, this increase is 9%, 12%, 14%, and 19% respectively,
meaning that the effect of cement content is greater on
the thicker pads.

4.2.2 Strength improvement and settlement reduction
ratios

To precisely investigate the influence of fabricating zeo-

lite cemented pad underneath the strip foundations, two

methods of strength improvement ratio (SIR) and settle-

ment reduction ratio (SRR) have been utilized as follow:
qu(stabilized) - qu(unstabilized)

SIR = )
qu(unstabilized)
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S(unstabilized) - S(stabilized)

SRR = 3)

S(unstabilized)

where Yu(stabilized) and Yu(unstabilized) ar€ ultimate bearing
capacity of the foundation with or without a pad under-
neath, respectively. Also Sapiiized) 3D Siunstabilized) r€fers
to the foundation settlement with and without the pad,
respectively. Here, the SRR is defined as the ratio of a
foundation’s settlement stabilized with a pad to that of
without a pad at a specified footing pressure (q=15 kPa).

Figures 7a, b plot the strength improvement ratio
and the settlement reduction coefficient as a function
of H/B, where H/B is the ratio of the pad thickness to
the foundation width. As it can be seen, increasing the
H/B ratio results in rising of the SIR value. Regarding the
foundations without a pad underneath, the SIR value
of samples without pad underneath the foundation is
equal to 0. However, the SIR value for the H/B ratio of 1/6,
1/3,1/2,2/3,and 1is equal to 0.22,0.67, 1.12, 1.67, and
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Fig. 7 Variations of a strength improvement ratio (SIR) and b settle-
ment reduction ratio (SRR) versus H/B ratio for all tests

3.23, respectively (with 7% cement content). Moreover,
increasing the cement content from 3% to 7% causes an
enhancement in the SIR value, which is greater at higher
H/B ratios (see Fig. 7a).

As shown in Fig. 7b, placing a pad with a thickness
of B/6 (A2 sample) underneath the foundation leads to
reduction in the settlement rate up to 26% compared to
that of without a pad. For the H to B ratios of 1/3 (B2),
1/2 (C2), 2/3 (D2), and 1 (E2) with the cement content of
7%, the SRR rate decreases up to 65%, 76%, and 86%,
respectively. Therefore, increasing the H/B ratio leads to
reduction in SRR value. Also, increasing the cement con-
tent from 3% to 7% changes the SRR value of all specified
H/B ratios up to 6%. Accordingly, in spite of the greater
effect of cement content on SIR in higher H/B ratios, it
has no influence on SRR by increasing the H/B ratios.
For all curves, the coefficients of determination values
(R?) are greater than 0.95, which indicates the alignment
between the regression lines and the data.

Figure 8 illustrates SRR rates as a function of SIR for all
listed tests in Table 3. As it is depicted, using a pad with
a thickness up to 2/3 of the foundation width increases
both the SRR and SIR rates linearly (a sharp slope). These
risings will be continued by increasing the pad thick-
ness up to the foundation width (H/B=1). However,
SIR rate shows a great jump at H/B ratio of 1 owing to
the increase in the strength rate, while the SRR, which
resembles the settlement reduction, shows a gentle
rising trend. Therefore, it can be said that applying a
pad with a thickness lower than the foundation width
increases both the SIR and SRR values remarkably. How-
ever, increasing its thickness up to the foundation width
only improves the SIR value, but not the SRR.
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Fig.8 Variations strength improvement ratio (SIR) versus settle-
ment reduction ratio (SRR) for all tests
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4.2.3 Allowable bearing capacity zeolite—cemented pad

Safety factor is an essential parameter in building design,
which shows the ratio between the strength of the mate-
rial and the maximum stress in the part. Safety factors are
determined in building codes regarding the regular stress
in a specific position. However, engineers mostly over-
engineer all parts by considering the superior safety fac-
tors in order to provide safety against probable emergency
situations, unpredicted forces and poor quality construc-
tion. In this case, this is not desirable either, because of
wasting material resources and increasing the cost.

The allowable bearing capacity, which is the maxi-
mum bearing stress that can be applied to the soil from
the foundation, is normally driven from ultimate bearing
capacity using a factor of safety. It is notable that the ulti-
mate bearing capacity is the maximum pressure that can
be supported by the foundation, but initiates the failure.
Therefore, knowing the optimal safety factor makes bal-
ance between a safe loading without the risk of founda-
tion settlement and saving the project costs. Equation 4
displays the relationship between the allowable bearing
capacity, the ultimate bearing capacity, and the safety
factor.

Qui
Qan = F_ust (4)

where q,; and g, are respectively the ultimate and allow-
able bearing capacity, and F.S. is the safety factor. The
selected safety factors in this study are 2 and 3, which
were calculated by building Codes with respect to over-
turning and sliding of shallow foundation in shear failure
mood. Figure 9a illustrates the allowable bearing capac-
ity against F.S. for all tests determined in Table 3. As it can
be seen, for both cement contents the greatest bearing
capacity difference is occurred between samples D and
E. With a safety factor equal to 2, the strength increases
up to 59% and 48% for the 7% and 3% cement content
samples, respectively. In addition, increasing the safety
factor from 2 to 3 results in a minor difference between
the allowable bearing capacity of the foundation placed
on a pad with B/6 width (samples A) and that of without
a pad. This result proves that excessing the safety factors
over the required margin of safety does not ensure a safer
foundation. Figure 9b exhibits the correlation between the
allowable bearing capacity and the net settlement (AS)
normalized by the foundation width for 7% cement con-
tent specimens with different employed safety factors. For
a given safety factor, the allowable bearing capacity raised
by increasing the net settlement ratio. Increasing the pad
thickness (AS/B > 0.03) accelerates rising of the allowable
bearing capacity and decreases the settlement difference
especially with the pads possessing AS/B < 0.0 thickness.
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Changing the pads thickness and cement contents,
selecting a proper safety factor significantly effects on
the shallow foundations settlement, as shown in Figs. 9a,
b. Therefore, applying an appropriate safety factor is a
striking factor for controlling the buildings settlements.
Although optimum bearing capacity can be achieved
by pads with greater thickness, but the ones with lower
thickness are more desirable regarding the settlement. It
is notable that utilizing a pad with thickness more than
B/3 faces construction restrictions in a real-life practice.
To make balance between an optimal bearing capacity
and settlement, a pad with thickness less than B/3 shows
superior results by increasing the bearing capacity in the
range between 23% and 67% and improving the settle-
ment up to 19-49%. Furthermore, this thickness confronts
no limitations in practice. Consequently, B/3 is the sug-
gested thickness for the pads to vindicate the foundations
rested on low shear strength soils.
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5 Conclusions

Based on the experimental results of the present study,
key findings are:

(1)

Replacing cement with zeolite up to 40 wt% increases
the compressive strength up to 128% and 209% for
samples cured over 14 and 28 days, respectively. The
reason is primary because of the pozzolanic activ-
ity of zeolite and reduction in hydration reaction by
excessing the curing time. As a result, herein, the opti-
mal zeolite content is suggested to be 40 wt%.
Replacing 40 wt% of cement with zeolite, the gy of
samples (cured for 28 days) with 7% and 3% cement
content increases 2.09 and 1.28 orders of factors,
respectively, However, above 40 wt% replacement
leads to reduction in the gy of the cemented sand
samples.

Adding zeolite to the cemented sand samples increases
the axial strain at the peak strength compared with
that of pristine cemented sand samples. The dominant
reason is that fabricating zeolite changes the samples
operation from brittle to plastic (postponing the failure
rate). The deformability index of 28 days cured sam-
ples containing 3% cement content shows that adding
20 wt%, 40 wt%, 60 wt% and 80 wt% zeolite content
enhances the plastic behavior up to 1.12, 1.37, 1.62,
and 2.12 order of magnitude compared with that of
pristine cemented sand samples.

Stabilizing strip footings by fabricating a pad with a
thickness 1/6 of the foundation width increases the
bearing capacity up to 11% and 23% when the pads
contain either 3% or 7% cement content, respectively.
Further increase in the pad thickness (up to 2 times)
improves the bearing capacity up to 44% and 67%.
As a result, utilizing a pad underneath the strip foun-
dations, which are rested on saturated loose sand,
increases the bearing capacity and ultimately reduces
the settlement.

Rising the H/B ratio results in increasing of the SIR and
reduction in the SRR. It is noteworthy that increas-
ing the cement content causes an increase in the SIR
rate up to 9% and 23% when H to B ratio is 1/6 and 1,
respectively. However, the increase in the SRR due to
increasing the cement content remains constant at
6%.

Last but not least, utilizing a zeolite—cemented pad
with thickness greater than 2B/3 accelerates the ris-
ing of SIR rate compared with that of thinner pads,
while the SRR rate remains almost constant.
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