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Abstract. Different methods are used in the field for foundations remediation and improvement of
the soil properties, but every method has its advantages and limitations. Moreover, not all the existing
methods are able to stabilize the soil and elevate the foundations effectively, regulating the process
depending on the desired results. The settlements of the foundations of the buildings and structures lead
to negative consequences and controlling the settlements is complex itself essentially in the type of soils
which contains organic materials or acids where the treated materials used might react with the soil
components. The soil injection technology using an expandable polyurethane resin is an innovative
technique that leads to the stabilization of the soil beside lifting and remediating of the foundations.
Therefore, a full-scale experiment has been implemented in-situ to investigate the effect of injecting an
expandable polyurethane resin on different soil properties besides lifting a concrete foundation. The paper
demonstrates the results of an experiment which has been conducted to improve the soil's modulus of
deformation, lifting of a concrete foundation, settlement compensation and increase the bearing capacity
of the investigated soil after the injection of an expandable polyurethane resin consists of two components.
The deformation modulus (E) of the investigated soil before and after the injection of the resin at different
depths are achieved and incorporated. Also, comparisons of the load-settlement graphs at different soil
depths before and after the injection of the resin are presented and analyzed. The in-situ injection process
and the propagation of the resin in the soil massive are obtained and described in this paper.

AHHoTaumAa. CyuwectByeT MHOXECTBO METOAOB, KOTOpble WCMOMb3ylTCa Ansg crabunusaumm
FPYHTOB M nogbema (PyHOAMEHTOB, HO KaXObll U3 3TUX METOAOB MMEET CBOM 06racTb NMpUMEHEHWS,
npeumylLlecTBa n HegoctaTtku. bonee Toro, He Bce MeToabl, UCNOSb3yeMbIE HA MUPOBOM PbIHKE, CMOCOOHbI
cTabunmnampoBaTb IPYHT U KOMNEHCUPOBATb 0caaKy (DyHOAMEHTOB KOMMIIEKCHO, pPErynupyst cam npouecc
B 3aBMCMMOCTU OT Oxugaemoro pesynbTata. Ocagka oyHOAMEHTOB 34aHUA U COOPYKEHUI NPUBOAUT K
HeraTuBHbIM MNocneacTBuaM. KoHTpomnb ocagok TpebyeT KOMMMEKCHOro noaxoda, Tak Kak HeKkoTopble
TPYHTbI, KOTOPble BKMIOYaOT B cebs opraHuyeckMe martepuanbl UM KUCNOThbl, MOTyT pearmposaTtb C
06paboTaHHOM MaTepuarnoMm, UCMONb30BaHHbIM B TOM MM MHOM MeTOoAe. TexHOMNOorns MHbEeKTUPOBaHUS
TPYHTOB pacluMpseMon MONMypeTaHOBOW CMOSON SBMSIETCH HOBaATOPCKMM cnocobom, BeaywmMm K
KOHTpONMMpyeMoMy npoueccy ctabunusaumm TrpyHTOB M nogbemy dyHAameHToB. Ha ocHoBe
NPOBEAEHHOrO aHanm3a Obin BbINOMIHEH HATYPHbIA SKCNEPUMEHT AN HabM4eHUs1 KOHTPONs nogbema
dyHOameHTa 1 onpeaeneHnst BIMAHUS pacLUMpsieMOn CMOnbl Ha pasnuyHblie CBOMCTBA rPYHTOB. B ctaTbe
nokasaHbl pe3ynbTaTbl NPOBEAEHHOro 3KCMEepUMEHTa, a UMEHHO: ynydlleHue moaynsa gedopmaumu
FPYHTA, KOHTPOJSbHLIA MOABEM M BOCCTaHOBMEHWE OeTOHHOro yHAamMeHTa, KOMMeHcauum ocagok M
yBENNYEeHNe Hecylller CnocobHOCTM UCCrefyeMoro rpyHTa nocrie MHbEKLUMN MonnypeTaHoBON CMONbI.
Mogynb pgedopmauumn rpyHTa (E) u conoctaBneHue pacyeTHbIX rpaduKoB 3aBMCUMOCTM OCafKu OT
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Harpy3ku Ha pasHbIX rMybuHax 4o U Nocne UHBEKLUM CMOJIbl AOCTUralTCsl U MpoaHanusnpoBaHbl. Takke
B JAHHOM CTaTbe OnMcaHbl pe3ynbTaThl NpoLecca MHbEKTUPOBAHNS U pacipoCTpaHeHMsl CMOSbl B MaccuBe
rpyHTA.

1. Introduction

One of the main problems which face the construction engineers is the settlement of the soil beneath
foundations during the construction and exploitation processes [1]. Settlements are divided into two main
types uniform and differential. In most cases, a uniform settlement causes no problems, when the whole
construction is settled. Problems arise when differential settlements occur due to various reasons such as
errors in construction design, non-qualitative of geological surveys before construction, poor quality of the
soil compaction while construction, the variation of the groundwater level and other reasons [2—4]. Another
problem is a weak soil which is not able to carry the applied or designed load of the construction because
of many reasons. For instance, the type of the soil is soft and need to be stabilized, changes in the moisture
content of soil which leads to changes in the physical and the mechanical properties of it and others|[5, 6].
Moreover, the soil might contain organic materials or acids which can have negative influences on the sail
properties leading to adverse effects on the foundations. [7]. Furthermore, differential settlements cause
adverse consequences on the foundations and other construction parts. It leads to increase the stresses
in foundations, walls and other construction parts which lead to cracks, fractures and even collapsing the
construction in some cases [8-10]. Also, sometimes it is necessary to increase the bearing capacity of the
soil to be able to carry an extra load added to the construction when required to increase the load of the
construction or according to clients wishes in case of adding extra floors to the construction [11, 12].

There are many classical methods used to compensate settlements, foundations lifting and soil
stabilization such as Jet-Grouting, Root piles, chemical stabilization, and other methods. However, every
method has advantages and disadvantages or limitations [13, 14]. Some methods require extensive
preparation and instruments, others are high in cost or necessitate huge time to implement until obtaining
the desired result in addition to the restrictions of use in the limited construction area. Additionally, most of
the existing methods include materials which can react with the soil contents especially if the soil contains
acids or other reactive materials. [15, 16].

The density of the soil beds plays a significant role in the design of any foundation. It was proved
that the high values of soil density lead to control of the operating conditions of an artificial foundation and
what called plate effect can be noticed. Highly compacted soil beds and reinforced soil beds can lead to
reduce the thickness of the beds and increase the bearing capacity of the soil which can decrease the
designed dimensions of an artificial foundation reducing the cost and the time required [17, 18]. Moreover,
the soil might be exposed to high strain conditions where the construction is built on the mountains like in
Tajikistan where the mountains and hilly areas cover around 90 % of the areas or for other reasons.
Consequently, using a combination of soil stabilization methods lead to ensure the stability of the slope
reducing the collapse of the soil as stated in [19].

For all the issues stated above and others, actions need to be taken in order to develop a fast and
controlled method for solving various settlements problems and remediation of the foundations. Soil
injection technology using an expandable polyurethane resin might offer an optimum solution for most of
the mentioned problems either by implementing the technology alone or in a system of methods
combination in complex soil problems.

As the modulus of deformation of the soil is a significant parameter to measure the soil stiffness and
to design any constructions. The deformation modulus of the soil is affected and variable according to many
factors such as the type and the depth of the soil, the soil moisture content and other factors [20, 21].
Therefore, an experiment was conducted in the field to investigate the effect of soil injection technology
using an expandable polyurethane resin on different soil properties at different depths and to reduce the
soil settlement beside evaluating the performance of lifting a concrete foundation.

2. Methods
2.1. The aim of the experiment

The experiment was conducted for investigating the effect of injecting an expandable Polyurethane
resin on different sandy soil parameters such as the soil modulus of deformation (E), settlement reduction
and compensation and increasing the bearing capacity of the soil beneath a concrete plate which was
exposed to a load in order to behave like a real foundation beside lifting this plate to the pre-designed level.
The level of lifting is designed to exceed the value of (1 cm).
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2.2. Location of the experiment and the type of the investigated soll

The conducted experiment took place in an open storage area located in the western part of the
plant of the company “MC-Bauchemie-Russia” in Kirovsk, Leningradskaya region, Russian Federation as
shown in Figure [1]. The type of the investigated soil is non-cohesive sandy soil according to the factory
geological report.

Figure 1. The layout of the object (the red Line highlighted the boundary of the plant;
red fill indicates the test area) [22]

The soil was investigated in September 2014 by a geotechnical company, and the experiment was
conducted based on the geological report given to the factory. According to the geological report of the
factory, the soil being investigated in this experiment consists of the following layers: the first layer is a
technogenic layer represented by bulk sand of different sizes grading (from small sand to gravels, with
gravel, pebbles and building debris) within a depth up to (2 m) and the sediment layer is (1.5-2 m). The
Bulk sand is heterogeneous having uneven density and compressibility. The second layer is a glacial soil
layer widespread under the bulk sand consist of fine sand medium density and medium degree of
saturation. Sediment power is from (3.5-6 m). In the period of geological surveying in September 2014,
drilling up to 8m in depth, it was found that the groundwater level located within
(2.2-2.5 m). The properties of the investigated soil according to the report are given in Table 1.

Table 1. The properties of the investigated soil as given in the geotechnical report of the
factory

Strength
Geological Soil Name | Layer | Density | Porosity indicators E, Calculated Filtration
Index (type) No. t/m3 factor C, ®, | MPa | resistant coefficient,
e kPa | grad RO, kPa m/day
Bulk sand
tv different 1 R0=100 kPa
sizes
Fine sand,
medium
Ig 1 densiyand |-, 1.94 065 | 4 | 30% | 18 |  200% 4.47%
degree of
saturation
and fully
saturated

* According to laboratory investigation data, ** According to SP 22.13330.2011 [23].
2.3. Experiment Description and the test site

In the test site, two plots, each measuring 3 m per side, were chosen, covering a total surface area
of (3*3 m) as shown in Figure 2. Soil stabilization using an expandable polyurethane resin was applied in
one plot while the second plot considered as a reference plot (no injection was carried out in this plot) for
the comparison of the results. Then, the concrete plate of the injected plot was cut, and a total load of
(11 ton) approximately was placed on it to ensure that the plot acts like a real foundation as shown in
Figure 3.
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Figure 2. The selected experiment plots Figure 3. The injected plot under the load
during the injection process

The injection of the expandable resin was carried out at five different points along the injected area
utilizing injecting tubes which inserted to different depths. The injection of the resin carried out at depths
(0.5, 1, 2 m) to assess the effect of the injected resin on the properties of the investigated soil at different
layers. The injected geological section with the concrete plate and injection zones are shown in Figure 4.
The injected resin consists of two components (component A and component B) of the polyurethane resin
(MC-MONTAN INJEKT-LE) produced by the company MC-BAUCHEIME-Russia. The components of the
resin were mixed in a hydraulic system under high pressure to control the mixing of the two components of
the resin and injected incrementally into the soil using the injection pistol. The pressure of the injection mix
was more than 100 bars, and the temperature of the mix was varied and controlled but mostly (15 C°).
Then, both plots were excavated to investigate the propagation of the polyurethane resin and to conduct
plate load test (plate-bearing test).

Injection Pipes
Concrete Plate
S— '
i 0.2m
0.5m Third Injected. Zone .? LoE
! L =R 1
i T =
L g 2
0.5m Sacond injected Zone & _% :
w3
8 g
e o
3

. FirstInjected Zone .~ |-

Figure 4. The geological section of the injected area and the in-situ injected zones

2.4. Excavation process and the plate load test

Different depths of excavation were chosen to investigate the effect of the resin on the modulus of
deformation (E) by conducting plate load test, and to locate the propagation of the resin in the soil massive
at different depths. The Depths of the excavation were selected considering different conditions which can
influence the accuracy of the obtained results such as the groundwater level of the tested area. Moreover,
the excavation process was carried out manually to avoid any disturbance to the soil which might affect the
results of the plate load test and to be able to locate the resin accurately.

Each plot was divided into four quarters and only a quarter of each plot was selected for the
investigations at this step. The pre-designed depths of the plate load test (0.5 m) which is the depth of the
injection in the first layer of the investigated soil and (1.5 m) for the second layer of the soil as this depth
represents the average of the injection depth in the second part of the soil layer (1-2 m). During the
excavation process, it was noticed that the groundwater level located at the depth (1.4 m) as shown in
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Figure 5. It is the author opinion that the reason behind the groundwater level rise is the seasonal variation
of the groundwater as the excavation process was performed in autumn when the water level rises. Thus,
the selected excavated points for the plate load test were replaced by another point, and the in-situ depths
of the plate load test were taken as explained in Table 2. The concrete plate cutting process is shown in
Figure 6.

(A) The cutting process (B) A section of the injected plot after cutting
Figure 6. The cutting process of the injected plot. (A) The cutting process, (B) A section of the
injected plot after cutting

Five different points were chosen for performing the plate load test, two points in the reference plot
at depths (0.4,1.2 m) and two points in the injected plot at depths (0.4, 1.1 m) in addition to one point in the
injected area on the (resin-soil composition) as shown in figure (7). Furthermore, dynamic cone penetration
test DCPT was conducted, and the results of the test are achieved and described in a previous article [22].

DCPT POINTS
3,0000 5.0000
INJECTION POINTS
L]

O @ @—T
3.0000 l/ (5] 15000
@ 6 ?T

L]
iy

| —Plate load test

0
] ©.__L
-

Figures 7. The in-situ location of the plate load in the reference and the injected plot

1.0000

It means that two points at depth in the injected plot were compared to two other points in the
reference plot at different soil depths for the comparison of the results, while, the last test was performed
separately. In the last test, the center of the steel plate was placed to fit the center of the resin to investigate
the modulus of deformation (E) including the resin and the soil together and not only on the soil itself as
shown in Figure 8.
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Table 2. The excavation zones and the actual depth of the in-situ plate load test

Zones of the test Number of the test The depth of the test, (m)
Without injection 1 0.4
(Reference plot) 2 1.2
With injection 3 0.4
(Injected plot) 4 1.1
With injection on the resin-soil (Injected plot) 5 11

Y e ¥ o bty

(A) The location of the steel plate. (B) The soil-resin under the load.

Figure 8. The steel plate as placed in-situ in point number (5). (A) The setting up the plate on the
resin-soil compaosition, (B) The soil-resin under the load in this point

The main aim of the test is the determination the modulus of deformation of the investigated sandy
soil (E) at different soil depths and the graphs of load-settlement relationships according to specified load
before and after the injection of the expandable polyurethane resin in order to precisely investigate the
effect of the injected resin on different soil characteristics and on the bearing capacity of the investigated
soil.

Six concrete plates with total load around 25 ton were used for applying the load on a circular steel
plate. The load was chosen to ensure that the load applied to the soil area is enough to reach the failure of
the soil. The diameter of the chosen steel plate is 27.6 cm, and the area of it is 600 square centimeters.
So, the maximum load according to the equation below is around 416 ton/m?2.

6="P/A
where P —the load of the concrete plates, A: The area of the steel plate.

In order to transfer and control the load of the concrete plate to the steel plate, an aluminum jack
was used with a capacity of loading up to 150 ton. Also, a manual hydraulic jack was calibrated to create
and control the load during the testing process. Three sensors connected to the steel plates carefully for
reading the settlements of the soil during each process of loading and unloading the soil (release the load
and control the settlement). Figures 9, 10 show the plate load test in-situ at different points of the
experiment.

g S S

Figure 9. The plate load test under Figure 10. The plate load test under the load
the load in point (3) in point (4)
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Furthermore, the diameter effect of the applied load was considered when the locations of the plate
load tests were chosen. To ensure that no results are overlapping of the applied load of one tested point
to another, the minimum distance between plate load tests was (75 cm) as the diameter effect of the applied
load in this test is assumed to be double than the diameter of the steel plate which is (55.2 cm).

3. Results and Discussion
3.1. Results of lifting

The concrete foundation (the plate under the load) was regulated and lifted up to (12 mm) after the
injection of the resin. The results were carried out Immediately at each point, then the last elevating of the
whole plate was controlled through the middle point (point 3). The injection process was proceeded and
monitored using a high accuracy laser level instrument during the injection process until the designed level
for this experiment was obtained. The temperature of mixing the components of the resin and the pressure
of injection was variated depending on the elevating required for each point. Results of lifting the concrete
plate are shown in Figures 11, 12.

.

(A) Before (B) After
Figure 11. A side section of the concrete plate side of the injected plot before and after the
injection of the resin. (A) Before injection, (B) After injection

(A) Before (B) After
Figure 12. The concrete plate of the injected plot before and after the injection of the resin. (A)
Before injection, (B) After injection

3.2. Resin propagation

The resin diffused in the soil massive forming shapes similar to walls of foam plates along the injected
soil depth from all sides within a distance interval around 30-50 cm and the average thickness of the resin
is 2 cm approximately as measured. It was found that the resin propagated through the whole excavated
depth of the soil. Moreover, the resin was continuous through the whole excavated depth of the soil and
not separated. Figures 13, 14 illustrate different sections of the resin propagation.
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Figures 14. Different sections of the resin diffusion in the injected plot at depth (1.1 m)
3.3. Results of plate load test

According to the Russian standard GOST (20276-12) [24], the load must be applied within an interval
of loading and unloading (steps) which depends on the type of the soil. Thus, the loading interval was taken
in this experiment (0.5 kg/cm?). Then, waiting for the stabilization of the settlement reading (the release of
the load) until it becomes equal or less than (0.1 mm) within a specified time before applying the second
load. This interval was used for the first ten steps (till 5 kg/cm?), then, the interval was increased to
(1 kg/cm?) until obtaining the ultimate load where the failure of the soil occurs or reaching a specified load
of (20 kg/cm?). The cracks of the soil around the steel plate under the ultimate load is a sign of soil failure
as shown in figure (15). In point number (4), the soil was very compacted after the injection of the resin,
and the failure of the soil did not occur at the maximum specified load for this experiment (20 kg/cm?).
Therefore, the mentioned intervals were taken until reaching the pre-designed load for the comparison of
this experiment (20 kg/cm?), and by exceeding this value the load was increased rapidly without following
the requirements of the settlement stabilization intervals (without releasing the load) until the ultimate load
where the soil was failed in order to investigate the ultimate load of that point (the failure of the soil) after
the injection of the resin.

(B)

Figure 15. The soil under the ultimate load and cracks shown as a sign of the soil failure.
(A) failure in the reference, (B) failure in the injected plot
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Furthermore, the modulus of deformation of the soil was calculated for each step individually
according to the following equation:

E= (1-v2)Kp*K1*D (AP/AS)
where E= modulus of deformation of the soil,
V = 0.3 Poisson’s ratio, Kp = 1 as the test done in the pit, K1 = 0.79 for circular solid steel plate,

D = 27.6 cm the plate diameter, AP = The pressure increment, A4S = The Settlement increment.

Table 3. The loading stages (steps) and the modulus of deformation (E) obtained from every
loading stage

Number of | The range of |The obtained values of the soil deformation modulus (E) at each loading
loading stages loading, stage
Kg/cm? Number of the tested points

1 2 3 4 5
1 0.0-0.5 178.3 951.1 124.1 167.8 124.1
2 0.5-1.0 25.7 226.5 36.0 44.3 34.3
3 1.0-15 17.5 20.9 23.6 47.6 26.4
4 1.5-2.0 13.3 12.0 17.7 38.6 25.0
5 2.0-2.5 15.4 11.3 16.9 36.6 22.5
6 2.5-3.0 9.6 12.1 13.6 34.7 23.9
7 3.0-3.5 8.4 10.1 17.3 27.4 19.7
8 3.5-4.0 9.1 10.0 17.1 32.1 20.7
9 4.0-4.5 8.4 11.1 18.3 25.7 18.5
10 4.5-5.0 4.8 7.6 16.4 22.1 14.6
11 5.0-6.0 4.7 10.9 12.9 29.1 16.0
12 6.0-7.0 4.1 10.2 12.1 23.3 12.4
13 7.0-8.0 3.6 10.0 12.1 26.6 6.5
14 8.0-9.0 2.6 10.4 11.5 20.7 7.2
15 9.0-10.0 2.1 9.6 10.0 17.5 2.0
16 10.0-11.0 1.8 6.8 9.6 18.8
17 11.0-12.0 1.4 3.3 9.0 16.1
18 12.0-13.0 8.6 16.2
19 13.0-14.0 7.4 16.7
20 14.0-15.0 6.3 13.9
21 15.0-16.0 7.4 13.2
22 16.0-17.0 4.0 12.6
23 17.0-18.0 3.0 11.5
24 18.0-19.0 2.7 10.6
25 19.0-20.0 1.4 9.9

The gray color shown in table 3 is the range by which the soil deformation modulus (E) is defined as
the total value of the deformation modulus is calculated by taking the average of five stable stages results.
Table 4 shows the zones of plate load test and the total soil deformation modulus (E) achieved from each
tested point before and after the injection of the resin.

Table 4. The zones of plate load test and the total soil deformation modulus (E) in each tested

point

Zones of the test Test Test Deformation modulus (E), MPa Maximum load
number depth,(m) applied, Kg/cm?

Without injection 1 0.4 10.6 12

(Reference plot) 2 1.2 11.1 12

With injection 3 0.4 16.4 20

(Injected plot) 4 1.1 33.6 27

With injection on the resin-soil 5 1.1 22.3 10
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Focusing on Figure 16 which shows the results of load-settlement before and after the injection
process at depth (0.4 m) in points (1, 3). Clearly, the soil failed at load (20 kg/cm?) after the injection of the
resin (injected plot), while, the failure point of the soil occurred at a load of (12 kg/cm?) before the injection
of the resin (reference plot) and the settlement of the soil was decreased too during all loading steps. The
settlement was around (75 mm) before the injection when exposed to the ultimate load (12 kg/cm?) where
the failure of the soil appeared while it decreased remarkably after the injection of the resin under the same
loading and the same test conditions.

Pressure,kg/Cm.Sq

0 5 10 15 20 25

Settlment, mm
s TR R
(=] [=] o (=] Q [=}

~
o

80

—e—Before injection after injection

Figure 16. The graph of load-settlement in point number (1,3) ) at a depth of 0.4 m before and after
the injection of the resin

Furthermore, emphasizing on Figure 17 which shows the results of the load-settlement of the soil in
points (2, 4) at depth (1.2, 1.1 m) respectively. Obviously, in point number (4) the soil did not fail under the
designed load for this experiment as mentioned above. The soil failed under a load of (12 kg/cm?) before
the injection of the resin (reference plot), while, it exceeded the pre-designed load for the comparison of
this experiment and the failure of the soil occurred at a load of (27 kg/cm?) after the injection of the
expandable resin (injected plot). Moreover, the settlement result was around (36 mm) under the failure load
(12 kg/cm?) in the reference area, while, it decreased tremendously under the same loading steps and the
same test conditions in the injected area.

Results of both incorporated graphs (16, 17) prove that the soil was more compacted with a high
degree of compaction and the settlement of the soil decreased at all comparison depths after the treatment
of the soil using the expabdable polyurethane resin.

Pressure,kg/Cm.Sq

o] 5 10 15 20 25 30

Settiment, mm

—e—Before injection After injection
Figure 17. The results of load-settlement in points (2, 4) at a depth of (1.1,1.2 m) respectively
before and after the injection of the resin
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Focusing on Figure 18 which presents the results of the plate load test in point (5). The result of the
soil deformation modulus was increased after the injection of the resin, and the settlement was decreased
in comparison to both points (1, 2) in the reference plot, while the failure load of the soil was low (10 kg/cm?)
comparing to the failure load of the reference points. According to the author opinion, the low value of the
limit pressure on this tested point (with the inclusion of the resin) is explained by the diversity of the base
(soil and resin) under the steel plate. At a particular pressure, the resin which is adjacent to the steel plate
is not strictly vertical, began to deform (up to rupture at bending), deforming the surrounded tested soil.

Pressure,kg/Cm.Sq
6 8

0 2 4 10 12

Settlment, mm

After the injection on resin

Figure 18. The results of load-settlement in point number (5) at a depth of 1.1 m

The analysis of the results of the plate load test has shown the significant influence of the injected
expandable polyurethane resin on the properties of the investigated soil. Results of all graphs (16, 17, 18)
improve certainly that the soil in the injected plot became more compacted comparing to the reference plot.
Moreover, according to the obtained results, the settlement of the soil decreased in all tested points and at
all tested depths after the injection of the resin. Furthermore, the coherent of the plate load test results in
each plot at different depths and the diversity of the selected points beside the high accuracy of the selected
test in this experiment prove with no doubt the improvement of the properties of the investigated soil which
achieved after the injection of the expandable resin.

Moreover, the modulus of deformation of the investigated soil has been increased enormously after
the injection of the resin. The effect of the resin on the density of the sandy soil is clearly noticed as the soil
in the injected plot became denser in comparison to the soil in the reference plot and the bearing capacity
of the investigated soil is improved as the load required for the soil failure increased within a constant area
(the area of the steel plate) as illustrated in the graphs of load-settlement.

It is the author opinion that the more load applied on the soil can lead to better results because the
resin propagates from the bottom moving towards the upper soil layers exerting pressure on the sail
vertically and laterally facing the load of the construction from the opposite direction which leads to an
outcome of the pressure applied on the soil and finally leading to strengthening the soil by increasing the
cohesion. This opinion is enhanced by focusing on the results of the plate load test at depths of (1.1, 1.2
m) which show that the soil deformation modulus and the soil stabilization was improved after the injection
process while less improvement noticed in the same properties at the depth (0.4 m). Moreover, the resin
leads to reduce the soil void ratio and extrude the water from the soil decreasing the soil water content
beside the presence of the injected resin itself (additional volume of the injected resin is added to the soil
while the weight of the resin is small relatively) leading to increase the density and strengthening the soil
preventing further future settlements.

4. Conclusion

The paper presents the results of full-scale experimental research carried out before and after the
injection of an expandable polyurethane resin consists of two components in non-cohesive sandy soil. An
outcome of the results proves the significant improvement of the investigated soil deformation modulus (E)
after the injection of the resin in the injected plot while no improvement was observed in the reference plot
where no soil treatment carried out. Also, the settlement of the investigated soil was decreased remarkably
in the injected plot as demonstrated in the graphs of load-settlement after the injection of the resin. The
failure load of the soil occurred at a load of (12 kg/cm?) in the reference plot while the failure load was
increased to be (20, 27 kg/cm?) in the injected plot proving the increasing of the soil bearing capacity after
the injection of the expandable resin. The lifting and regulating of the concrete foundation to the pre-
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designed level were achieved (up to 12 mm) which proves the efficiency of the injected resin and the effect
of it on both applications (foundation lifting and settlement compensation besides strengthening of the
injected soil). The resin propagates in baths under high pressure leading to the soil consolidation forming
like continues walls of foam plates from all excavated sides and along the whole injected depth of the soil.
The obtained results are valid, actual and can be applied in all similar types of non-cohesive sandy soil as
the resin increases the cohesion of the treated sand. Furthermore, the outcome of the forces exerted on
the soil (load-resin forces) in opposite directions beside the lateral pressure which applies on the soil during
the injection process, and the additional volume of the injected resin lead to increase the mass density of
the soil (soil compaction). Thus, the soil injection technology using an expandable polyurethane resin might
also be applied almost in all soil types except the rocks according to the author opinion and as explained
in this article. The injection process is simple and efficient with less equipment and labor required in
comparison to other techniques used in this field and with no inherent to the soil ecology and the soil
groundwater level.
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