


MITIGATION OF EXPANSION IN CLAYS BY MIXING WITH TEZONTLE

ABSTRACT
	
The purpose of this study is to demonstrate that the expansion of clays or silts can be reduced by mixing them with porous materials such as tezontle (a type of volcanic rock). The tests presented in this article were conducted at the geotechnical laboratory of the Autonomous University of Querétaro. Expansive soils are a type of material that can undergo significant volume changes upon contact with water, generally when the soil is partially saturated and subsequently becomes saturated. Currently, several methods exist to stabilize these materials, such as the addition of hydrated lime or quicklime, cement, or fly ash. Methods can also be used to prevent water from coming into contact with the soil, such as drainage systems, waterproofing, and, in some cases, the construction of foundations that prevent contact with the clays (piles or waffle slabs with spacing between ribs). This research presents an alternative to reduce the percentage of expansion by mixing clay with tezontle, as this type of material is commonly found in some locations. For this purpose, percentages of 5, 10, and 15 were added, with grain sizes ranging from 19 to 4.75 mm. The expansion of the mixture was measured in a CBR mold under a load equal to that of the clay in its natural state. This allowed us to find that clay expansion can be mitigated by combining it with tezontle gravel. The results indicate that when a load is applied to the soil and it is subsequently saturated, a settlement of 0.24%, 0.3%, and 0.43% is experienced for each percentage of tezontle added, followed by swelling. In this case, there is a decrease in the percentage of expansion of 2.48% with the addition of 5% tezontle, 2.82% with the addition of 10% tezontle, and 3.21% with the addition of 15% tezontle, relative to the dry weight of the soil. This means that the percentage of expansion can be reduced by adding tezontle to the soil; however, a small collapse will occur first.
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1. Introduction 
Expansive clays are found in various parts of the world, such as the United States, Canada, Mexico, Australia, India, and others. In Mexico, these soils are found in practically every state (Figure 1), sometimes saturated and sometimes partially saturated. In Querétaro, this type of soil is common, and the most affected structures are those of social interest due to poor quality control, lack of geotechnical studies, or simply a lack of awareness.
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Figure 1. Potential areas of expansive soils in the Mexican Republic (Zepeda & Castañeda, 1987)
Their colors vary depending on the minerals present in the material, but the problems they cause in construction phase remain the same. Various structures, such as roads, buildings, houses, and industrial warehouses, are built on this type of soil. Construction on expansive clays can pose a significant challenge for construction companies due to the soil's ability to swell and shrink with changes in humidity. Seasonal variations are one of the factors that most affect clays because during dry periods they contract, causing visible cracks on the surface, and during rainy periods they recover and increase the lost volume. However, human intervention also plays a significant role, such as the installation of pipes, drainage systems, or even excessive logging. The biggest problems arise when construction begins on "hard" soils during a dry season, which are actually highly plastic, dry clays. While the soil may initially appear to support the structure, when the rainy season arrives, leaks occur in pipes or any event causes the penetration of water into the soil, the soil will absorb the water and begin to expand, lifting any structure that exerts less pressure than the soil can bear. 
To determine if a soil is likely to expand, one-dimensional expansion tests can be performed. These tests involve placing an undisturbed soil sample in a consolidation ring. Indicator gauges are used to measure the change in soil height when the soil becomes saturated. The result is expressed as a percentage of the initial height of the specimen placed in the consolidation ring. Another method involves the correlation with consistency limits, for example, using the Reese and O’Neill (1988) criteria. If the soil has a liquid limit <50% and a plasticity index <25%, it has low expansion potential; if the soil has a liquid limit between 50 and 60% and a plasticity index between 25 and 35%, it has marginal expansion potential; and if the material has a liquid limit greater than 60% and a plasticity index greater than 35%, the soil has high expansion potential (see Table 1). Another method used is the activity method, which consists of dividing the plasticity index by the percentage of material finer than 2 microns. If the result is greater than 1.5, the clay will have a high expansion potential.
Table 1. Criteria for Defining Expansion Potential (Reese and O’Neill, 1988)
	Limit Liquid (%)
	Plastic Index (%)
	Potential expansion (%)
	Potential Expansion Classification

	>60
	>35
	>1.5%
	High

	50 to 60
	25 to 35
	0.5 to 1.5
	Marginal

	<50
	<25
	<0.5
	Low



The methods described above are considered indirect because they only confirm or deny whether the soil is expansive, but they don't specify how much pressure it can exert on overlying structures. For this, expansion pressure tests or triple odometer tests can be performed.
Knowing the type of mineral present in the clays can also be very helpful, since the mineral that causes the most expansion problems is sodium or calcium montmorillonite (this can be determined by performing an X-ray diffraction test).
If the soil has a marginal or high expansion potential, different methods can be used to reduce the risk or mitigate swelling, such as:
- Chemical stabilization. This consists of adding lime, cement, or fly ash to the clay structure. In addition to reducing or eliminating expansion, this can improve the physical and mechanical properties of the material. Adding approximately 5% of the dry unit weight can achieve this; however, it is always advisable to verify this with laboratory tests. - Installation of moisture barriers in conjunction with drainage systems. Geosynthetics can be placed to prevent water from penetrating the subsoil and, in case of infiltration, to channel it through vertical or French drains to safer areas.
- Modifying the expansive soil structure. This involves saturating the soil before construction. While very effective, it is essential to ensure that the saturated soil is not within the active zone. Gromko (1974) proposes placing a 10-15 cm layer of gravel on the surface before flooding the soil, which helps reduce evaporation.
- Replacement of expansive soil. If the thickness of the clay layer is not too great, it may be feasible to remove it completely and replace it with one with stable volumetric characteristics.
- Construction of foundations that prevent expansion. If the clay layer is 5 meters thick and a non-expansive soil with competent properties lies beneath it, foundation piles can be constructed extending down to the clay stratum, thus preventing volumetric changes in the foundations.
- Mixing with non-expansive soils. It has been found that mixing an expansive soil with a non-expansive soil significantly reduces the swelling percentage. The appropriate ratio must be analyzed beforehand.
	As we have seen, there are several methods for dealing with soils that have swelling potential. The purpose of this article is to provide an additional alternative for reducing the expansion percentage qualitatively evaluating the mitigation of expansion potential in high-plasticity clays through the mechanical addition of vesicular aggregates in proportions of 5%, 10%, and 15% relative to the clay's dry weight. This will be done using a modified CBR test initially loaded to the local specific gravity followed by saturation.
	This assumes that incorporating tezontle gravel into the expansive clay matrix significantly reduces the swelling percentage. The inherent open porosity of tezontle acts as a network of microcavities that captures the lateral and internal expansion of the clay. Consequently, when the mixture is saturated under load, the soil will undergo an initial collapse as the voids in the gravel fill. Following this, there will be a final expansion of lesser magnitude compared to the clay in its natural state.
2. MATERIALS AND METHODS
To determine that the soil used in the tests possesses high expansive potential, it is first necessary to determine its physical properties. For this purpose, a particle size analysis was performed following the procedure of the ASTM D7928 standard, the consistency limits were determined according to ASTM D4318, the relative density of the soil solids was obtained using ASTM D854, and it was classified as explained in ASTM D2487. In addition, an expansion and expansion pressure test was carried out to confirm the degree of expansion of the material.
In addition, four expansion and expansion pressure tests were performed according to ASTM D4546 on undisturbed samples taken from the same property located between Residencial Santa Fe and Provincia Santa Elena in the municipality of Santiago de Querétaro, Querétaro state, Mexico. The location of the site can be seen in Figure 2. The water content of each sample was determined according to ASTM D2216. All of this was done to confirm the degree of expansion of the material. The average water content, expansion, and expansion pressure can be observed in the results section.
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Figure 2. Location of the site for extracting disturbed and undisturbed clay samples.
As mentioned in previous paragraphs, expansive material is sometimes removed and replaced with a more stable one, and in other situations, it is combined with other materials to obtain one with stable volumetric properties. In this investigation, a combination of both methods was used, mixing the clay with a material quite common in some places called tezontle. 
In some parts of Mexico, tezontle can be found in material quarries that supply it to construction projects for use as fill, embankment, subgrade, or filter. This is a lightweight, porous, reddish (or black in some cases) material.
Figure 3 shows the tezontle used to carry out the tests prior to its granulometric analysis. The sample was obtained from a materials bank located in El Marqués, Querétaro.
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Figure 3. Sample of tezontle used prior to its granulometric analysis
The state of the art indicates that if cavities are artificially created within clay strata, such as vertical boreholes for foundation piles, the lateral expansion of the clay will be directed towards these boreholes, significantly reducing the vertical thrust (Bimbela et al., 2014). Tezontle is used because its geological nature results in a percentage of pores in its structure, and the number of pores in the aggregates increases with grain size (Vargas Tapia et al., 2008).
The specific gravity, absorption, and pore volume of tezontle were determined following the procedure of ASTM C127, and the particle size analysis was performed according to ASTM C136. The tests to determine pressure expansion and one-dimensional expansion, as explained in ASTM D4546 Method C, are performed using consolidation rings approximately 20 mm high and 10 cm in diameter. This is not feasible for the purpose of this study because gravel is required. Another method that measures expansion, but is primarily developed for pavements, is the California Bearing Ratio (CBR) test. This test is performed using a mold 152.4 mm in diameter and 177.8 mm high. The standard procedure, according to ASTM D1883, for performing the CBR test involves compacting a soil sample on a 61.37 mm high disc placed inside the mold to achieve a specific density and moisture content. Once the sample is compacted, the disc is removed, a stem is inserted, and a 4.54 kg weight is applied. The mold is then placed in a water-filled tank. When placing the water tank, a dial micrometer is placed on the top of the stem to measure the volumetric change of the soil due to the water inflow. The final result of the procedure summary can be seen in Figure 4.
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Figure 4. Example of CBR test placement to measure expansion.
The following limitations were encountered in conducting the study:
The stem in this test, being very small, cannot support a weight that closely replicates the specific gravity of the soil.
The test only allows particle sizes up to 19 mm in diameter.
To address these limitations, only gravels ranging from 4.75 mm to 19 mm were used, since, as mentioned previously, the larger the grain size, the greater the number and size of voids within the particles. Furthermore, to apply a surcharge to the soil equal to the specific gravity, a taller stem was fabricated to house the micrometer.
The procedure for measuring expansion using the modified CBR test is as follows:
Initially, the clay is brought to its natural moisture content found in situ.
The clay is mixed with the percentage of gravel for which the expansion is to be determined (for this experiment, 5%, 10%, and 15% of tezontle were used relative to the specific gravity). The mixture is compacted to the natural specific gravity of the clay plus the density of the tezontle contributed by the included percentage, that is:

= Specific gravity of the clay-vesicular material mixture (g/cm3)
= Percentage of vesicular material (5, 10, or 15%)
= Percentage of clay (95, 90, or 85%)
= Density of vesicular material (g/cm3)
= Density of clay (g/cm3)
The compacted mixture is placed in the tank “without water” using the stem, and then a surcharge equal to that of the clay in situ is added.
Finally, the micrometer is placed on the stem, and the tank is filled with water to begin measuring the expansion. The final product of the procedure can be reviewed in Figure 5.
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Figure 5. One-dimensional expansion test with CBR modification
3. RESULTS AND DISCUSSION
The clay used possesses all the characteristics that indicate it is an expansive soil (high liquid limit, high plasticity index, high clay content). These index properties can be observed in Table 1. The expansion test obtained in several tests carried out in accordance with the ASTM D4546 standard shows different values ​​in the percentage of expansion, between 9.13% and 12.02% (Figure 6) due to the variation in the water content in the undisturbed samples used; the expansion pressure itself varied between 4.87 and 7.79 t/m2. This, along with the Reese and O’Neill criteria in Table 1, classifies the soil as having high expansion.

Figure 6. Results of the percentage of expansion in undisturbed soil samples.
Table 2. Index properties of the clay to be used in the experiment
	Gravel 
	0.00
	%

	Sand
	16.30
	%

	Slit
	49.39
	%

	Clay
	34.31
	%

	Average water content (ω)
	15.80
	%

	Limit liquid (LL)
	84.87
	%

	Plastic limit (PL)
	33.33
	%

	Plastic Index (PI)
	51.54
	%

	Contraction limit (SL)
	14.72
	%

	Lineal contraction (LS)
	21.63
	%

	Liquidity ratio (LI)
	0.18
	 

	Specific gravity of soil solids ()
	2.71
	 

	Soil classification
	CH
	 



The grain distribution of the tezontle used was obtained following the procedure of the ASTM D6913 standard, its graph can be observed in Figure 7.
According to the tests, the tezontle used has an open pore volume of 139.7 cm³ in a quantity of 1817 grams of material, a density of 1.7463, and an absorption of 8.3%.


Figure 7. Grain distribution of the tezontle used.
Rodriguez P., Mesa G., and Bimbela C. demonstrate in their research that creating voids in expansive soils can help reduce their vertical expansion. In this case, the voids in the tezontle (volcanic rock) material, ranging from 4.75 cm to 19 mm, possess a number of pores that act as a volumetric buffer. That is, when the clay expands, it finds a space in the tezontle where it can swell freely, thus reducing the vertical thrust.
As mentioned previously, increasing the grain size of the tezontle aggregate also increases the amount of open porosity. 
The results of the clay expansion in the CBR mold (Figure 8) show an expansion percentage of 7.09% using a surcharge of 12.72 kPa while maintaining a moisture content of 14.8%.

Figure 8. Percentage of clay expansion without tezontle.
For the clay mixture with 5% tezontle, the expansion percentage was 4.61%. Adding 10% vesicular material resulted in an expansion percentage of 4.27%, and with 15% tezontle, the expansion percentage was 3.88%. These measurements were taken as a reference point, subtracting the height of the spacer disc from the height of the CBR mold, which is 116.4 mm. Furthermore, as shown in Figure 9, there was a slight settling in the mixture. This occurred because the natural voids in the tezontle initially filled before the expansion took place. The settling percentages were 0.24%, 0.3%, and 0.43%, respectively. 
This suggests that although tezontle helps to mitigate expansion to some extent, it creates a small initial instability that increases as the soil becomes saturated. However, after one day of saturation, expansion begins to occur. In comparison, the deformation-time curve in Figure 8 (unstabilized clay) shows swelling at the moment the soil becomes saturated and does not exhibit any type of collapse or settlement. This type of soil would fall into a collapse-expansion category. Gonzalez E. mentions a category where the soil initially expands and subsequently collapses, but not a pattern of initial collapse followed by subsequent swelling.
The variation in the percentage of expansion between the CBR mold and the consolidation ring can be due to two important things. The first is that, since the soil in the CBR mold is below and some of the weights placed on the samples could exert lateral friction with the mold, the soil, when expanding, also has that additional friction with the mold, which is not generated in the expansion tests with the consolidation rings.

Figure 9. Average percentage of expansion of the clay mixture with vesicular material.
In nature, clays tend to withstand several cycles of drying and wetting due to seasonal variations, often causing deeper and wider shrinkage cracks, as explained by Ahlinhan (2025). This research is limited to a single saturation cycle, which raises questions such as: What will happen in five years with extreme cycles of rain and drought? Is it possible that at some point the expansive clay will permanently fill the open pores of the tezontle?
Furthermore, the fabricated stem has a predetermined length that must increase as the depth of extraction of the undisturbed sample increases, since the weight of the soil must be replicated for the test. This is because the CBR test does not use a lever arm like the oedometer test.
Laboratory mixtures of tezontle with clay guarantee a uniform distribution of aggregates; however, in the field, mechanical equipment such as a motor grader is used to replicate the homogeneity of the laboratory. This is a significant challenge, and if not done properly, it can result in areas with different expansion capacities.
4. CONCLUSIONS
This study presents the effects of mixing expansive clays with a vesicular material, such as tezontle.
The addition of tezontle to the clay matrix reduces one-dimensional expansion by a certain percentage; however, a small initial collapse occurs, which gradually increases over time. Swelling occurs when the pores of the tezontle fill with soil. This phenomenon can be considered a collapse-expansion reaction.
The test results showed that:
· The variation in the percentage of expansion between the oedometer tests and the CBR test may be due to the increased soil friction in the CBR mold compared to that of the consolidation rings. However, it can serve as a preliminary result. 
· The expansion of clays can be mitigated to some extent by combining them with tezontle (a type of volcanic rock). Initially, with 5% tezontle it decreases by 35%, with 10% it decreases by 39.8%, and with 15% it reduces it by 45.3%. While it doesn't eliminate expansion completely, it can be used as an alternative to reduce it.
· A quantity of tezontle can be added to the soil by combining it with another volume-reducing agent such as cement or lime. This is done to reduce construction costs.
· In various parts of Mexico, such as El Salto, Jalisco; Acatlán, Jalisco; Valle de Santiago, Guanajuato; and Querétaro, Querétaro, among others, it is very common to find porous materials like tezontle, which can be used to stabilize silts or expansive clays instead of conventional chemical stabilizers such as lime or cement. Furthermore, the carbon footprint generated by the production of these materials is greater due to the high-temperature calcination processes compared to the extraction of vesicular material from quarries.
· To apply this procedure in the field, a borrow material containing gravel between 4.75 and 75 mm can be selected (a larger size is acceptable if the necessary equipment is available to determine the degree of compaction and the layer thickness is at least twice the size of the largest aggregate). A minimum thickness of 0.20 m is scarified, and then mixed with tezontle gravel using a motor grader. The mixture is brought to its optimum moisture content or two percentage points higher, and then compacted to 95% of its maximum dry density obtained in the laboratory using a standard effort.
Table 3 shows a comparison of the findings obtained when using tezontle as a stabilization medium:
Table 3. Summary of results
	Percentage of tezontle
	Expansion reduction (%)
	Initial Settlement (%)
	Relative Efficiency

	5%
	35.0%
	0.24%
	High

	10%
	39.8%
	0.30%
	Medium-High

	15%
	45.3%
	0.43%
	Maximum Mitigation



Gonzalez Rufino et al. (2021) evaluated the behavior of expansive soils at different saturation levels to determine the effectiveness of the presaturation method. Increasing the soil saturation level from 60% to approximately 84% reduced expansion by between 44% and 27%. A similar reduction of 45.3% was achieved when mixing clay with 15% tezontle (volcanic rock).
In contrast, the swelling percentage is more effectively reduced with the use of zeolitic tuff geopolymers. This method achieves a decrease from 17.2% to 0.25% (Rasil A., 2025). This does not mean that mixing with tezontle is excluded, because combining it with lime, cement, geopolymers, etc., or having a material bank near the site to be stabilized, makes it a viable option.
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Expansion (%)




25	19	12.5	9.5	6.25	4.75	2	100	100	69.424680051661383	47.448632147469766	18.060349888458376	5.1356111306798145	3.1806974286720653	Grain size (mm)


Passing (%)



Clay (1)	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	0.1831661578717837	0.39249890972525081	0.53205407762756218	0.69777583951155708	0.80244221543829053	0.8983863933711298	1.0902747492368079	1.6048844308765811	2.1631051024858272	3.0614914958569566	3.9075447012647202	4.8931530745747942	6.2276493676406464	6.6637592673353705	6.8643698211949422	7.0213693850850438	7.091146969036199	7.091146969036199	Clay (2)	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	2.6244423060099553E-2	8.7481410200332302E-2	0.13647099991251849	0.20120724346076457	0.28256495494707368	0.41028781383955892	0.58612544834222713	0.80482897384305829	1.1302598197882947	1.5484209605458836	2.4932201907094735	3.6742192284139605	4.8727145481585152	5.9924765987227699	6.5821013034730109	7.1463563992651551	7.1629778672032183	7.1647274954072264	Clay (3)	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	7.8588892769821742E-2	0.2357666783094656	0.40167656304575616	0.58505064617534042	0.73349633251833746	0.80335312609151233	0.9430667132378624	1.0915123995808593	1.5019210618232623	1.7900803353126091	2.6021655606007688	3.4142507858889282	4.6280125742228426	5.7020607754104082	6.4879497031086268	6.7324484806147389	6.9507509605309119	7.0118756549074384	5% tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	5% tezontle (2)	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	10% tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	0	0	-1.760563380281692E-2	-1.760563380281692E-2	-3.5211267605633839E-2	-7.9225352112676339E-2	-0.11443661971831018	-0.16725352112676053	-0.21126760563380306	-0.26408450704225384	-0.29049295774647899	-0.30809859154929592	-5.2816901408450766E-2	0.64260563380281688	3.943661971830986	4.4190140845070429	4.4982394366197189	4.542253521126761	10% Tezontle (2)	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	-8.7161160986664425E-3	-1.7432232197332885E-2	-1.7432232197332885E-2	-3.486446439466577E-2	-3.486446439466577E-2	-3.486446439466577E-2	-4.3580580493332216E-2	-6.1012812690665101E-2	-9.5877277085330864E-2	-0.13945785757866308	-0.15689008977599578	-0.16560620587466221	-0.20918678636799443	-0.13074174147999665	0.66242482349864906	2.6235509456985966	3.9222522443998957	4.2621807722478877	15% Tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	-1.7444395987788942E-2	-4.3610989969472359E-2	-9.5944177932838992E-2	-0.15699956389010028	-0.20933275185346711	-0.2703881378107284	-0.31399912778020056	-0.36633231574356739	-0.4535542956825121	-0.53205407762756218	-0.61055385957261232	-0.68033144352376795	-0.71522023549934577	-0.52333187963366767	2.2241604884430881	4.0558220671609249	4.4570431748800701	4.5268207588312261	Time (s)


Expansion (%)




5% Tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	-1.7433248761353153E-2	-2.6155446755247624E-2	-2.6155446755247624E-2	-2.9058288637450302E-2	-3.7773142375640355E-2	-6.1023976606198703E-2	-7.8442798541901296E-2	-9.5868964733308346E-2	-0.13653658857132453	-0.1917265205544226	-0.19753676176792342	-0.2236760110550339	-0.22656518058995015	-0.11619112134381943	1.8272940420879717	3.9565795639384347	4.5607361346337987	4.6072251469117509	10% Tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	-8.7196637828248977E-3	-1.4533448973257384E-2	-2.616254181830981E-2	-4.0695990791567195E-2	-4.6513326451834737E-2	-6.6868422787288564E-2	-9.3034515075433435E-2	-0.12211409243710114	-0.15700669375710766	-0.20643350528246529	-0.26458378091130963	-0.27911799111666075	-0.29366031334460246	3.1993318125824156E-2	1.2472091318077683	2.8695752302456312	3.9133918446698188	4.2652914394001629	15% Tezontle	1	5	15	30	60	120	240	480	900	1800	3600	7200	14400	28800	86400	172800	259200	345600	432000	0	-1.4557567524814866E-2	-2.9116915294114264E-2	-6.114554800277721E-2	-8.1524006617255659E-2	-0.10481087541189982	-0.13101200442772862	-0.17467682252928574	-0.22417041619339392	-0.27948617188408487	-0.32314717624208683	-0.34643913158280076	-0.39302355157179397	-0.43086925976096979	-0.26201561694059988	1.0511514451976549	2.7367621738150998	3.8517620865178244	3.8837881754870534	Time (s)


Expansion (%)
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| GOLFODEMEXICO

(OCEANO PACIFICO

. Ciudades donde se ha reportado la prescencia de suelos expansivos.
1777} 2onas endonde el Vertiso parece como suelo rincial

£ Zonasen donde el Vertisolaparece como suelo asociado, en
Sequndo o tercerlugar.
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